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Using automatic bedform mapping, principal component analysis and clustering we present a multiscale
morphodynamic survey of dunes and meter-scale ripples on Herschel crater, Mars. The main purpose of
this study is to assess if the morphology and temporal evolution of Martian meter-scale ripples is com-
parable to the morphodynamic characteristics of terrestrial aeolian impact ripples.

We demonstrate that the spatial variations of the mapped dune patterns are correlated with substrate
topography, which also influences the spatial distribution of the height and celerity of dunes’ slipfaces.
This topographic forcing is also patent on the spatial distribution of the ripples, thus proving that a mul-
tiscale coupling of active bedforms exists on Herschel under the present surface conditions.

We found that Martian meter-scale ripples are morphologically distinct from terrestrial aeolian ripples,
presenting a lower degree of straightness. Only ~3% of the mapped ripples can be considered sinuous or
straight bedforms. Moreover, we conclude that this two-dimensional sub-population is restricted to well
define dune settings, where factors that promote the elongation of the meter-scale ripples were identi-
fied: gravity transport on higher slopes, bedform obliquity and flow convergence on the leeward side
of dunes. We also report that the different sets of ripples that were mapped and segmented do not pre-
sent a transverse migration. Therefore we conclude that terrestrial aeolian ripples are not good analogues

for Martian meter-scale bedforms, either in terms of morphology or dynamic evolution.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Aeolian ripples are the smallest bedforms formed by the action
of winds over unconsolidated sediments. They generally form per-
pendicularly to the wind flow and migrate downwind, characteris-
tics which enable their use to infer wind conditions on planetary
surfaces (e.g., Bridges et al., 2013). On Earth, aeolian impact ripples
consist in long and straight undulations with typical spacing
between crests of ~10cm and presenting asymmetric profiles
(Bagnold, 1941; Sharp, 1963). Ripple morphology is mainly influ-
enced by granulometry and wind speed, resulting from the salta-
tion and induced creep of the sediments (Bagnold, 1941;
Andreotti et al., 2006; Pelletier, 2009).

Covering Martian dark dunes, bedforms with spacing ranging
between 1 and 5 m and migrating under present day wind regime

* Corresponding author at: CITEUC - Observatério Geofisico e Astronémico da
Universidade de Coimbra, Almas de Freire, 3040-004 Coimbra, Portugal.
E-mail address: davidvaz@uc.pt (D.A. Vaz).
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1875-9637/© 2016 Elsevier B.V. All rights reserved.

up to 5 m per Earth year (Silvestro et al., 2010, 2011) have been
interpreted, described and named as ripples. These large ripples
were used to reconstruct Martian wind regimes and to derive sand
fluxes (Bridges et al., 2012; Geissler et al., 2013; Silvestro et al.,
2013), providing insights on the seasonal variability of aeolian
transport processes on Mars (Ayoub et al., 2014). The patterns they
form are not uniform at a dune field scale, being clearly influenced
by complex dune topography and slopes (Ewing et al., 2010;
Jackson et al., 2015; Zimbelman and Johnson, 2015). This diversity
of patterns is an important aspect when mapping short-term local
wind flows (Vaz and Silvestro, 2014; Liu and Zimbelman, 2015),
although a systematic study of the different patterns has not been
performed.

The classification of these Martian meter-scale bedforms as
aeolian ripples was essentially based on morphodynamic charac-
teristics: 1) they are regularly spaced linear bedforms; 2) covering
all sorts of dune types; 3) and actively migrating. All these evi-
dences were derived from the analysis of time sequences of HiRISE
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Fig. 1. Location of the study area inside Herschel crater. a) Outline of the main dune fields in the region. b) Global MOLA map showing the location of Herschel crater. c) Dune
fields analyzed in this work, the HiRISE coverage and the area where ripple patterns were mapped are shown.

(High Resolution Imaging Science Experiment) images (with a best
attainable spatial resolution of ~0.25 m/pixel, McEwen et al.,
2007), thus ignoring among other things the possible existence of
finer-scale bedforms, the true tri-dimensional morphology of the
bedforms and most importantly the physical processes (the rela-
tive contribution of saltation, reptation, suspension or avalanching)
responsible for their formation and evolution. Therefore, the paral-
lelism between terrestrial aeolian ripples and these Martian meter-
scale bedforms, namely their transverse nature and formation by
saltation related processes, are still assumptions and not proven
facts (Silvestro et al., 2015b; Vaz et al,, 2015b). In effect, during
the review process of this work Lapotre et al. (2016a) recently chal-
lenged some of these assumptions, also discussing the distinctive
nature of the Martian meter-scale bedforms and suggesting that
they resemble fluid-drag ripples. As it will be shown throughout
this paper, both works independently support the notion that the
Martian bedforms are different from terrestrial aeolian ripples.
Even so, for simplicity we will continue to refer to these meter-
scale bedforms as ripples. However, we do not intend to imply
any a priori formation mechanism or morphodynamic behavior
by using this term.

Here we present a detailed multiscale analysis of dune morpho-
dynamics and ripple patterns on a dune field located in Herschel
crater (Fig. 1). Aeolian activity in this region was previously char-
acterized by Cardinale et al. (2016). Under the influence of winds
coming from north, a migration rate of 0.21 and 0.3 m/Earth year
was measured for the dunes and ripples respectively. The herein
analysis complements the latter by focusing on the spatial distri-
bution of bedform patterns. By integrating ripple pattern proper-
ties, dune morphometric parameters, migration measurements,
and a wind model, we identify distinct sets of bedforms which
directly challenge the often drawn parallel between terrestrial aeo-
lian ripples and Martian meter-scale ripples. Finally, we discuss
some of the first observations made by the Curiosity rover at the
Bagnold Dunes of Gale crater to support our orbital analysis.

2. Data and methods

We present an integrated multiscale analysis of aeolian mor-
phologies using automatic and semi-automatic mapping proce-
dures. These methods were previously introduced and validated

(Vaz and Silvestro, 2014; Vaz et al., 2015a) and are in this study
used to: 1) map the dune patterns at a regional scale using a CTX
(Mars Reconnaissance Orbiter Context Camera) mosaic; 2) map
and characterize the morphology and migration rates of slipfaces
using a HiRISE digital terrain model (DTM) and stereo images; 3)
map meter-scale ripples and integrate the mapped patterns with
the migration displacement fields and a simplified topographic
wind effect model. The final stage of the data analysis consists in
the clustering of the mapped features at two different scales. A
regional clustering of the mapped dune morphologies is used to
investigate the spatial variations of the dune patterns while the
clustering of the meter-scale ripples is made to access the relations
between pattern characteristics, wind and dune morphometric
settings.

2.1. Regional aeolian setting characterization

To provide the necessary context for the detailed ripple analy-
sis, we have mapped the region’s dune morphologies applying
the Object-based Dune Analysis (OBDA) technique described in
(Vaz et al., 2015a). For this purpose, a geometrically controlled
CTX mosaic with a spatial resolution of 7 m/pixel was created
using ISIS (Integrated Software for Imagers and Spectrometers).
The accuracy of the supervised object classification which enables
the segmentation of the bedrock features, slipfaces or other dune
elements was 93.5% (Fig. 2). Similar accuracies were obtained for
other dune fields on Mars (Vaz et al., 2015a), even so data quality
was further improved by manually editing the classification.

A regular grid with a spacing of 2 km is used to integrate several
pattern characteristics, including directional and morphometric
parameters computed from the Mars Orbiter Laser Altimeter
(MOLA) DTM. This is the same type of output described in Vaz
et al. (2015a), and is used in this work as input to a principal com-
ponent analysis (PCA) and clustering algorithm (see Section 2.4.1).
To apply these techniques we computed for each grid node: the
length-weighted mean vector magnitude (R;); the circular stan-
dard deviation (CSTD); several parameters that characterize the
trend of the mapped structures, namely the azimuth and frequency
of the primary kernel modes (Kmoge1 and Kfeq1) and the modal ratio
(kmrae) which measures the degree of bimodality of the trends (Vaz
et al., 2015a); the mean, standard deviation and median lengths of
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Fig. 2. Examples showing the diversity of dune patterns which were mapped using the OBDA technique (Vaz et al., 2015a). a) Overview of the mapped dune elements
including the location of the remaining figures (scale is constant for all detailed views). b and b’) Barchans and barchanoid ridges denoting sediment transport toward the SE
quadrant. ¢ and c’) Elongated barchans indicating sediment transport towards the S. d and d’) Asymmetric barchans presenting more than one slipface trend. f and f')
Elongated barchans, compare with ¢ and note the different size and spacing of the dunes.

the mapped features (L, s; and med, respectively); and the total
number of aeolian features as well as the number of features clas-
sified as slipfaces (ng and Ngjpfaces)-

2.2. Dune morphodynamics

The HiRISE data discussed in this paper is the same used by
Cardinale et al. (2016). It includes a DTM and two orthorectified
images, the PSP_002860_1650 acquired in 7/3/2007 (this will be
referred as TO) and the ESP_020384_1650 acquired in 1/12/2012
(T1 image).

The HiRISE images and DTM are also used to map and study
dune morphologies. Following the technique of Vaz (2011) and
Vaz et al. (2014), we used a non-parametric multiscale morpholog-
ical gradient (Fig. 3c) to map all the scarps from the DTM, while a
supervised object-based classification process (Vaz et al., 2014)
allows the segmentation of the slipface traces (Fig. 3d). This proce-
dure generates continuous height measurements along the slipface
traces, while the aspect angle (the direction of steepest descent)
derived from the DTM is used to provide the direction of slipface
advance (Fig. 3e).

To complement this characterization, we have also used the
slipface migration data obtained by manual mapping of the lee
fronts (Cardinale et al., 2016). Slipfaces covered by ripples indicat-
ing longitudinal sediment transport were not mapped. Assuming a
bi-orthogonal migration of the lee front lines (Fig.4a) we have
computed the migration rates between times TO and T1
(Fig. 4b and c). In order to highlight slipface morphodynamic spa-
tial variations, we subsampled the height-weighted and migration
vector fields at a 500 m resolution.

2.3. Ripple mapping and characterization

Ripples were mapped automatically (Vaz and Silvestro, 2014)
for a N-S section of the dune field (Fig. 1c) using both TO and T1
images, producing a mask outlining the rippled sand patches and
dunes, and a series of lines representing the meter-scale ripples
(Fig. 5a and b). The directional statistics (Fig. 5¢), length and wave-
length (Fig. 5f) of the large ripples are locally computed from the
mapped lines and merged on a grid with 10 m spacing between
nodes. The DTM is used to provide morphometric parameters (ele-
vation, aspect and slope angle) which are locally sampled for each
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Fig. 3. Example of automatic morphometric mapping of slipfaces using a HiRISE DTM and orthoimage. a) Orthoimage; b) DTM; c) Height of all scarps present in the DTM; d)
Segmented and classified objects which correspond to the central points of the scarps; e) Height of the slipfaces and vectors obtained by computing the aspect angle from the

DTM (these vectors are used as local proxies for the direction of the avalanching).

Fig. 4. Example computed lee front migration vectorial field. a) Location of the lee
front lines at TO and T1. b) Detail of the migration rates. c) Overview of a larger area,
note how the measured migration rates vary along the slipfaces.

bedform object, thus providing the morphometric context associ-
ated with each set of ripples.

COSI-corr software (Leprince et al., 2007) was used to orthorec-
tify the T1 image and to generate displacement maps measuring
the migration of the ripples (Bridges et al., 2012; Ayoub et al.,
2014) (Fig.5e). We use the same dataset of Cardinale et al.
(2016) and exclude areas where displacements were too high to
permit correlations between TO and T1. These areas only corre-
spond to the higher sections of the barchans located in the north-
ern edge of the study dune field.

To evaluate the degree of wind exposure to putative wind direc-
tions we use the HiRISE DTM to compute a wind effect model
(Winstral et al., 2002) providing a relative wind effect index (>1
for wind exposed areas and <1 for wind sheltered areas, Fig. 5d).
The model requires two inputs: 1) the search length which controls
the scale of analysis (Bohner and Antonic, 2009) and 2) wind direc-
tion. The outputs of this model for search distances of 20 and
200 m (approximately the maximum horizontal extents of the slip-
faces and stoss slopes of the barchans in this region) and for winds
blowing toward 180 +30° are averaged. This wind directional
range was chosen considering the relatively widespread sediment
transport trends inferred from the stereographic projection of the
slipface surfaces (Fig. 2d in Cardinale et al., 2016).

The final output is a data grid which integrates pattern propri-
eties, migration quantification, morphometric setting and modeled
wind effect. As we show in the following sections, this sparse rep-
resentation of a large variety of datasets is ideal to discriminate
and assess the dynamic behavior of Martian ripples.

2.4. Exploratory multi-scale spatial analysis

The spatial analysis of dune field patterns and other aeolian
bedforms at different scales has been recognized as a useful way
to reconstruct environmental settings (Nielson and Kocurek,
1987; Ewing et al., 2015). However, the gap between an objective
quantification, pattern classification and geomorphologic signifi-
cance of the different patterns is still not well established
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Fig. 5. Mapping and characterization of the meter-scale ripples. a) T1 HiRISE image showing the mask used to map the large ripples (Vaz and Silvestro, 2014). b) Ripple traces
automatically mapped, color code shows the diversity of trends that are common in the mapped region. ¢) Primary and secondary directional modes computed from the
traces shown in b. d) Wind effect index. e) Migration of the ripples between TO and T1, a good agreement between the modeled wind effect and the bedforms migration is
visible (compare the d and e figures); note the larger migration on the higher section of the dune and the lower values associated with the lee side were an inversion of the
migration trend occurs which can be attributed to flow separation and recirculation on the lee side of the dune (Omidyeganeh et al., 2013). f) ripple wavelength computed

from the mapped traces (Vaz and Silvestro, 2014).

(Hugenholtz et al., 2012). In order to overcome these issues we use
principal component analysis (PCA) and data clustering to: 1) map
spatial variations and identify the most significant dune and rip-
ples pattern characteristics; 2) segment the mapped morphologies;
3) explore the relations between dune pattern characteristics and
topography; and 4) understand the settings and dynamics respon-
sible for the formation of the large ripples.

2.4.1. Dune field pattern clustering

The grid obtained from the mapped dune elements (Fig. 2) com-
bines several pattern attributes (Vaz et al., 2015a), which are here
used to perform a principal component analysis. As specified in
Section 2.1, we only use those attributes that characterize the
length and the directional distribution of the mapped dune ele-
ments, also including the trend and proprieties of the primary ker-
nel mode (see Table 1). Scalar inputs are first normalized, while for

the axial data (the trend of the primary mode) the N-S and E-W
components are used after doubling the azimuth angle.

The first three principal components, which account for 80% of
the variance, are used to perform a k-mean clustering (Tso and
Mather, 2001) with three output clusters. This number of output
clusters was iteratively defined, by comparing the obtained cluster
boundaries with the dune patterns in map view. This procedure
generates a partition of the dune patterns emphasizing spatial vari-
ations of the dune morphologies, and as it will be shown can be
used to test possible relations between large scale topography
and dune patterns (Section 3.1).

2.4.2. Ripple segmentation and clustering

A different approach was followed for the segmentation of the
ripple patterns. Simple metric relations can be used to discriminate
ripples, such as the ratio between the wavelength and the height
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(vertical form index) and the horizontal form index (herein
referred to as H-index) which corresponds to the ratio between
the length and wavelength of the ripples (Allen, 1968).

Since we cannot resolve the height of the ripples from the HiR-
ISE DTM we are limited to use the H-index, which is here also
applied for comparative purposes with terrestrial bedforms. In
practical terms, the H-index evaluates the degree of straightness
and map view regularity of the pattern. Taking advantage of the
multi-temporal coverage and of the directional characterization
permitted by our mapping method, we can build upon the tradi-
tional H-index and introduce a modified H-index (MH;,4 in Eq. (1)).

-
MHing = % x (1 - %Z::IKrt) (1)
where R; is the magnitude of the mean length-weighted vector for a
given time/image t, 4 corresponds to the median wavelength and Kr
is the kernel modal ratio computed according to the method
described in (Vaz et al., 2015a).

Time-averaging of the pattern characteristics in this modified
index is used to reflect the time invariance of patterns. Indeed,
while large ripples migrate and may present lateral spatial transi-
tions, the degree of pattern straightness in a given area does not
necessary change. We do not compute MH;,4 for each individual
bedform trace, but for an area around each grid node (e.g.,
Fig. 6). This approach is consistent with the notion of ripple trains
as proposed by Allen (1968) where, instead of analyzing individual
ripples, assemblages of similar bedforms are used for the definition
of the different patterns.

A threshold value is used to segment the large ripples in two
classes, which we refer to as 2D class (MH;,4 = 2) and 3D class
(MH;,4 < 2), corresponding to the patterns which are more two-
dimensional (sets of ripples presenting long and regular crests)
or three-dimensional (shorter and irregular patterns). As defined
by Allen (1968), this dimensional classification has other implica-
tions which however cannot be tested in our analysis. Namely,
we are ignoring the height of the ripples (2D patterns usually imply
a constant height along the span of the bedforms) and the angle
between the ripples and the flow direction is not precisely known
(the crests of 3D patterns are not necessarily orthogonal to the flow
direction; Allen, 1968). Even so, the spatial resolution of the HiRISE
imagery is high enough to evaluate the degree of continuity of the
structures, while the derived migration vectors can provide a time-
averaged representation of the flow direction.

To study the settings and probable conditions that are linked to
the formation and migration of the 2D meter-scale ripples, we
adopted the same approach used for the dune patterns, which
includes PCA and clustering of this subset of bedforms. In this case,
the input parameters used for the PCA were the primary direc-
tional mode, H-index, average migration magnitude, wind effect
index and the slope and aspect angles computed from the DTM.
The first four principal components which account for ~87% of
the variance are used for the clustering, allowing the segmentation
of four clusters.

2.4.3. Ripple trend deflection

Howard (1977) recognized dune slope as a factor that can pro-
duce relevant deviations in the ripple trends, therefore in order to
assess the true obliquity of the ripples we must account for a slope
correction. Eq. (2) was established from the study of ripples on
barchan dunes, relating: the bed slope (0), the angle between the
surface wind and the dip angle of the slope (y) and the angle
between the normal to the ripple trend and the surface winds ()
(Howard, 1977).

tanfsiny

Sinf =n305 2)

Fig. 6. Modified horizontal form index, note how straight and regular ripples
assemblages correspond to higher MH;,4 values. a) Mapped region. b) Note the N-S
spatial variation of this parameter, denoting a non-uniform distribution of the
patterns. ¢) Straighter and more regular ripples arrays commonly appear associated
with the leeside and flanks of the barchans. d) Example of the three-dimensional
assemblages which constitute the most abundant pattern. e) In this case, note the
association of the higher values with the ripples sets located near the brink of the
dune. f) Although less abundant, the 2D class (MH;,y > 2) is also present in the
southern sand sheet, also note the transition between the 3D and 2D patterns.

The 30.5° angle in the denominator represents the friction angle
of sand particles and was established by Howard (1977) by finding
the best fit to field data. The friction angle of sand on Mars could be
slightly different, owing to more angular grains and multi-mineral
composition (basaltic) compared to well rounded quartz sand on
Earth. Even so, the dip angle of slipfaces (a proxy for friction angle)
on Mars is ~30° (Atwood-Stone and McEwen, 2013; Silvestro et al.,
2013), similar to terrestrial dune slipfaces. For this reason we use
the same angle estimated by Howard (1977).

We have computed the slope deflections for each 2D cluster
located in the windward side of the dunes, assuming a wind flow
towards the south and using the average aspect angle and the
mean and maximum slopes for each cluster (Table 3). The objective
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of the computed deflection angles is to verify if the measured obli-
que migrations can be justified by the slope effect on the ripples
trend.

3. Results
3.1. Dune field pattern analysis

The mapping and PCA analysis of the dune patterns in the
region provides the necessary context for the more detailed analy-
sis of the meter-scale ripples. In Table 1 we show that the density
of the mapped dune elements is the main contributor for the vari-
ance of the patterns. The first component (PC1) accounts for 40% of
the pattern variance and is best correlated with the total number of
mapped features and with the kernel frequency. Since the kernel
frequency corresponds to a directional sum of the features length
(Vaz et al,, 2015a), PC1 is also dependent on the number/density
of mapped features. The other most relevant parameters are the
length, azimuth and the modal ratio of the mapped features,

Table 1

Correlations between the dune field descriptors and the principal component scores.
R, is the length-weighted mean vector magnitude; CSTD is the circular standard
deviation; Kmoge1 and Kgeq1 correspond to the azimuth and frequency of the primary
kernel modes (Vaz et al., 2015a); km is the modal ratio; L, s; and med; are
respectively the mean, standard deviation and median length; n,; corresponds to the
total number of aeolian features and ngjypcs to the number of features classified as
slipfaces. Bold type indicates the two most relevant parameters for each component.

PC #1 PC #2 PC #3 PC #4 PC #5
R 0.10 0.42 -0.12 —0.06 0.28
CSTD -0.14 —-0.26 0.20 -0.22 -0.27
€0S Kinodet 0.13 0.16 —-0.05 0.55 0.56
Sin Kioder -0.10 0.46 0.60 0.47 -043
Kfreq1 0.50 0.05 0.17 —0.09 0.08
Kmrat —0.46 -0.24 0.60 -0.11 0.55
L —-0.03 0.39 0.08 -0.41 0.08
Sp 0.12 0.34 0.17 —0.38 —0.05
med;, -0.10 0.33 0.01 -0.30 0.17
Mgy 0.50 -0.18 0.26 —0.04 0.08
Nglipfaces 0.45 -0.22 0.31 —-0.06 0.04
% explained variance 40.25 26.12 13.82 7.91 5.76

FPC#l
®.17--0,8
® 004

-0,3-02
03-0,8
©0,9-22

contributing for the second and third components (26 and 14% of
the variance respectively).

The map view of the principal component scores (Fig. 7) show
clear spatial transitions, denoting a regional ~NW-SE decrease of
PC1 (Fig. 7a). A regional ~N-S wind regime and a 162 + 38° direc-
tion of slipface migration were reported by Cardinale et al.
(2016) in the area for which we have HiRISE coverage (delimited
in white). Extrapolating these generic trends of wind and sediment
transport to all the mapped dune fields we can associate this large-
scale pattern variation (mainly related with the density of dune
elements) with an upwind/downwind transition of the dune pat-
terns. Another major pattern spatial variation can be seen from
PC2 (Fig. 7b), with a regional ~NE-SW decrease of the component
values. Note that this transition occurs over the detailed study area
and is mainly related to variations in the trend of the mapped dune
elements (Table 1). A better view of this transition is given in
Fig. 8b and c.

The spatial variation of PC3 (Fig. 7c) is more difficult to inter-
pret, but from Table 1 we conclude that higher scores are related
with higher modal ratios, implying a higher degree of directional
bimodality. This is more obvious when analyzing the mapped slip-
face traces (Fig. 8c), where regions with bimodal slipface orienta-
tions are visible.

The dune clustering (Fig.8a) together with the directional
modes (Fig. 8b and c) synthesize much of what was previously dis-
cussed, namely the spatial variations of the principal components.
Displaying the regional topography together with the mapped
trends and clusters offer a different perspective as it shows how
topography may control the dune patterns. In the mapped region,
a NW-SE trending plateau with ~400 m high is located between
the southern and northern dune fields. The study dune fields are
located in depressions that pass to higher terrains towards the
SE. The clusters mapped in the southern dune field can be easily
associated with specific dune sets: 1) cluster I corresponds to sets
of elongated asymmetric barchans and barchanoids (Fig. 2¢ and f)
whose horns and slipfaces are nearly parallel to the mentioned pla-
teau suggesting a possible genetic relation (wind flow bimodality
induced by the topography can lead to barchan horn elongation;
Parteli et al., 2014); 2) cluster II corresponds to a sand sheet pre-
senting lower density of dune elements, in most of the cases lack-
ing visible slipfaces (dome dunes); 3) and cluster III corresponds to
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Aeolian Research (2016), http://dx.doi.org/10.1016/j.aeolia.2016.08.003

Please cite this article in press as: Vaz, D.A,, et al. Migrating meter-scale bedforms on Martian dark dunes: Are terrestrial aeolian ripples good analogues?.



http://dx.doi.org/10.1016/j.aeolia.2016.08.003

D.A. Vaz et al./Aeolian

X
D O

o

Elevation (m) Cluster
3499

[ ]
NN

76

PRI’

Research xxx (2016) xXx-xXx

—>Transport pathways

* #1 mode #2 mode
o
q,b‘%%
“l/b\fo

#2 modé

wa

s

#1 mode

X 0%

A

EINAA

Fig. 8. Dune field clusters and directional modes. a) Mapped dune clusters, note the spatial relation between the clusters and elevation (see Fig. 9) and the influence of the
NW-SE trending high elevation plateau. b) Directional modes computed for all the aeolian features excluding the slipfaces; c) Directional modes of the mapped slipfaces and
inferred sediment transport pathways, note the areas with bimodal slipface trends.

the barchans and barchanoids (Fig. 2b and d) located in the west-
ern edge of the dune field which can present more than one set
of slipfaces suggesting variable prevailing winds. Putative trans-
port pathways are presented in Fig. 8c, showing the primary N-S
direction of sediment transport and a W-E transport component
located in the western section of the dune field, an area where
wind models predict secondary winds blowing from the crater
rim (Cardinale et al,, 2016). On the floor of the impact crater
located to the NE in the study area, the slipfaces form a concentric
pattern typical of Martian “bullseye” dune fields (Fenton and
Hayward, 2010).

As mentioned, the clustering only uses the map view propri-
eties and geometry of the dune elements. This means that it can
be used to test possible relations between dune patterns and wind
models’ outputs or topography (Vaz et al., 2015a). For the mapped
region, a moderate negative correlation (r= —0.55,p < 0.001)
between the density of mapped morphologies (the parameter that
contributes more to the pattern variance) and elevation is found
(Fig. 9). This relation is only valid for the dunes located outside
the impact crater with a “bullseye” dune field, demonstrating that
the formation of this type of patterns is controlled by a very differ-
ent topography/wind interaction. What is more relevant is that the
segmented clusters also possess different elevation signatures,
with cluster III associated with lower terrains (average elevation
of 1212 +54 m) and clusters I and II with increasing elevations
(1264 £ 61 and 1316 + 94 m respectively). This demonstrates an
effective association between dune patterns and topography. It is
out of the scope of this paper to investigate and prove the reasons
for this relation in the case of Herschel, but it is known from our
planet that long-wavelength topography influences wind flow,
sediment availability and/or dune field roughness, factors that
can control dune patterns at large spatial scales (Jerolmack et al.,
2012; du Pont et al., 2014; Pelletier, 2015).

3.2. Dune morphometry and migration
At a finer scale and using the HiRISE DTM we are able to quan-

tify the spatial variations of the slipface morphology and migration
rates along the dune field (Fig. 10). A simple visual analysis of the

mapped features shows a southward decrease of the number and
complexity of morphologies (Fig. 10b) which is in agreement with
the results previously presented (namely the spatial variation of
PC1, Fig. 7a). However, the spatial distribution of the slipface
heights and migration rates presents a higher degree of complex-
ity, including: 1) a first-order N-S decrease of slipface height and
migration (already noted in Cardinale et al., 2016); 2) a second
order topographic control consisting in the decrease of the slipface
height when approaching the topographic high (~30 m) marked as
A (note the correspondent migration speedup in the windward side
and slow down in the leeside) and the increase of the height of the
slipfaces in the leeside of this obstacle (Fig. 10c); 3) with the lateral
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Fig. 9. Linear regression between elevation and the density of mapped dune
features. Excluding the dunes located inside the crater (NE corner of the area), a
possible linear relation between elevation and morphology density is observed.
Note the preferential association of cluster II and III with higher and lower
elevations respectively.
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and the influence of these obstacles in the trend of the vectors (C). Note the migration speedup in the windward side and subsequent deceleration in the leeside of A.

attenuation of this topographic high towards the east, we note the
warping, convergence and reduction of the migration rates in the
area marked with C which corresponds to a depression where
higher slipfaces occur; 4) further south a more subtle topographic
step ~10 m high and marked with B, also seems to influence the
measured slipface attributes, although in this case the migration
acceleration occurs after the topographic transition (Fig.10d).
The impact of topography on the morphometry and dynamics of
the dunes is noticeable, overprinting km-scale variations in the
trend, height and migration rate of the dune’s slipfaces. As it will
be discussed in the following sections, the described dune morpho-
dynamic variations play an important role on the spatial distribu-
tion of the meter-scale ripples, whose analysis is the main purpose
of this paper.

3.3. Ripple mapping and clustering

Perhaps the most important result of the large ripple mapping
is the quantification of the relative abundance of 2D and 3D pat-
terns. The described segmentation using the modified H-index
revealed that the vast majority of the ripples correspond to the
3D class (97.3% of the mapped area). The set of 3D ripples is wide-
spread over the dunes, presenting interlaced morphologies (e.g.,
Fig. 11b) with bimodal trends (45° and 150°, Fig. 11a and b) and
southward migration direction (1.1 m on average, Fig. 11c and d).
These proprieties suggest that the 3D patterns are composed by
oblique elements that display a higher degree of complexity. By
analogy with 3D subaqueous dunes, these morphologies may also
include linguoid or lunate elements, spurs and scour pits (Costello
and Southard, 1981), features which cannot be easily discriminated
with HiRISE data.

The segmented 3D patterns are treated here as a uniform set
of bedforms, but clear pattern variations also exist inside this

sub-population (compare for instance the 3D patterns in
Figs. 6d, f and 11b). For simplicity we are only performing the
cluster analysis for the 2D patterns, characterizing the spatial
context associated with this type of meter-scale ripples. A
similar approach applied to the 3D set would probably produce
the same type of results, allowing the segmentation of the dif-
ferent patterns and constraining the settings where they prefer-
entially occur.

Only 2.7% of the mapped area corresponds to the 2D set, in
addition Fig. 12a clearly shows that the spatial distribution of the
segmented 2D large ripples is not uniform. The density of 2D fea-
tures is higher in the northern half of the mapped region
(Fig. 13); while in the southern half the density of 2D ripples
decreases. The same general N-S tendency was observed for the
slipface migration rates (Fig. 10d), suggesting a link between sedi-
ment flux at a dune scale, dune morphology and the occurrence of
the 2D patterns. A good example of this relation is the slipface
morphometric transition marked as B (Fig. 10c), which also corre-
sponds to a large decrease in the number of 2D meter-scale ripples
(Fig. 13).

The PCA analysis shows that the trend and the aspect angle of
the surface where the meter-scale ripples are located explain most
of the pattern variance (Table 2). The pattern migration rate and
surface slope are the other key parameters. The map view and
statistical analysis of the segmented clusters enables the precise
definition of the preferential settings where the 2D patterns occur.

Large ripples that belong to cluster I (63% of the 2D sub-
population, Table 3) are preferentially located in surfaces facing
East and with average slopes of 17° (up to maximum slopes of
25°, Fig. 14a). They present the higher H-index values, are the 2D
patterns more exposed to the modeled wind trends (Fig. 14d)
and the average migration of this set of ripples was 1.9 m (the
highest migration of all mapped clusters). These bedforms are
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preferentially located in the eastern flanks of barchans (Fig. 12c)
and in rippled slipfaces associated with elongated asymmetric
barchanoids (Fig. 12b). The area with higher concentration of clus-
ter I large ripples matches the area where slipface migration is
warped (area C in Figs. 10c and 13).

Cluster II corresponds to dune surfaces facing the West and also
presenting relatively high slope angles (average of 17° with maxi-
mum slopes up to 20°, Fig. 14a). Compared with cluster I, it pre-
sents lower H-index and wind effect values, also corresponding
to a lower migration (Fig. 14b). Since cluster II ripples also appear
in the same type of preferential settings (barchan flanks,
Fig. 12b and c), we interpret cluster I and II as conjugated sets of
bedforms. Nevertheless, cluster II ripples are much less common
(only 8% of the 2D set) and are spatially restricted to the northern
half of the mapped area (Figs. 12a and 13), a spatial distribution
equivalent to the location of faster migrating dunes (Fig. 10d).

A common property of clusters I and Il is the large angular devi-
ation from a pure transverse migration of the meter-scale ripples
(average obliquity of 66 and 53° towards the South quadrant
respectively, see Fig. 14b and Table 3). The predicted average slope
deflection for each cluster is not enough to account for this high
degree of obliquity, since it can only explain half of the observed
deflection (after subtracting the theoretical slope effect we still
have deflection angles of 22 and 35° respectively). Only for the

extreme high slopes (25°) in cluster I the predicted slope effect
(52°) is able to justify the observed obliquity.

Cluster III corresponds to a very different dune setting, located
on gentle SE dipping surfaces (9° of average slope) and with ripples
trending NE-SW (Fig. 14a and b). The examples in Fig. 10 show that
this cluster appears associated with the flatter areas on the top of
the dunes, located between the crest and the brink. We measured
intermediate migrations and wind effects for these locations. The
cluster appears scattered throughout the area, but it becomes the
predominant 2D pattern in the southern edge of the dune field
(Fig. 13) where it develops on the leeside section of dome dunes.
As for clusters I and II, the migration of cluster III is oblique to
the large ripples trend. A deflection from the orthogonal migration
of 45° was estimated with a predicted slope deflection that cannot
totally explain the measured obliquity (Table 3).

The last cluster is perhaps the one which is easier to relate with
a specific dune setting. Cluster IV evolves in lower dune elevations
(Table 3) with gentle slopes (6°) dipping preferentially south.
Crestline’s orientation is mainly N-S. The modeled wind effect val-
ues (<1, Fig. 14d) show that cluster IV is located in areas which are
sheltered from the direct action of the winds, in accordance with
the very low average migration associated with this set of bed-
forms. Despite the relative large dispersion of the migration trends
(recall for instance Fig.5e) we measured an average migration
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Fig. 12. Mapped clusters for the 2D set of large ripples (see Fig. 14 for a quantitative summary of the different clusters). a) Global distribution, note that the spatial
distribution of the clusters is not random or uniform. b) Typical setting of the different mapped clusters. c) Example of the preferential setting of occurrence of clusters I and I
in the flanks of barchans. d) Example of the preferential setting of occurrence of the clusters IIl (between the crest and brink) and IV (in the leeside of the dunes).

vector with the same orientation of the large ripples, indicating
longitudinal transport along the bedforms. A clear association of
this cluster with low areas on the leeside of the dunes or bedrock
obstacles can be seen in Fig. 12.

3.3.1. Bedform H-index comparison

In the absence of reliable height-wavelength measurements for
the Martian bedforms, the H-index allows a direct morphological
comparison of bedforms. The 3D set of ripples present lower
H-index values (3.1 £0.5), while the several identified 2D sets
show higher but variable values (Fig. 14c). Overall, the mapped
large-scale ripples on Herschel have values of H-index in the 3-
35 range, for wavelengths of 1.5-4 m (Fig. 15), in clear contrast
with aeolian ripples on our planet, with typical H-index values
between 10 and 100 for centimetric wavelengths (Pye and Tsoar,
2009).

The meter-scale bedforms on Herschel are morphologically dif-
ferent from Martian intracrater TARs, but present some overlap
with the plain ripples mapped by Silvestro et al. (2015a) in Merid-
iani Planum. Terrestrial aeolian megaripples also present similar
H-index values for lower wavelengths, although the reduce num-
ber of measurements we show are probably not representative of
the variance that those bedforms present in our planet.

The H-index values for subaqueous two and three-dimensional
dunes surveyed in tidal flats (Elliott and Gardiner, 1981) are similar
to our measurements, although they seem to be associated with
slightly higher wavelengths. In this specific case, since they formed
on tidal environments these subaqueous dunes may result from
very different flow configurations (bidirectional and reversing
flows). Yet, this example shows the transition and overlap of 2D
and 3D sets, a common characteristic that the large ripples also
display.

Following the guidelines used to classify underwater bedforms
(Ashley and Chairpers, 1990) we conclude that all presented Mar-
tian bedforms are morphologically akin to subaqueous dunes in
terms of plan view morphology. This reinforces the idea that the
stratification produced by the meter-scale ripples and by subaque-
ous bedforms should present similarities in scale and form, as sug-
gested by (Lapotre et al., 2016a).

The H-index is certainly not the best parameter to segment and
compare bedform morphologies, note the large overlaps in this
parameters reported by (Allen, 1968) for diverse types of underwa-
ter bedforms (Fig. 15). Nevertheless this parameter still allows a
direct comparison of the patterns, from where we conclude that
the bulk of the segmented 2D patterns are morphologically differ-
ent from terrestrial aeolian ripples and can be considered sinuous
to straight bedforms.
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Table 2

4. Discussion

The regional scale analysis shows that the dunes in the study
area indicate a ~NNW-SSE gross sediment transport direction, on
a transitional area between N-S transport in the west to NW-SE
in the east. As demonstrated, the spatial arrangement of the dunes
is strongly influenced by long-wavelength topography, which
translates in the existence of a correlation between dune pattern
density and elevation. The density is higher for lower elevations,
which can also be related to a gravity-driven focusing of sediments
to low-lying areas.

From the PCA analysis we conclude that the density of the
dunes is the most important parameter to explain pattern spatial
variation, presenting an upwind-downwind transition which is
also recognizable on the subsequent scale of analysis. The morpho-
dynamic analysis of the slipfaces along the dune field also reflects
this ~N-S spatial variation which is recognizable as a first-order
decrease of the height and migration rates of the dune slipfaces.
The same decrease was also observed for the migration of the
meter-scale bedforms (Cardinale et al., 2016), with higher migra-
tion rates on the northern border of the dune field. This type of
transition, with higher sedimentary fluxes near the upwind edge
of the dune field is common on terrestrial dune fields and was
interpreted to be the result of a roughness transition which creates
an internal boundary layer decreasing the shear stress downwind
(Jerolmack et al., 2012). This view is not agreed upon; Pelletier
(2015) argues in favor of a feedback between long-wavelength
topography and the dunes. In the same manner, our observations
demonstrate that topography plays a fundamental role causing a
km-scale spatial modulation of the dune’s migration rate and mor-
phology. An important observation is that long-wavelength topog-
raphy can induce quasi-transverse coherent trends in orientation
and migration rate (like between A and B, Fig. 10) but also lateral
ones, like observed between A and C. These dune morphodynamic

Correlation between the 2D ripples descriptors and the principal component scores. The PCA was based in the following pattern descriptors: Kioder is
the azimuth of the primary directional kernel mode (Vaz et al., 2015a); H-index is the horizontal form index; average migration, wind effect, slope
angle (S) and the aspect angle (a) are the other parameters analyzed. Bold type indicates the two most relevant parameters for each component.

PC #1 PC #2 PC #3 PC #4 PC #5
€0S Kinode1 -0.14 0.02 0.44 —0.54 -0.47
Sin Kmode1 0.68 -0.24 -0.14 0.01 0.15
H-index 0.06 0.07 0.03 0.18 -0.20
Migration 0.21 0.64 -0.53 -0.42 -0.23
Wind effect 0.13 0.23 -0.11 -0.03 0.42
S 0.15 0.54 0.28 0.65 -0.30
cosa 0.06 0.40 0.55 -0.24 0.58
sina 0.66 -0.16 0.32 -0.13 -0.23
% explained variance 44.66 17.20 14.99 10.08 4.99

Table 3

Summary statistics for each segmented 2D cluster, see Fig. 14. The statistics for the 3D sub-population are shown in the last column. For each case we present: the trend of the
ripples mean axis, average migration trend and magnitude, slope and aspect angles of the surfaces where meter-scale ripples are located, average obliquity (angular difference
between the migration trend and the downwind normal to the large ripples mean axis), the mean and maximum ripple trend deflection predicted by Howard (1977) model
(computed using the average and maximum slopes for each case, refer to Section 2.4.3 for details), H-index of the patterns, average dune elevations associated with the clusters,

average wind effect (refer to Section 2.3) and the number of nodes in each class (N).

I 11 I 1\% 3D
Mean trend (°) 44 +15 142 £14 53 +22 169 +27 1133
Migration trend (°) 187 £25 166 £ 26 188 15 171+61 177 £16
Migration magnitude (m) 1.91 1.59 1.47 0.24 1.14
Aspect; Slope (°) 97;17 265;17 148;9 172;6 ~80;6|~280;6
Average obliquity (°) 53 66 45 88 76
Mean (max.) slope deflection (°) 31(52) 31(38) 8(19) - -
H-index 6.5%3.6 44+0.9 51+1.3 49+25 31105
Dune elevation (m) 8559 6.3+4.5 8.3+6.7 1.2+1.5 46+5.5
Wind effect index 1.01 £0.03 0.99 +0.03 0.99 +0.04 0.93+0.03 1.0+ 0.04
N 1749 217 601 220 99,642

Aeolian Research (2016), http://dx.doi.org/10.1016/j.aeolia.2016.08.003

Please cite this article in press as: Vaz, D.A,, et al. Migrating meter-scale bedforms on Martian dark dunes: Are terrestrial aeolian ripples good analogues?.



http://dx.doi.org/10.1016/j.aeolia.2016.08.003

D.A. Vaz et al./Aeolian Research xxx (2016) xxX-Xxx 13

270

> D> > >

180

11

101

Horizontal form index
FaY
7

| i

Il 1] \Y, 3D
Cluster

9 Avg. migrationb :
=== Bedform trend 180

Wind effect index

11

1.08¢

1.06

N
o
=

-
o
N

N
T

0.981

0.96

0.94}

0.92r

09 ‘ . ‘ .
Il 1l v 3D
Cluster

Fig. 14. Summary proprieties for the 2D clusters. a) Stereographic projection (equal angle, lower hemisphere) of the surface slope and aspect angles, triangles denote the
computed mean vectors for each cluster. b) Meter-scale ripples modal trend and average migration vectors for each cluster (migration magnitude in meters). c) H-index,
including the 3D large ripples for comparison. d) Wind effect index. See text for discussion.

spatial transitions are also recognizable on the spatial distribution
of the 2D meter-scale ripples, indicating a multiscale coupling of
topography, dunes and superimposed bedforms.

A striking common property of all the mapped meter-scale rip-
ple patterns is that during the analyzed time interval, they have
not migrated orthogonally to their trend. Dune slopes can generate
relatively large deflections for clusters I and II, but the predicted
slope effect (Howard, 1977) is not enough to completely justify
the measured obliquities. The assumption that meter-scale ripples
on Mars formed transversely to present winds may not be applica-
ble in all cases, meaning that studies that used this assumption
(Silvestro et al., 2011; Jackson et al., 2015; Liu and Zimbelman,
2015) need to be carefully revised. Another important implication
is that quantifying sand fluxes from non-transverse migrating bed-
forms may require a different approach (e.g., Lucas et al., 2015),
rather than simply measuring bedform displacements (Bridges
et al., 2012).

A comparison of horizontal form indices of Martian meter-scale
ripples and terrestrial ripples shows that they have very different
planform geometries (Fig. 15). The presented results demonstrate
that long and straight bedforms (two-dimensional or quasi-two-
dimensional) are rare on Herschel (less than 3% of the mapped

area), in contrast with aeolian ripples on our planet. It is thus rel-
evant to discuss which processes control bedform straightness. A
review of this subject was given by Rubin (2012), where it is
argued that all bedforms are initially three-dimensional, and
would remain three-dimensional if along-crest coupling did not
force crestlines to straighten. For terrestrial aeolian ripples, this
coupling is caused by the lateral ejection of grains during the
impact of saltating particles, but gravity driven along-crest trans-
port on rippled slopes can also contribute for the straightening of
the bedforms. The oblique nature of the bedforms (when their
trend is not transverse to the direction of the flow) is another factor
that also generates along-crest sediment transport, thus contribut-
ing for the elongation of the bedform crestlines.

For subaqueous unidirectional flows a progressive transition
from two to three-dimensional bedform patterns was reported
(Allen, 1968, 1969), representing an increase in the flow strength
(Costello and Southard, 1981; Southard and Boguchwal, 1990).
The same generic relation was reported for bedforms in the deep
seafloor (Stow et al., 2009), with three-dimensional bedforms asso-
ciated with higher flow velocities. However, the flume experiments
conducted by Baas (1994) suggest that in underwater environ-
ments two-dimensional bedforms are never in equilibrium, always
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I(Elliott and Gardiner, 1981), intracrater TARs and plain ripples mapped in
Meridiani Planum 2(Silvestro et al., 2015a), terrestrial aeolian ripples 3(Pye and
Tsoar, 2009) and aeolian megaripples >(average values from the Wadi Rum in
Jordan and from Arava valley in Israel, by courtesy of Hezi Yizhaq). The H-index
intervals associated with the several types of bedforms described by %(Allen, 1968)
and the wavelength threshold used to differentiate subaqueous ripples from
subaqueous dunes 5(Ashley and Chairpers, 1990) are also shown. The small ripples
with straight crest lines that cover the meter-scale bedforms are also depicted
“(Lapotre et al., 2016a), since length measurements were not reported we are
assuming that they have H-index values similar to terrestrial impact ripples.

transitioning to three-dimensional patterns regardless of flow
velocities (flow velocity only controls the time necessary for this
transition). Thus, a reliable simple association between the pattern
dimensionality and the strength of the flow cannot be firmly estab-
lished, as noted by Rubin (2012), who also pointed that this rela-
tion does not consider the importance of along-crest transport.

After evoking some key factors that can influence the dimen-
sionality of bedform patterns, we try to explain and integrate the
characteristics of the 2D large ripples observed on Herschel. The
clustering of the 2D bedforms show that they appear associated
with specific morphometric settings: cluster I and II with higher
slopes and in the flanks of the barchans; cluster III with flatter
areas on the top of the dunes (between the crest and the brink);
and cluster IV in the wind sheltered leeside of the dunes.

Since 2D meter-scale bedforms (clusters I and II) appear to be
associated with high slopes, their two-dimensionality may be easily
explained by along-crest sediment transport induced by gravity-
driven flows. High slopes are not associated with cluster III, but
their trend is oblique to the prevailing N-S sediment flux suggesting
that in this case the oblique nature of the bedforms influences their
dimensionality. In addition, the region located downwind of the
crest (between the crest and the brink) is characterized by a decel-
eration of the flow (Wiggs et al., 1996), which in our case is well
marked by a downwind transition from three to two-dimensional
meter-scale ripples (Fig. 12d). As mentioned earlier, a well con-
strained relation between dimensionality and flow strength is not
available, but this pattern transition suggests a change of flow
and/or transport regime that deserves further investigation.

The interesting southward increase of the relative abundance of
cluster III patterns (Fig. 13) can be explained by the increase of the
distance between the crest and the brink of the dunes when moving
south (with maximum distances attained for the dome dunes in the

south of the region, after the B transition), which is well predicted
by Wiggs’ (1996) model of dune dynamics; a decrease of the dis-
tance between the brink and the crest occurs during dune evolu-
tion, until the formation of sharp-crested dunes. Field data
supports this idea, showing that separated brinks exist preferen-
tially on smaller dunes, while taller and larger barchans present
coincident crests and brinks (Sauermann et al., 2000). More com-
plex time variations of the distance between the brink and the crest
were also reported from field observations (Elbelrhiti, 2015), sug-
gesting the effect of seasonal wind variations. Therefore, the spatial
distribution of this ripple cluster is related with the degree of matu-
rity of the dunes (most likely reflecting the height of the dunes,
compare the spatial distribution of cluster III with Fig. 10c) and/or
different levels of wind scattering.

Secondary flows are generated inside the flow separation bub-
ble that forms in the leeside of dunes (Frank and Kocurek, 1996;
Ewing et al., 2010; Omidyeganeh et al., 2013), controlling the sed-
iment transport in the interdune area. Cluster IV appears associ-
ated with this region of complex flows, which can converge and
even present a reverse direction of flow near the surface (Sweet
and Kocurek, 1990). The N-S trend of the bedforms in this cluster
is then justified by the lateral flows that converge toward the cen-
tral sections. This convergence is probably generating some degree
of along-crest transport, thus contributing for the elongation of the
large ripples and possible longitudinal defect migration (Silvestro
et al, 2015b), in agreement with the longitudinal migration
reported for this set of bedforms in this study. The very low aver-
age migration is also influenced by the local reversal of the flow
inside the bubble (Fig. 5e), in a spatial context where upwind dune
topography shelters the meter-scale ripples from the primary flow
(as proven by the modeled wind effect).

This set of evidences show that meter-scale bedforms on Her-
schel are morphologically different and behave differently from
terrestrial aeolian ripples. Contrary to terrestrial ripples, they only
present a two-dimensional morphology in certain rare cases: in
high slope areas and in areas where dune topography favors the
occurrence of oblique meter-scale bedforms.

The combined analysis we performed is able to isolate the phys-
ical factors that justify the occurrence of the two-dimensional clus-
ters, but the prevalence of three-dimensional patterns on Herschel
(~97% of the mapped patterns) remains to be explained. The same
type of clustering applied to the 3D subset should help to segment
and explain the pattern variations that are recognizable within this
population, and that were overlooked in this work. Assuming that
two-dimensionality only occurs due to the existence of factors that
generate along-crest transport (Rubin, 2012), we speculate that at
a meter scale these factors are absent or have a more reduced mag-
nitude on Mars. Impact and lateral splash during saltation are fac-
tors that promote the straightening of impact ripples on Earth
(Rubin, 2012). Hence, by excluding saltation as the most important
factor for the formation of the large ripples, the wind-drag hypoth-
esis proposed by Lapotre et al. (2016a) tacitly implies that 2D large
ripples should be scarcer. All these arguments may help to justify
the predominance of three-dimensional bedforms and the clear
association of two-dimensional bedforms with gravity or obliquity
effects. However, from our analysis we cannot exclude other possi-
ble causes, such as unsteady multidirectional winds which may for
instance rework pre-existent bedforms forming more complex
patterns.

Studying the ripple patterns on one area and try to generalize
and extrapolate to an entire planet is obviously an oversimplifica-
tion. The regional analysis of the dune patterns also shows that the
assumption of a unidirectional wind regime on the mapped area is
also questionable. Through this study we proved that a meticulous
segmentation and compilation of the bedforms patterns is useful to
explain the processes by which they emerge on Mars. Testing the
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proposed relations (between the patterns, morphometric and wind
settings as well as genetic mechanisms) for the 2D subsets in other
Martian dune fields is essential in order to understand the diversity
of meter-scale bedforms that cover dark Martian dunes. The set of
techniques applied in this study are able to extract and integrate
automatically a large variety of data sources at different spatial
scales allowing the systematic study of Martian aeolian bedforms.

4.1. First observations from MSL at Gale

During the preparation of this work, Curiosity rover has imaged
for the first time (Bridges et al., 2016) an active dune field
(Silvestro et al., 2013) located in Gale crater. The first collected
images (Fig. 16) underpin the distinctive nature of Martian large
ripples: they do not present two-dimensional crest forms (sinuous
crests were reported) and they are covered by smaller centimeter-
scale ripples (Lapotre et al., 2016a).

The morphodynamic differences identified in this study indicate
that terrestrial aeolian ripples are not the best analogues to
meter-scale bedforms on Mars, suggesting that a different genetic
mechanism (like the wind-drag hypothesis in Lapotre et al.,
2016a) is necessary to explain their formation and evolution.
Curiosity’s preliminary observations together with the presented

centimeters
(1] 5
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Fig. 16. Mastcam mosaic of bedforms in “High Dune” (sol 1176, Credit: NASA/JPL-
Caltech/MSSS). Asymmetric ripples with centimeter wavelengths are superimposed
on the meter-scale bedforms, which present: stoss slopes and sharp-crested
profiles, apparent concentration of coarser materials on the crests, longitudinal
spurs and slipfaces. The high sinuosity of the patterns is evident.

case on Herschel suggests a scenario where centimeter-scale bed-
forms are superimposed on meter-scale two or three-dimensional
bedforms, a setting well known from subaqueous environments,
where oblique bedforms like those described in this work also occur
under the form of subaqueous dunes (Allen, 1968; Costello and
Southard, 1981). As pointed by Lapotre et al. (2016a, 2016b), if aeo-
lian processes on Mars are generating sedimentary figures similar in
scale and form, and from our study, also presenting similar dynamic
behavior to terrestrial subaqueous bedforms, planetary geologists
must appeal to independent contextual clues to interpret the depo-
sitional environments of Martian sedimentary rocks.

5. Conclusion

In this paper we have for the first time presented a nested
multiscale morphodynamic survey of dunes and large ripples on
Mars. Using automatic mapping techniques, PCA and unsupervised
clustering we demonstrated that long-wavelength topography
exerts an important control on the spatial distribution of dunes
at a regional scale. Such a topographic control particularly affects
the density of dune elements which is inversely correlated with
elevation and displays a transverse spatial upwind-downwind
attenuation.

The same key aspects are recognizable at a more detailed scale
of analysis. Using HiRISE images and DTM we have characterized
the morphology and dynamics of the slipfaces, finding the same
upwind-downwind transition this time expressed as a first-order
decrease in slipface heights and migration rates. However, at this
scale of analysis the influence of underlying km-scale topography
is also relevant, inducing second-order spatial variations on the
dunes’ morphodynamics. Moving to the ripples’ scale, the same
first and second-order variations are also identifiable in the spatial
distribution of the segmented two-dimensional ripples. These evi-
dences indicate an active multiscale coupling of topography, dunes
and superimposed bedforms on Herschel under the influence of
present atmospheric conditions.

Martian meter-scale ripples are morphologically distinct from
terrestrial aeolian ripples, which present a higher degree of
straightness. The segmentation of the ripple patterns proved that
long and straight (two-dimensional) bedforms are rare on Herschel
(~3% of the mapped features). The clustering of the two-
dimensional set of ripples allowed the definition of four preferen-
tial settings where these bedforms occur. These specific morpho-
metric settings can explain the exceptional two-dimensionality
of the patterns. The identified factors that promote the elongation
of the large ripples are: gravity transport on higher slopes, bedform
obliquity and flow convergence on the leeward side of dunes.

Other very distinctive characteristic of Martian ripples is that
over the analyzed time span they have not migrated orthogonally
to their trend. Our analysis excludes dune slope as a factor that
can entirely justify the measured deviations from a pure transverse
migration of the large ripples. Our results show that the assump-
tion that meter-scale bedforms on Mars formed transversely to
present winds is not valid for all cases. Therefore we conclude that
terrestrial aeolian ripples are not good analogues for Martian
meter-scale bedforms, either in terms of morphology or dynamic
evolution. The application of the approach followed in this work
to other areas, and particularly to the segmentation of the more
complex three-dimensional ripple patterns, can contribute to a
better understanding of the distinct nature of Martian ripples.
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