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ARTICLE INFO ABSTRACT

Article history: Dunes provide unique information about wind regimes on planetary bodies where there is no direct
Received 12 April 2017 meteorological data. At the eastern margin of Olympia Undae on Mars, dune orientation is measured from
iece“’ec('j ‘1“ I{;‘”Sﬁdzg’lr;“ 21 February 2018 satellite imagery and sediment cover is estimated using the high contrast between the dune material and
ceepte arc substrate. The analysis of these data provide the first quantification of relationship between sediment
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Editor: W.B. McKinnon availability and dune orientation. Abrupt and smooth dune reorientations are associated with inward
and outward dynamics of dunes approaching and ejecting from major sedimentary bodies, respectively.

Keywords: These reorientation patterns along sediment transport pathways are interpreted using a new generation
Mars dune model based on the coexistence of two dune growth mechanisms. This model also permits solving
dunes of the inverse problem of predicting the wind regime from dune orientation. For bidirectional wind
bedform alignment regimes, solutions of this inverse problem show substantial differences in the distributions of sediment
Sedimem cover flux orientation, which can be attributed to atmospheric flow variations induced by changes in albedo at
aeolian transport the boundaries of major dune fields. Then, we conclude that relationships between sediment cover and

dune orientation can be used to constrain wind regime and dune field development on Mars and other
planetary surfaces.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction ments. This has led previous studies of dunes on Mars (Fenton et

. . . al.,, 2005, 2014b; Ayoub et al,, 2014) and Titan (Lucas et al.,, 2014;
~ Sand seas are extensive sedimentary bodies covered by ac-  cparay et al, 2015) to rely on winds predicted by Global Climate
tive or stable dune systems, where bedforms reflect the current  yj;4a15 (GOM) and Mesoscale Models. However, the distribution of

or past wind reglmes' as well E!S antece.d.ent topogra}phy, the size sand flux orientation derived from global circulation or mesoscale
and shape of the basin or specific conditions of sediment supply, models cannot be used alone to discriminate between different

aval lability and mobility (Wilson, 1973; Wasson and Hyde, 198,3; scenarios for the formation and the evolution of dune fields. Con-
Ewing and Kocurek, 2010; Lorenz and Zimbelman, 2014). In arid . . .
versely, information derived from the long-term development of

regions on Earth, modern sand seas occur in major zones of de- . .
& J sand seas can be coupled with observations on the short-term

p951t10n a.long sediment trans.port pathways arising from lacus- bedform dynamics to obtain new estimates of the distribution of
trine, fluvial or coastal deposits. On other planets where dunes . . . .
sand flux orientation, and thus important constraints on the lo-

have been reported, these sources of sediment may be of differ- cal wind regimes (Fenton et al, 2014a, 2014b). Here, we address

ent nature but, as soon as aeolian transport occurs, atmospheric . e O . . .
. . . this specific issue in north circumpolar sand seas of Mars using
circulation may be responsible for the development of sand seas o -

orbital imagery and a new generation of model for dune growth

over geological time scales.
Our understanding of planetary dunes is still limited by the rel- (Courrec.h du Pont et al, 2014). .
ative paucity and, in many cases, absence of in situ wind measure- Martian .dune fields cover an area estimated ground 97,5'000
km?2, of which 86% belongs to the north polar region at latitudes
between 68°N and 83°N (Hayward et al., 2007, 2014; Fenton and
* Corresponding author. Hayward, 2010). At lower latitudes, dunes are mainly located in
E-mail address: narteau@ipgp.fr (C. Narteau). craters, where flow recirculations and the confined space effect are
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Fig. 1. Sand seas and dune systems in martian polar regions. (a) Dune fields and dune coverage around the Martian North pole. Black lines show the wind direction inferred
from geomorphic features and bedforms (Massé et al., 2012). (b) Zooms on the two studied dune fields at the eastern border of the largest sand sea. (c) Zooms on specific

dunes with different orientations and sediment cover in both sites.

likely to significantly affect their morphology and dynamics. For
this reason, the observed dune shapes and orientations are difficult
to relate to the regional wind regime or specific flow circulation
patterns in craters (Fenton et al., 2005). On the other hand, the
northern circumpolar region has flat or moderate topography and
concentrates all the Martian sand seas (Fig. 1a), which have length
scales of hundreds of kilometers.

Fifty years of Martian surface observation show that dunes are
still active on Mars (e.g., Bourke et al., 2008). In polar regions, be-
cause of the seasonal CO; cap, transport may only occur from late
spring to early fall, during approximately 30% of a Martian year
(Piqueux et al., 2015). Nevertheless, modern winds on Mars are
likely to continue to shape sand seas, which exhibit a limited range

of dune sizes between the characteristic length scale for the for-
mation of dunes and the giant dune size (Claudin and Andreotti,
2006; Andreotti et al., 2009). A consequence of this limited range
of dune size is that, locally, most of the Martian dunes have the
same age and have been shaped by winds blowing over the same
time period.

The current challenges in the domain of planetary dunes are
still to better evaluate the threshold wind-speed for sediment
transport and to complete the current dune classification in exotic
environments where sediment and fluid properties may change.
However, most of these studies depend on sand flux estimates (in-
tensity and direction), which can only be inferred from bedform
dynamics. On Mars, most of these estimates are currently derived
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from slip face or ripple dynamics over short time scales assuming
an unidirectional wind regime (Fenton, 2006; Sullivan et al., 2008;
Silvestro et al., 2010; Bridges et al., 2012; Ayoub et al., 2014).
For longer time scales, considering dune patterns which cannot
be explained by unidirectional wind regimes, the inverse problem
determining sediment flux properties from crestline orientations
has been solved using a single growth mechanism and no effect of
dune shape on the flow (Fenton et al., 2014a, 2014b; Runyon et al.,
2017). These studies have shown that, despite strong assumptions
on the resultant sand flux direction, this is in general an under-
constrained inverse problem.

An important step in the physics of sediment transport has
always been to predict dune alignment in multidirectional wind
regimes (i.e., from a given distribution of sediment flux orien-
tation). At the beginning of the 1980s, the forward model sim-
ply did not exist and all studies were based on empirical evi-
dence showing that dunes can be either perpendicular or paral-
lel to the resultant transport direction. The model proposed by
Rubin and Hunter (1987) presented a significant breakthrough in
this field of research. They realized that for individual sediment
flux orientation the main contribution to dune growth is the flux
perpendicular to the crest. Then, they used subaqueous experi-
ments and theory to show that, in zones of high sand availability,
dunes preferentially align perpendicular to the maximum gross
bedform-normal transport. This model has been successfully ap-
plied to predict bedform trend in many natural flows on Earth
as well as on other planetary bodies (Rubin and Carter, 1987;
Lancaster, 1991; Bourke, 2010; Rubin et al, 2008; Rubin, 2012;
Fenton et al, 2014b; Lucas et al., 2014; Charnay et al., 2015;
Ping et al., 2014). However, there is a also an accumulation of ob-
servations indicating that the process of dune alignment may differ
(Lancaster, 2010; Gardin et al., 2012; Zhang et al., 2012). Following
this line of research, recent laboratory experiments, numerical sim-
ulations and field measurements have demonstrated that a multi-
directional wind regime can produce two dune trends according to
sand availability (Zhang et al., 2012; Courrech du Pont et al., 2014;
Gao et al., 2015b; Lii et al., 2017). As shown by Courrech du Pont
et al. (2014), this is because there are two competing dune growth
mechanisms:

e The bed instability mode: where there is no limit in sand
availability, in transport-limited situations, dunes grow in
height selecting the orientation for which the gross bedform-
normal transport is maximum. Taking into account the effect
of topography on wind speed, this is the model of Rubin and
Hunter (1987).

e The fingering mode: where the bed is partially starved of mo-
bilizable sediment, dunes elongates in the direction of the
resultant sand flux at their crest. Where dunes grow from
fixed sources of sediment, this is the orientation for which
the normal-to-crest components of transport cancel each other
(Lucas et al., 2015; Gao et al., 2015b).

These two distinct dune growth mechanisms determine both dune
shape and orientation. Where they coexist, they can together pro-
vide two independent estimates of the sediment flux at the crest
of dunes (Lii et al., 2017).

In this study, we aim to demonstrate that it is possible to pro-
vide new constraints on wind regimes from only measurements
of dune orientation at places where the two dune growth mech-
anisms are interpreted. This is of particular interest in planetary
contexts where in situ meteorological measurements are lacking.
The next section presents the methodology employed to extract
dune orientation and sediment cover in Martian polar regions from
satellite imagery. This section also contains the forward model of
the two dune growth mechanisms, which is used to derive two

dune orientations from a distribution of sand flux orientation. Sec-
tion 3 is devoted to the results obtained at two different sites,
which are less than 140 km apart. The relation between dune ori-
entation and sediment cover is discussed in Section 4 with respect
to the two modes of dune orientation along sediment transport
pathways. Then, solving the inverse problem of dune orientation,
we present the bidirectional distributions of sediment flux orien-
tation that can explain the observed dune shapes and alignments.
From the solutions obtained in the two different sites, we discuss
how our method can be systematically implemented to increase
the observational dataset against which the predictions of near-
surface winds of the meteorological models should be validated.

2. Methods
2.1. Imagery and dune system analysis

We analyze two dune systems in the north polar regions of
Mars using images from the Context Camera (CTX) onboard the
Mars Reconnaissance Orbiter (Fig. 1a). These images are calibrated
and registered using the USGS Integrated Software for Imagers and
Spectrometers. They serve as basemaps for mapping dune crestline
with a spatial resolution of 6 m/pixel and a footprint of ~ 30 km
wide (Malin et al., 2007). As shown in Fig. 1b, dune material ap-
pears dark while surrounding terrains are brighter. Different dune
types are observed, from linear to barchan dunes (Fig. 1c). Most
importantly for the present study, interdune areas are either par-
tially free (bright areas) or fully covered by dune material (dark
areas). Throughout this article, despite the presence of regolith ev-
erywhere on Mars, we use the term “sediment cover” rather than
dark material fractional cover to describe the proportion of dune
material at the surface of the studied regions. Similarly, the re-
golith is described hereafter as a “non-erodible ground”. Indeed, as
shown by the loss of dune material at the horns of barchans and at
the tip of linear dunes, it does not significantly contribute to bed-
load transport, which is the dominant mode of sediment transport
on dunes.

In order to assess sediment cover, all image pixels are associ-
ated with a binary variable, dark or bright. The threshold bright-
ness that distinguishes between these two classes is determined
from the brightness distribution within each image, which is bi-
modal in all sites under investigation due to the high contrast
between the dune material and the surrounding terrain. Then, the
threshold brightness is defined as the mean of the two modal val-
ues. Sediment cover is locally computed from the ratio of dark
pixels to the total number of pixels. To assign a value at each
pixel, this ratio is calculated over a circle with a radius equal to
the longest crest-to-crest wavelength observed in the dune system
(A~ 200 m).

In each image, we visually extract dune crest positions and ori-
entations using linear segments stored and managed in Geographic
Information System format for visualization and analyses. Follow-
ing Lucas et al. (2014), an automatic linear segment detection has
also been implemented to improve data integrity. However, given
the resolution of the images, this automatic method also selects
superimposed bedforms. These secondary bedforms are not in the
scope of the present study because, by definition, they always oc-
cur in zone of full sediment availability (Narteau et al., 2009). Here,
we concentrate only on crests of primary dunes (i.e., locally the
largest bedforms), which are now characterized by a representa-
tive collection of linear segments with different orientations and
lengths. In addition, only the main orientation of barchanoid bod-
ies has been selected (i.e., the alignment of crescentic structures
transverse to the resultant transport direction). To minimize the
impact of subjective choices, more than 10> segments are identi-
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Fig. 2. Duni orientation in the bed instability and fingering modes. The resultant
sand flux Q€ at the crest of a linear dune can be decomposed into two compo-
nents of transport (Q_l and aﬁ) according to the orientation « of the dune. In the
bed instability mode, dunes select the orientation for which the normal-to-crest
component of transport is maximum (i.e., au@u/aa =0). In the ﬁng}ring_r}node,
du_)nes elongate in the direction of the resultant flux at the crest (i.e, Q“ = Q and
[IQLll = 0). Numerical examples are extracted from Gao et al. (2015b) using a di-
vergence angle 6 = 130° and a transport ratio N = 2 between the two winds. The
dominant and secondary winds are shown using red and blue arrows, respectively.
Note that, given the speed-up effect in multidirectional wind regimes, the resil)—
tant gnd flux at the crest of dunes in the bed instability and fingering modes (Q
and Q) may differ not only in intensity but also in orientation (Zhang et al., 2012;
Courrech du Pont et al., 2014). (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

fied in each site and all the studied regions were chosen for their
clear change in dune orientation (>30°).

2.2. Sediment transport at the dune crest

Dune orientations and dynamics are primarily controlled by the
sand flux at the crest, which is known to differ significantly from
the sand flux on a flat sand bed under the same flow conditions.
For example, a positive topography accelerates the wind, so that
the sediment flux over a dune depends on the dune shape. For
2D turbulent flows over low hills, the increase of wind velocity at
the top of the hill, the so-called speed-up effect, is approximately
proportional to the bump aspect ratio (Jackson and Hunt, 1975).
Hence, at the first order of the dune aspect ratio and neglecting
the transport threshold, the sediment flux at the crest of a linear
dune is

Q@ =T A+ylIsin@ —a))), (1)

where o and 6 are the orientation angles of the dune and of the
. = .

saturated sediment flux vector Q, respectively. The speed-up ra-

tio y writes

H

where W is the width of the dune, H its height and 8 a dimen-
sionless coefficient that accounts for all the other physical ingredi-
ents (e.g., roughness) that affect the speed-up. In terrestrial dune
fields as well as in laboratory and numerical experiments, y = 1.6
gives reasonable estimates of dune orientation (Gao et al., 2015b;
Lucas et al,, 2015; Li et al.,, 2017).

2.3. Dune orientation from the distribution of sediment flux orientation

From the distribution of sediment flux orientation on a flat bed,
we calculate Q (&), the total sediment flux perpendicular to the
crest for all possible crest orientations « € [0; 7] (Fig. 2). The max-
imum value of Q () gives the most probable crest orientation
o of dunes in the bed instability mode (Courrech du Pont et al.,
2014; Gao et al., 2015b). For ¥ =0 in Eq. (1), this is the orienta-
tion predicted by the gross bedform-normal transport rule (Rubin
and Hunter, 1987). Here, by analogy with terrestrial dunes, we take

y = 1.6 to account for the increase of wind speed at the crest of
dunes (i.e., the speed-up effect).

In the fingering mode, dunes elongate in the direction of the
mean sediment flux at their crests. In practice, we estimate this
direction by computing Q | (@) and Q (), the total sediment flux
perpendicular and parallel to the crest for all possible crest ori-
entations o € [0; 2] (Fig. 2). Then, the orientation af of finger
dunes is the one for which the sediment flux perpendicular to the
crest vanishes (i.e., Q) (o) =0) and for which the flux parallel to
the dune is positive (i.e,, Q(a) > 0). If more than one solution ex-
ists, we look for the angle at which the Q -value is maximum. By
definition, when there is no effect of topography on the flow (i.e.,
y =0 in Eq. (1)), the orientation of the fingering mode is the resul-
tant sediment transport direction on a flat bed. As for the «;-value,
the ag-value depends on the y-value when the wind speed-up is
taken into account.

All sediment fluxes perpendicular to the crest contribute to
dune growth. Considering the dune orientations a f, we use
the normal-to-crest component of transport to compute the char-
acteristic growth rate oy of a linear dune in the bed insta-
bility or the fingering mode (Courrech du Pont et al, 2014;
Gao et al,, 2015b):

@@ (1 + y [sin (6 — orpy)]) [sin (6 — g )| d6
(L= 2THW :

(3)

Basically, this is the inverse of the time required to build up a
linear dune of height H and width W.

3. Dependence of dune orientation on sediment cover in north
polar regions of Mars

In the boreal circumpolar region, at the eastern border of the
largest Martian sand-sea (Fig. 1a), we focus on two specific dune
systems located at 79.7°N, 235°E and 79.7°N, 247°E (sites 1 and
2 in Fig. 1b). These two sites occur 140 km apart and at the same
latitude along the eastern edge of the Olympia Undae dune field.
Both sites exhibit different dune types with various orientations
(Fig. 1c), which are now analyzed with respect to changes in sedi-
ment cover along the sediment transport pathways.

Figs. 3a and 3b show the sediment cover maps of sites 1 and 2,
respectively. In both cases, we span the entire range of sediment
cover from O to 1. In site 1, a zone depleted of dune material in
interdune areas separates two major sedimentary bodies (79.75°N,
234.5°E in Fig. 3a). The eastern boundaries of these major sedi-
mentary bodies show a sharp transition from no to full sediment
cover; other boundaries exhibit a more diffuse transition. In site 2,
sediment cover increases to the west.

Dune crest orientation maps are shown in Figs. 3c and 3d
for sites 1 and 2, respectively. The corresponding distributions of
crest orientation are given in Figs. 3e and 3f. These distributions
are clearly bimodal with two modes in the north-south and the
30°-210° directions. For each site, a visual comparison of dune
crest orientation and sediment cover reveals potential dependence
between these two variables.

For individual linear segments, Figs. 4a and 4b show the rela-
tion between sediment cover and dune crest orientation for sites 1
and 2, respectively. In both sites, there is a significant reorienta-
tion of dune alignment as the sediment cover changes. The relation
takes the form of a smooth transition in site 1 and of an abrupt
step in site 2. The north-south alignment is observed for full sedi-
ment cover in both sites. The other orientation is well-established
for sediment cover less than 0.6 in site 2. There is more dispersion
in site 1 where dunes continuously reorient as sediment cover de-
creases.
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Fig. 3. Sediment cover and dune orientation in two dune systems. Site 1 (left) and 2 (right) are shown in Fig. 1b: (a, b) Mean sediment cover averaged over a distance
equal to the largest wavelength observed in the dunefield (i.e., 200 m). (c, d) Crest segments manually extracted from the CTX images. Each segment is characterized by the
position of its center, its length and orientation. There are 2535 and 1004 segments in sites 1 and 2, respectively. (e, f) Distribution of crest orientation.

In order to analyze the sharpness of the dune reorientation pro-
cess in site 2, an error function is arbitrarily fitted to the data
shown in Fig. 4b. Considering the sediment cover 0 <c¢ <1 and
the dune crest orientation «, it can be written as

a(c)=a+ berf(ﬂ> ,
Sc

(4)

where [t is the mean sediment cover at which the dune crest
reorientation occurs, s¢ is the rate of change in dune orientation
according to sediment cover, a = (o) + «F)/2 and b = (o — aF) /2.

For site 2, the best fit to the data is obtained for u. = 0.72,
S¢ =0.09, a =235.8° and b = 54.8° (black curve in Fig. 4b). The
comparison with data indicates that Eq. (4) is well-suited for de-
scribing this dune system where there is an abrupt transitions in
crest alignment and two distinct dune orientations over the two
extreme ranges of sediment cover (i.e,, c — 0 and ¢ — 1). For a
more diffuse reorientation process or if the conditions for steady-
state finger dunes are not met (Gao et al., 2015b), there is no such
distinct dune orientations over two different ranges of sediment
cover (Fig. 4a). Nevertheless, Eq. (4) can also be used to exam-
ine the shape of the relationship between dune crest alignment
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Fig. 4. Dune crest orientation with respect to sediment cover. Site 1 (a) and 2 (b) are shown in Fig. 1b. Colored dots correspond to all segments shown in Figs. 3c, d. Black
dots are mean orientations computed in non-overlapping sliding windows of sediment cover with a bin width of 1%. All orientations are measured anticlockwise from east.
o is expressed modulo 7. The y-axis values are chosen according to the observed migration/elongation directions. To highlight the sharpness of the dune reorientation
along the sediment transport pathways, black lines are the best fit to the data using the error function (see Eq. (4) and text for the model parameter values). Blue arrows on
these curves show the dune migration/elongation directions. Dotted lines give the orientation for dunes in the bed instability (full sediment cover) and the fingering modes
(no sediment cover in interdune areas). In each figure, labels and insets {1, 2, 3, 4} show the dune segments under consideration.

and sediment cover. In this case, the parameters {iic, a, b} lose
their physical meaning, but the s.-value can still be used to eval-
uate the abruptness of the dune reorientation process. In addition,
the two dune orientations o and o can be estimated using the
a-value for ¢ =0 and ¢ =1, respectively. When Eq. (4) is tested
against the data collected in site 1, the best fit gives «(0) =93.2°,
o (1) = 21.2° and s = 3.3 (black curve in Fig. 4a). Then, there
are two orders of magnitude difference in sc.-value between the
sudden change in crest alignment observed in site 2 and the con-
tinuous change observed in site 1.

More generally, the different relationships shown in Fig. 4 can
be related to the sediment transport pathways at the border of
major sedimentary bodies using the migration/elongation direction
of individual dunes in each dune system. It is obvious from direct
observation that the dependence of dune orientation on sediment
cover is not the same when individual dunes collide with or are
ejected from major sedimentary bodies (Fig. 1b). This is discussed
with respect to the two dune growth mechanisms in the next sec-
tion.

4. Discussion

Using dune crest alignments and the high contrast between the
dune material and the non-erodible ground in high latitude Mar-
tian dunefields, Fig. 4 shows how dune orientation depends on
sediment cover. This is the first time that such a dependence is
observed and investigated at the scale of dune systems. However,
this dependence is found to be different in the two dune systems
under consideration (Figs. 4a and 4b). Therefore, sediment cover
is not the sole control parameter for dune orientation; dune-field
boundary conditions and the long-term erosion/deposition rates
along the sediment transport pathways also exert control over

the development of dune patterns (Kocurek and Lancaster, 1999;
Ewing and Kocurek, 2010). For this reason, sediment cover and
crest alignment should be considered as two conjugate outcomes
of dune growth and dynamics in areas where sand availability and
supply are continuously evolving. Here, we start to document these
dune patterns taking advantage of recent advances in the physics
of dunes.

4.1. Two modes of dune orientation at the borders of major sedimentary
bodies

Based on two dune growth mechanisms, the new generation
dune model proposed by Courrech du Pont et al. (2014) provides
a natural framework to analyze relations between sediment cover
and dune alignment. Indeed, the fingering and the bed instability
modes represent potentially the two end-members for dune ori-
entation considering systematic changes in sand availability along
the sediment transport pathways.

In zones of full sediment cover, dune crest alignment has first
to be associated with the bed instability mode. In zones where
interdune areas are free of sediment, dune shape and orientation
depend on the dune-height growth-rate ratio or/o7 and on specific
sediment availability conditions (Gao et al.,, 2015b). As a conse-
quence, dune systems in areas with low sediment cover may not
always exhibit longitudinal bedforms with the orientation of the
fingering mode. Instead, barchan dunes or isolated bedforms with
no specific trend or apparent slip face could be reported (e.g. dome
dunes, whalebacks). Finally, in zones where sediment cover varies,
a systematic transition from one mode of dune orientation to the
other can be expected. Here we find that this transition can take
different forms, and that it is necessary to account for the migra-
tion/elongation direction of dunes in order to differentiate between
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zones of decreasing or increasing sediment cover. These migration
directions are well-identified in the field because the character-
istic time required to reshape a dune is generally few orders of
magnitude larger than the characteristic time scale associated with
individual winds.

In the dune system of site 2, asymmetric barchans with arms
elongated northeast-southwest migrate on a non-erodible ground
to ultimately collide with and merge into a major sedimentary
body composed of linear bedforms with a north-south orientation.
Such a coexistence of dune types and trends is a simple and il-
lustrative example of the simultaneous expression of the two dune
growth mechanisms in a multidirectional wind regime. In this par-
ticular case, there is an abrupt change in sediment cover, which
is associated with spontaneous change in dune orientation. This
is possible because, upstream of the major sedimentary body in a
zone of low sediment cover, isolated dunes elongate and migrate
along the direction of the fingering mode. Within the major sedi-
mentary body, dunes grow from the underlying sediment layer to
align along the direction of the bed instability mode. As the fin-
ger dunes are smaller and migrate in the direction of the major
sedimentary body, collisions are responsible for the transition in
dune alignment. The sharpness of this transition can be ascribed
to the collision-type events but also to the significant difference
in orientation between the involved dunes (=~ 55°). The sediment
of the impacting finger dunes is simply redistributed on the up-
stream slopes of the impacted dunes in the bed instability mode,
with no effect on their shape and orientation. Similar collisions
and coalescences into downstream dominant bedforms have been
described before under unidirectional wind regimes for barchan
and transverse dunes (Gao et al., 2015a). The originality of the
present collision-coalescence process is that it occurs under multi-
directional wind regimes at a border of a major sedimentary body
between dunes with different orientations. As shown in Fig. 4b,
such conditions are associated with a step-like relation between
dune orientation and sediment cover.

The dune system studied in site 1 differs substantially from the
previous example. Site 1 illustrates how major sedimentary bod-
ies expand into the surrounding areas through the dynamics of
dunes. Within the main sedimentary bodies, a north-south dune
orientation compatible with the bed instability mode prevails. On
the eastern borders of these dune fields, linear dunes exhibit a
continuous clockwise reorientation as they migrate toward zones
of lower sediment cover. Those that separate from the main sedi-
mentary bodies tend to align at 30° anticlockwise from east before
breaking-up in smaller barchan dunes, which eventually disappear.
Under the combined action of multidirectional wind regimes and
conditions of reduced sediment availability, these transitions in
both dune shape and orientation may reflect a systematic evo-
lution from the bed instability mode to the fingering mode and
trains of barchan dunes. This interpretation is supported by the re-
lation between dune orientation and sediment cover (Fig. 4a), from
which the dune alignments associated with the two dune growth
mechanisms can be estimated. Nevertheless, between these two
extreme values, all dune orientations can be observed.

Why is there such a smooth transition in dune orientation and
not an abrupt change between the two modes predicted by the
theory? Three main reasons may be invoked. The first is related
to the dynamics of isolated dune tips. As the concave-downwind
shape of barchans, dunes in the bed instability mode at the border
of the main sedimentary body may have their crestlines that con-
tinuously reorient toward the resultant transport direction where
their tips start to migrate on the non-erodible ground (see type A
in Fig. 5). The second reason is related to the creation, interac-
tion, and destruction of crest terminations, the so-called defects,
which are the drivers of any bedform reorientation (Werner and
Kocurek, 1997). When these defects are migrating across the dune

79.75°N|

79.70°N

235.2°F - E

Fig. 5. Dune patterns in zone of bedform reorientation. At the border of a major
sedimentary body in site 1, three types of dune behavior explain the smooth transi-
tion in dune orientation: A, reorientation of isolated dune tips; B, defect migration
through a collision-ejection mechanism; C, Migration and elongation of dunes.

field through a collision-ejection mechanism (Gao et al., 2015a),
they all propagate and align in the direction of the sediment flux
at the crest of dunes in the bed instability mode, a direction that is
close to both the orientation of the fingering mode and the resul-
tant transport direction on a flat surface (see type B in Fig. 5). The
third reason is related to the migration and the collision of iso-
lated dunes after their ejection. Because the sources of sediment
from which they elongate are mobile and moving in the direction
of the sediment flux at the crest of dunes in the bed instability
mode, they align along an intermediate direction between the di-
rections associated with the two dune growth mechanisms (see
type C in Fig. 5). In addition, as they collide with each other, they
may also produce transient orientations.

Together, the field examples studied in Figs. 4a and 4b reflect
the diversity of dune shape and orientation that could be produced
by multidirectional wind regimes where sediment cover is not uni-
form in space and time. At the boundaries of major dune fields, we
can now distinguish two main features from the relation between
dune orientation and sediment cover:

1. Inward migration of finger dunes (Fig. 4a) where the resultant
sediment flux is oriented from areas of low to high sediment
cover.

2. Outward elongation of finger dunes (Fig. 4b) where the re-
sultant sediment flux is oriented from areas of high to low
sediment cover.

Most importantly, in order to provide new constraints on local
climate conditions, these dune patterns may be analyzed to recon-
struct the wind regimes responsible for their formation and their
stability.

4.2. The inverse problem of dune orientation

The inverse problem of dune orientation consists of recon-
structing the wind regimes that could have shaped the observed
dune systems (i.e., dune types, orientations and dynamics). With-
out any assumptions on the underlying transport law, this problem
reduces to determining the distribution of sediment flux orien-
tation. Unfortunately, a complete search is not computationally
feasible given the space of possible distributions. In this prelim-
inary work, we consider only bidirectional wind regimes to in-
vestigate simple solutions particularly relevant for seasonal atmo-
spheric variations. Under this assumption, the parameter space is
restricted to the orientation ®y of the primary sediment transport
direction (i.e., the direction of the dominant wind) as well as the
angle of divergence ® and the transport ratio N between the pri-
mary and secondary sediment transport directions (i.e., between
the two winds).
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Fig. 6. Solutions of the inverse problem of dune orientation. Site 1 (a) and 2 (b) are shown in Fig. 1b. Considering only bidirectional wind regimes and the model of
Courrech du Pont et al. (2014), each figure shows the distributions of sediment flux orientation that can produce the observed dune alignments (dotted lines in Fig. 4).
The transport ratio N is shown by the color along the trajectories of the solutions in the parameter space {®n, ®}, where ®y is the orientation of the primary sediment
transport direction and ® the divergence angle between the two sediment transport directions. To illustrate these solutions, arrows show the corresponding sediment flux
vectors. Violet and orange vectors correspond to the primary and secondary sediment transport directions, respectively. The length of the vector associated with the primary
direction is normalized. Using the same color code, roses show the range of solutions for the primary and secondary sediment transport directions. To inject some constraints
from dune shape into the inverse problem, gray dots show the of/oj-value for different solutions of the inverse problem. Note the differences in of/oj-values for the two

ranges of solutions in site 1.

The input data of the inverse problem are the orientations
{ar, ap} associated with the two dune growth mechanisms. Con-
trary to the approach of Fenton et al. (2014a), there is no assump-
tion on the resultant sediment flux direction. Instead, to account
for the full dynamics of the dune systems under investigation,
dune alignments are extracted from the relations between dune
trend and sediment cover (Fig. 4): «; is the dune orientation of
the bed instability mode observed in zones of full sediment cover
(i.e., 100%); af is the dune orientation of the fingering mode ob-
served in zones with no sediment cover in the interdune areas
(i.e.,, —0%). As shown by the dashed lines in Fig. 4, we have
{a, ap} ={93.2°, 21.6°} and {263.2°, 208.4°} for sites 1 and 2, re-
spectively. All orientations are measured anticlockwise from east.
The orientation of dunes in the bed instability mode is expressed
modulo 7. For dunes in the fingering mode, o-values are cho-
sen according to the observed migration/elongation direction. We
do not consider any dispersion of the input data and limit the res-
olution of the inverse problem to single {«j, og}-values using the
model proposed by Courrech du Pont et al. (2014) with y =1.6
(see Sec. 2.2).

Using this forward model, a given set of {®y, ®, N}-values
leads to an unique solution for the {oj, ag}-values. The inverse
problem is less straightforward because, for a given dune growth
mechanism, a specific dune orientation corresponds to wide re-

gions of the {®y, ®, N} parameter space. Considering together the
two dune growth mechanisms represents a precious advantage for
limiting the number of solutions. Indeed, each orientation oy
provides an independent set of solutions in the {®y, ®, N} param-
eter space, so that the possible distributions of sediment flux ori-
entation reduce to the intersections of the solutions for o and «.

Fig. 6 shows the solutions of the inverse problem of dune ori-
entation for bidirectional wind regimes. In both sites, the narrow
ranges (& 15°) of solutions for the primary sediment transport di-
rection demonstrate the feasibility of the approach and the gain in
accuracy with respect to methods based only on the bed instabil-
ity mode (Fenton et al., 2014a, 2014b). Nevertheless, the ranges of
divergence angle remain large (i.e., 90° < ® < 180°). In this case,
dune shape and the stability of finger dunes may help in reducing
again the number of solutions.

Gao et al. (2015b) have shown that, in zones of low sediment
availability, there are systematic transitions from linear dunes to
trains of barchan dunes in the parameter space of the bidirectional
wind regimes. These different types of dunes may be related to the
magnitude of the dune-height growth rate ratio of/oy: steady-state
finger dunes are observed for of/o; > 0.6; trains of barchans for
og/o1 < 0.4. From the computation of this ratio for the solutions
of the inverse problem, we can exclude solutions for which the
observed dune shape and the op/oy-value disagree. For example, in
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site 1, the finger dunes growing from the eastern boundaries of the
main sedimentary bodies are not in a steady-state. They break up
in small barchan dunes, which ultimately disappear. Then, we can
rule out the distributions of sediment flux orientation for which
or/o1 > 0.6. In site 1, we can therefore eliminate all solutions for
which the divergence angle ® is smaller or close to 90° (i.e., black
dots in Fig. 6a). In site 2, no solution can be excluded as they all
have of/oj-values of over 0.4 (Fig. 6b), which are consistent with
the development of asymmetric barchans and the stability of their
elongated horn.

Finally, the resolution of the inverse problem of dune orienta-
tion indicates that the most probable bidirectional wind regimes
are dominated by zonal winds in both sites. Nevertheless, if the
zonal component always dominates, there is an orientation change
of 180° in the resultant sediment transport direction between the
two sites separated by less than 140 km. The solutions of the
inverse problem of dune orientation show that such a reversal
depends only on the fine balance between the eastward and west-
ward components in the distribution of sediment flux orientation
(Fig. 6). Then, it does not require a major change in wind regime.

4.3. Constraining surface wind regimes from dune physics

The main result of this study is to show that the method based
on the two dune growth mechanisms can now provide new quan-
titative constraints about wind regimes that have shaped dune
systems on Mars, currently or in the past.

In absence of observational time series of the dunes under con-
sideration, we cannot yet estimate the magnitude of the sediment
flux at their crest from their dynamics, as has been done on Earth
and Mars from the migration of dunes in the bed instability mode
and/or the elongation of dunes in the fingering mode (Bridges
et al, 2012; Lucas et al, 2015; Li et al, 2017). Hence, modern
transport rates in polar regions of Mars will be the subject of a
forthcoming study. Nevertheless, the distinct dune morphologies
as well as the presence of wind streaks at their tips and on the
surrounding terrain are strong arguments for the modern activity
of the dune systems under consideration.

Given the seasonal cycle on Mars, the inverse problem of
dune orientation is solved only for bidirectional wind regimes.
This method is not restricted to two transport directions and it
has broader applicability to more general multidirectional wind
regimes. However, in this case, the dimension of the parameter
space could become so large that it may be necessary to add more
constraints about dune dynamics (e.g., dune speed, sediment flux
at the crest). In addition, the model of dune crest alignment can
also be revisited to adopt more complex dune geometries and the
evolution of dune shape during periods of constant wind orienta-
tion.

In north polar regions of Mars, we find here that the sediment
fluxes are mainly associated with easterly and westerly winds,
which may compensate each other almost completely. Then, at the
eastern border of the largest sand sea on Mars, the observed con-
vergence of dunes can be related to zonal winds and two sediment
transport pathways facing each other approximately 180° apart.
Such a confluence is likely to be related to conditions of deposi-
tion, suggesting a potential eastward expansion of the sand sea.

Here we show that dunes can provide information about sub-
tle variations of the distribution of sediment flux orientation. Our
method should be extended to other Martian dune fields to obtain
from dune orientations a more global description of wind charac-
teristics and aeolian transport. These characteristics can then be
compared to the results of GCMs and, on specific sites of interest,
mesoscale models to get insights into the interplay between global
and regional circulations, which give rise to the wind regimes
recorded in dune fields. The necessity of using a multiscale hier-

archy of meteorological models from GCM (e.g., Forget et al., 1999)
to mesoscale models (e.g., Spiga and Forget, 2009) to solve the in-
verse problem of dune orientation is clear from existing terrestrial
and Martian dune studies. Even on Earth, the prediction of GCMs
using data assimilation are not always in perfect agreement with
the measured wind properties, especially in desert areas (Ping et
al,, 2014; Gao et al., 2015b).

Polar regions on Mars are particularly relevant examples of this
interplay between global and mesoscale circulations, such as the
regional flows forced by the topography or by the temperature
contrast between the ice cap and the ground. Hence our conflict-
ing results for wind directions on sites about a hundred kilometers
apart is the best illustration of the perspectives opened by our
new method to infer possible wind directions from dune orien-
tations. The predominance on a global scale of a zonal circumpolar
jet in polar regions of Mars is well established (Waugh et al., 2016;
Toigo et al., 2017), but polar regions are also prone to mesoscale
circulations with wind directions distinct from the global-scale
tendency.

In addition to katabatic winds in north polar regions, polar
transient eddies and thermally-direct circulations driven by ice-
soil contrasts could explain the changes in distribution of sand flux
orientation derived from dune shape (Toigo and Richardson, 2002;
Tyler and Barnes, 2005; Smith et al., 2015). For example, these at-
mospheric processes could explain the systematic migration of iso-
lated finger dunes toward the sand sea. Given the change in albedo
associated with this major sedimentary body, dune fields them-
selves may have an influence on wind dynamics. Indeed, lower
albedo may generate horizontal pressure gradients promoting the
convergence of winds to areas of full sediment cover. This feed-
back of dune systems on the wind regime could naturally explain
the subtle differences in distributions of sand flux orientation re-
sponsible for the convergence of dunes and the development of
sand sea.

5. Conclusion

The contrast between the dune material and the surrounding
terrain in north polar regions of Mars allows us to quantitatively
analyze the dependence of dune orientation on sediment cover.
It offers an unique opportunity to document the coexistence of
two dune growth mechanisms in multidirectional wind regimes.
We can now explain the origin of abrupt and smooth changes in
dune orientation using inward and outward migration dynamics
of finger dunes along sediment transport pathways. In addition,
the two dune growth mechanisms can together reduce the degen-
eracy of the inverse problem of dune orientation, which aims at
determining the distribution of sand flux orientation (i.e., the wind
regimes) from dune trends. Having established the feasibility of the
approach in two sites, it can be generalized across large dune sys-
tems to reconstruct sediment transport properties in places where
direct meteorological measurement are lacking. This is obviously
the case on Mars and Titan, the largest moon of Saturn, but also
in remote desert areas on Earth where dunes might be used more
effectively to document local wind regimes.
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