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Abstract Martian dunes are sculpted by meter-scale bed forms, which have been interpreted as wind
ripples based on orbital data. Because aeolian ripples tend to orient and migrate transversely to the last
sand-moving wind, they have been widely used as wind vanes on Earth and Mars. In this report we show that
Martian large ripples are dynamically different from Earth’s ripples. By remotely monitoring their evolution
within the Mars Science Laboratory landing site, we show that these bed forms evolve longitudinally with
minimal lateral migration in a time-span of ~ six terrestrial years. Our observations suggest that the large
Martian ripples can record more than one wind direction and that in certain cases they are more similar to
linear dunes from a dynamic point of view. Consequently, the assumption of the transverse nature of the
large Martian ripples must be used with caution when using these features to derive wind directions.

1. Study Area and Methods

In this study, we investigate the meter-scale aeolian bed forms sculpting the slopes of the informally named
Bagnold dunes within the NASA Mars Science Laboratory landing site (Figure 1a) in Gale Crater. We will refer
to these features as large ripples (LRs) or we will use the more generic term of “bed forms” because we will
argue they may have a different dynamic to most known terrestrial aeolian ripples. The Bagnold dunes are
elongated barchans and longitudinal dunes, morphologies consistent with a bidirectional wind regime
[Hobbs et al., 2010; Silvestro et al., 2013]. These dunes are covered by three overlapping High-Resolution
Imaging Science Experiment (HiRISE) images that are suitable for aeolian change detection studies (Figure
S1 and Table S1 in the supporting information). We quantified the LR’s migration rate in the T1-T3 time span
(AT=2075 Earth days) using the “Co-registration of Optically Sensed Images and Correlation” (COSI-Corr) tool
suite [Leprince et al., 2007]. The normalized misregistration error, which resulted from the coregistration and
orthorectification process, was 0.03 £ 0.95 and 0.05 + 1.39 pixels for the T1-T2 and T2-T3 pairs, respectively
(more detail is provided in the supporting information). The COSI-Corr displacement maps are further
improved by removing jitter artifacts (Figure S2). We then used the Object-based Ripple Analysis technique
[Vaz and Silvestro, 2014] to characterize the directional distribution of the LRs, evaluate their spatial distribu-
tion and correlate bed form pattern characteristics with migration rates and morphometric settings [Vaz and
Silvestro, 2014; Vaz et al., 2015] (Figure S3).

2. Results

Martian large ripples (wavelength, A=1.9+0.2m) in the study area show a pervasive migration toward the
SW and values of displacement reaching 1.7 m per Earth year (m/EY) (Figures 1a and 1b). Overall, the trend
of the crestlines also reflects a bidirectional wind regime. Two sets of crestlines with modes at 41 and 322°
intersect forming a mixed square pattern with transverse and longitudinal elements to the COSI-Corr
vectors where individual crest terminations (junctions) are not recognizable (Figures 1c and 1d). Such a crest-
line arrangement is pervasive (~90% of the mapped area), but locally, the 41° bed forms are predominant and
form a more regular pattern with evident Y junctions (Figure 1e). We investigate further the LR's pattern varia-
bility by looking at the degree of straightness of bed forms using the horizontal form index (H index), the ratio
between the length and wavelength of the large bed forms [Allen, 1968]. In this paper, we use a modified
version of the H index, the MH,,4 (see supporting information) in order to segment the bed forms into two
classes and evaluate their spatial distribution (Figures 2 and S3). We define a 3-D class (MH;,4<2) and a
2-D class (MH;,4 > 2), corresponding to the patterns that are more three-dimensional (shorter and irregular
patterns, e.g., Figure 1c) or two-dimensional (bed forms presenting long and regular crests, e.g., Figure Te)
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Figure 1. (a) COSI-Corr large ripple displacement map for the T1-T3 time range. In this map, individual displacement values are converted into migration rates (meter
per Earth Year). (b) Circular distribution for all the COSI-Corr migration vectors (color coded by magnitude). (c) Large ripple mixed square pattern; both ripple
crestlines are severely reworked with no Y junctions visible. (d) Large ripple length-weighted circular distribution denoting bimodality with two modes at 41° and
322°. (e) Large ripple morphological variability in the study area; the 41° bed forms are locally predominant and form a more regular pattern where individual

junctions can be recognized.

(Figures 2a-2c and S4). Because LR’s topography cannot be resolved by the DTM (Digital Terrain Model),
inferences on the dimensionality of the ripples are based on terrestrial observations showing that 2-D
bed forms have a constant height along the crestline, while complex and irregular ripple patterns do not
[Allen, 1968, 1982; Rubin, 2012]. This analysis shows that the 2-D-class LRs are found in the following specific
topographic settings: (1) on longitudinal dune elements (Figure 2a), (2) at higher dune elevations where the
sediment transport rate is higher (Figures 2b-2f), and (3) on gently sloping surfaces (Figure S5).

Conversely, the 3-D bed form class dominates on lower dune elevations where the wind flow is more
complex and where sand grains are not as well sorted as at the dune top (Figure 2) [Pye and Tsoar, 2009].

A closer inspection of the 2-D pattern reveals that these features are not stationary. The Y junctions (the
termination of one bed form against another) moved toward the SW while the bed form crestlines displayed
only limited lateral migration (Figure S6 and Movies S1-S5). Due to this particular and unique behavior, we
focus on the 41° LR pattern dynamic. We manually mapped the movement of 52 junctions throughout the
study area (Figure S6), and we digitized the corresponding bed form crestlines (Figures 3a and 3b). We only
selected junctions that are unmistakably visible in all the three HiRISE frames (Movies S1-S5). In Figure 3c the
displacement of 52 Y junctions (black arrow) is plotted together with the average bed form trend (in red)
derived from the manual mapping procedure. The plots show longitudinal Y junction migrations during
the whole T1-T3 period (Table S2).

3. Discussion and Implications

Bed form pattern analysis and recent models demonstrate that bed form interactions are similar across
scales and environments, meaning that the pattern evolution for dunes and ripples should be comparable
[Kocurek et al., 2010; Rubin, 2012]. In fact, dunes and ripples follow the same rule of alignment as they both
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Figure 2. (a) The two large ripple populations distinguished visually can be segmented by using the modified h index. A three-dimensional bed form pattern (square
pattern) in blue and a more regular two-dimensional bed form pattern in red. Note how the latter population is confined on longitudinal dune elements. (b) Zoom-in
on the 2-D and 3-D bed form classes. (c) Mapped 2-D and 3-D bed form classes. (d) Cumulative frequencies for the two bed form classes plotted against dune
elevation. Note how the 2-D-class large ripples (MH;,4 > 2) are found at higher dune elevation. (e) HiRISE DTM highlighting the relationship between large ripple
population and dune elevation. (f) COSI-Corr displacement vectors showing higher transport rates at higher dune elevations where the 2-D-class pattern occurs.

tend to maximize the gross bed form normal transport, in conditions in which the sediment supply is not a
limiting factor [Rubin and lkeda, 1990; Courrech du Pont et al., 2014]. Thus, regardless of what type of
bed form LRs are and what is the exact mechanism behind their formation [Lapotre et al., 2016a, 2016b],
we can speculate on the formative wind regime by just looking at the pattern’s evolution. Direct
observations and computer simulations of transverse bed forms in unidirectional flow show that the migra-
tion of Y junctions is always perpendicular to the bed form trend [Werner and Kocurek, 1999; Yizhaq et al.,
2004; Reffet et al., 2010a; Lorenz, 2011]. Hence, the observed longitudinal Y junction displacements indicate

along-crest sand movement which is typical of longitudinal bed forms [Reffet et al., 2010a; 2010b, Movies
SM2-SM4].

SILVESTRO ET AL. LONGITUDINAL LARGE RIPPLES ON MARS
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Figure 3. (a) Longitudinal migration of the LRs at T1-T3. (b) Zoom-in showing the longitudinal Y junction migration in the three frames. (c) Circular plot showing the
comparison between the mean average Y junction migrations (in meter) and the mean bed form trend (circular standard deviation intervals are also shown) in the
two study periods T1-T2 and T2-T3. Note that the Y junction migration direction is nearly longitudinal to the mean bed form trend and that the rate of migration is
similar in the two analyzed intervals.

The effect of gravity acting on high sloping surfaces (>20° [Liu and Zimbelman, 2015]) can promote the
formation of bed forms that are oblique or longitudinal to the formative wind direction [Howard, 1977].
However, this is unlikely to happen in our study area as most of the 2-D bed forms are located on gently
sloping surfaces (Figure S5). Therefore, a bidirectional wind regime must be responsible for the formation
of the longitudinal large ripples (however, we cannot rule out the effect of sediment cohesiveness which
might also influence bed form alignment and evolution [Rubin and Hesp, 2009; Yizhaq et al., 2014]).

The square 3-D pattern could be the result of reworking (Figure 4a). In this scenario, a first wind from the NW
or the SE formed the 41° bed forms. Then, during the T1-T3 period, the wind regime changed and winds from
the NE formed the 322° pattern (Figure 4a). Alternatively, a bidirectional flow regime with a divergence angle
close to 90° and with the two flows transporting the same amount of sediment (transport ratio equal to 1)
may cause the observed 3-D bed form pattern [Goossens, 1991; Reffet et al., 2010a; Rubin, 2012] (Figure 4b).
The proposed flow configurations can explain the 3-D LR pattern but is not valid for the 2-D-class bed forms;
in particular, the Figure 4a scenario implies that areas subject to the most intense sand transport should show
a higher degree of reworking (smoothed 41° crests and higher concentration of 322° bed forms), which is not
what we see. Then, the alternative flow setting sketched in Figure 4b would create a pattern where transverse
and longitudinal elements are present in equal proportion [Rubin, 2012]. Therefore, the wind regime atop of
the dunes should be different. Here we postulate that a bidirectional flow regime with a divergence angle
higher than 90° [Reffet et al., 2010a; Rubin, 2012] is responsible for the 2-D pattern formation (Figure 4c). In
this scenario, the higher divergence angle favors the predominance of the 41° longitudinal bed forms, which
aligns with the resultant transport directions (Figure 4c). Consequently, the pattern is less reworked and more
two-dimensional. Because the orientation of the 2-D large ripples matches the trend of the longitudinal
dunes they superimpose, the winds shaping the large ripples are likely the same that shape the dunes in
the long term. Strikingly, the reported Y junction’s dynamic is the same observed for longitudinal dunes
obtained in the water tank [see also Reffet et al., 2010b, Movies SM4 and SM6].

Longitudinal dunes are the most widespread morphologies on Earth [McKee, 1979; Pye and Tsoar, 2009].
Conversely, as far as we know, longitudinal wind ripples have never been reported from fieldwork.

SILVESTRO ET AL. LONGITUDINAL LARGE RIPPLES ON MARS 4
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Figure 4. (a) Potential 3-D LRs pattern flow configuration. A first wind
blowing from the NW or the SE formed the 41° LR set which was subse-
quently reworked by the 322° LRs during the T1-T3 period by a wind
blowing from the NE. (b) Alternative 3-D pattern flow configuration where
both LR sets are contemporaneous and were formed by two oblique
winds with divergence angle equal to 90° and transport ratio equal to 1.
(c) Possible flow configuration leading to the formation of the 2-D-class
longitudinal ripples set with two winds blowing with high divergence
angle (>90°) and with the junctions moving in the direction of the
resultant transport direction (in blue).

Experimental studies show that longitu-
dinal aeolian ripples can form in a bidir-
ectional wind regime when each wind
cycle is shorter than the ripple reconsti-
tution time which is the time needed to
adjust to new wind conditions [Rubin
and Hunter, 1987, Rubin and lkeda,
1990]. In other words, ripples should
not be in phase with the last sand-
blowing wind but rather in equilibrium
with the time averaged properties of
the airflow [Rubin and lkeda, 1990]. On
Earth, sand dunes in air and water
usually fit this scenario while normal
aeolian impact ripples often do not
[Goossens, 1991], as these small bed
forms (A<30cm) can be quickly
oriented with the last wind direction.
On the other hand, the Martian environ-
ment, with few winds capable to move
sand [Moore, 1985; Kok, 2010] and large
meter-scale bed forms with high recon-
stitution time, promotes the existence
of oblique and longitudinal features.
Therefore, because the Martian large
ripples can integrate the effects of more
than one wind direction, they are similar
to dunes from a dynamic point of view,
and this has several implications. First
of all, care should be taken when
reconstructing the wind regime from
the orientations of the Martian large
ripples [Silvestro et al., 2011; Liu and
Zimbelman, 2015] and when using these
features to back-model winds over the
dunes, especially in areas where the
wind regime is not strictly unidirectional
[Jackson et al, 2015]. In addition,
because oblique and longitudinal LRs
should be common on Mars, deriving
paleowind directions from ancient
sandstones might not be straightfor-
ward [Rubin and Hunter, 1981, 1985].
Preliminary results from the Curiosity
rover data suggest that the sinuous
large ripples visited at the base of the
Namib dune might be fluid-drag ripples

[Lapotre et al., 2016a, 2016b]. Our results based on multitemporal HiRISE image analysis indicate that other
explanations than the impact/splashing mechanism need to be found to clarify the Martian large ripple
presence. In particular, the hypothesis that the instability leading to the formation of these features is aero-

dynamic in nature cannot be ruled out.

Finally, we show that sand movement in Gale is not limited to the SW dune field sector [Silvestro et al., 2013]
and that more modeling efforts are needed to correctly predict and reproduce sand saltation events on Mars
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[Rafkin et al., 2016]. By combining camera images with the Rover Environmental Monitoring Station measure-
ments, Curiosity will have a unique opportunity to validate our hypothesis and track the first evidence for
longitudinal large ripple migration ever observed from the surface.
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