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In this report, we show evidence for ripple and dune migration in Herschel Crater on Mars.
We estimate an average dune migration of 0.8 m and a minimum ripple migration of 1.1 m in a time

span of 3.7 Earth-years. These dunes and ripples are mainly shaped by prevailing winds coming from
the north, however we also report the presence of secondary winds which elongate the barchans’ horns.
Such a complex wind scenario is likely caused by the influence of winds blowing off the western crater
rim as suggested by the Mars Regional Atmospheric Modeling System (MRAMS), an atmospheric mesos-
cale model. A multi-directional wind regime at the local scale is also supported by the observed bimodal
distribution of the ripple trends. For the first time, a survey integrating the assessment of dune and ripple
migration is presented, showing how dune topography can influence the migration patterns of ripples
and how underlying topography appears to control the rates of dune migration.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction and study area

The martian surface has abundant active aeolian bedforms
(Fenton, 2006; Bourke et al., 2008) which have been recently
observed to migrate in the current climatic setting (Silvestro
et al., 2010, 2011, 2013; Chojnacki et al., 2011; Hansen et al.,
2011; Bridges et al., 2011, 2012, 2013; Geissler et al., 2013;
Sparavigna, 2013). New techniques that take advantage of the high
resolution of the HiRISE (High Resolution Imaging Science Experi-
ment) data (McEwen et al., 2007) have been applied to characterize
small-scale aeolian bedforms on Mars. The migration rates of
ripples were computed using the Coregistration of Optically Sensed
Images and Correlation (COSI-Corr) software (Bridges et al., 2012),
while ripple trends were automatically derived using the Object-
Based Ripple Analysis (OBRA) technique (Silvestro et al., 2011,
2013; Vaz and Silvestro, 2012, 2014).

The aim of this study is to use these two methods in combina-
tion to analyze dune and ripple patterns and migration using a pair
of overlapping HiRISE images in Herschel Crater, a 300 km
Noachian impact basin in the Mare Tyrrenium region (MC22)
(Fig. 1). The dunes of Herschel are of particular interest as they
have been previously interpreted as ancient indurated aeolianites
(due to the grooved pattern visible on the dune slopes; Malin
and Edgett, 2000). More recent images from the HiRISE camera
showed that such a pattern is formed by sand ripples which,
together with the dunes, are consistently migrating (Bridges
et al., 2007, 2011, 2013). Cardinale et al. (2012a) presented the first
evidence for sand motion in Herschel Crater using HiRISE data.

In this work we compute ripple and dune migration rates and
compare the migration directions with the present-day winds sim-
ulated by the Mars Regional Atmospheric Modeling System
(MRAMS), a mesoscale atmospheric model (Michaels and Rafkin,
2008; Rafkin et al., 2001). We use the output of this model to
inform and compare with our interpretation of the observed
aeolian morphologies. In this way, we also test the capability of
the mesoscale climate model to predict the wind regime necessary
for the creation and evolution of the Herschel dune fields. We show
that the aeolian activity that is shaping the dunes is not strictly
unidirectional and that the topography of the crater is controlling
the wind flow at the dune field scale.
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Fig. 1. (a) Details of the study area, showing the distribution of the large dark dune fields within Herschel Crater (MOLA shaded topography with THEMIS daytime mosaic). (b)
A perspective view of the large dark dunes from HiRISE images PSP_002860_1650 and ESP_020384_1650. The location of Herschel Crater (Mars Orbiter Laser Altimeter
shaded relief) (top left).

Table 1
S1–S2–T3 HiRISE acquisition parameters.

Product ID S1 S2 T3
PSP_002860_1650 PSP_003572_1650 ESP_020384_1650

Acquisition date 07 March 2007 01 May 2007 01 December 2010
Resolution 0.25 m/pixel 0.25 m/pixel 0.25 m/pixel
Latitude (centered) �14.807� �14.805� �14.813�
Longitude (est) 127.888� 127.890� 127.897�
Local Mars time 3.44 PM 3.22 PM 3.41 PM
Solar longitude 195.9�, Northern autumn 229.7�, Northern autumn 190.9�, Northern autumn
Solar incidence angle 56� 49� 55�
Sub solar azimuth 7.3� 351.4� 9.7�
Emission angle 2.4� 27.3� 4.5�
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2. Methods

We conducted a detailed geomorphological analysis of dunes
and ripples in Herschel Crater using a time series of HiRISE images
and a stereo pair (images S1 and S2) that was used to build a DTM
with SOCET SET (Mattson et al., 2011) (Fig. 1, Table 1). Images S1
and T3 (Table 1) were orthorectified over the DTM using the
COSI-Corr software package with a window size of 256 � 256 pix-
els (Leprince et al., 2007; Bridges et al., 2012).

Dune morphometric parameters (slopes and aspect angles)
were computed in ArcGIS and used to derive density stereoplots
of the slipface surface vectors, providing an approximation to the
main sediment flux direction (Fig. 2d) (Silvestro et al., 2013).
Ripple crestlines were mapped over the study dunes in the S1
image using the OBRA procedure introduced by Vaz and Silvestro
(2014). This technique is used to derive the main trends of the
ripples, providing information about wind/sediment interactions
at smaller scales (Fig. 3).

The lee fronts of the dune slipfaces were manually digitized on
the S1 and T3 images in order to derive the dune migration rate
and direction (Fig. 4). In addition, we also evaluated the spatial dis-
tribution of the dune migration azimuth (Fig. 5). We then used
COSI-Corr to track the ripple displacement over the S1 and T3
images acquired 1359 Earth-days apart (Table 1). The result is a
ripple displacement map (Fig. 6) from which we derived the
average ripple migration rate (Figs. 7 and 8). The displacement
map was obtained by using the statistical correlator in COSI-Corr,
setting a window size of 70 pixels with a step of 16 pixels. The same
tuning parameters have been used to track the ripple displacement
in Nili Patera (Bridges et al., 2012, supplementary information).

Finally, we estimated the potential timing of the sand-moving
events by using the MRAMS model results from two different grid



Fig. 2. (a) The Herschel Crater dune field (CTX image
P05_002860_1650_XI_15S232W) slope map derived from High Resolution Imaging
Science Experiment digital terrain models (DTMs). (b and c) Barchan dunes with
and without elongated horns in the northern and north-eastern area of the dune
field. The slope map suggests the presence of a slipface trend of 62–286�, denoting a
predominant wind direction blowing from the northwest (HiRISE image
PSP_002860_1650). (d) The lower hemisphere equal-area density stereoplot for
all the slipface surface vectors estimated from the HiRISE DTMs. The estimated dip
angle is �30�.

Fig. 3. (a) The pattern of the ripples superposing the dune slopes is complex due to
the diverse wind flow over the dunes. (b) An inset of dune horn, where along its
flanks, the ripple crests present a continuous pattern. (c) Ripple length-weighted
distribution in Herschel Crater (the relative frequency for each 5� bin is shown). The
ripple population (the mapped area corresponds to the yellow window shown in
Fig. 2) denotes a bimodal trend with two prevailing directions centered at �45� and
�135�. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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scales (the two highest-resolution members of a telescoping set of
5 grids). For each season the model was run for 4 sols, and instan-
taneous snapshots of the model fields were recorded every twenty
Mars-minutes. Fig. 9 illustrates a selection of metrics derived from
the surface stress and wind direction fields from one typical day for
each of the four seasons at Ls = 210�, 300�, 30� and 120� (corre-
sponding to southern spring, summer, autumn, and winter, respec-
tively; using results with �8-km grid spacing). An additional way
of visualizing the MRAMS results (using results with �2-km grid
spacing) is shown for the area of the HiRISE images used for this
investigation (Fig. 10). The modeled winds have been sorted into
24 equal-width direction bins of 15� over the dune field. Each point
may have a maximum of 24 vectors, which represent the down-
wind direction. These plots (Figs. 10–12) contain MRAMS results
for 12 seasons: at Ls = 0�, 30�, 60� (southern autumn), Ls = 90�,
120�, 150� (southern winter), Ls = 180�, 210�, 240� (southern
spring), Ls = 270�, 300�, 330� (southern summer). A ratio defined
as the aerodynamic surface stress divided by the minimum fluid
threshold aerodynamic stress calculated using the expressions of
Greeley and Iversen (1985) is used to assess potential wind sedi-
ment transport.
3. Dune and ripple morphology

The study dunes are located in a �1200 km2 dune field in the
western floor of Herschel Crater, and consist of barchans and
barchanoids (Cardinale et al., 2012b). These dunes can be more
than 60 m tall and are spaced �200–800 m apart. Some of the
dunes present an asymmetric structure, with an oblique elongation
of the slip faces (Fig. 2b and c). Visual assessment and stereonet
analysis reveal that slipface slope values cluster at �30�, while
their orientation presents a high dispersion (Fig. 2d). Most of the
slipface vectors are oriented toward the south, trending between
�60� and �300� with a dominant direction centered around
�125� (Fig. 2d), reflecting the dune slipface asymmetry.

In Fig. 3 we show some examples of the different types of ripple
patterns in the area. On the dune flanks, ripples are spaced 2–4 m
apart and are two-dimensional (Rubin, 2012) (continuous and
forming a regular pattern) with typical ‘‘Y” junction terminations
(Fig. 3a). However, on the top of the dunes the ripple pattern is
more three-dimensional (complex), with diverse ripple sets over-
lapping (Fig. 3b). Such a ripple arrangement probably reflects the
coupling between ripple straightness and slope (the higher the
slope, the straighter the ripple) described by Rubin (2012) and
observed in the field by Howard (1977). The complexity of the
ripple pattern is shown in the rose diagram in Fig. 3c (showing
the distribution of the crestline trends mapped automatically over
the dunes in the yellow box of the Fig. 3a). The length-weighted
circular distribution of the mapped ripple crests is bimodal, with
dominant directions centered around �45� and �135�.

4. Bedform migration

4.1. Dunes

In Fig. 4a we shows the spatial distribution of the average dune
migration vectors for 211 dunes computed by comparing the



Fig. 4. (a) Average dune lee front migration vectors overlain on the DTM. The colored vectors represent the average displacement of the slipface lee fronts over three Earth-
years (fromMarch 2007 to December 2010). (b and c) The plots represent the statistics computed using 500 mmoving windows for the migration and elevation at the base of
the slipfaces. Note the general decrease of the displacements when moving south, and the association of the area with larger migrations (between �14.7� and �14.75�) with a
drop in elevation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Circular distribution of the lee side migration vectors at this Herschel Crater site. (a) Mean vector of the lee side migration (dashed lines represent the circular standard
deviation interval; distances from the center of the plot are in meters). (b) Circular distribution of the vectors used to compute the mean vector (the presented relative
frequencies correspond to bin sizes of 5�).
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Fig. 6. Ripple displacement map for the Herschel Crater dune field derived from correlated HiRISE images, with high displacements shown with warmer colors. (b) Some
ripples moved so much that the correlation broke down causing the observed fuzzy pattern. (c) Area in which the correlation starts to record the ripple migration. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Circular distribution of the ripple migration vectors in Herschel Crater. (a) Ripple migration mean vector (dashed lines represent the circular standard deviation
interval; distances from the center of the plot are in meters). (b) Circular distribution of the vectors used to compute the mean vector (the presented relative frequencies
correspond to bin sizes of 5�). The secondary dominant direction centered around �240� is due to the ripple migration vectors in the lee of the dunes (see Fig. 8).
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Fig. 8. COSI-Corr vectors showing the magnitude and trend of ripple migration. On
the lee side of the dunes, ripple migration vectors are deflected toward the SSW.
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HiRISE image pair S1 and T3 (Table 1) (Dt = 1359 Earth-days).
Dunes that do not have a clear slipface are excluded from the
analysis. The distribution of the lee motion is neither uniform
nor unidirectional (Fig. 5). A higher migration value is reported
for the dunes located in the northern dune field sector
(1.2–2.2 m), with the dune displacements decreasing toward the
south (Fig. 4a). The graphs in Fig. 4b highlight the north–south
spatial variation of dune migration (left), and shows that the area
with larger migration values (between �14.70� and �14.75� in
latitude) corresponds to a drop in elevation that is well
represented in the northern part of the Herschel dune field (right).
Apart from this peak, migration rates decrease consistently
southward.

On average, the dunes migrated 0.8 m toward the SSE (Fig. 5a
shows the computed average vector) giving a rate of migration of
0.45 m/Mars-year (m/MY) (�0.2 m/Earth-year or m/EY), assuming
that this value remains constant from year to year. The measure-
ments show high directional dispersion around the mean
(l = 162� ± 38�) (Fig. 5b), which might be partially due to the
local topography, since the dunes are not migrating across a flat
surface.
1 For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
4.2. Ripples

In Fig. 6 we show the ripple displacement map obtained with
COSI-Corr. The map reveals that significant movement occurred
across the investigated area between March 2007 and December
2010. In the northern area of the Herschel dune field, the fastest
ripples moved so far that the correlation breaks down once the
migration exceeds a distance greater than or equal to the ripple
wavelength (5.1 m) (Fig. 6b). In the central and southern dune field
sectors the ripple displacement decreases, so it can be traced
(Fig. 6a and c). The ripple migration rate also varies with the height
of the dunes, with the fastest-migrating ripples located close to the
dune crests (Fig. 6c). This is the result of the linear relationship
between height and ripple migration that has also been reported
for dunes in Nili Patera and Gale Crater (Bridges et al., 2012; Vaz
and Silvestro, 2014). During a period of 1359 Earth-days we
obtained an average vector for ripple migration of 1.1 m trending
at 186.1� (Fig. 7a). This gives an average migration rate of 0.55 m
in one MY (�0.3 m/EY). In addition, the circular plot in Fig. 7b
shows that the migration vectors present a bimodal circular
distribution, with a primary mode trending �175� (similar to the
average dune migration vector in Fig. 2a) and a secondary mode
trending �240�. This bimodality results in a high directional
dispersion of the ripple migration vectors (circular standard devia-
tion of 41.6�), and is probably related to dune topography, which
deflects the wind over the dunes as shown in Fig. 8. In particular,
the secondary dominant direction centered on �240� is due to
the ripple migration vectors in the lee of the dunes (orange1 vectors
in Fig. 8).
5. Modeled winds

The atmospheric model (MRAMS) results are used to evaluate
wind strength and direction, in order to try to explain the observed
aeolian morphologies and dune changes (Fenton et al., 2005;
Hayward et al., 2007; Chojnacki et al., 2011). In Fig. 9a and b
(8-km grid spacing) we show the mean wind stress ratio (stress/
threshold stress) vectors over the entire dune field. This coarser-
resolution grid is useful to look at the regional winds (not shown).
The dominant modeled mean wind direction is from the west to
the east (Fig. 9c) with the strongest winds blowing near the west-
ern crater rim (Fig. 9a). The predicted stress values are just above
the Kok (2010) impact threshold for sand saltation maintenance,
which is �10% of the Greeley and Iversen (1985) fluid threshold
(at which saltation initiates). In Fig. 9b we show the directional
variability of the modeled winds, as represented by the circular
standard deviation. A general trend is visible with the winds being
more uni-directional near the western crater rim (see the lower
circular standard deviation in this area and Table 2). In Fig. 9d
we shows the same data plotted by season, with the relevant
statistic parameters summarized in Table 2. The strongest winds
blow at Ls = 30� (southern autumn) from the west to the east with
a circular standard deviation of 34�. In the other seasons modeled
winds are weaker and multi-directional (circular standard devia-
tion >87�). Frequent winds from the north to the south, matching
the dune and ripple migration direction, are not predicted by the
model.

Output from MRAMS at 2-km grid scale (Fig. 10) may better
resolve local winds relevant to dune and ripple migration. Addi-
tionally, mean winds are not calculated/used in the analysis illus-
trated in Figs. 10–12. This is because the aeolian modification
observed may be due to infrequent strong winds (with much
weaker winds the remainder of the time). A strong, but infrequent
wind from the N–NE (better matching the observed dune and rip-
ple migration) is visible within the study area (Fig. 10; contains
winds from 12 seasons). To determine which season(s) this wind



Fig. 9. Metrics derived from modeled wind stresses and directions. (a) Mean stress ratio vectors for each of the 36 model nodes covering the dune field. The azimuth of the
vectors corresponds to the wind direction, while the color is the ratio between the modeled aerodynamic surface stress and the aerodynamic fluid threshold stress (Greeley
and Iversen, 1985). (b) Circular standard deviation associated with the mean vectors shown in (a). (c) Circular distribution of the wind stress ratio vectors. (d) Circular
distribution of the wind stress ratio vectors plotted for each season. The circular frequencies plotted in (c) and (d) were computed using angular bins, each 5� in width. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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regime occurs in, Fig. 11 shows the wind stress ratio (radial grid)
vs. wind direction for each of 12 seasons throughout a Mars-year
– including only the grid points within the HiRISE image footprint
(see Fig. 10). The wind regime from the N–NE is active in southern
summer and early autumn (Ls 270–0�), peaking in strength at
around Ls = 330� (late southern summer). Other weaker wind
regimes are also evident throughout the year, including some that
appear to align with the secondary ripple trend (Fig. 3c). The max-
imum simulated wind stress ratio values are three times greater
than the impact threshold for sand saltation (Kok, 2010) (Figs. 11
and 12).
6. Discussion

The detected southward migration of dunes and ripples indi-
cates that the dune field in Herschel Crater is shaped by dominant
winds blowing from the north. However, asymmetry in the dune
form indicates that the wind regime is not strictly uni-directional
(Bourke, 2009; Parteli et al., 2014). In particular, following the
model of Bagnold (1941), the influence of a local bimodal wind
regime with winds blowing from NNW and from NNE, should be
the cause for the observed asymmetry. In the study area the
NNW winds should be more frequent and/or stronger



Fig. 10. MRAMS wind metrics over the studied dune field, including 12 seasons (an
entire year). The pink shaded area shows the dune field location. The black window
indicates the HiRISE image coverage. Only winds >10% of the Greeley and Iversen
(1985) fluid threshold for saltation are included in this plot. Each vector shows the
downwind direction of the wind (the direction of the wind is flowing toward). The
length of each vector is proportional to the greatest wind stress ratio (between the
model aerodynamic surface stress and the aerodynamic fluid threshold stress) at
each of 24 possible direction bins, while the color shows the relative frequency of
each wind direction at each point (warmer colors correspond to more frequent
winds blowing in that direction). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2b and c). Ripples are bedforms that evolve faster, better
reflecting local-scale, short-period wind dynamics. Even so, the
overall bimodal distribution of their trends also suggests a non-
unimodal wind scenario at the local scale.

The Herschel dunes and ripples display spatial variations in
their migration rates. Ripple and dune migration rates decrease
southward, while the drop in elevation (20 m) between �14.70�
and �14.74� (latitude; highlighted in Fig. 4b) appears associated
with a peak in the dune migration rate. On Earth, spatial variations
in the sediment flux and dune morphology have been observed at
White Sands (New Mexico, USA) and explained by the develop-
ment of an internal boundary layer (IBL) (Jerolmack et al., 2012),
controlled by roughness variations under the influence of underly-
ing long-wavelength topography (Pelletier, 2014). In the study
area, the N–S variations in the dune and ripple migration suggests
that the same mechanisms are likely implicated (see the peak of
dune migration between �14.70� and �14.74� latitude, high-
lighted in Fig. 4b). However, the complexity of the topography
and the nature of our measurements (bedform migration rates
instead of sand fluxes) hinder any robust conclusion regarding
the relative weight of roughness transitions and long-wavelength
topography.

There is a clear discrepancy between the arithmetic mean wind
(Fig. 9a) and a more detailed analysis at higher spatial resolution
that concentrates on only the winds most capable of moving sedi-
ment (even if they are infrequent; Figs. 10–12). In this particular
location, part of the difference is likely due to better-resolved
topography and its interaction with the atmosphere. However, if
the aeolian modification observed is due to infrequent strong
winds, with much weaker winds the remainder of the time (and/
or other strong winds from significantly different directions), the
mean wind will be misleading.

The higher-resolution MRAMS results do predict strong winds
from the north and northwest, qualitatively matching bedform
migration and ripple trends. Additionally, the diverse seasonal
wind regimes (Figs. 11 and 12) may partially explain the intricate
ripple pattern. However, observations of dune and ripple migration
indicate that the north wind regime is significantly more effective
(strong) than any other wind regime – a detail that the model
results do not capture. The ripple migration direction also appears
to be controlled by winds that are topographically deflected by the
dune slopes, and any extrapolation from local to dune field/regio-
nal scale has to be treated carefully. The lower spatial resolution
(compared to the individual dunes) and temporal coverage (every
sol of the year is not included) of the mesoscale climate simula-
tions is dictated primarily by the significant computational
time required. A similar situation has also been reported by other
workers (Hayward et al., 2009; Silvestro et al., 2012), suggesting
the importance of ground truth data when determining wind
regimes on Mars at fine spatiotemporal resolutions.

With the exception of the Nili Patera ripples which migrate
unusually fast (Silvestro et al., 2010; Bridges et al., 2012), bedform
migration rates in Herschel appear to be comparable to other
areas on Mars (Silvestro et al., 2011, 2013). However, without
continuous and long-term monitoring of Herschel and other
zones of known aeolian activity, this comparison remains
speculative.
7. Conclusion

The high spatial resolution of HiRISE images, combined with
COSI-Corr and MRAMS simulations, allowed us to quantify dune
and ripple displacement rates and better constrain the wind
complexity in Herschel Crater. During the analyzed time period,
dunes have migrated at an average rate of 0.45 m/MY (�0.2 m/
EY), while ripples migrated 0.55 m/MY (�0.3 m/EY). On average,
dunes and ripples migrated southward (162� and 175� respec-
tively), although significant trend and magnitude variations were
recognized.

At the dune field scale, we have shown that the change in the
roughness represented by the northern dune field edge combined
with a drop in elevation of the underlying bedrock appear to
control bedform migration rates. Our results show that regional
and local topographic settings are indeed an important boundary
condition that needs to be carefully addressed in order to explain
spatial variations in the migration rates and morphologies of dunes
and ripples.

Finally, the MRAMS modeling results exhibit both strong winds
from north and from the northwest, broadly consistent with the
observed dune and ripple morphologies. The modeling does not
indicate a clear dominance of the winds from the north over the
other wind regimes, unlike what was observationally inferred from
bedform migration. Influence of local dune topography (not
resolved by the model) on the winds may explain some of this
difference.



Fig. 11. Seasonal wind regimes, as modeled by MRAMS. Each polar plot contains the combined information of all MRAMS grid points within the HiRISE image outline (see
Fig. 10), for all 12 seasons (an entire year). In these plots, the radial direction is the wind stress ratio (stress/fluid threshold stress), with the outer ring having a value of 0.3 and
the center of each plot being zero. The azimuthal coordinate is direction (that the wind is blowing toward). Each bin is colored by the relative frequency of each wind
direction/magnitude (warmer colors correspond to more frequent winds blowing in that direction and at that magnitude). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Annual modeled wind regime. The plot shows the sum of all 12 seasons, for
all MRAMS grid points within the HiRISE image outline (see Fig. 10). In this plot, the
radial direction is the wind stress ratio (stress/fluid threshold stress), with the outer
ring having a value of 0.3 and the center of each plot being zero. The azimuthal
coordinate is direction (that the wind is blowing toward). Each bin is colored by the
relative frequency of each wind direction/magnitude (warmer colors correspond to
more frequent winds blowing in that direction). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 2
Statistical parameters of the modeled winds, divided by season.

Solar longitude Mean azimuth Circular standard deviation

30� 88.72726� 33.93312
120� 67.86047� 86.73132
210� 145.4258� 103.0098
300� 232.3831� 120.6203
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