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Airflow dynamics across dune surfaces are the primary agent of sediment transport and resulting 
dune migration movements. Using 3D computational fluid dynamic modelling, this study examined the 
behaviour of near surface airflow travelling over transverse (reversing) dunes on a beach system. Wind 
direction was modelled in two opposing directions (both perpendicular to dune crestline) to investigate 
surface alteration of flow on the dune topography. Surface shear stress, velocity streamlines and potential 
sediment flux were extracted from the modelling. The work shows that under SW winds the surface 
(under the configuration measured) underwent almost 10% more aeolian flux than with opposing NE 
winds of the same magnitude. Differences were also noted in the airflow behaviour with SW winds 
staying attached to the surface with less turbulence while NE winds had detached flow at dune crests 
with more localised turbulence. The work provides detailed insights into how 3D airflow behaviour is 
modified according to incident flow direction of reversing dune ridges and the resulting implications for 
their topographic modification. These dune types also provide interesting analogues for similarly scaled 
Transverse Aeolian Ridges found on Mars and the findings here provide important understanding of flow 
behaviour of such landforms and their potential movement.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Airflow over terrestrial sand dunes is the fundamental forc-
ing mechanism in dune landform dynamics. If sufficiently strong, 
wind will transport sediment and move aeolian landforms in the 
dominate direction of the local wind regime. Depending on the 
availability of sediment, the directionality and intensity of local 
winds, a variety of dune types and dynamics unfold (Courrech du 
Pont et al., 2014; Gao et al., 2015; McKee, 1979). Acceleration of 
airflow over dune crests/brink is a key parameter in driving dune 
migration and slip face dynamics and an understanding of localised 
interaction of the dune landform with wind forcing is central in 
unravelling larger dune field-scale behaviour and dynamics.

Unvegetated (arid/semi-arid climates) dune fields provide ex-
cellent opportunities to examine airflow dynamics over various 
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types and scales of dune landforms and to explore how they are 
forced by wind action. The three dimensional surface over which a 
lower boundary layer abuts, helps adjust surface airflow and con-
sequently aeolian transport on dunes. The use of Computational 
Fluid Dynamic (CFD) modelling in recent years enables investi-
gation of the 3D behaviour of airflow over complex terrain (Pa-
terson and Holmes, 1993), helping to provide new insights into 
heterogeneous surface flow and aeolian transport on dune surfaces 
on a large (dunefield) scale. Recent developments in this mod-
elling applied to dunes (e.g. Anderson and Chamecki, 2014; Bris-
tow et al., 2019; Jackson et al., 2011, 2013a,b, 2015; Smith et al., 
2017a,b; Smyth, 2016; Smyth et al., 2011, 2012, 2013, 2014) has 
helped shed new light on the complex patterns of airflow-aeolian 
transport-dune dynamics. Field validation of a CFD modelling ap-
proach (Jackson et al., 2011) shows good agreement with in situ
3D measurements of wind flow and CFD proves to be an effective 
tool in examining wind flow over small (dune length) scales (Jack-
son et al., 2013b, 2015; Smith et al., 2017b) and even at larger 
dune field scales (Jackson et al., 2013b, 2015; Smith et al., 2017b). 
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Building reliability and capability in CFD modelling has opportuni-
ties for understanding aeolian processes in places where field work 
is almost impossible. On Mars, for example, aeolian bedforms with 
length-scales ranging from centimetres to kilometres are common, 
and are obviously unvegetated (Greeley and Iversen, 1985; Silve-
stro et al., 2013; Sullivan et al., 2005). Some martian bedforms are 
actively migrating (Bourke et al., 2008; Chojnacki et al., 2011; Sil-
vestro et al., 2010; Sullivan et al., 2008), but many others show 
no signs of movement, and why this should be the case is not 
well understood. The availability of very high resolution data (25 
cm/pixel images and 1 m/pixel terrain models) from the HiRISE 
camera (McEwen et al., 2007), as well as the existence of sev-
eral mature global (Haberle et al., 1993; Lewis et al., 1999) and 
mesoscale atmospheric models (Spiga and Forget, 2009; Toigo and 
Richardson, 2002), means that CFD can be applied directly to mar-
tian bedforms as a proxy for in situ wind field measurements, to 
answer these questions about how martian bedforms migrate and 
when they can become active.

Reversing dunes (Bristow et al., 2010; Burkinshaw et al., 1993; 
Lindsay, 1973) are one of the nine types of dunes identified by Mc-
Kee (1979) and are effectively transverse or barchan dunes whose 
profiles dramatically alternate from one face of the dune to the 
other over time (Bagnold, 1941; Cornish, 1897; Dann, 1939; King, 
1918). The reversing nature and the 180-degree change in slip face 
orientation gives them their title (Lindsay, 1973; McKee, 1979). Re-
versing transverse dunes occur when subjected to a reversing wind 
regime (Selby et al., 1974) and so are relatively rare aeolian land-
forms. They can occupy ‘stable’ dunefield dynamics where there 
are sometimes low net migration rates taking place. This can re-
sult in dunes effectively being ‘locked’ within a defined spatial area 
under strong (largely equal) bi-directional wind regimes. Unvege-
tated dunes of the size and type described here are free to respond 
rapidly to the direct forcing of winds moving across their surfaces 
and will respond topographically to changes in wind direction in 
timescales of just several hours to days. How and why they move 
under bi-directional winds dictates the net dynamics of the dune-
field.

It is still not fully understood how surface airflow becomes 
modified when at the onset of flow reversal over transverse dunes 
and when stoss (windward) slopes adopt the role of lee (down-
wind shadow) slopes and vice versa at the onset of this rever-
sal. In this paper, a detailed 3D surface topography derived from 
ground-based terrestrial laser scans of transverse (reversing) dunes 
at Mpekweni beach, South Africa are used as a surface to run 3D 
computational fluid dynamic modelling of airflow in two oppos-
ing (and orthogonal to the dune crests) directions (SW and NE) in 
order to examine the airflow behaviour under each scenario.

1.1. Location

Mpekweni is located ∼80 km south of East London, South 
Africa. The main dunefield stretches 3 km along the coast and 
is positioned between two estuaries, Mpekweni in the west and 
Mtati in the east (Fig. 1a, b). The dune field is composed of sedi-
ment with D50mean of 0.28 mm and is actively mobile between the 
fixed Pleistocene (70 m high) fossil dunes and the beach. The bed-
forms shown in Fig. 1b have crest-to-crest wavelengths of around 
60 m and have heights of approximately 5 m (Fig. 2) as shown in 
an extracted profile A-B in Fig. 1b. The area is subjected to strong 
bi-modal winds with the more frequent winds from the west but 
at times more intensive winds from the east (see insert, Fig. 1a). 
Localised steering of winds appears to push airflow into a more 
shore parallel direction at the beach, along shore in both direc-
tions.

Along the eastern South African coastline, persistent and strong 
coast-parallel winds create obvious alongshore aeolian drift that is 

manifest in the development of large unvegetated transverse dunes 
(Tinley, 1985). The largest known mobile coastal dunefields in the 
east South Africa are the 60 km long, 2 km wide Alexandria coastal 
dune field (Illenberg and Rust, 1988), and the 35 km long, 1 km 
wide example at Jeffrey’s Bay (Tinley, 1985). However, between 
Port Alfred and East London (200 km) there are semi-continuous 
stretches of wide, dry, sandy beach on which have developed per-
sistent mobile aeolian dunes oriented normal to the shoreline. 
These dunes abut densely vegetated coastal dunes and migrate un-
der strong alongshore winds (see Burkinshaw et al., 1993; Burkin-
shaw and Rust, 1993). Long-term geological evidence, in the form 
of lag accumulations in the troughs of these features, suggests re-
versals in migration due to local alongshore steering and reversals 
of winds (Cooper et al., 2013). Burkinshaw and Rust (1993) showed 
that these reversals were in response to changes between summer 
and winter wind regimes. Studies from the neighbouring Alexan-
dria dune field indicate a net northeasterly flux in the dunes of 
between 15 to 30 m3 yr−1 (Burkinshaw and Rust, 1993)

2. Materials and methods

Acquisition of accurate and detailed topographic data is crucial 
in providing 3D airflow modelling with a realistic underlying sur-
face with which to interact. Here we gathered topographic data 
of the dunes at a high-resolution and incorporated this into mod-
elling of the airflow.

2.1. Surface topography

A detailed topographic surface was generated using a high-
resolution terrestrial laser scanner (Faro X330) and re-gridded to 
a surface resolution of 0.1 m × 0.1 m grid cell size. All laser scan 
positions and target spheres were geo-located using a DGPS system 
with an accuracy of +/- 0.01 m. A total area of interest measuring 
750 m × 750 m (Fig. 3) was examined using 28 TLS scan setups 
to minimise survey shadow (gaps) over the terrain.

2.2. CFD airflow modelling

A computational wind simulation was performed using the 
open-source computational fluid dynamic (CFD) suite OpenFOAM 
which has been used and successfully validated in a number of 
other dune environments (Cornwall et al., 2018; Jackson et al., 
2011, 2013a, 2015; Smith et al., 2017a,b; Smyth et al., 2012, 2013, 
2014). The extent of the computational domain encompassing the 
dune field site was 400 m by 400 m by 100 m in the verti-
cal with local mesh refinement near the dune surface. The dune 
terrain geometry was pre-processed and re-meshed from the high-
resolution scan into a stereolithographic mesh file using in-house 
python code that employs a Delaunay triangulation of the scanned 
mesh points.

The horizontal and vertical mesh size near the surface of the 
computational terrain was approximately 1.5 m and 0.4 m, respec-
tively. During the first round of simulations, no mesh refinement, 
or mesh convergence tests were conducted as the purpose was to 
gain initial insights into the general wind flow behaviour across 
the dune field under switching wind conditions.

The CFD model employed a steady state incompressible solver 
(simpleFOAM) with a Re-Normalisation Group (RNG) k-ε turbu-
lence model. The inlet atmospheric boundary layer (ABL) profile 
for the horizontal wind velocity, turbulent kinetic energy and dis-
sipation rate, was applied in accordance with Richards and Hoxey 
(1993) i.e.:

u

u∗
= 1

κ
ln

(
(z + z0)

z0

)
(1)



D.W.T. Jackson et al. / Earth and Planetary Science Letters 544 (2020) 116363 3

Fig. 1. (a) Mpekweni site in South Africa and the wind rose of Port Alfred (40 km SW) (b) the northern section of the dune field surveyed. Dashed line A-B indicates the 
cross-section extracted from the surface of the dunes. Note: Lighting is from the left. Image Source: Google Earth. (For interpretation of the colours in the figure(s), the reader 
is referred to the web version of this article.)

k = u2∗√
Cμ

(2)

ε = u3∗
κz

(3)

where u is the horizontal ABL wind velocity at height z, u∗ the 
ABL shear velocity, κ the von Karman constant and Cμ is a mod-
elling constant of the k-ε turbulence model (0.09). Terrain surface 
roughness was set at z0 = 0.05 m. The inlet profile was set up 

with reference wind speed of 10 ms−1 at reference height of 10 m 
above the terrain, and an aerodynamic surface roughness of 0.05 
m. The modelling approach was found to provide a good approx-
imation of dune wind flow characteristics (compared to in situ 
measurements of airflow), especially for representing dune wake 
zone recirculation (Jackson et al., 2013a, 2011; Smyth, 2016; Smyth 
et al., 2014, 2013).

Although no direct wind measurements were sampled directly 
in the field as the main thrust of the study was to investigate 
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Fig. 2. Cross-sectional profile A-B as annotated in Fig. 1b showing 5 m high transverse dunes with around 60 m wave lengths.

the onset of reversal (rare to isolate in field conditions), two wind 
direction scenarios were simulated, with choices based on the or-
thogonal directions to dune crest orientation giving incident wind 
approaches from the SW (winds originating from the SW) and 
from the NE (Fig. 1a inset). An offset is noted between these di-
rections and those from the closest meteorological station at Port 
Alfred 40 km away to the SW that shows a predominant W and E 
directionality in regional winds. This offset is likely due to localised 
flow steering (Jackson et al., 2013b) from the 70-80 m high coastal 
topography in the form of high, fossilised Pleistocene dunes run-
ning along the entire back beach of the site which redirect (steer) 
winds at the beach to the SW when regional winds are from the 
West.

The CFD results are presented in the form of surface flow 
streamlines and superimposed over 3-D topographic data to illus-
trate a few key wind flow observations. Additionally, the terrain 
surface shear velocity distribution is also shown to highlight the 
difference in the dune bed shear stress under the two opposing 
flow scenarios along with corresponding aeolian flux predictions 
(below).

2.3. Calculation of aeolian flux

The near surface shear stress and shear velocity fields obtained 
from the CFD simulation results were used to derive a localised 
sediment flux across the dunefield. The sediment flux equation 
employed here (defined as Qflux in our figures) follows the ap-

Fig. 3. The 3D Terrestrial Laser Scan surface generated showing the computational 
domain over which the CFD model was run. Modelled wind directions from the SW 
and NE were applied orthogonal to the dune crests.

proach as outlined in Smith et al. (2017a) to determine a slope-
corrected total transport flux, namely,

q = Gqsat (4)

qsat = 2α1
ρ

g

(
u2∗ + u2∗t

)

×
(

u∗
2

K

√
z1

zm
+

(
1 − z1

zm

)
u2∗t

u2∗
− 2u∗t

K
+ ust

)

u∗t = A

√
σ − ρ

ρ
gd

zm = u2∗
g

ust = u∗t

K
ln

z1

k0
−

√
2gdσ

3α1Cdρ

G = tan(α)

cos(θ)(tan(α) + tan(θ))

where α1 (0.35) and z1 (0.005) are model constants, α is the re-
pose angle of dry sand (34◦), θ is the slope of the surface, σ the 
specific weight of sand, u∗t is the threshold saltation shear veloc-
ity using model constant A (0.1), zm is the average saltation height 
and ust is the minimum saltation velocity of grains in saltation.

3. Results

Several parameters extracted from the CFD simulations enabled 
a spatial examination of wind velocity, shear velocity as well as 
resulting aeolian flux over the multiple dune ridges under both 
wind direction scenarios.

3.1. Wind and shear velocities under SW directional winds

Under a SW wind direction, velocity streamlines show distinc-
tive accelerated flow along all dune crests with maximum relative 
velocity ratios values ranging from 0.8 to 1.2. The relative velocity 
used here is the ratio of the local velocity (u) and the reference 
velocity at the inlet at 10 m of u10 = 10 ms−1. This implies a 
wind speed near and above the dune crest of 8 to 12 ms−1 for the 
simulated wind speeds. Areas immediately in the lee of the crest 
streamlines were isolated to show complex lee-side interactions 
with the topography. For clarity reasons, Fig. 4A shows results of 
this only within the second and third ridges of the computational 
grid of dune topography. Results demonstrate a strong dominance 
of lee slope flow separation emerging off the crests whilst at the 
same time there is less turbulence on the stoss side of the dunes. 
Surface stress under this scenario also shows an even distribution 
across the upper part of the stoss area (Fig. 4B).
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Fig. 4. A) Streamlines showing detached flow in lee and stronger un-detached flow above crests under SW flows. The colour scale is the ratio of the local near surface velocity 
and the inlet velocity at 10 m elevation (10 ms−1). B) Surface shear velocity plot showing a more even distribution of stress across the stoss slopes under SW winds.

3.2. NE directional wind velocity simulations

A 180-degree flip in wind direction (from NE) simulating a re-
versal event, shows a distinct difference in flow behaviour across 
the dune surface compared to SW wind flows. Under a NE sce-
nario (Fig. 5A), the topography of the dunes induces a significant 
reduction in flow separation behaviour, with the vast majority of 
flow remaining attached to the underlying surface. We also see 
surface shear stress concentrating more along the crests of the 
dunes (Fig. 5B), which can accelerate and focus the zone of poten-

tial aeolian transport within a smaller surface than with SW winds, 
suggesting a more restrictive zone of potential aeolian transport 
activation under less turbulent winds.

3.3. Differences in shear velocities between both directions

For clarity we label ‘stoss’ and ‘lee’ slopes as per topographi-
cal shape of the 3D surface being used for the CFD simulations i.e. 
stoss is the lower angle surface and lee is the steeper angle face 
of the dune. A direct comparison between SW and NE shear ve-
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Fig. 5. A) Reversed wind direction (from NE) showing streamlines and largely attached flow in lee of dunes with now steeper inclined ‘stoss’ slopes focussing flow to the 
crests. The colour scale is the ratio of the local near surface velocity and the inlet velocity at 10 m elevation (10 ms−1). B) Surface shear velocity plot showing a tightly 
focussed distribution of stress across the crest areas under NE winds.

locity simulations allows us to see where across the topography, 
larger differences are evident. When values are positive the SW 
shear velocity is dominant while negative values are showing NE 
shear velocity being dominant. This can infer where there is net 
transport in one direction over the other.

Immediately obvious is the larger (positive) differences (red) 
in shear velocity around the stoss slopes of the dunes under SW 
winds (Fig. 6). Much lower differences are on the slip face zones 
whereas shear velocity is much more dominant on the crestal 
edges under NE winds (negative values, blue).
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Fig. 6. Differences in shear velocities between SW and NE runs (i.e. SW minus NE at each grid point on the surface) showing larger differences.

Fig. 7. (A) Aeolian flux amounts, Qflux (kg m−1 s−1), produced (instantaneously) under each wind direction with SW winds (Left image) clustering on the stoss slopes while 
NE winds (Right Image) focus around the crest areas. (B) Difference map showing differential between SW minus NE airflow directions and resulting net Qflux. Red represents 
positive and dominant SW flux whilst blue is more subordinate NE Qflux.
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3.4. Aeolian flux predictions

Wind-blown sediment potential flux under both directions over 
the dune surface are shown for both directions and total instanta-
neous flux amounts under both directions are calculated.

Following on from clear spatial differences in shear velocity 
under each direction, aeolian flux (Fig. 7A) which is directly as-
sociated with shear velocity, also displays distinctive spatial dif-
ferences. SW winds manifest as higher flux on the stoss slopes, 
taking place over larger surface areas; whilst under NE winds, flux 
is concentrated more on the dune crest areas, over a smaller spa-
tial area. Extracting SW and NE flux patterns from each other (SW 
minus NE) shows (Fig. 7B) positive or negative values of flux and 
the dominant direction of flux on the dune surfaces. Fig. 7B shows 
that in a direct comparison between both wind directions in a re-
versal situation, SW flows produce the dominant (positive, red) 
net flux over the dunes and this is focussed more on the dune 
stoss. A subordinate flux under NE flow also takes place and is fo-
cussed at and on the slip face side of the crest lines of the dune 
ridges.

Total instantaneous flux for SW winds over the total surface of 
the dunes was 1624 kg m−1 s−1 whilst NE winds produced a total 
of 1487 kg m−1 s−1 a reduction of around 10% and infers a net 
dune migration to the NE.

3.5. In situ observations of reversal events

When wind direction is reversed as modelled, on the ground 
observations show rapid (over several days) modification of dune 
morphology, particularly at the dune crests, where rounding and 
aerodynamically smoothing takes place (Fig. 8). Focussed surface 
winds under NE winds concentrate around the formerly sharp 
crested dune ridges and redistribute sediments down what were 
formerly stoss slopes.

4. Discussion

Results show the behaviour of modelled wind flow over trans-
verse dunes under opposing (reversing) wind directions. During 
SW winds that traverse typical dune form topography (incident 
long stoss slope, short slipface dimensions), flow behaves in a clas-
sic fashion where detachment and stoss side shear stress is evenly 
spread over gentle slopes with large undulating low shear zones 
in leeward wake of crests. Streamlines show clear evidence of 3D 
flow, helical flow separation detachment and effectively a reverse 
eddy return flow back up the dune slip face. Qflux associated with 
SW winds is the dominant overall flux present with most transport 
being generated under these winds. The stoss slopes are the pri-
mary area activated under these winds and are where the majority 
of the sand transport is found, helping to drive dune migration 
to a NE direction. Field observations show that these SW flow 
scenarios effectively maintain the downwind sediment transport 
pathway (and dune shape) with energy spread evenly across the 
stoss face, feeding the brink and slipface with sediment and help-
ing migrate the dune forward, maintaining the transverse dune 
form. Under SW winds significant flow steering and re-direction 
takes place as the SW flow has distinct flow separation. SW flows 
also show (compared to NE flow scenario) typically increased u∗
on the stoss slope (but distributed over a larger area) and contains 
large, undulating low shear zones in the leeward wakes (slip face 
and interdune zones).

When flow is reversed (NE winds), model results show that 
stress is initially more focussed along the crests than the upper 
stoss area, which likely produces higher vertical disturbance into 
the boundary layer with the change in aerodynamics of the flow. 

Fig. 8. Ground level view of one of the reversing dune ridges at Mpekweni, South 
Africa at pre-reversal of wind flow (Top) with winds moving left to right and 
(Bottom) two days after reversal of winds where winds have smoothed the crests 
and winds are from right to left.

Former slip-faces now face into the incident winds, focussing air-
flow energy over smaller areas, thereby raising potential aeolian 
transport and rounding action of the once sharp-edged dune brink 
zone. Simulated flow separation and steering for the reversed NE 
wind is heavily suppressed, likely due to the steep change in the 
new ‘stoss’ slope. Qflux in NE wind scenarios again shows most 
sand transport occurring at and slightly below (on the slip face) 
the dune crests. Overall, if winds are reversed and the topogra-
phy is as it was surveyed, then the impact under SW winds will 
be more pronounced and flux dominance prevails with approxi-
mately 10% more transport occurring under SW flows compared to 
NE flows. This airflow reversal therefore helps drive the reversing 
topographical phenomena at the site, with NE winds initially fo-
cussing round the crests and then migrating dunes to the SW. The 
study provides new insights into dune migration behaviour as well 
as surface flow behaviour across multiple dune configurations and 
length scales within un-vegetated dune fields and play a crucial 
role in overall dune field dynamics. Results highlight the complex 
nature of reversing transverse dunes, where it is likely that with 
the onset of flow reversal, dunes may initially round their formerly 
sharp crests (see Fig. 8 field observation) and with focussed shear 
stress, then eventually reform into transverse dunes in the oppo-
site direction.

The work also demonstrates the applicability of CFD analysis of 
simple-to-sinuous transverse aeolian bedforms with ∼50 m wave-
length and ridge heights of a few metres. Landforms of a very sim-
ilar scale and morphology are also found on Mars (Fig. 9): “Trans-
verse Aeolian Ridges” or TARs (e.g. Balme et al., 2008; Fig. 12). 
TARs are thought to form as megaripples, rather than as revers-
ing dunes, based on analysis of their cross sectional profiles and 
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Fig. 9. Transverse Aeolian Ridges on Mars. Red bar is 250 m long. Note these simple transverse bedforms are of similar scale to the Mpekweni dunes, having down-wind 
lengths of 50-60 m and heights of 3-5 m. Part of HiRISE (McEwen et al., 2007) image number ESP_021577_1920 overlain on a Digital Elevation model created using stereo 
photogrammetry from this image and number ESP_022434_1920. There is no vertical exaggeration; lighting is from the top of the image. Digital Elevation Model created by 
Joel Davis and Peter Grindrod at Natural History Museum UK. Original image data credit NASA/JPL/UoA.

morphometric similarity to megaripples on Earth (e.g. Hugenholtz 
et al., 2017), and observations by Mars rovers of coarse (gran-
ule grade) particles mantling large ripples (e.g. Sullivan et al., 
2005). Moreover, TARs are generally thought to be immobile on 
Mars, whereas shape changes and ripple-migration on large Mar-
tian dunes demonstrates that these features are actively migrating 
(e.g. Bourke et al., 2008; Silvestro et al., 2010). CFD studies of TARs 
could help answer the ongoing question of why these metre-scale 
bedforms almost always appear immobile, whereas many hundred 
metre-scale martian duneforms are clearly migrating (Bourke et 
al., 2008; Silvestro et al., 2010). CFD can do this by characterising 
the aerodynamic shear stress these bedforms are subjected to, and 
hence determining what flux of fine-grained sand they experience. 
In combination with Mars climate models, these results could then 
help determine the mechanisms and climate epochs under which 
the TARs formed, and why these are less mobile than their larger 
duneform cousins.

5. Conclusions

The study modelled airflow behaviour over transverse (revers-
ing) dune ridges at the onset of airflow reversal. Using fine (sub-
metre scale) CFD modelling, 3D airflow patterns were quantified 
across multiple dune ridges and spatial patterns of shear stress 
and associated Qflux were evaluated. SW flows over typical trans-
verse dune profiles produced the dominant flux conditions, which 
focussed largely on the stoss slopes, while NE flows focussed trans-
port along the dune crests and over smaller areas. The CFD work 
presented here provides important analogue information to study 
similar bedform features on Mars, and helps give detailed insights 
into what airflow characteristics may have been required to mi-
grate such dune features in the past or present.
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