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Wind-blown sand movement often occurs in a very complicated desert environment where sand dunes and
ripples are the basic forms. However, most current studies on the theoretic and numerical models of
wind-blown sand movement only consider ideal conditions such as steady wind velocity, flat sand surface,
etc. In fact, the windward slope gradient plays a great role in the lift-off and sand particle saltation. In this
paper, we propose a numerical model for the coupling effect between wind flow and saltating sand particles
to simulate wind-blown sand movement over the slope surface and use the SIMPLE algorithm to calculate
wind flow and simulate sands transport by tracking sand particle trajectories. We furthermore compare the
result of numerical simulation with wind tunnel experiments. These results prove that sand particles have
obvious effect on wind flow, especially that over the leeward slope. This study is a preliminary study on
windblown sand movement in a complex terrain, and is of significance in the control of dust storms and land
desertification.

I
n recent years, sandstorms and land desertification induced by wind-blown sand movement have become one
of the most important environmental issues. Investigating the mechanisms of wind-sand movement can
provide solutions to control and prevent wind-sand hazards. Except for wind events over fine textured soils

in which suspension is dominant, saltation is the predominant sand transport mode. For this reason, many
numerical simulations for saltation have been carried out after the Symposium of International Windblown Sand
Physics Academy in 19851–5. To resolve discrepancies between classical saltation theory and field measurements,
different numerical models were established for study state saltation6–8. Since this century, the effect of turbulence
has drawn more and more attentions7,8. Sand saltation was simulated with the coupled model, where the airflow
was computed by the k-e turbulence model8. The particle motion was simulated on the sand bed and a jump was
first observed in the saturated flux9. It was found that the intensity and the Lagrangian time scale of turbulence in
the saltation layer had obvious effects on saltation transport6,10,11. Nevertheless, the bed surfaces were flat in above
simulation models and the morphology effect was not taken into consideration.

Recently the intricate interactions among dune morphology, wind flow and sand transport have drawn
increasing attention. Field and wind tunnel experiments were carried out on flow dynamics over the windward
slope and the sediment dynamics on the lee-side. The measured wind velocity profiles were not log-linear over the
windward slope12,13. Through these wind tunnel experiments and field observations14–16, it revealed that shear
stress increased progressively along the windward slope and the wind velocity close to the surface reaches its
maximum upwind of the crest14–16. By measuring the flow velocity over the leeward slope, it showed that above the
separation cell there were a mixing layer and a highly turbulent shear zone, implying that flow reattachment and
subsequent sediment transport occurred on the leeward slope17. However, turbulence and return flows couldn’t
be accurately quantified in the wind tunnel because of the instrument’s limitations18. Limitations originated from
the wind and sand flow complexity and desert morphology conditions in the natural dune environments19–21.

Many researchers have conducted computational fluid dynamics (CFD) simulations to solve the Navier-Stokes
equations for turbulent wind over barchans and transverse dunes19,22–28. Some focused on the lee side flow over
dunes20,22,24,26,27. The downwind reattachment and return flow zones in the lee side of a transverse dune were
quantitatively described24 and it was found that the length of recirculation region after the dune brink depended
strongly on the shape of dune. The wind profile and separation streamline over barchans and transverse dunes
were firstly simulated by Herrmannn et al.28.

In addition, Araújo et al.26 simulated the average turbulent wind flow over a transverse dune by means of
computational fluid dynamics simulations and their results showed that there is a dependence of the separation
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streamline length on the wind shear velocity26. In above simulations,
the saltation transport of sand and its effects on wind flow were
ignored.

In the present study, a two-way coupling wind-blown sand model
on the interactions among turbulence flow, morphology and sal-
tation was proposed to simulate the windblown sand movement over
a transverse dune. The conservation equations of the wind flow field
were calculated and discretized by using the finite volume method.
The semi-implicit method for pressure-linked equations (SIMPLE)
algorithm for the pressure-velocity coupling was used to iteratively
calculate the pressure and velocity fields until mass and momentum
continuity errors were adequately small29. Sand transport was simu-
lated by tracking the movement of every single particle over the slope
landform. Wind flows over the windward and the leeward slopes
were investigated under the influence of aeolian sand particles. At
last, simulation results were discussed in detail.

Results
Figure 1 shows the schematic of the experimental arrangement. The
roughness elements were set at the inlet of the wind tunnel in order to
simulate atmospheric boundary layer. The triangular slope was
located at 7.3 m away from the roughness element zone, h1 was
the angle of the windward slope and h2 was the angle the leeward
slope. Hs was the height of the transverse dune. The vertical sand
traps were set at different positions over the 0.1 m high slope and
used to measure the mass flux. Both wind tunnel experiment para-
meters and numerical simulation triangular slope parameters are
listed in Table 1. Sand particles with diameter of 250 mm and density
of 2650 kg/m3 were uniformly distributed over the bed surface and
the slope surface. The passive vertical array of sand traps with 20 mm
3 20 mm collector inlets were positioned at different positions over
the slope to measure the mass flux profile. Although the presence of
sand traps disturbed the velocity field and sequentially affected the
sampling efficiency of sand traps, they were widely used due to their
simple structure and low cost. The sampling efficiency of sand traps
was relatively low and varied greatly in the zone near the bed.
However, in the zone far away from the bed, the efficiency gradually
became better30,31.

Figure 2 shows different steady wind velocities in the wind tunnel
over the flat bed at the position where the wind flow can fully develop.
In the Figure 2, the height is presented by log scale. The fitted wind
velocity profile was used as the initial wind speed at the inlet in the
simulation model, with a view to obtain a result consistent with the
actual condition.

Figure 3 shows the mass flux profiles before the windward slope
bottom at friction velocity of 0.5 m/s in the wind tunnel. The vertical
sand traps were set to measure aeolian sands at the positions of
2.35 Hs and 5.2 Hs from the windward slope bottom and 7.065 m
and 6.78 m away from the roughness element zone where the wind
was steady. Hs is the height of the slope (0.1 m). The mass flux
profiles were fitted into the following function with respect to the
height z:

Q(z)~0:00149z1:25134e({z=0:03148) ð1Þ

In the numerical simulation, this function is adopted as the initial
sand particle distribution at the entrance.

The movement equations of saltating particles subject to gravity
and aerodynamic drag are expressed as follows:
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Figure 1 | Experiment apparatus in wind tunnel.

Table 1 | Wind tunnel experiment and numerical simulation para-
meters

case Hs (m) h1 h2

PDPA 0.05 17.35u 27.5u
Sand trap 0.1 17.35u 27.5u
Simulation model 0.1 10u 30u

Figure 2 | Wind velocity profiles at initial state in wind tunnel.

Figure 3 | Mass flux profiles in wind tunnel experiments before
windward slope toe.
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Where, mp denotes the particle mass; x and z the particle positions in
the Cartesian coordinates, respectively, x is the distance away from
entrance, and z is the height of the particle away from the bed surface;
g is the acceleration due to gravity; D denotes the average particle
diameter; rp 5 2650 kg/m3 is the density of sand, ra 5 1.22 kg/m3 is
the density of air, ra 5 1.22 kg/m3 is the density of air u and w are the
wind velocities in the x- and z-axis, respectively. In Equation (2) and
(3), Vr, Re and CD(Re) denote the relative speed, the Reynolds num-
ber of the sand movement, and the wind flow drag coefficient,
respectively and are given as:

Vr~
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The initial conditions of Equation (2) and (3) are

t~0, x~0,
dxn

dt
~f (z(n), u(z)),

dz
dt

~0 ð7Þ

where, z(n) is the height of the n-th particle; f(z(n), u(z)) is a function
as the particle’s height and the velocity, u(z), which is corresponding
to the wind profile and particle position. The particle’s initial velocity
distribution at the inlet boundary is related to the wind profile
obtained in the wind tunnel experiment and shown in Figure 2.
The particle’s initial distribution at the inlet boundary is the mass
flux profile obtained in the wind tunnel experiment, as shown in
Figure 3 and given in Equation (1). The particle’s velocity is related
to the wind velocity at the inlet boundary.

The wind flow field is governed by the mass conservation equation
and the momentum conservation equation:
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with their initial conditions being

t~0 : u(0,z)~(u�=k) ln (z=z0),u(x,z)~0,w(x,z)~0 ð11Þ

Where k is von-Kármán constant, z0 was the sand bed roughness and
u* was the friction velocity. We discussed the wind field for u* 5 0.5
and z0 5 D/30, where D was the sand particle diameter. And their
boundary conditions being

x~xout :
Lu(xout , z)

Lx
~0, w~0 ð12Þ

z~zmax :
Lu(x, zmax)

Lz
~u�0,

Lw(x, zmax)

Lz
~0 ð13Þ

zƒztriangle(x) : u(x, z)~0, w(x, z)~0 ð14Þ

The additional drag force resulting from the presence of sand part-
icles and applied on the wind flow is
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Where x is the distance away from the inlet and z is the height of
particle away from the surface. The additional drag force compo-
nents resulting from the presence of sand particles Fx(i,j) and Fz(i,j)
applied on the wind flow in the x- and z- directions are included in Sx

and Sz (generalized source terms) that reflect the coupling of sand
and wind flow fields.

Wind field boundary conditions are 1) at the ground surface, the
no-slip boundary condition is used; 2) at the domain top, the deri-
vatives of variables u, w, p with respect to the vertical variable z are set
equal to zero; 3) at the inlet boundary, the initial value of the wind
velocity profile is determined by fitting the velocity in the wind
tunnel experiment; 4) at the outlet boundary, the normal derivatives
of variables u, w, p with respect to x are set equal to zero. The outlet
boundary is far away from the negative pressure zone where the wind
flow can fully develop.

In the wind-blown sand flow field, sand particles which lift off
from the bed surface into the saltation layer eventually drop back the
surface due to gravity. When they affect downward other particles on
the sand bed, they may or may not rebound themselves or eject other
particles from on the bed. This stochastic process is affected by the
sand-bed characteristics such as the grain size, velocity and angle of
the impacting particles as well as the bed property. The investigations
on how the velocity and angle of impacting particles were affected by
turbulent flow in a random way in the impact process were con-
ducted in the wind tunnel and numerical simulations24,32. The natural
sand particles are random in size and shape. As they move on the
surface, their distribution as well as impacting positions and incident
angles, etc, all are very complicated. Other random impact para-
meters such as the recovery coefficient are often used in many
sand-bed impact models. Although a lot of sand-bed impact experi-
ments and numerical simulations have been carried on, this random
property cannot be described accurately. The collision process of
beads had been measured in experiments in order to obtain the
splash function33. Besides, experiment results can be better repeated
by phasing numerical simulation in terms of dimensionless vari-
ables34. However, the coefficients of restitution and friction may be
different for the spheres they used and sands. It was found out that
the slope surface could affect the grains ejection and the ratio of the
ejection speed to the impact speed decreased with the slope, while
the ejected angle and the number of ejected grains increased with the
slope32. In this paper, the splash function determined experiment-
ally35,36 is adopted to simulate the sand-bed impact process and given
as follows. The statistical laws of splash function used by Vinkovic
et al.36 derive from the models proposed by Anderson et al.2.
However, the splash function splash function used by Vinkovic
et al.36 could calculate the velocity and number of rebound sand
and eject sand. For the splash function of Anderson et al.2, the
rebound and eject velocity couldn’t be calculated. The splash func-
tions only based on the velocity of the impacting grain, and it is
independent of the diameter of the impacting sand particle.
Some coefficients were adapted from the experimental observa-
tions36. Some coefficients were adapted from the experimental
observations36.
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Vrej j~0:3 Vimj j+0:25 Vimj j ð19Þ

are~300+150 ð20Þ

Vej

�� ��~0:3 Vimj j+0:5 Vej

�� �� ð21Þ

aej~550+50 ð22Þ

Np~max 0,3:36 sin(aim)(5:72Vim{0:915)½ � ð23Þ

where Vre and are are the rebounding velocity and angle of sand
particles, respectively, Vim and aim are the impact velocity and angle,
respectively, Vej and aej are the ejection velocity and angle, respect-
ively; Np is the number of splashed particles.

Figure 4 shows both the simulated results and experimental results
in wind tunnel for horizontal wind velocity profiles over transverse
dune, where Ue is external velocity. Figure 4 reveals the wind profile
were no longer linear logarithmic distribution over the windward
slope while it is linear logarithmic distribution over flat surface. From
Figure 4, wind velocity gradient with height increase at the windward
slope toe of transverse dune. However, wind velocity gradient with
height increase firstly and then decrease at the leeward slope toe of
transverse dune. The wind profiles present different distribution over
windward slope and leeward slope. In addition, it could be seen that
the simulated wind profiles distribution is consistent with the
observed results in wind tunnel at windward toe, middle position
of windward slope as well as leeward toe. The position of windward
middle means it is the middle of the windward slope toe and wind-

ward crest. As shown in Figure 1, windward toe, windward middle
and windward crest is respectively A, E and B. It demonstrated that
the simulation model of wind field over transverse dune was veri-
fiable and effective. At the position of leeward toe, the wind velocity is
negative below 2/3 Hs and positive above 2/3 Hs that reveals the
leeward slope toe is in the region of reverse flow. It is found that
the length of the zone of reverse flow at the dune lee displays a
surprisingly strong dependence on the wind shear velocity26. It is
the first time quantifying the profile of lee flow, which displays a
change in flow direction as the height increases since Araújo et
al.26 for the first time investigated quantitatively the reversing average
turbulent flow shear velocity at the surface in the dune lee26. Figure 4
shows the absolute error of U/Ue in wind tunnel experiment and
simulation model at different positions (windward toe, windward
middle, leeward toe). The absolute errors of U/Ue are less than
0.05 in most area of the wind field. However, there are respectively
large errors of U/Ue above the reverse region (0.25 H to 0.5 H) at the
position of leeward toe. The wind profiles simulated according to our
model show the same distribution over the dune as what obtained in
the experiments.

Figure 5 and Figure 6 present the horizontal and vertical wind field
velocity over transverse dune observed by PDPA for u* 5 0.5 m/s
where Hs is 0.05 m. Figure 7 and Figure 8 present the simulated the
horizontal and vertical wind velocity profiles of u* 5 0.5 m/s for a
pure wind field. The wind flow field over the transverse dune has
higher velocities and complex flow structure. It can be seen that the
horizontal wind accelerated over the windward slope. There is a
reversed flow region in lee side. Both the numerical simulation results
and experimental measurement results show uniformly varying

Figure 4 | Comparison of horizontal wind velocity profiles over transverse dune.
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patterns in regard to the wind velocity profiles at discrete positions
over the dune.

Figure 9 and Figure 10 present simulated wind velocities in wind-
blown sand field coupling the wind flow field with sand flow field in
the model. The wind-sand coupling effect can greatly change the
wind flow field over transverse dune. The observation of the flow

streamline reveals that the reversed flow region over the leeward
slope become larger in the coupled field than that in the uncoupled
field.

Figure 11 reveals that the mass flux of sand particles gradually
decreases with height over the windward slope and increases as they
horizontally approach the windward slope top where Hs is 0.1 m.

Figure 5 | Horizontal wind velocity field observed by PDPA in wind tunnel.

Figure 6 | Vertical wind velocity field observed by PDPA in wind tunnel.

Figure 7 | Simulated pure horizontal wind field.
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The numerical simulations results show a good agreement with
experimental measurement results (Hs is 0.1 m).

Discussion
From Figure 5 shows the re-attachment distance was 5 Hs in the
wind tunnel (from 170 mm to 420 mm) which is the horizontal

distance from transverse dune crest to the end of the reverse flow
zone. Through analyzing Figure 7, it reveals re-attachment distance
is mostly 5 Hs in the simulation model (from 400 mm to 650 mm).
Figure 7 and Figure 8 present a positive vertical velocity acceleration
region existed over the windward slope due to the lift force of wind-
ward slope. A negative vertical velocity acceleration region is located
next to the edge of reverse region. The positive acceleration region

Figure 9 | Simulated horizontal wind velocities in wind-blown sand field.

Figure 10 | Simulated vertical wind velocities in wind-blown sand field.

Figure 8 | Simulated pure vertical wind field.

www.nature.com/scientificreports
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had the symmetry axis which is perpendicular with the windward
slope surface at the windward slope middle.

In addition, the re-attachment distance was 5 Hs in pure wind
field whereas the re-attachment distance was 9 Hs (from 400 mm
to 850 mm) in the coupled model, which is accordant with the simu-
lated results that the re-attachment distance is 4–8 times the down-
wind dune height in average obtained17,37. These simulated results17,37

also agree with the field observation results of Parteli et al.38, they
measured the length of the flow reattachment region for the trans-
verse dune of different profiles and sizes and found a similar result38.

In case of broad hills, re-attachment distance was found to be 5–10
times of the hill height39. It can be seen that the wind-sand coupling
plays a significant role in the increase in the re-attachment distance.
The lee-side secondary flow pattern and the re-attachment are
related not only to the bed forms downwind of the dune but also
to the wind-sand coupling effect. The wind-sand coupling effect
affects the dune geometry and atmospheric stability37.

Compared with Figure 8, in the lee side the negative vertical velo-
city acceleration region became smaller which was located next to the
extended reverse region. The wind field structure was changed with

Figure 11 | Observed and simulated mass flux profiles over transverse dune.

Figure 12 | Horizontal velocity profiles over transverse dune.
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more and more sand particles take off, impact on the sand bed and
then maybe eject or splash other sand particles. The weakened nega-
tive vertical velocity increases sand particles saltation length, thus
extends reverse region.

Figure 12 shows that the horizontal velocity distribution of wind
over transverse dune in pure wind field and in wind-sand coupling
field. It is no longer the logarithmic distribution with height. From the
Figure 12, it is obvious that along the slope bed surface, the wind
horizontal velocity varies greatly below 1 Hs from the bed surface in
the pure wind field and shows reverse flow pattern compared with
those over the flat bed surface; In general, with wind-sand coupling,
the horizontal wind velocity above 2 Hs from the bed surface barely
changes. Over the windward slope, the gradient of horizontal velocity
gradually increases as it approaches the slope crest and the horizontal
velocity was always positive anywhere in the wind flow field; over the
leeward slope, there is a reversed flow region and the horizontal
velocity is negative between slope surface and 1 Hs in pure wind field.

However, with wind-sand coupling, the horizontal velocity at
same height above the bed surface increases as it moves from the
position at the windward slope toe to the leeward slope toe. It also can
be seen that below 2 Hs from the windward slope surface, the gra-
dient of the horizontal velocity of wind gradually increases as it
approaches the slope crest. However, above 2 Hs from the windward
slope surface, the gradient increases much greater as it approaches
the slope crest. Below 1.5 Hs from the leeward slope surface, the
gradient gradually increases as it moves away from the slope top;
below 1.5 Hs from the leeward slope surface, the horizontal velocity
at that height gradually increases as it moves away from the slope top.
Below 1.5 Hs from the bed surface, the horizontal velocity at that
height increases as it moves away from the leeward slope toe. As wind
moves away from the slope, the variation in velocity decreases with
height until the velocity no longer varies with position.

The above results reveal that the impact of saltating sand particles on
wind flow is relatively slight over the windward slope, while the slope
surface has a great effect on wind flow. Compared with over the wind-
ward slope, the impact of saltating sand particles on wind flow is rela-
tively great below 2 Hs over leeward slope. Saltating sand particles have
significant influence on wind flow below 2 Hs over leeward slope,
especially in the reverse region. As away from the reversed region, the
impact of saltating sand particles on wind flow becomes gradually weak.

Figure 13 shows the simulated mass flux profiles over the windward
of transverse dune (Hs is 0.1 m). It is obvious from the Figure 10 that
the vertical change in the mass flux over the slope is different from that
over the flat surface, although the mass flux of sand particles still
decreases gradually with height over the windward slope.

Figure 14 shows the simulated mass flux profiles over the leeward
of transverse dune (Hs is 0.1 m). Over the leeward slope, the mass
flux of sand particles initially increases and then decreases with
height. In addition, the maximum mass flux gradually decreases as
it moves away from the slope top.

Figure 15 shows the comparison between observed and simulated
mass flux profiles behind the leeward of transverse dune (Hs is
0.1 m). It is clear from the Figure 15 that the simulation results of
the maximum mass flux are larger than the experiment results, which
can be attributed to sand transport on the lee slope of the dune where
sand saltation is not dominated as it was on the windward slope. On
the lee side, the sand grain avalanche is the dominant sediment
transport mechanism which is not characterized by this process17.
Therefore, in order to accurately simulate aeolian sand transport
over the dune, especially on the leeward slope, the only consideration
of sand saltation is not sufficient. This study indicates that the simu-
lated maximum mass flux is equal to that obtained from experiment
at the position of 6.3 Hs after leeward slope bottom.

In particular, detailed dune models, such as Schwämmle et al.23 are
computationally too expensive to study a field of transverse dunes,
while existing simpler models for dune fields where transverse dunes
are treated as interacting particles still lack an accurate modeling of
the flow reattachment length40,41. Thus these models should be
improved by taking into account the important findings of this
manuscript’ work that this length is affected by the mass flux itself.

Figure 13 | Simulated mass flux profiles over windward of transverse
dune.

Figure 14 | Simulated mass flux profiles over leeward of transverse dune.

Figure 15 | Observed and simulated mass flux profiles over transverse
dune behind leeward slope.
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Therefore, this manuscript is providing valuable information for
improving existing simpler models.

This study presents the numerical model for saltating sand part-
icles movement coupling with wind flow over the slope surfaces to

simulate windblown sand movement over the windward and leeward
slopes, then uses the SIMPLE algorithm to calculate wind flow and
simulate sands transport by tracking sand particle trajectories. In
addition, the numerical simulation results are compared with the
wind tunnel experimental results are conducted in the study. This
work starts the numerical simulation of wind-blown sand movement
in a complex terrain and is important for studying sand flux in
natural environments. It is also helpful to understand the formation
process of sand dune.

Our results show that 1) over the windward slope, both the velocity
gradient of wind and the mass flux of sand particles increase as wind
flows up over the slope, while the mass flux decreases gradually with
the height increasing; 2) over the leeward slope, both the velocity
gradient of wind and the mass flux of sand particles show a trend of
first increase then decrease with the height increasing, evidently
different from what occurs over the windward slope; 3) as away from

Table 2 | PDPA system parameters in wind tunnel experiments

Parameter value

Focal length of launch lens/mm 500
Laser wavelength/nm 514.5 (green glow)

488 (blue glow)
Separation distance of laser beam/mm 38.0 (green glow)

38.0 (blue glow)
laser beam diameter/mm 2.220
Interference fringes spacing/mm 12.35 (green glow)

5.86 (blue glow)

Figure 16 | Numerical simulation process.
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the crest of the slope, the mass flux reduces from its maximum
gradually; 4) a reversed flow region over the leeward slope is present
and becomes larger if the wind-sand coupling is considered; 5) the re-
attachment distance is about 5 times the slope height with no coup-
ling and about 9 times with coupling.

Methods
Slope landform and wind tunnel experiments. In order to verify the feasibility and
accuracy of our numerical simulation model, the pure wind flow velocity was
measured over a 0.05 m high slope by a Phase Doppler Particle Analyzer (PDPA).
The wind tunnel experiments over the slope landform were performed in the Key
Laboratory of Mechanics on Disaster and Environment, Western China. The
experimental section was 20 m long, 1.3 m wide and 1.45 m high.

As a non-contact, real-time measuring system with a fast dynamic response, wide
speed range, and high spatial resolution, the PDPA consists of power supply, water
cooling system, argon laser, fiber driver, transmitter and receiver units, photomul-
tiplier unit, Doppler signal analyzer, and host computer. Its three-axis coordinate
frame system is used to precisely control position measurement. PDPA technique is a
kind of optical measurement technique without disturbing the flow field. Compared
with ordinary non-contact measurement techniques, PDPA is more sensitive in
direction. Laser beam enters the wind tunnel through transparent window on wind
tunnel wall. The relationship between the fluid velocity and Doppler frequency shift
is:

v~fd
l

2n sin(h=2)
ð24Þ

Where, fd is Doppler frequency shift, l is the laser beam wavelength, h is the incident
angle, n is the fluid velocity, n is the fluid refractive index. For air, n 5 1.0002919. The
parameters of PDPA system in wind tunnel experiments are listed in Table 2.

Simulation processes. Wind-blown sands field and sand transport was calculated in
our model as in Figure 16.

tp the time that the model starts to collect sands
tend the total calculation time is 3 s
tts the time steps of sand movement in the model
ttw the time steps compensating the wind flow field in the model
tta the time steps that the particles enter the wind flow field in the model
D the average particle diameter
n0 sand grains number at first step
x(n)0, z(n)0 the initial position of each sand grain n
u(n)0, w(n)0 the initial velocity of each sand grain n
nti the sand particles number at the time ti

t0 (or ti) calculation time
ni rebound and eject particle number
ut0 the inlet wind velocity profile is fitted from the velocity
profile in the wind tunnel experiment.
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38. Parteli, E. J. R., Schwämmle, V., Herrmann, H. J., Monteiro, L. H. U. & Maia, L. P.
Profile measurement and simulation of a transverse dune field in the Lençóis
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