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Abstract We investigate the development and steady states of transverse dunes for ranges of flow
depths and velocities using a cellular automaton dune model. Subsequent to the initial bed instability, dune
pattern coarsening is driven by bed form interactions. Collisions lead to two types of coalescence associated
with upstream or downstream dominant dunes. In addition, a single collision-ejection mechanism enhances
the exchange of mass between two adjacent bed forms (throughpassing dunes). The power law increases
in wavelength and amplitude exhibit the same exponents, which are independent of flow properties.
Contrary to the wavelength, dune height is limited not only by flow depth but also by the strength of the
flow. Superimposed bed forms may propagate and continuously destabilize the largest dunes. We identify
three classes of steady state transverse dune fields according to the periodicity in crest-to-crest spacing
and the mechanism of size limitation. In all cases, the steady state is reached and maintained through the
dynamic equilibrium between flow strength and dune aspect ratio. In the limit of low flow strength, where
it becomes the primary factor of size limitation, the bed shear stress in the dune trough regions is close to
its critical value for motion inception. Comparisons with natural dune fields suggest that many of them may
have reached a steady state. Finally, we infer that the sedimentary patterns in the model may be used to
bring new constraints on the development of modern and ancient dune fields.

1. Introduction

Transverse dunes form under quasi-unidirectional flows in regions of abundant sand supply [Wasson and Hyde,
1983; Courrech du Pont et al., 2014]. They have an asymmetrical shape with an upstream slope of approximately
10∘, a slip face in the lee, and smooth ridges perpendicular to the resultant sand flux. In the vast majority of
cases, transverse dune fields exhibit both a clear periodicity at large length scale and a wide variety of smaller
superimposed bed forms on the stoss slopes of larger dunes (Figure 1). This apparent complexity may reflect
fluctuations in flow speed and direction, variations in grain size distribution, and changes in sand availabil-
ity (e.g., barchanoid ridges) or in subsurface properties (e.g., water table depth) [Kocurek and Ewing, 2005;
Best, 2005; Ewing et al., 2006]. Nevertheless, it may also result purely from the internal dynamics of a popu-
lation of transverse dunes during the formation and evolution of dune fields [Elbelrhiti, 2005; Jerolmack and
Mohrig, 2005; Kocurek and Ewing, 2005]. More than the changes in the physical environment, it is then critical
to focus on dune pattern coarsening as well as on the formation and growth of secondary bed forms [Zhang
et al., 2010].

Starting from a flat sand bed, the preliminary stage for the formation of dunes is now firmly grounded in
a theoretical framework supported by a growing body of field and experimental evidences [see Courrech
du Pont, 2015, and references within]. All together, they clearly establish that the initial phase, also called
the dune instability, is dominated by the emergence of a regular undulation with a constant wavelength
(e.g., ≈ 20 m for aeolian dunes on Earth) and an exponentially growing amplitude [Kroy et al., 2002a; Hersen
et al., 2002; Elbelrhiti et al., 2005; Claudin and Andreotti, 2006]. Subsequent to this linear regime, the formation
of transverse dune fields relies on nonlinear pattern coarsening as a result of dune-dune interaction, amalga-
mation or nucleation of secondary bed forms [Coleman and Melville, 1994; Coleman et al., 1996; Kocurek et al.,
2010]. Given the complex nature of this gradual increase in dune size and wavelength, current research has
only focused on the conditions under which such a coarsening occurs or on the factors that can interrupt this
process when a characteristic length scale is selected, for example according to the aerodynamic roughness
length [Pelletier, 2009] or flow depth [Politi and Misbah, 2004; Valance, 2011].
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Figure 1. Transverse dune fields in arid deserts on Earth: (a) The Namib Sand Sea (Namibia, 26∘09′S, 15∘05′E,
RDP/DP = 0.87). (b) The Atlantic Sahara desert (Morocco, 28∘02′N, 12∘12′E, RDP/DP = 0.85). (c) The Moçâmedes desert
(Angola, 16∘32′S, 12∘00′E, RDP/DP = 0.88). (d) The East Badain Jaran desert (China, 38∘38′N, 105∘04′E, RDP/DP = 0.40).
(e) The East Taklamakan desert (China, 39∘27′N, 87∘20′E, RDP/DP = 0.82). (f ) The Registan desert (Afghanistan, 30∘41′N,
65∘40′E, RDP/DP = 0.76). See Appendix B for the estimation of the RDP/DP values from wind data. The white arrow
indicates the resultant drift direction.

The dependence of dune height on flow depth has been the subject of considerable attention in fluvial
research [Allen, 1963; Yalin, 1964; Jackson, 1976; Richards, 1980]. Although the role of the free surface of water
is critical for the development of other bed forms (e.g., antidunes and upstream propagating bed forms), the
initiation of dunes can be explained without the need to invoke a fluid density boundary. Basically, as soon as
the streamlines are compressed upstream of their crests and diverge downstream, dunes can develop equally
well in closed conduits or assuming an infinite flow depth. In the limit of high flow depth, the near-surface
flow over a topographic undulation is perturbed to a distance which is proportional to the characteristic
wavelength of the bed elevation profile. In this case, thanks to its inertia, the upper fluid region serves as a
confinement layer. On the opposite, if the flow depth is smaller than the characteristic wavelength of the bed
elevation profile, the flow perturbation occurs now on a characteristic height which is set by flow depth. As
this flow depth is decreasing, flow velocity and sediment transport rapidly increase at the top of the dunes,
so that they cannot continue to grow in height. This is true whatever the top boundary condition (i.e., a free
surface or a rigid wall [see Charru et al., 2013, and references therein]).

The presence of a free surface has been recognized to have a feedback on subaqueous dune morphology,
especially on dune height which has been shown to scale from one half to one sixth of flow depth [Yalin, 1977;
Allen, 1985; Flemming, 2000; Unsworth et al., 2013]. Following Andreotti et al. [2009], similar behaviors may be
observed in aeolian systems due to the presence of the atmospheric boundary layer (ABL), the lowest part of
the atmosphere in which radiative forcing causes turbulent vertical mixing. As a result, both horizontal wind
velocity and temperature may be homogeneous until an altitude F, which determines the depth of the flow.
Above, the linear stratification of the air density profile is responsible for a free-stream flow. This inversion layer
stands as a top boundary condition that confines the flow in the ABL. A few unresolved problems remain with
this aeolian analogy to the water depth in subaqueous systems. First, the boundary between the ABL and the
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free-stream flow has to be considered as immiscible, as water in the air. Second, the depth of the ABL varies
broadly over different timescales due to its strong dependence on temperature [Stull, 1988]. Then, it is quite
difficult to define the height of a capping layer with precision, and the overall effect of confinement may be
more complicated to investigate. However, the empirical data shown by Andreotti et al. [2009] reveal a clear
linear relationship between the depth of the ABL and the characteristic wavelength of transverse bed forms.
Then, similarities in the flow depth saturation mechanism in both subaqueous and aeolian systems deserve
to be investigated. Within this context, we do not test the existence of a capping layer. Instead, we design
numerical experiments to analyze the effect of a perfectly flat and undisturbed top boundary condition on
the development and steady state of a granular bed sheared by an unidirectional flow.

Andreotti et al. [2009] define giant dunes as bed forms that exhibit a characteristic wavelength proportional
to flow depth (e.g., water depth for subaqueous dunes and the depth of the ABL for aeolian dunes). Starting
from a small perturbation of a flat sand bed, their stability analysis also suggests that there is a wide range
of unstable wavelengths that may enhance coarsening following the initial generation of dunes. Ultimately,
as the amplitude of the bed forms is increasing, the confinement of the flow inhibits dune growth. Then,
dune fields may reach a steady state by selecting a characteristic wavelength associated with their giant size.
However, many questions remain on the morphodynamics of transverse dunes as they approach such a steady
state, especially in the presence of superimposed bed forms.

Bed forms in unidirectional flow have now been examined though different types of subaqueous laboratory
experiments [Southard, 1991; Coleman and Melville, 1994; Bennett and Best, 1995; Coleman and Melville, 1996;
Coleman et al., 1996; Raudkivi, 1997; Venditti et al., 2005; Reffet et al., 2010]. Nevertheless, despite all these
efforts, there is still no comprehensive theory to explain the diversity of observed shapes and sizes during the
development of dunes [Best, 2005; Jerolmack and Mohrig, 2005]. Not surprisingly, this is even more the case
for natural subaqueous and aeolian dune fields, where initial and boundary conditions remain unknown. As
a consequence, the evolution and the steady state of transverse dune fields are usually inferred from indirect
evidence such as the density of defects [Werner and Kocurek, 1999] or the cumulative probability of dune
height and spacing measurements [Ewing et al., 2006; Dong et al., 2009]. Furthermore, dynamical dune features
cannot be directly reproduced in wind tunnel experiments because of the existence of a minimum dune size
[Hersen et al., 2002]. Instead, many of these experiments have concentrated on air flow properties above a
predefined topography to estimate the distribution of the basal shear stress [Parsons et al., 2004; Walker and
Nickling, 2003; Dong et al., 2007; Qian et al., 2009]. Coupled with the available set of data on natural dune fields
[Wiggs et al., 1996; Parteli et al., 2006; Baddock et al., 2007], they suggest that in addition to the crestal area, the
interdune dynamics may significantly contribute to the morphology of the sand dune system.

Here we numerically investigate the nonlinear evolution of bed forms that develop after the initial bed insta-
bility. Our objective is to characterize dune pattern coarsening and the steady states of transverse dune
fields with respect to two control parameters, the depth and the strength of the flow. With this goal in
mind, we use a real-space cellular automaton dune model that offers three major advantages over traditional
numerical methods. First, it has a confined flow, which continuously adapts according to the topography.
Thus, it advances the current set of cellular automaton approaches [Nishimori and Ouchi, 1993; Werner, 1995;
Nishimori et al., 1998; Momiji et al., 2000], allowing for the modeling of the feedback of a top boundary con-
dition on a growing topography. Second, it is based on a fully coupled system between fluid and granular
phases, which has shown to produce a wide range of emergent dune features such as superimposed bed
forms [Narteau et al., 2009] or arm growth [Zhang et al., 2012]. Then, this numerical approach can address both
the development of dunes and the role of secondary bed forms without assigning predefined relationships
between recirculation flows, topography, and basal shear stress, as is usually done in continuous [Sauermann
et al., 2001; Kroy et al., 2002b; Andreotti et al., 2002; Schwämmle and Herrmann, 2004; Fischer et al., 2008] or
more realistic discrete dune models [Pelletier, 2009]. Third, the three-dimensional cellular space can be used
for the tracking of individual particles and the mapping of sedimentary structures. Hence, in addition to the
morphodynamics features, it is possible to bring new insights into the migration history of sediment particles
[Zhang et al., 2014] and into changes in stratification patterns [Zhang et al., 2012]. This is particularly important
to distinguish interaction bounding surfaces from other types of sedimentary structures [Brookfield, 1977].

This paper is organized as follows. After a brief presentation of the real-space cellular automaton dune model
in section 2, numerical results are used to describe the joint evolution of basal shear stress and topography
during the coarsening phase (section 3). Then, we discuss the influence of both flow depth and strength on the
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Figure 2. The cellular automaton dune model. (a) Active transitions of doublets in the model of sediment transport.
Different sets of transition are associated with deposition, erosion, transport, and diffusion. {Λc, Λe, Λt , Λg, Λd} are
transition rates in units of t−1

0 . They are constant except for Λe that depends on the basal shear stress according to
equation (2). a and b are positive constants. The central inset shows the direction of the unidirectional flow and the
orientation of the nearest neighbors in a regular cubic lattice. Neutral cells are used to shape the virtual environment.
(b) Initial condition in the cellular space. Note the finite flow depth F and the thick sediment layer that ensure that the
dunes will never reach the nonerodible ground (i.e., no change in sand availability).

long-term behavior of transverse dune fields (section 4). Keeping in mind that all these numerical results may
also be used to interpret behaviors of sediment bed forms in subaqueous environments and other planetary
bodies, we conclude by comparing the predictions of the numerical model with observations in terrestrial
aeolian sand seas (section 5).

2. A Real-Space Cellular Automaton Dune Model

The real-space cellular automaton dune model combines a traditional cellular automaton of sediment trans-
port with a lattice gas method for the simulation of a turbulent flow over an erodible bed (see Chopard and
Droz, 1998 [1998] for a review). In this model presented in full detail in Narteau et al. [2009], the physical envi-
ronment is fully described by a 3-D lattice of cells with a finite number of states (Figure 2a). Then, the dynamical
system is entirely based on next-neighbor interactions at the elementary length scale l0 of the cubic lattice
[Narteau et al., 2001; Rozier and Narteau, 2014].

The model of sediment transport is governed by sets of transitions within pairs of nearest-neighbor cells,
the so-called doublets. Each set of transitions is associated with an individual physical process (e.g., erosion,
deposition, and transport) and a characteristic timescale expressed in units of t0 (Figure 2a). All transitions are
incorporated into a continuous time stochastic process to produce a global dynamical system devoted to the
formation and evolution of bed forms. In addition, to take into account avalanching, we impose an angle of
repose for the granular material [Zhang et al., 2014].
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To simulate fluid flow, we implement a lattice gas cellular automaton that converts discrete motions of a finite
number of fluid particles into physically meaningful quantities. To reduce the computation time, we do not
consider a 3-D flow and there is no transverse secondary flow in the model. Instead, we consider a set of
uniformly spaced vertical planes parallel to the direction of the flow. Fluid particles are confined to these 2-D
planes and they can fly from cell to cell along the direction specified by their velocity vectors. Then, their
collision dynamics impose fluxes of particles that can be converted into a fluid velocity field

−→
V by averaging

over space and time at the elementary length scale l0 of the model of sediment transport.

At the bottom of the cellular space, we consider a no-slip boundary condition: all fluid particles that col-
lide with sedimentary cells bounce back along their incident direction. Thus, the velocity field is null at the
sediment-fluid interface, and there is a permanent feedback of the topography on the fluid flow. As a result,
this model spontaneously produces flow recirculation on the lee side of dunes and an increase in flow veloc-
ity on their stoss side [see Narteau et al., 2009, Figures 4 and C1]. It also generates a logarithmic vertical
velocity profile from which it is possible to derive the shear velocity (see equation (1)) as well as an aerody-
namic roughness length. Not surprisingly, this characteristic length is given by the elementary length scale
l0 of our cellular space. As this length scale is a few orders of magnitude larger than grain size in nature, it is
impossible to directly test any hypothesis regarding how dune properties might relate to the aerodynamic
roughness length.

The flow continuously modifies the topography through sediment transport in zones where the basal shear
stress is high enough to mobilize sedimentary particles. In practice, we estimate the effect of flow velocity on
the erosion rate Λe (Figure 2a). The basal shear stress is defined as

𝜏s = 𝜏0
𝜕
−→
V

𝜕
−→n
, (1)

where −→n is the normal to the topography and 𝜏0 is the stress scale of the model. Then, we consider that the
erosion rate Λe is linearly related to the bed shear stress 𝜏s according to

Λe(𝜏s) =
⎧⎪⎨⎪⎩

0 for 𝜏s ≤ 𝜏1,

Λ0

𝜏s − 𝜏1

𝜏2 − 𝜏1
for 𝜏1 ≤ 𝜏s ≤ 𝜏2,

Λ0 else,

(2)

where Λ0 is a constant rate, 𝜏1 is the threshold for motion inception and 𝜏2 is a parameter to adjust the slope
of the linear relationship. For consistency, we always have 𝜏2 ≫ 𝜏s. By definition, (𝜏s − 𝜏1) is the excess shear
stress from which we can derive flow strength. Hence, we can use the threshold shear stress to modify the
strength of the flow in the model: the higher the 𝜏1 value is, the smaller the strength of the flow [see, Narteau
et al., 2009, Figure 7].

At the top of cellular space, the flow is confined by a flat layer of neutral cells (Figure 2b). Along this layer, we
consider a free-slip boundary condition: all fluid particles that collide with this surface change only the sign
of the vertical component of their velocity vectors. Thus, the horizontal component of the flow is conserved,
and the geometrical confinement of the flow may lead to the compression of streamlines over the entire flow
depth when the wavelength of the bed elevation profile and flow depth are on the same order of magnitude
(see section 1).

In this cellular automaton dune model, the elementary time and length scales {l0, t0} are entirely defined with
respect to the bed instability mechanism using the most unstable wavelength and the averaged saturated
sand flux [Narteau et al., 2009]. As shown in Table 2 of Zhang et al. [2014], the model can then be used in all
types of physical environments where the dune instability is observed to provide quantitative estimates of
the evolution of dune fields. From a more theoretical point of view, this rescaling strategy also permits the
model to overcome the fundamental limitation related to the arbitrariness of the choice of the elementary
length scale inherent to a cellular automaton approach.

Figure 2b shows the initial condition for all simulations. It can be described as an elongated rectangular flume
of length L = 6000 l0, width W = 50 l0, and height H = 400 l0, covered by a thick layer of sedimentary
cells. We use periodic boundary conditions in horizontal directions. However, the relatively small width of the
cellular space limits the development of three-dimensional bed forms to concentrate only on the longitudinal
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interaction between adjacent dune patterns. More exactly, we investigate the influence of flow velocity using
five threshold shear stress values 𝜏1∕𝜏0 = {0, 5, 10, 15, 20}. For each of them, we also examine the influ-
ence of flow depth, F∕l0 = {60, 80, 100, 120, 140, 160}, by changing the thickness of the sedimentary layer.
Note that in all cases H∕F > 2.5, such that it is impossible for bed forms to reach the layer of neutral cells that
forms the nonerodible basement at the bottom of the cellular space (i.e., no change in sediment availabil-
ity). All these boundary and initial conditions ensure that dune patterns can evolve to steady states that do
not depend on sediment supply, another free parameter which could be independently explored [Eastwood
et al., 2011].

At any given time step in the model, we can save the topography built by the immobile sedimentary cells, the
flow field, and the state of the 3-D cellular space (i.e., state of all cells, position and orientation of the velocity
vector of fluid particles). In addition, we can record all the transitions of doublet and the corresponding phys-
ical mechanism (see Figure 1a) to track sedimentary cells or locally estimate sand flux [Zhang et al., 2014]. All
these sources of information are used to quantify dune morphodynamics in the model.

3. Development of Transverse Dunes

In their seminal paper, Coleman and Melville [1994] describe the evolution of subaqueous bed features follow-
ing their initial generation from a flat sand bed in a 12 m long flume. Here we follow the same presentation
to facilitate the comparison of these experimental results with our numerical data.

3.1. General Bed Form Development
Figure 3 shows space-time diagrams of the long-term development of bed forms for the same flow strength
but for two different flow depths. As the coarsening proceeds, the observed increase in contrast intensity
reflects the dune growth rate. Simultaneously, dune speed is decreasing and the slopes of the diagonal
stripe patterns increase. For shallow flow depth, bed forms rapidly reach a regular steady state with a
well-established amplitude and wavelength (Figures 3a and 3f).

For larger flow depth, the elevation profile is constantly changing through dune-dune interactions and the
formation of secondary bed forms on the stoss slopes of larger dunes (Figure 3b). These dynamical fea-
tures sustain the structural complexity of the dune field to finally give rise to an irregular steady state
(Figures 3c–3e). Except by chance, there is no selection of a dominant wavelength. Instead, there is a wide
range of bed forms spanning at least 2 orders of magnitude in wavelength (Figure 3g). If this observed range of
spectral properties is maintained by the systematic development of new generations of superimposed dunes
(Figure 3d), there is also an upper limit in dune size indicating the end of the growth phase (see section 4).

During the coarsening process, Figure 4 shows that both the amplitude and wavelength exhibit a power law
behavior with the same exponent of 1∕3 [Werner and Kocurek, 1999]. As this behavior is observed within the
ranges of parameter values studied, it seems to be controlled more by collision dynamics (i.e., dune-dune
interactions) rather than flow depth and strength. Nevertheless, flow depth and strength influence the steady
state of bed forms leading to different upper limits in dune height and spacing.

3.2. Mechanics of Bed Form Development
Dune pattern coarsening mainly results from dune collisions induced by heterogeneities in bed form migra-
tion rates. Individual dunes propagate with a speed which is inversely proportional to their height [Bagnold,
1941]. Smaller ones run into and coalesce with larger ones to increase their size. However, the dune velocity
is also directly proportional to the sand flux at the crest, which is a function of the speedup of the flow over
the local topography [Jackson and Hunt, 1975]. As a result, Zhang et al. [2010] have shown that there is not an
universal dune shape and that the dune aspect ratio may significantly change according to flow properties
(e.g., flow strength and top boundary conditions). In this case, the only way to compare the morphodynam-
ics of a population of dunes is to normalize their speed by the overall sand flux at their crest [see Zhang et al.,
2010, Figure 9]. Here we first check that all the primary and secondary dunes produced by the model respect
the same relationship. Then, putting aside the evaluation of dune speed, we focus on the various types of
interacting dune features that control the development of bed forms and their increase in size.

In order to locate local maxima and minima in a digital elevation map or in a space-time diagram, we calculate
the divergence of the normalized gradient

M = div

(
𝛁h‖𝛁h‖

)
. (3)
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Figure 3. Development of dune patterns. Space-time diagrams of the topography measured along a vertical cross section parallel to the flow for 𝜏1∕𝜏0 = 10 and
two different flow depths: (a) F∕l0 = 80 and (b) F∕l0 = 160. The dune height is the difference between the local elevation and the initial elevation of the flat bed.
Note the presence of faster superimposed dunes on the stoss slope of larger dunes in Figure 3b. (c) Two-dimensional dune elevation profile at t∕t0 = 8.3 × 105

for F∕l0 = 160 (Figure 3b). (d) Residual topography obtained by removal of the mean elevation averaged over a distance of 40 l0 (i.e., the most unstable
wavelength for the formation of dunes). (e) Three-dimensional dune elevation profile in the blue box of Figure 3c. (f ) Fast Fourier transform of the 2-D dune
elevation profile at t∕t0 = 8.5 × 105 for F∕l0 = 80 (Figure 3a). The vertical dashed line corresponds to the characteristic wavelength of 214 l0 of the periodic bed
forms. Due to the triangular shape of the train of transverse dunes, secondary peaks are odd harmonics of the characteristic wavelength. (g) Fast Fourier
transform of the 2-D dune elevation profile shown in Figure 3c. There is no characteristic wavelength, and the red line has a slope of −3∕2.

Figure 5a shows the M map for the highest flow depth (F∕l0 = 160) and maximum flow strength (𝜏1∕𝜏0 = 0)
among all the simulations. The color map is saturated to enhance the contrast and track the position of dune
crests (blue) and troughs (red). This representation allows to visualize collision dynamics from space-time
diagram trajectories (Figures 5b–5d). Despite the apparent complexity of bed forms, three major types of
interacting features are recognized [Endo et al., 2005; Vermeesch, 2011; Hugenholtz and Barchyn, 2012].

1. Collision and coalescence into a downstream dominant bed form. A dune collides and merges into a bigger
one downstream. As the upstream dune propagates, it may decrease in size and deposits its sediment on
the stoss side of the impacted dune. This is enhanced by the steepness of the longitudinal and transverse
slopes of the impacted dunes and by changes in bed shear stress on the secondary bed forms. Finally,
the smaller dune disappears and the dominant downstream bed feature has increased in size. As it pro-
ceeds, the impacting dune accelerates, its slip face disappears and, downstream, the next discontinuity in
topography is a crest that slows down (Figure 5b).

2. Collision and coalescence into an upstream dominant bed form. A smaller dune collides and grows at the
expense of the dune on which it propagates. As the upstream impacting dune approaches the summit, it
becomes higher than the impacted dune, which in turn propagates more rapidly. Then, both dunes start to
separate again. However, the downstream dune is now in the recirculation zone of the dominant upstream
bed feature. The magnitude of the basal shear stress on its stoss slope is significantly smaller than when

GAO ET AL. DEVELOPMENT OF TRANSVERSE DUNES 2206



Journal of Geophysical Research: Earth Surface 10.1002/2015JF003549

Figure 4. Evolution of the (a) amplitude and (b) wavelength of the bed elevation profile with respect to time. The
autocorrelation function, C(𝜆, l, t) = ⟨h(𝜆, x, t)h(𝜆, x + l, t)⟩ − ⟨h(𝜆, x, t)⟩2, gives the amplitude A(𝜆, t) = 2

√
2C(𝜆, 0, t) and

the wavelength (the position of the first peak). In both cases, the dashed line corresponds to a power law increase with
an exponent of 1∕3. Due to the finite length of the cellular space, an error in wavelength of ±25 l0 should be considered
for the largest dunes over long times.

it was directly exposed to the flow. Consequently, the downstream dune flattens. All the sediment that
reaches its crest is trapped in an avalanche face, which has become abnormally high in comparison with an
upstream stoss slope that continues to propagate. As a result, the impacted dune progressively disappears
within its own slip face, which ultimately merges with the avalanche face of the decelerating impacting
dune (Figure 5c).

3. Collision and ejection with no dominant bed form. A dune collides and exchanges mass with a bigger one
downstream, which eventually becomes smaller and detaches. This mass exchange mechanism is repeated
downstream, and the corresponding defects propagate at the speed of the ejected dunes. It gives rise to a

Figure 5. Classification of dune interactions during the coarsening phase. (a) Space-time diagram of crests (blue) and valleys (red) for 𝜏1∕𝜏0 = 0 and F∕l0 = 160
(the M map; see equation (3)). Note the development of superimposed bed forms on the stoss slope of larger dunes for t∕t0 > 3 × 105. Schematic diagrams for
three types of dune-dune interaction: (b) collision and coalescence into a downstream dominant bed form, (c) collision and coalescence into an upstream
dominant bed form, and (d) collision and ejection with no dominant bed form (i.e., throughpassing dunes). The upstream and downstream dunes are shown in
dark and light gray, respectively. Blue and red lines show the corresponding dynamics of crests and valleys, respectively. Different types of interacting features
are marked in Figure 5a with the corresponding letters.
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Figure 6. Sedimentary structures and mobilization depth during the development of bed forms. (a, b) Deposition time
of sedimentary cells along vertical cross sections parallel to the flow direction for 𝜏1∕𝜏0 = 10, F∕l0 = 60 at
t∕t0 = 6.4 × 105. Black cells have never been mobilized. (c) Space-time diagram of the mobilization depth for the same
simulation. Measured from the initial flat bed surface at t = 0, this depth is locally defined as the maximum depth at
which sediment transport has occurred. (d) Evolution of the amplitude of bed forms with respect to time. The two
dashed lines in Figures 6c and 6d isolate the same time period. Note that the increase in dune size is synchronous with a
deeper mobilization depth.

so-called throughpassing dune. Basically, the initial phase of the collision is the same as for the coalescence
into an upstream dominant bed features (see point 2 above). However, when the upstream dune becomes
higher, the bed shear stress in the trough and the stoss slope of the downstream dune remain sufficiently
high to sustain erosion. Thus, there is no flattening, and the smaller ejected dune can quickly escape away
from the recirculation zone of the impacting dune. As they collide with the next bed features downstream,
throughpassing dunes produce distinctive diagonal strips cutting through space-time diagrams of dune
elevation (Figure 5d).

During the development of bed forms, all dune interactions may be classified into these three types of
collisions. However, higher levels of complexity may be reached when different types of collisions occur simul-
taneously on adjacent dunes or on both sides of the same dunes. In addition, as a consequence of changes
in dune velocity, an individual collision is likely to produce a cascade of events. This is typically the case for
throughpassing dunes but also very common for coalescence in upstream dominant bed forms.

A major innovation of our 3-D dune model is that it allows for identification and visualization of sedimentary
structures at different stages of the evolution of dune fields. Then, sedimentary structures associated with
pattern coarsening can be numerically investigated and compared to recognized styles of stratigraphy
[Kocurek, 1991]. In all simulations, coalescence in upstream dominant bed forms is more frequent than coa-
lescence in downstream dominant bed forms. As a result, sedimentary records of dune fields during the
coarsening phase exhibit horizontal stratifications in addition to the classical strata associated with the angle
of repose (Figures 6a and 6b). As the sediment is deposited by the impacted dune and recovered during the
passage of the impacting dune, the horizontal strata are preserved until the passage of a dune trough with a
similar size. Where there is a cascade of merging events, this type of sedimentary structures may persist. Inter-
estingly, these bounding surfaces resemble the sedimentary structures produced by climbing dunes in zones
where net deposition is occurring [Rubin and Hunter, 1982]. This is not the case in our simulations in which the
total amount of sediment is constant. Then, we show that cross-stratified beds may be transient sedimentary
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Figure 7. Evolution of topography and bed shear stress during the development of bed forms. (a) Portion of the
space-time diagram shown in Figure 3b with a dune topography shifted according to the average dune speed in section
B. White dashed lines limit section A, a portion of the space-time diagram where a cascade of merging events occurs.
(b) Space-time diagram of the bed shear stress. Note the presence of flow recirculation on the lee sides of dunes
(i.e., 𝜏s < 0). (c) Evolution of H10 and H90, the 10th and the 90th percentiles of the height distribution in section A.
(d) The same in section B. (e) Evolution of 𝜏10, the 10th percentile of the bed shear stress distribution in section A. (f ) The
same in section B. The black lines in Figures 7a and 7d limit the same time period. 𝜏1 is the threshold basal shear stress
for motion inception (equation (2)). Note that the cascade of merging events is triggered for 𝜏10 >𝜏1. For smaller 𝜏10
value, no merging events are observed.

features during dune pattern coarsening. Obviously, in this case, they are only preserved during a local

increase in dune size.

Starting from small-amplitude bed forms and given our specific boundary conditions (i.e., no supply of sand

from upwind), the average dune size in the model can only increase by mobilizing sediment resources at
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Figure 8. Characterization of the steady state transverse dune fields with respect to flow depth
(F∕l0 = {60, 80, 100, 120, 140, 160}) and flow strength (negatively correlated to 𝜏1∕𝜏0 = {0, 5, 10, 15, 20}, the
threshold shear stress for motion inception). Within this parameter space, three different classes of steady state dune
fields are observed: periodic giant dunes, nonperiodic giant dunes, and nongiant dunes. The characteristic dimension of
nongiant dunes is controlled by flow strength rather than by flow depth. Periodic giant dunes form a train of similar bed
forms with constant crest-to-crest distance, height, and speed (see Figure 3a). Nonperiodic giant dunes are
systematically destabilized by superimposed bed forms and show no periodicity despite a maximum dune size related
to flow depth (see Figures 3b–3e). As shown in Figures 3f and 3g, fast Fourier transforms are used to distinguish
between periodic and nonperiodic bed forms.

deeper depth (Figures 6c and 6d). Thus, the apparent scouring of the interdune area is a necessary condition
for an increase in amplitude of regular transverse dunes. If such a scouring process is enhanced by cascades
of merging events upstream and the corresponding decrease of dune velocity, the bed shear stress in the
troughs must also be sufficiently high to sustain erosion. Figure 7 shows that collision and merging are likely
to be controlled by the magnitude of the bed shear stress in the interdune area. Indeed, a cascade of merging
events is triggered in section A (Figures 7a–7c and 7e) where the bed shear stress in the trough is significantly
higher than its threshold for motion inception (i.e., the 𝜏1 value in equation (2)). In section B (Figures 7a, 7b,
7d, and 7f), where the bed shear stress in the trough is already lower than this threshold value, there is no
significant change in dune morphology and dynamics. Ultimately, the bed shear stress in the troughs reaches
everywhere the same stationary value (𝜏s < 𝜏1), which corresponds to an equilibrium state for the steady
propagation of a train of dunes. This marks the end of the coarsening phase.

4. Effect of Flow Depth and Flow Strength on the Steady State of Transverse Dunes

In all the simulations, dune pattern coarsening stops after some time and the dune fields always reach a steady
state. This steady state can be investigated independently of cumulative transport to estimate the charac-
teristic amplitude and wavelength of transverse dune fields. Within the parameter space of this numerical
experiment, three classes of steady state transverse dune fields are observed:

1. For high flow speeds (i.e., small 𝜏1 values) and low flow depths, dunes with similar height and shape prop-
agate at a constant speed. They are defined as periodic giant dunes because their size and wavelength are
increasing with flow depth (red squares in Figure 8).

2. At high flow depth and high flow speed, secondary bed forms initiate and develop by merging on the stoss
slope of primary dune features. When these primary dunes increase in size (i.e., larger flow depth), incipient
dunes can also grow to a larger size by the time they reach the brink of their host dunes. Then, as they
approach the dune summit, secondary dunes may become the dominant bed form and eject a smaller
dune downstream. Such a mechanism of upstream dominant superimposed bed form is an important dune
height saturation mechanism, which does not require collision. However, ejected dunes may also in turn
affect the stability of the downstream train of dunes (i.e., see throughpassing bed forms in section 3.2 and
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Figure 9. Amplitude, wavelength, and aspect ratio of steady state transverse dune fields with respect to flow depth and
strength. (a) Mean crest-to-crest distance with respect to flow depth. The dashed line shows a linear fit to the data.
(b) Mean dune height with respect to flow depth. Dashed lines show the linear fits for 𝜏1∕𝜏0 = 0 and 𝜏1∕𝜏0 = 20.
(c) Dune aspect ratio with respect to the saturated flux over a flat sand bed. To estimate this flux, we use the analytical
expression suggested by Gao et al. [2014]: Qsat = (Λt∕Λd) ∫

∞
0 f (𝜏s)Λe(𝜏s)d𝜏s , where f (𝜏s) is the distribution of the bed

shear stress over a flat sand bed. Dashed line shows a linear fit to the data.

Figure 5). Thus, at high flow depth and high flow strength, crest-to-crest distances and dune heights are
permanently changing over time and space. Nevertheless, the mean amplitude and wavelength still have
upper limits that are an increasing function of flow depth. Then, this quasi-stationary steady state is defined
as nonperiodic giant dunes (blue squares in Figure 8).

3. At lower flow strength (i.e., higher 𝜏1 values), another transition occurs for an increasing flow depth. In
this case, the saturation mechanism does not result from the top boundary conditions but is related to
the threshold shear stress for motion inception. Indeed, dune growth is limited by the magnitude of the
bed shear stress in the interdune areas (Figure 7). As a result, flow strength controls both the height and
the wavelength of the regular dune pattern. These dunes are defined as nongiant dunes (green squares in
Figure 8).

The selected wavelength of the steady state giant dune fields is directly related to flow depth (Figure 9a) and
shows no dependence on flow strength. On the opposite, as discussed above, dune height depends on both
flow depth and strength (Figure 9b). Finally, the dune aspect ratio seems linearly related to the amplitude
of the saturated sand flux (Figure 9c). Such a dependence indicates that the transverse dune shape is not
constant and adapts to flow strength. As for barchan dunes in the model [Zhang et al., 2010] and in laboratory
experiments [Groh et al., 2008], the aspect ratio of transverse dunes increases with flow strength. This is a
combination of two factors: higher shear stress can sustain steeper slopes and dunes flatten if, in their lower
parts, the bed shear stress is below its threshold value for motion inception.

To investigate the response of steady state transverse dune fields to changes in flow conditions, Figure 10
shows how the amplitude, the wavelength, and the bed shear stress in the dune trough areas adapt to a
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Figure 10. Response of a steady state dune field to a transient change
in flow speed keeping a constant flow depth F∕l0 = 60: (a) wavelength,
(b) amplitude, and (c) difference between the basal shear stress in
troughs (𝜏10, see Figure 7) and the threshold for motion inception
(𝜏1; see equation (2)). 𝜏1∕𝜏0 = 0, except when 2 × 105 < t∕t0 < 3 × 105

where 𝜏1∕𝜏0 = 20. For visibility, note that the dependency of the t0
value on the 𝜏1 values is not taken into account (see Narteau et al.
[2009] and Zhang et al. [2014, Table 2]). Basically, it would have
expanded the timescale when 2 × 105 < t∕t0 < 3 × 105.

transient decrease in flow speed. By keep-
ing the same flow depth, the charac-
teristic wavelength is not affected by
the changes in flow speed (Figure 10a).
Following the abrupt reduction in flow
speed, the bed shear stress in dune
trough areas falls under the threshold
for motion inception (Figure 10c at t∕t0 =
2 × 105), dunes flatten, dune height is
decreasing (Figure 10b), and the entire
dune field reaches a new steady state with
a smaller dune aspect ratio. When the
flow speed is reset to the original value
(Figure 10c at t∕t0 = 3 × 105), the dune
field returns to its previous steady state
through the erosion of the troughs where
the bed shear stress reaches values larger
than the threshold for motion inception.
This simulation is a first step in the pro-
cess of understanding the effect of nat-
ural wind regimes on steady state trans-
verse dune fields, a subject which is not in
the scope of the present study.

5. Discussion

In this numerical investigation, we use a
cellular automaton approach devoted to
the modeling of dunes shaped by bed
load transport processes. As it neglects
the influence of suspension on the over-
all transport, this model can only explore

a limited range of flow speeds for which the bed load is the dominant transport mode. Thus, we study the
limit of low flow velocities, a limit relevant for most aeolian dune fields. For subaqueous dunes, all the results
may be valid only for systems in which a significant fraction of sediment moving over the crests is trapped in
the lee faces [Mohrig and Smith, 1996].

The aim of this study is to explore the dynamics of pattern coarsening and the steady states of transverse dune
fields in depth-limited flow. Despite the fact that a capping layer has yet to be demonstrated conclusively
in aeolian environments, we now use examples from terrestrial sand seas to translate the numerical results
to field observations (Figures 11–13). Ultimately, the aeolian case is not the sole focus, and keeping in mind
that our model may be rescaled to various physical environments [Narteau et al., 2009], we consider that our
numerical results could also be exploited to characterize subaqueous dunes as well as bed forms on other
planetary bodies (e.g., Mars and Titan).

5.1. Dune Pattern Coarsening
We simulate transverse dune fields in narrow flumes to concentrate on 2-D dune-dune interactions during
the development of bed forms. The three observed types of dune interacting features are the same as those
determined experimentally by Coleman and Melville [1996]. As in their subaqueous experiments, most of the
merging events are driven by the growth of a (smaller) bed form that collides and absorbs all the sedimentary
material of the next (larger) downstream dune. In comparison, there are few merging events during which the
slip face of the impacting dune slowly vanishes as it propagates on the stoss slope of the larger dune. This dif-
ference in proportion is even more marked when the dune size is increasing. It may be different for crescentic
barchan dunes for which the same types of collision and coalescence dynamics have been observed [Hersen
and Douady, 2005; Katsuki et al., 2005; Vermeesch, 2011; Hugenholtz and Barchyn, 2012; Bo and Zheng, 2013;
Génois et al., 2013]. Indeed, the lateral slope of these isolated dunes may significantly increase the transverse
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Figure 11. Collision and coalescence into upwind dominant bed forms at two different length scales: (a) Transverse
dune field in the Atlantic Sahara desert (Morocco, 28∘03′S, 12∘13′E). (b and c) The area in the blue box is enlarged for
two different times. From Figures 11b to 11c dunes 1 and 2 merge into one dune 1 + 2; dunes 4 and 5 merge into one
dune 4 + 5; and dunes 3 and 6 migrate downwind and become dunes 3’ and 6’, respectively. Downwind dunes slowly
disappear in their own slip faces as they are recovered by the upwind dunes. (d) Transverse dune field in the East
Taklamakan desert (China, 39∘24′N, 87∘21′E). (e) The area in the red box is enlarged. The arrow shows a transect aligned
with the resultant sand transport direction. (f ) Topographic profile (Shuttle Radar Topography Mission (SRTM) data with
a spatial resolution of 90 m) along this transect line. Red dots show the summit of the upwind dominant bed forms. Blue
dots show the summit of the downwind bed forms. They are slowly disappearing in their own slip faces which are
abnormally high with respect to their stoss slopes. In Figures 11a and 11d, insets show the local sand flux rose.

component of transport [Zhang et al., 2014] and promotes the slow disappearance of the impacting dune.
These lateral fluxes are likely to be much smaller on transverse dunes, and our results indicate that impacting
dunes may be resilient to an increase in slope of the longitudinal topographic profiles.

Our classification of 2-D interacting features provides an elementary level of description, which can be used
to decompose and analyze the complex dynamics of 3-D bed forms. In particular, this classification can help
in understanding how defects and terminations contribute to dune pattern coarsening. For example, Werner
and Kocurek [1999] propose an analytical model of dune growth in which they introduce a parameter to char-
acterize the crest line loss during the passage of defects through bed forms. Thus, they consider that collision
and coalescence occur at the defect tip while collision and ejection occur where the defect is higher [see
Werner and Kocurek, 1999, Figure 2a]. The sediment being redistributed in the impacted dune, crest line loss
is systematically associated with an increase in wavelength. Then, finding the limit in dune height and flow
strength for which collisions operate transitions from coalescence to ejection [Nishimori et al., 1998], our clas-
sification could be extended to 3-D interacting features to quantify crest line loss in dune fields. In contrast to
the model of Werner and Kocurek [1999], our simulations have also shown that even in 2-D, the steady state of
dune fields may depend on the continuous generation of smaller structures (i.e., defects).

Collision and coalescence into upwind dominant bed forms can be recognized in the field where there is a
succession of stoss slopes and slip faces downstream of the summit of the primary dune features. Figure 11
shows examples of coalescence into upwind dominant bed forms at two different length scales. In both cases,
the slip faces of the downwind bed forms are abnormally high with respect to their stoss slopes. Within the
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Figure 12. Dune pattern coarsening in the Registan desert
(Afghanistan, 30∘41′N, 65∘40′E). (a) Topographic map of the Registan
desert using SRTM digital elevation data with a spatial resolution of
90 m. The sand source is the Helmand river located 50 km to the west
of the western boundary of the map. (b) Amplitude and wavelength as
a function of the distance along the transect shown in Figure 12a.

shadow zone of the dominant upstream
bed form, these stoss slopes systemat-
ically flatten as their sediment is con-
tinuously redistributed within their own
slip faces. Recovered by upstream dunes
which evolve in a similar way, it pro-
duces a hierarchy of bounding surfaces
shown in Figure 6. Thus, we propose
that dune pattern coarsening alone may
be responsible for the development of
a recognized style of stratigraphy [Rubin
and Hunter, 1982; Kocurek, 1991]: dip-
ping at the angle of repose, first-order
bounding surfaces are associated with
the propagation of individual transverse
bed forms through a process that involves
reworking their own sediment; almost
horizontal, second-order bounding sur-
faces are associated with collisions and
show how upstream dunes continuously
absorb the material of the impacted
dunes on the top of which they are climb-
ing. These second-order bounding sur-
faces give the height and the time at

which the upstream bed form became the dominant one. On the other hand, coalescence in downstream
dominant bed forms leaves no trace in the sedimentary records as it occurs on the stoss slope of the impacted
dune, which is systematically remobilized by the wind.

Modern dune fields are likely the result of a long-term evolutionary process, such that individual dunes
may have already reached their giant size in most terrestrial deserts. In addition, the development of these
dune fields depends strongly on boundary conditions such as wind regime and sediment supply [Ewing and
Kocurek, 2010; Eastwood et al., 2011]. For this reason, the coarsening phase is difficult to observe with respect to
time in a natural aeolian environment without a dedicated experimental setup [Ping et al., 2014]. Alternatively,
the development of transverse dunes may be observed in space when they grow in height and propagate
from a localized source of sediment subjected to unidirectional winds [Kocurek and Ewing, 2005; Ewing et al.,
2006]. However, even in this case, an excessive input sediment flux may generate a major transverse dune
upwind, which could affect the morphodynamics of the dune fields downwind [Jerolmack et al., 2012]. A rare
example of the development of aeolian transverse dune fields without the side effects of the boundary con-
ditions may be found in the Registan desert in Afghanistan (Figure 12). In this arid desert subjected to west
winds (Figure 1f ), despite the complexity of the superimposed bed forms, the large-scale transverse dune
pattern exhibits a constant linear increase in wavelength and amplitude over more than 60 km [Ewing and
Kocurek, 2010]. Then, it stabilizes to its giant dimensions before being stopped by the central Brahui moun-
tain range. These linear increases of both the crest-to-crest spacing and dune height with respect to distance
are in good agreement with the result presented in Figure 4. Indeed, the downwind distance may be con-
verted to time using a distance-time relation that takes into account that the dune speed scales as the inverse
of dune height [Bagnold, 1941]. Unfortunately, the precision of the digital elevation model and the range of
length scale studied do not allow us to distinguish between scaling exponent of 1/2 or 1/3.

5.2. Steady State Transverse Dune Fields
We propose two mechanisms for the interruption of pattern coarsening in transverse dune fields. The first is
directly related to the confinement of the flow and leads to the concept of giant dunes, i.e., a characteristic
wavelength that scales with the depth of the flow [Elbelrhiti, 2005; Valance, 2011]. The other one, which has
received less attention, is related to the strength of the flow. We show that there is an upper limit in dune
size above which a given flow condition is not able to sustain erosion in dune troughs. This is directly asso-
ciated with the threshold shear stress for bed load transport. Then, we infer that when the stationary dune
size is independent of flow depth, the mean basal shear stress in the interdune areas is likely to be close to its
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Figure 13. Aspect ratio of transverse dune fields in arid
desert on Earth. Amplitude and wavelength are
estimated from SRTM data with a spatial resolution of
90 m. The letter refers to labels in Figure 1. See
Appendix B for the estimation of the RDP value. The
dashed line is the best linear fit.

threshold value for motion inception. Hence, under
constant flow conditions, dunes should increase in size
with decreasing grain size. Such a relation may be dif-
ficult to test in the field because of fluctuating flow
conditions and the timescale involved in the devel-
opment of bed forms, especially in aeolian settings
[Pelletier and Jerolmack, 2014]. However, following the
precursory works of Fredsoe [1982] and van Rijn [1982],
new sets of laboratory experiments exploring differ-
ent grain sizes and low ranges of flow strength should
be able to reproduce such relationships between dune
dimension, grain size, and the threshold shear stress
value for bed load transport.

When the characteristic length scale of transverse
dune fields is controlled by flow depth, we show that
the periodicity of giant dunes is affected by the growth
of secondary bed forms. Following the linear dune
instability on the stoss slopes of large dunes, the coars-
ening dynamics of superimposed bed forms is the
same as for the primary dune features (see section 3.2).

Ultimately, as they approach the main ridge of the host dunes, primary and secondary dunes may have the
same height and they can directly interact with each other. Then, the underlying host dunes may be desta-
bilized by incipient dunes, especially in the limit of high flow depth (i.e., larger dunes). As during collisions
(see section 3.2 and Vermeesch [2011, Figure 1] for an example in nature), the newly formed dune may eject
downstream what was the dominant bed form before. These ejections will affect the entire train of dunes and
may be responsible for the break in periodicity. Alternatively, this systematic formation of secondary dune
features may also be described as a continuous source of calving, which increases the defect density in trans-
verse dune fields. For barchan dune fields, it also indicates that calving may also occur in the central part of the
dune and not only along horns [Elbelrhiti, 2005; Zhang et al., 2010; Worman et al., 2013]. Then, without calling
for collisions, it could explain the ejection of smaller dunes in this central area of giant barchan dunes.

In the limit of high flow strength, when the increase in dune size is interrupted by the depth of the flow, we
show that the morphology of giant dune fields results from a dynamic equilibrium between dune steepness
and bed shear stress. In fact, with no change in sand availability, the dune aspect ratio is the only adjustable
quantity for the stability of transverse dune fields. As observed by Raudkivi [1976], Yalin [1977], and Groh et al.
[2008] for small bed shear stress (i.e., no suspension), we find that there is an increasing dune aspect ratio for
an increasing flow strength: higher flow conditions can sustain transport on steeper slopes and maintain a
strong aspect ratio, which is in turn responsible for an increase of the acceleration of the flow over the dune
stoss slopes.

The dependence of the wavelength of aeolian giant dunes on flow depth has been proposed and quantified
by Andreotti et al. [2009]. The presence of such a capping layer deserves to be examined more carefully, but
our study is not a test of its existence; it is rather an exploration of the outcomes of capping flow on bed
form morphology. Under such boundary condition, our numerical simulations show that the characteristic
wavelength of giant transverse dune fields scales as the depth of the flow (Figure 9). Using an independent
set of data from the ERA-Interim project, the latest global atmospheric reanalysis produced by the European
Centre for Medium-Range Weather Forecasts [Simmons et al., 2007; Dee et al., 2011], we have been able to
reproduce the same observations (see Appendix A). In addition, we can complete this work by analyzing the
relation between the dune aspect ratio and the strength of the flow using more than 30 years of wind data
(see Appendix B) and the digital elevation model of the various dune fields shown in Figure 1. Figure 13 shows
that as predicted by our model, there is a linear relation between the RDP value and the dune aspect ratio.
Hence, the morphology of the dune (i.e., wavelength and amplitude) could be used to infer not only the
depth of the flow but also the mean flow strength in regions where it cannot be directly measured. Dealing
with such an inverse problem in the future, difficulties will arise from the variability in wind strength and the
long-term history of the climatic conditions that may have contributed to the shape of the largest dunes.
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Table 1. Morphological Properties of Transverse Dune Fields Shown in Figure 1 (Wavelength 𝜆 and Amplitude A) and
Local Flow Properties Derived From the ERA-Interim Data (Resultant Drift Potential RDP, Height of the Atmospheric
Boundary Layer H)a

Dune Fields 𝜆 (km) A (m) RDP (m2/yr) H∗ (km) H (km) Tdune (year)

(a) 0.7 34 66.7 0.5 0.6 17.3

(b) 0.4 17 55.1 − 0.8 5.2

(c) 0.5 12 14.1 0.7 0.7 10.2

(d) 3.2 76 8.4 3.1 3.6 687.6

(e) 3.0 100 33.9 3.4 4.0 295.0

(f ) 2.2 70 7.4 2.3 3.1 662.2
aH∗ is the depth of the atmospheric boundary layer measured by Andreotti et al. [2009]. For comparison with the

duration of 33 years of the ERA-Interim data, Tdune =A2∕RDP is the characteristic renewal time of the transverse
dune fields.

The same caveats and limitations apply to the data shown in Figure 13, especially for the largest dunes which
have a characteristic renewal time longer than the duration of the wind data (see Table 1 and Figure 1).

6. Conclusion

Using a numerical model for the formation and the development of bed forms, we provide a physical classi-
fication of the different types of dune-dune interactions that govern pattern coarsening in transverse dune
fields. Thus, we are able to establish relationships between surface morphology and the preserved sedimen-
tary structures at depth. This aspect of the problem has yet to be worked out, but it is already evident that
merging in upstream dominant bed forms needs more attention in the future. Concerning the steady state of
transverse dune fields, we show that both the depth and the strength of the flow have an effect on the final
dune shape by interrupting the coarsening phase. When the strength of the flow is the limiting factor, trans-
verse dune fields should not be considered as giant dunes. In all cases, we also find that the dune aspect ratio
could be positively correlated to the strength of the flow. We infer that dune steepness can then be used to
estimate flow conditions in various environments.

Appendix A: Depth of the Atmospheric Boundary Layer

The depth H of the atmospheric boundary layer (ABL) is highly variable in time, strongly influenced by seasonal
and daily cycles of surface heating and cooling. Here using the ERA-Interim project for over a time period ΔT
of 34 years, from 1 January 1979 to 31 December 2012 with a time resolutionΔt = 6 h, we estimate this depth
following the procedure proposed by Andreotti et al. [2009].

From the 10 m temperature T and surface pressure P, we compute the virtual potential temperature

Θ = Tv

(
P0

P

)R∕Cp

, (A1)

where P0 = 105 Pa is a reference pressure, R = 8.31 J/K the perfect gas constant, Cp = 29.19 J/K the air molar
heat capacity, and Tv the virtual temperature. According to Bailey [2000], the Tv value is defined as

T
Tv

= 1 −
(

1 −
Mw

Md

)
es

P
, (A2)

where es is the saturated vapor pressure [Goff , 1957] and Mw = 0.018 kg/Mol and Md = 0.029 kg/Mol are the
molecular masses of water and dry air, respectively.

The potential temperature Θ serves as a stability criterion for an atmosphere which has a uniform moisture
content. Θ is supposed to be constant in the ABL and to increase above in the free atmosphere, which pre-
serves a steady linear profile of slope 𝛾 ≈ 4 K/km. Then, using the amplitude 𝛿𝜃 of the annual variation of
the temperature, the depth H of the atmospheric boundary layer may be defined as 𝛿𝜃∕𝛾 . This is obviously
a rough estimate, and relative variations are more important than the absolute values. For all the dune fields
shown in Figure 1, Table 1 shows that the H values estimated from the ERA-Interim data agree with the
values calculated by Andreotti et al. [2009]. See Garratt [1994] for other methods of estimation of the depth of
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the atmospheric boundary layer and Seidel et al. [2010] for a sensitivity analysis; magnitudes of uncertainties
associated with methodological choices are several hundred meters.

Appendix B: Sand Flux Estimation

The wind regimes are characterized by the averaged sand flux roses using the 10 m wind data of the
ERA-Interim project presented in Appendix A. The shear velocity can be defined as

u∗ =
u𝜅

log(z∕z0)
, (B1)

where u is the wind speed at a height of 10 m, z0 the surface roughness length, and𝜅 the von Kármán constant.
Here we take z0 = 10−3 m and 𝜅 = 0.4. The threshold shear velocity value for motion inception can be
determined using the formula calibrated by Iversen and Rasmussen [1999],

u*c = 0.1
√

𝜌s

𝜌f
gd, (B2)

where g = 9.81 m/s−2 is the gravitational acceleration, 𝜌s∕𝜌f the grain to fluid density ratio, and d the grain
diameter. Here we take 𝜌s = 2.65 × 103 kg/m3 and 𝜌f = 1.27 kg/m3. The saturated sand flux on a flat erodible
bed can be determined using a relationship proposed by Ungar and Haff [1987]:

Q(u∗) = 25(𝜌f∕𝜌s)
√

d∕g(u2
∗ − u2

∗c). (B3)

To calculate the RDP/DP value, we take

DP =
∑‖−−−−→Q(u∗)‖Δt∕ΔT (B4)

and
RDP = ‖‖‖∑Δt

−−−−→
Q(u∗)

‖‖‖ ∕ΔT . (B5)

Table 1 shows the RDP values for the dune fields shown in Figure 1.
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