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Abstract Unlike ripples, there are only few numerical studies on grain size segregation at the scale
of dunes in aeolian environments. Here we use a cellular automaton model to analyze vertical sorting in
granular mixtures under steady unidirectional flow conditions. We investigate the feedbacks between dune
growth and the segregation mechanisms by varying the size of coarse grains and their proportion within the
bed. We systematically observe the development of a horizontal layer of coarse grains at the top of which
sorted bed forms may grow by amalgamation. The formation of such an armor layer controls the overall
sediment transport and availability. The emergence of dunes and the transition from barchan to transverse
dune fields depend only on the grain size distribution of the initial sediment layer. As confirmed by
observation, this result indicates that armor layers should be present in most arid deserts, where they
are likely to control dune morphodynamics.

1. Introduction

Sediment availability controls bed forms, especially in aeolian settings where wind directional variability
must also be considered as a primary factor for dune shape [Wasson and Hyde, 1983; Courrech du Pont et al.,
2014]. However, sediment availability remains poorly defined and somewhat controversial in most natural
environments. This is mainly due to the wide range of grain sizes, which introduces different levels of complex-
ity in the sediment transport process [Lancaster, 1986; Dong et al., 2008; Frey and Church, 2009]. In this case,
the development of coarse-grained surfaces by selective transport is a particularly important issue, which has
been widely examined in various subaqueous systems [Parker and Klingeman, 1982; Dietrich et al., 1989; Blom
et al., 2003; Murray and Thieler, 2004; Coco et al., 2007a] but never addressed as a formative process in arid sand
seas. Here we study the development of dunes in granular mixtures incorporating two grain size populations
in a cellular automaton dune model. We work at the intermediate length scale of the sand flux saturation
[Andreotti et al., 2010], at which we aggregate the effects of the smaller-scale processes on transport (i.e., indi-
vidual grain motions and saltation). Thus, we can study larger systems and concentrate on the interactions
between dune morphodynamics (Figure 1) and the mechanisms of size segregation (selective transport and
avalanching).

When avalanching takes place in granular mixtures, vertical grain size sorting occurs systematically by
kinematic sieving: smaller grains tend to penetrate and migrate downward, while larger ones tend to rise to
the top. Entirely controlled by the contact dynamics and solid friction at grain-grain interfaces [Staron and
Phillips, 2014], this interparticle percolation creates a layer of fine material on the top of which larger grains
can roll more easily without being captured. As a consequence, coarse grains propagate over longer distances
to form their own deposits at the base of sand piles. Ultimately, the repetition of individual avalanches can
also produce stratified layers of coarse and fine sediment [Makse et al., 1997; Cizeau et al., 1999].

In the presence of shear flow, another major source of size segregation is associated with the entrainment
of grains by fluid drag and lift forces. These forces have to balance gravity in order to set grains into motion.
Hence, there is a threshold shear stress for motion inception, which may change not only with respect to
grain size but also according to the configuration of the bed [Houssais and Lajeunesse, 2012]. For example, the
concept of equal mobility suggests that the bed surface texture evolves to a state in which all grains, whatever
their size, have the same threshold entrainment stress [Parker and Klingeman, 1982]. However, larger grains
are intrinsically less likely to be entrained by the flow than smaller ones. Considering fractional transport rates,
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Figure 1. Dunes, armoring, and vertical sorting in the Kumtagh Desert (China, 40∘36′ N, 92∘57′E). (a) Barchan dune field.
(b) The armor layer composed of coarse grains. (c) Surface and subsurface sediment layers. (d) View of the barchan dune
field from a dune crest. (e) Grain size distribution 10 cm below the surface layer. Coarse clasts larger than 8 mm (𝜙 <−3)
have not been weighted. (f ) The original alluvial deposits where the grain size has been measured. Positions where
Figures 1b–1d have been taken are reported in Figure 1a. The barchan dunes and the subsurface layer are essentially
composed of fine material. The pavement protects the subsurface sediment layer from wind erosion. Coarse grains are
darker because they contain less quartz and more andesite and dacite than finer grains [Dong et al., 2008]. Below the
surface layer, the well-mixed sediment layer exhibits a bimodal grain size distribution with two peaks at 180 μm and
3.6 mm. The fine end-member of the subsurface has the same size distribution as the dunes.

smaller grains contribute more to transport than coarser ones [Wilcock and Southard, 1989], such that the
winnowing of fine particles may locally affect the grain size distribution (Figure 1b). Where the proportion
of coarse grains increases, it may generate an armor layer wherein larger particles may become essentially
immobile (Figure 1c). Such a formation of a pavement by selective transport stabilizes the bed and limits the
vertical exchanges of material [Dietrich et al., 1989]. In addition, it offers a rougher surface on the top of which
patches of fine grains may appear, propagate, and grow in size by amalgamation (Figures 1a and 1d).

As soon as dunes develop, changes in topography locally modify the bed shear stress and sediment trans-
port rates. Steeper slopes result in gravity-driven granular flows, which may in turn amplify vertical grain size
sorting. Furthermore, migrating dunes have an impact on sand availability as they control the exposure of
the underlying sediment layer to the flow (Figures 1a and 1d). These feedbacks between the topography and
the variation of the bed composition over depth involve a variety of interactions which remain difficult to
incorporate into continuous sediment transport models [Parker et al., 2000]. Then, a large number of studies
have examined sediment sorting in rivers, the inner continental shelf and aeolian ripples through field
observations, laboratory experiments, and numerical methods [Anderson and Bunas, 1993; Wilcock, 2001; Blom
et al., 2003; Murray and Thieler, 2004; Blom et al., 2008]. In comparison, there are only a few, limited studies
on the development of aeolian dune patterns from granular mixtures [Thomas, 2011]. Our study contributes
to this effort by investigating quantitatively how sand availability and dune shape may be related to the
original composition of the bed. Simultaneously, we try to give a comprehensive understanding of vertical
size segregation during dune growth.
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Figure 2. Two grain sizes in the real-space cellular automaton dune model. (a) Sedimentary states are decomposed
into substates according to grain size. (b) Normalized saturated flux Qsat∕Q0

sat versus grain size and wind speed using
Equations (4) to (6) with a parameterization for aeolian dunes on Earth (see Table S1 in the supporting information).
The white dashed line shows the wind speed used in the numerical simulations. (c) Normalized saturated flux Qsat∕Q0

sat
in the model with respect to the threshold shear stress 𝜏1. Using Figures 2b and 2c, one can determine the 𝜏1 value in
the model for any grain size and wind speed in nature. Similarly, as shown in the example, the coarse grain diameter
Dc may be derived from wind speed, a fine grain diameter Df , and a finite saturated sand flux ratio Qc

sat∕Qf
sat (i.e.,

Qf
sat >Qc

sat > 0).

2. Two Grain Sizes in a Real-Space Cellular Automaton Dune Model

The real-space cellular automaton dune model combines a cellular automaton for sediment transport with
a lattice-gas cellular automaton for high Reynolds-flow simulation [Narteau et al., 2009; Rozier and Narteau,
2014]. In the model of sediment transport, individual physical processes are associated with different sets of
transitions between nearest-neighbor cells at the elementary length scale l0 of a cubic lattice. A cell is defined
by its state: fluid, mobile, and immobile sediment (Figure 2a). The stochastic dynamics is defined in terms
of transition probabilities per unit of time t0. For example, Λe, Λc, and Λt are the transition rates for erosion,
deposition, and transport, respectively. To take into account avalanching, we impose a repose angle 𝜃c for the
granular material. As the triggering of avalanches depends on the local slope 𝜃, the avalanche transition rate
is constant for 𝜃 ≥ 𝜃c and set to zero for 𝜃 < 𝜃c. Except for dependencies of the repose angle on grain size all
the model parameter values are equal to those presented in Table 1 of Zhang et al. [2014].

A lattice-gas model is used to simulate the flow and calculate both the wind speed and the bed shear
stress 𝜏s over space and time. We consider that the erosion rate Λe is linearly related to the bed shear stress
according to

Λe =
⎧⎪⎨⎪⎩

0 for 𝜏s ≤ 𝜏1,

Λ0

𝜏s − 𝜏1

𝜏2 − 𝜏1
for 𝜏1 ≤ 𝜏s ≤ 𝜏2,

Λ0 else,

(1)

where Λ0 is a constant rate, 𝜏1 is the threshold for motion inception, and 𝜏2 is a constant parameter to adjust
the slope of the linear relationship. For consistency, we always have 𝜏s≪𝜏2. By definition, (𝜏s −𝜏1) is the excess
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shear stress. To compute the saturated sand flux on a flat sand bed for different 𝜏1 values, we use the relation
suggested by Gao et al. [2014],

Qsat(𝜏1) =
Λt

Λc ∫
∞

−∞
Λe(𝜏s; 𝜏1)f (𝜏s)d𝜏s, (2)

where f (𝜏s) is the probability density function of 𝜏s on a flat sand bed.

In the physics of sediment transport, generic transport laws are usually of the form

Qsat =
{

0 if 𝜏s ≤ 𝜏1,

𝜏
𝛾
s (𝜏s − 𝜏1) if 𝜏s ≥ 𝜏1,

(3)

where 𝛾 is a positive (or null) constant [Sherman and Li, 2012]. Introducing the shear velocity u∗≡𝜏
1∕2
s , we can

compute the ratio between the saturated flux Qsat and its value Q0
sat for 𝜏1 = 0,

Qsat

Q0
sat

= 1 −
(

uc

u∗

)2

, (4)

where uc is the threshold shear velocity for motion inception. In practice, this entrainment threshold can be
derived from the flow speed u measured at a height z using

u∗ =
u𝜅

log(z∕z0)
, (5)

where z0 is the characteristic surface roughness and𝜅 the von-Kármán constant. Independently, the threshold
shear velocity for motion inception can be determined using

uc = 0.1
√

𝜌s

𝜌f
gD, (6)

where D is the grain diameter, g the gravitational acceleration, and 𝜌s∕𝜌f the grain to fluid density ratio [Iversen
and Rasmussen, 1999]. For a given flow speed and a uniform grain size D, equations (4)–(6) can be used to
compute the corresponding Qsat∕Q0

sat value (Figure 2b). Then, using the dependency of the Qsat∕Q0
sat value

on the threshold shear stress in the model (Figure 2c), we can derive the 𝜏1 value that should be used in the
simulations from the mean wind speed in the field [Narteau et al., 2009].

Let us now consider granular mixtures with fine and coarse grains of diameters Df and Dc, respectively. In the
model of sediment transport, mobile and immobile sedimentary states may be decomposed into substates
according to specific physical properties, for example, grain size (Figure 2a). In this case, all transitions remain
the same but the threshold shear stress is rescaled according to both grain size and flow speed following the
procedure described above. Then we have 𝜏 f

1<𝜏c
1, where 𝜏 f

1 and 𝜏c
1 are the threshold shear stress for fine

and coarse grains, respectively (Figure 2c). For the sake of simplicity, all sedimentary cells are assumed to be
independent from one another and there is no effect of the composition of the bed on the threshold shear
stress (i.e., the 𝜏

f,c
1 values are constant in space and time).

To simulate avalanches in granular mixtures we use the model of Makse et al. [1997], which considers
two repose angles for each grain size and a two-phase dynamic. Considering smaller repose angles for
coarse grains, this model is known to generate stratification and segregation. As described in Text S1 of the
supporting information, this is also the case in our model.

3. Development of Dunes and Vertical Sorting in Granular Mixtures

Simulations are conducted under a steady unidirectional flow in a wind tunnel with periodic horizontal
boundary conditions (Figure S3 in the supporting information). The initial condition is a flat bed composed of
a mixture of two populations of fine and coarse grains (Figures 3a and 3b at t=0). The thickness of the mixed
sediment is high enough with respect to the depth of the flow to ensure that dunes converge to a steady state
before reaching the base of the cellular space [Gao et al., 2015a].
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Figure 3. Development of dune fields and dynamical armoring in the model. (a) Top views of the dune field for Qc
sat∕Qf

sat =1∕32 and 𝜙c =0.3. (b) Vertical
sections of the dune field for Qc

sat∕Qf
sat =1∕2 and 𝜙c =0.2. Coarse sedimentary cells are shown in white. (c) Evolution of the proportion of coarse grains with

respect to depth for the simulation shown in Figure 3b. The black line shows the depth with the highest proportion of coarse grains. The dashed line is the best
exponential fit with a characteristic rate of 2.6 × 10−5 t−1

0 .

We explore a two-dimensional parameter space by varying 𝜙c, the initial proportion of coarse grains within
the bed, and Qc

sat∕Qf
sat, the ratio between the saturated fluxes for coarse and fine sediment. From equations (4)

and (6), we have

Dc

Df
=

Q0
sat − Qc

sat

Q0
sat − Qf

sat

. (7)

Under transport limited conditions (i.e., Qf
sat >Qc

sat > 0), the grain size ratio Dc∕Df can therefore be derived
from the sand flux ratio Qc

sat∕Qf
sat (see Figures 2b and Figures S4 and S5 in the supporting information).

Simulations are run for 𝜙c = {0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9} and Qc
sat∕Qf

sat = {2∕3, 1∕2, 1∕4, 1∕8,
1∕16, 1∕32}. Applied to aeolian transport and considering a fine grain size Df = 168 μm and a wind speed
u=20 m/s at a height z of 10 m, these flux ratios correspond to Dc∕Df = {8.4, 12.1, 17.7, 20.4, 21.8, 22.5}
(see Tables S1 and S2 in the supporting information for other scalings in various geophysical environments).

For two different initial compositions of the bed, Figures 3a and 3b show the formation of a barchan and
a transverse dune fields in the model, respectively [Werner, 1995]. In both cases, generic behaviors may be
observed during the development of bed forms. Over short times, fine grains preferentially move and start
to form clusters from which small dune features develop. Coarse grains also participate in transport but, as
they have a larger entrainment threshold, they are less likely to be incorporated into these incipient bed forms
and they tend to concentrate in the lower parts of the bed. When slip faces appear on the lee face of dunes,
avalanches also concentrate coarse grains that reach the crest in topographic lows. As a result of these mecha-
nisms of size segregation (i.e., selective transport and avalanches), a coarse surface layer develops and rapidly
protects the underlying bed from wind erosion. This coarse layer flattens as the dunes propagate because
the reduction of wind speed results in the winnowing of fines at the dune toes or in the interdune areas
(i.e., areas where 𝜏c

1>𝜏s>𝜏
f
1, especially dune troughs). Finally, dunes migrate on a flat armor layer as observed

in the field (Figure 1).

Figure 3c shows the evolution of the proportion of coarse grains with respect to depth. The exponential relax-
ation to a steady state suggests that armoring and vertical grain size sorting are part of the same dynamic
process, which occur at a constant rate. It involves mixing of a few layers of sedimentary cells such that the
proportion of coarse grains just below the armor may also be higher than the proportion within the initial bed.
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Figure 4. Characterization of steady state dune fields in granular mixtures. (a) Classification of dune types in the model. (b) The degree of sediment sorting
(1 − 𝜙bedform

c ∕𝜙armor
c ) with respect to the initial proportion of coarse grains 𝜙c for different saturated sand flux ratios Qc

sat∕Qf
sat. (c) Phase diagram of dune type

in the {𝜙c, Qc
sat∕Qf

sat} parameter space. The blue dot corresponds to the field example shown in Figure 1 using Df =180 μm, Dc∕Df =20 and u=20 m/s.

3.1. Characterization of Steady State Dune Fields in Granular Mixtures
As shown in Figure 4, we identify three classes of steady state dune fields in the {𝜙c, Qc

sat∕Qf
sat} parameter-

space (see also Figure S6 in the supporting information):

1. Periodic transverse dunes are observed for high transport ratio (small grain size ratio) or for a small
proportion of coarse grain (𝜙c≤0.1). At the surface of these regular dunes, the proportion of coarse
grains decreases with height and it is the highest in the troughs where a mobile pavement is observed
(see Figure S7 in the supporting information). As this armor layer develops, the trough areas reach a constant
elevation across the entire dune field.

2. For intermediate values of the proportion of coarse grains (0.1<𝜙c<0.4) and low transport ratio (high
grain size ratio), isolated dunes composed of fine grains migrate on a flat and static armor layer of coarse
grains.

3. When the transport ratio is low (high grain size ratio) and the proportion of coarse grain is high, there is no
dune. Instead, sudden changes in bed roughness may be related to spatial variation of the bed composition
and transient patches of fine grains.

Figure 4b shows that the proportion of coarse grains within the armor layer is at least twice the proportion
within the overlying dunes (i.e., 𝜙armor

c ≥ 2𝜙bedform
c ). Then, vertical grain size sorting and dynamical armoring
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control sand availability and the subsequent dune type. When the initial proportion of coarse grains is high, it
leads to a transition from transverse dunes to no dune for a decreasing transport ratio (i.e., an increasing grain
size ratio). For a smaller proportion of coarse grains, individual patches of fines grain may produce isolated
dunes, and a transition from transverse to barchan dune fields may be observed for a decreasing transport
ratio (i.e., an increasing grain size ratio).

4. Concluding Remarks

It is well established that aeolian transport is efficient in sorting grainsize, but contrary to subaqueous cases
[Blom et al., 2003; Murray and Thieler, 2004; Coco et al., 2007a; Blondeaux, 2012; Bacchi et al., 2014], there is still
no numerical study dedicated to such a dynamic process in relation with dune growth. The real-space cellular
automaton dune model appears to be particularly adapted to this purpose because the state of elementary
cells can be used to distinguish between different grain sizes (Figure 2a). As described in Narteau et al. [2009],
these elementary cells have a dimension which is a few orders of magnitude larger than individual grains,
such that the rules of the model integrate over smaller length scales the effect of particle interactions on the
overall transport rate. Thus, we concentrate on patterns which result only from the dune instability and we
can investigate the dynamics of a significant portion of a dune field as well as the behaviors of giant dunes
[Zhang et al., 2012; Gao et al., 2015b].

Our numerical dune model complements the model of Anderson and Bunas [1993], which is only dedicated
to the development of aeolian ripples. In the current study, dunes appear to segregate toward fine crests
while at the ripple scale bed forms self-organize into coarse crests. In part this is because ripples have no
avalanche faces, their lee slope inclination never exceeds the angle of repose, which in turn disallows the
return of coarse grains to the base of the bed forms. In addition, ripple dynamics is mainly controlled by the
impact of saltating grains; coarse grains are less likely to be set in motion and, as their hop length determines
the ripple wavelength, they get stuck on the crest, while the fine grains can land in the troughs. Comparing
the numerical results of ripple and dune models, differences in segregation patterns show the importance
of addressing each type of bed form with the relevant set of physical quantities: entrainment threshold, the
saturated flux and the saturation length and time scales for dunes [see a review in Durán et al., 2011]; saltation
length and wind speed for ripples [Anderson, 1988; Anderson and Bunas, 1993; Durán et al., 2014].

There is a spectrum of grain sizes that characterizes the coarse-grained surfaces in arid deserts [Laity, 2011].
In many cases, desert pavements consist of very coarse sediment that are beyond the realm of wind transport
[Haff and Werner, 1996]. These are interpreted as lags of wind deflated fluvial-sourced sediment. In this case,
dust and fine sediment may infiltrate downward and the surface veneer may be raised [Wells et al., 1985].
Using a numerical dune model, we concentrate here on grain sizes within the range of what can be moved
by the wind on a flat surface. Exploring the parameter space of granular binary mixtures, our primary focus
is to describe steady state dune fields from a set of well-established initial and boundary conditions. This is
the first step in the modeling of geomorphic processes in systems with a wide range of grain sizes, which are
intrinsically more complicated. This is also why we concentrate only on behaviors which do not depend on
sediment supply, the initial amount of sediment on the nonerodible basement and the cumulative transport
[Ewing and Kocurek, 2010; Eastwood et al., 2011]. However, our numerical approach is now ready to be used
with more realistic boundary conditions to explore downwind fining [Jerolmack et al., 2006] as well as desert
pavements and their effect on sediment transport.

In our simulations, we consider that there is no influence of the bed texture on the entrainment of individ-
ual grains and that differential transport and avalanches are the only sources of size segregation [Coco et al.,
2007a, 2007b]. We show that vertical sorting always occurs leading to the formation of an armor layer on the
top of which dunes essentially composed of fine material migrate. Overall, this sorting mechanism controls
sand availability and the subsequent dune types. Using granulometric data and wind speed in the Kumtagh
Desert [Dong et al., 2008; Liu et al., 2014], we can find where the dune field shown in Figure 1 lies within the
parameter space explored by the numerical simulations (blue dot in Figure 4c). In practice, 𝜙c= 0.17±0.08
and Qc

sat∕Qf
sat = 1∕12.4 using Df = 180 μm, Dc∕Df = 20 and u= 20 m/s (see the bimodal distribution in

Figure 1e). As observed in the field, the model predicts isolated dunes that propagate on a coarse bed layer
(see Figure 1 and Figures S8 and S9 in the supporting information).

Using only grain sizes that can be set in motion by the wind, our model achieves segregation and hence effec-
tively decouples the dunes from the bed. In reality, other mechanisms and problem setups/initial conditions
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can serve the same purpose and coexist with the dynamical size-segregation process investigated here. This is
the case in our field example where we should account for specific boundary conditions, the alluvial origin of
the subsurface deposit and the presence of coarse grains never involved in the transport system. In the frame-
work of the model, gravels are just passive agents and a natural end-member for Qc

sat∕Qf
sat → 0 (see Figure S10

of the supporting information how isolated barchans develop from a bed composed at 30% of gravels). From
the original deposit containing these coarse grains, the surface has been fully reworked by the wind and the
observed armor layer is the result of aeolian selective transport, which is still active nowadays. There are no
river channels or signs of hydraulic reworking in the dune field. Instead, the surface is permanently evolving
under wind action (see Figure S9 of the supporting information) and there are clear signs of abrasion by sand
blasting, which indicate that the bombarding of the surface by airborne particles is the dominant process
(see Figure S11 of the supporting information). The presence of yardangs just a few kilometers southeast
confirms such a hypothesis. Finally, the observed barchans in the field may not be directly the result of the
segregation of fine particles from the subsurface material shown in Figure 1f, simply because the correspond-
ing dunes may have already migrated downwind, replaced by others due to the continuous supply of sand
from upwind (see Figure S12 of the supporting information).

Sand availability is a critical control parameter in multidirectional wind regimes where transitions in dune
shape and orientation are ubiquitous [Gao et al., 2015b]. This is particularly true when considering that dunes
may either grow by lateral accretion under conditions of high sand availability [Rubin and Hunter, 1987; Ping
et al., 2014] or by extension in zones of limited sand supply [Courrech du Pont et al., 2014; Lucas et al., 2015].
The present study explains how dunes may align in different directions according to the initial configuration
of the bed in major depositional centers. Then, we conclude that despite the natural complexities in terrestrial
sand seas, the observed dune types and orientations may help in characterizing the grain size distribution
over space and time. All this information is also critical on other planetary bodies, such as Mars and Titan,
where the sediment properties and the origin of the dune fields are still under investigation [Lucas et al., 2014;
Charnay et al., 2015].
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