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Abstract Asymmetric barchan dunes exhibit a marked

asymmetry, this morphology develops from the combined

effects of two dominant winds, with different directions

and relative strengths, and can be described based on

Bagnold’s and Tsoar’s models. In Bagnold’s model, the

limb nearest to the strongest wind extends and is sustained

and enhanced by a gentler wind nearly parallel to the

barchan. Tsoar’s model expects that the limb farthest from

the gentler wind extends in a manner similar to the evo-

lution of seif dunes and that the limb closest to the gentler

wind is eroded. To know which model will emerge with

variations of the wind, we did some numerical simulations,

and found that there exists a critical angle between orien-

tations of the two winds, which decide the formation model

of asymmetric barchans. When the angle is greater than

this critical value, the effect of the bi-directional winds

agrees with Tsoar’s model. When the angle is less than the

critical value, the evolution of the two horns contradicts

Tsoar’s model and agrees with Bagnold’s model. The

critical value for this angle depends on the transport ratio of

two winds.

Keywords Asymmetric barchans � Strong wind � Gentler

wind � Morphodynamic mechanism � ReSCAL model

Introduction

The development of variation in dune patterns depends

strongly on initial conditions that cannot be controlled, such

as the wind regime, sand availability, and presence of vege-

tation, and the asymmetry in these factors reflects that of the

dunes (McKee 1979; Lancaster 1995; Kocurek and Ewing

2005; Baas and Nield 2007; Narteau et al. 2009; Bourke 2010;

Dong et al. 2010; Lv and Dong 2013, 2014; Lv et al. 2014a, b).

For example, barchan dunes form under conditions of limited

sand availability and nearly unidirectional or bi-directional

winds, usually in areas with low vegetation cover, and

because they are so common, they are the most actively

studied sand dunes (Finkel 1959; Lancaster 1995; Hesp and

Hastings 1998; Hersen 2005; Bourke 2010).

When the wind velocity is greater than a threshold

velocity that depends primarily on the characteristics of the

surface sediments, sand particles are eroded, transported,

and then deposited. Over a short time scale, a pile of sand

develops, and the eroded grains from the windward side of

the pile are transported to and deposited on the leeward

side as a result of separation eddies that form in the

recirculation zone downwind of the dune. As this process

proceeds, the leeward side becomes steeper until it reaches

its angle of repose (about 34�), after which an avalanche

occurs; particles fall downhill until the angle of repose is

achieved once more. Flow from both sides of the dune

carries sand particles to the windward side of the front of

the dune, and these particles move faster than the rest of the

particles because they are smaller, and this process results

in the formation of horns that extend in the wind direction.

As a result of these processes, crescentic barchans form,

and they move downwind in the direction of the dominant

wind through the motion of grains caused by erosion on the

windward face and their deposition on the leeward side.
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Barchans are often asymmetric because the downwind

extension of their two limbs differs. Most barchan dunes

that form on Earth are asymmetric (Bourke 2010), and

similar dunes have been commonly identified on Mars and

Titan (Radebaugh et al. 2010). The barchans all have two

horns that extend downwind under a specific wind regime,

and when the wind regime has two dominant wind direc-

tions (i.e., a bi-modal regime), the lengths and widths of the

two horns become distinctly different. Asymmetric barch-

ans may subsequently evolve into other dune patterns as

their asymmetrical morphodynamic characteristics change;

these include linear dunes as well as raked linear dunes

(Pye and Tsoar 1990; Dong et al. 2010).

According to Bourke (2010), the limbs that extend

downwind can be classified into three groups: linear, bea-

ded, and kinked. The linear horns are generally straight

(i.e., they have a single dominant direction), whereas the

kinked horns exhibit a distinct angular change in the

middle of the horn (the kink); in contrast, the beaded horns

resemble a string of beads, with relatively broad, rounded,

and high sections that alternate with relatively narrow and

low sections.

On Earth, four causes of barchan asymmetry have been

identified. The asymmetry may represent a response to bi-

directional winds (King 1918; Bagnold 1941; McKee 1966;

Tsoar 1984), or the result of collisions between migrating

dunes (Hersen 2005), an asymmetrical sediment supply

(Rim 1958), or variations in topography (Finkel 1959).

During dune collisions, smaller barchans moving down-

wind collide with one horn of larger barchans that are

moving downwind more slowly. In contrast, an asymmet-

rical sediment supply results in the extension of the horn

nearest to the greater sediment supply, and variations in

topography block movement of the barchan and produce an

asymmetry. However, of these four mechanisms, the

responses to a bi-directional wind regime have received the

most attention. The effects of the two winds (their direc-

tions and relative strength) have been described by two

well-known models. In Bagnold’s (1941) model, the limb

parallel to the strongest wind is extended by the wind and

sustained and enhanced by the gentler wind, which flows

nearly parallel to barchans (Fig. 1a). This model was tested

in only one field experiment (Lancaster 1980) and was not

successfully validated by means of numerical simulation

(Parteli et al. 2007). In the second model, Tsoar (1984)

proposed that the limb farthest from the gentler wind

extends downwind in a manner similar to the evolution of

seif dunes (Tsoar 1983), whereas the limb closest to the

gentler wind is eroded (Fig. 1b).

However, it is not clear how the bi-directional winds

influence the morphodynamics and morphometry of

asymmetric barchans; in particular, it is not clear whether

the horn nearest to or farthest from the gentler wind will

extend and the direction in which it will extend. To answer

this question, we developed the present study. Our goal

was to determine the importance of the two winds for the

evolution of asymmetric barchans by means of numerical

simulations using the three-dimensional (3D) Real-Space

Cellular Automaton Lattice (ReSCAL) model (http://www.

ipgp.fr/*rozier/rescal/rescal-en.html). The results will

improve our understanding of the mechanisms responsible

for the formation and evolution of asymmetric barchans.

Based on the results of this simulation, we can use the

specific asymmetric morphologies observed elsewhere in

the solar system to infer the wind regimes responsible for

these forms.

The paper is organized as follows: In Sect. 2, we ana-

lyze the characteristics of the wind regime around asym-

metric barchans based on the daily-scale ECMWF ERA40

(European Centre for Medium Range Weather Forecasts)

reanalysis datasets from January 1958 to December 2012.

In Sects. 3 and 4, we simulate the effect of wind regimes

on the evolution of asymmetrical barchan dunes using a 3D

ReSCAL dune model. In Sect. 5, we discuss the implica-

tions of these results.

Characteristics of the bi-directional wind regime
around asymmetric barchans

Before conducting our numerical simulation, it was nec-

essary to understand the effects of the relative wind

strengths and directions on the evolution of asymmetric

barchans in nature. To do so, we used the daily-scale

(a) (b)

Fig. 1 Schematic diagram of two models for the evolution of asymmetric barchans under a bi-directional wind regime. a Tsoar (1984).

b Bagnold (1941). Larger arrows represent the stronger wind. Dashed lines represent higher elevations on the dune
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ECMWF ERA40 reanalysis datasets (http://apps.ecmwf.

int/datasets/data/era40-daily/) for areas of asymmetric

barchans during the period from January 1958 to December

2012. Our analysis used the following technique:

For a wind speed of ui and a wind direction xi at time ti
and height z, with i = 1, 2, … N, the wind’s shear velocity

(ui*) can be defined as:

ui� ¼
uik

logðz=z0Þ
ð1Þ

where z0 = 10-3 m represents the surface roughness length

and k = 0.4 is von Karman’s constant. The mean shear

velocity (u*) is:

u� ¼
PN

i¼2 u
i
�ðti � ti�1Þ

PN
i¼2 diðti � ti�1Þ

ð2Þ

where

di ¼
0 for ui�\uc

1 for ui� � uc

�

ð3Þ

where uC represents the threshold shear velocity at which

particles begin to be entrained, and can be determined

using the formula of Iversen and Rasmussen (1999):

uc ¼ 0:1

ffiffiffiffiffiffiffiffiffiffi
qs

qf

gd

r

ð4Þ

where g is the acceleration due to gravity, qs/qf is the ratio

of grain density to fluid density, and d is the mean grain

diameter.

After obtaining u*, the saturated sand flux on a flat,

erodible bed, Qsat(u*), can be calculated using the equation

of Iversen and Rasmussen (1999):

Qsat u�ð Þ ¼ 22
qf

qs

ffiffiffi
d

g

s

u2
� � u2

c

� �
for u� � uc ð5Þ

Then, for a given time period around ti, the drift

potential (DP) and the resultant drift potential (RDP) can

be calculated.

To improve our understanding of the wind’s probability

distribution, identify the prevailing and secondary winds,

and define their relative strengths and directions, we used

an expectation–maximization algorithm to fit the flux ori-

entation distribution with a Gaussian mixture model. Thus,

we replace the real flux data by a limited number of flux

vectors that are characterized by an orientation hi and a

weight wi with i = 1, 2, … nh. Thus, considering only time

periods during which the wind velocity is above the critical

threshold value for sediment transport (i.e., u*[ uC; see

Eq. 5), we assume that the probability distribution function

for the wind orientation, P(h), can be described by a sum of

normal distributions:

P hð Þ ¼
Xnh

i¼1

wi

ri
ffiffiffiffiffiffi
2p

p expð� ð#� hiÞ2

2r2
i

Þ ð6Þ

where ri is the standard deviation of the wind orientation at

time i in direction hi.
The expectation–maximization algorithm is a natural

generalization of maximum-likelihood estimation for

cases with incomplete data (Chuong and Batzoglou 2008).

The sand flux roses in Fig. 2 show the distribution of the

wind direction. The red lines in these graphs show the bi-

modal distribution of the wind regime in regions with

asymmetric barchans. The wind orientations (l) and

weights (w, the ratio of the frequency of the strongest

dominant wind to the gentler dominant wind) are shown

for winds from the two dominant directions, along with

the proportion of the total number of recorded winds from

each direction (PDF). Figure 2a shows values from Chi-

na’s Kumtagh Desert, where the main wind comes from

NW (315�), with a weight of 0.8, and the secondary wind

comes from SSW (211�), with a weight of 0.2. On this

basis, the ratio of the weights of the two winds is 4.0, and

the angle between the two winds is 104�. Figure 2b shows

values for barchans in Sudan, where the main wind comes

from NE (45�), with a weight of 0.8, and the secondary

wind comes from nearly the same direction (52�), with a

weight of 0.2. Their weight ratio is therefore also 4.0, but

the angle between these winds is only 7�. Figure 2c shows

values for barchans in Qatar, where the main wind comes

from NNW (343�), with a weight of 0.8, and the sec-

ondary wind is from SSE (126�), with a weight of 0.2. The

weight ratio is therefore 4.0, and the angle between the

winds is 217�.
The data in this figure suggest that the effect of a bi-

directional wind regime on asymmetric barchans agrees

with Tsoar’s (1984) model, as shown by the thin arrows

(the gentler wind) and thick arrows (the stronger wind).

The horns extend farther on the side farthest from the

gentler wind, whereas the limb closest to the gentler wind

is eroded. The relative degrees of erosion and extension of

the two horns appear to depend on the angle between the

two winds. The difference is only 7� in Sudan, so the

lengths of the two horns do not differ greatly, and both

horns are thick and short; however, the horn farthest from

the gentler wind is slightly longer. There is a 217� differ-

ence between the winds in Qatar, so the horn farthest from

the gentler wind is greatly extended, long, and thin. The

horns in the barchans from the Kumtagh Desert exhibit an

intermediate degree of asymmetry, with a 104� angle

between the two winds.

From this analysis, the barchans formed under the

influence of a dominant wind, developing two horns that

extend downwind, then evolved under the influence of a
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(a)

(b)

(c)

Fig. 2 Wind regime characteristics in areas with asymmetric

barchans. The wind regimes are characterized by the averaged sand

flux roses (bottom left) during the period from January 1958 to

December 2012 based on the daily-scale ECMWF ERA40 reanalysis

datasets. The graphs on the right show the wind direction distribution.

a China (36839.60N, 93�40.80E), b Sudan (18�46.80N, 25�120E), and

c Qatar (25�030N, 51�23.40E). For dominant wind directions 1 and 2:

l orientation (with north = 0�), w weight (ratio of the frequency of

the strongest of the two dominant winds to the frequency of the

gentler dominant wind), PDF proportion of the total number of winds

recorded. Thin arrows represent the gentler wind; thick arrows

represent the stronger wind
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secondary wind, so that the horn closest to this secondary

wind is eroded and the horn farthest from this gentler wind

extends, leading to the evolution of asymmetric horns. The

relative erosion and extension of the two horns depends on

the characteristics of the wind regime. Therefore, the

dynamic processes that lead to the formation of asymmetric

barchans agree with Tsoar’s (1984) model.

Cellular automaton model of dune development
and initial conditions

To better understand the formation and evolution mecha-

nisms of asymmetric barchans, we used the 3D ReSCAL

discrete numerical dune model (Narteau et al. 2009; Rozier

and Narteau 2014). This model couples a cellular

automaton model for bedform dynamics with a lattice-gas

cellular automaton model for the flow dynamics. The

coupling method represents the first implementation of a

permanent feedback mechanism between the flow and the

bedform dynamics (Rozier and Narteau 2014).

In the model for bedform dynamics, three states (fluid,

mobile sediment, and immobile sediment) and different

transitions are considered to simulate erosion, transport,

deposition, and the effects of gravity and diffusion

(Fig. 3a); the result is a time-dependent stochastic process.

The lattice-gas cellular automaton model is used to com-

pute the flow and quantify the shear stress on the bed as a

function of the topography.

Under the effect of specific wind regimes, the physical

erosion, transport, and deposition processes will occur and

result in a change of the bedform (i.e., the topography), and

the flow will in turn change because of the topography,

which will result in variations of the shear stress on the

bed, which will then change the sediment transport pro-

cesses. Thus, the coupling between the two models is

achieved through the effect of shear stress on the dune’s

topography. Using the output of the lattice-gas cellular

Fluid Immobile sediment Sediment in motion

Deposition

Λc−→ bΛc−−→ bΛc−−→
Erosion Transport

aΛe−−→

flow direction−−−−−−−−−−−−−−→

aΛt−−→

Λe−→ Λt−→
Gravity Diffusion

Λg−→ Λd−→ Λd−→

(b)

(a)Fig. 3 The 3D Real-Space

Cellular Automaton Lattice

(ReSCAL) dune model. a In the

model, three states are used to

reproduce the fluid, the mobile

sediment, and the immobile

sediment. Active transitions of

doublets (the pairs of attached

cubes) are used in the cellular

automaton model for sediment

transport. Different sets of

transitions are associated with

deposition, erosion, transport,

and the effects of gravity and

diffusion. k values represent

transition rates with units of

frequency; a and b are positive

constants. The central inset

shows the direction of the flow

and the orientation of the

nearest neighbors in a regular

cubic lattice. b The topography

of a barchan dune in the

ReSCAL dune model. Dashed

lines represent the longitudinal

and transverse vertical slices

shown in the bottom half of this

figure; the two insets show

enlargements of individual cells
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automaton, we can estimate both components of the local

velocity field by averaging the velocity vectors for the fluid

particles over space and time. The velocity vector V~ is

expressed in terms of the number of fluid particles, and we

use the vector normal n~ to the topography to calculate the

shear stress on the bed (ss):

ss ¼ s0

oV~

on~
ð7Þ

where s0 is the stress scale of the model, expressed in units

of kg l�1
0 t�2

0 (where l0 represents the model’s length scale

and t0 represents the model’s time scale). Then, we con-

sider that the erosion rate (Ve) is linearly related to the

shear stress on the bed (ss) according to the following

equations:

8e ¼
0 for ss � s1

80

ss � s1

s2 � s1

for s1 � ss � s2

80 for ss � s2

8
><

>:
ð8Þ

where V0 is a constant rate, s1 is the threshold for initiation

of sediment transport, and s2 is a parameter to adjust the

slope of the linear relationship. The excess shear stress (ss–

s1) is used to calculate the feedback mechanism between

the shear stress on the bed and the topography.

Using this dune model, we can reproduce the large

variations of natural dune patterns that appear under dif-

ferent wind regimes. The flow is controlled by the wind

duration (T), wind strength (s1; the higher the s1 value, the

lower the flow velocity), and the wind direction (h). Details

of the ReSCAL dune model and its physical parameters are

provided by Narteau et al. (2009) and Rozier and Narteau

(2014).

In our simulation, the volume of the initial sand pile is

held constant, with the goal of changing the wind regime

(i.e., the wind strength and direction) to simulate the

morphodynamics of asymmetric barchans. We used a

rotating table to reproduce bi-directional wind regimes, and

changed the wind strength through different wind durations

(T). In the simulation, the length, width, and height of the

3D cubic lattice were 600, 600, and 120 times l0, respec-

tively, where l0 is the length scale of the model. Transition

rates for erosion, deposition, and transport (k, with units of

frequency) were held constant, and the values were the

same as those used by Narteau et al. (2009). To simulate

boundary conditions, we inserted a line of injection cells in

the ground at the upstream border of the dune to uniformly

reinject all of the sedimentary cells that have been removed

at the downstream border of the dune (that is, we main-

tained the size of the dune rather than allowing it to shrink

as cells disappeared at the downstream border), and con-

structed the downstream border of removal cells to elimi-

nate all sedimentary cells that reached this limit.

Results of the numerical simulation

During the early simulation stages, secondary patterns

emerge from transient growth of some perturbations, and

then propagate. The smaller patterns move faster than the

larger ones, and then a coarsening and collision process

occurs, with horns developing on both sides of the dune

and the upstream face growing in height due to the accu-

mulation of sedimentary cells that are systematically

reinjected into the system. Finally, a single surface area is

exposed to the flow, a major slip face develops on the

leeward side, and the entire structure rapidly reaches a

steady state in which secondary bedforms systematically

develop along the horns and smaller barchan dunes regu-

larly form and detach from the horns. The downwind

extension of the two limbs clearly differs under different

bi-directional wind regimes; the horn nearest to the gentler

wind may be either eroded or extended, and this depends

strongly on the ratio and the angle between the two winds.

Figure 4 shows the equilibrium asymmetric barchans

that develop under different bi-directional wind regimes in

the ReSCAL simulation. In Fig. 4a, the horns are similar

under a ratio of 2 and a 20� angle between the two domi-

nant winds. Figure 4b shows that the horn nearest to the

gentler wind extends and the horn farthest from the gentler

wind is eroded under a bi-directional wind flow with a ratio

of 2 and a 55� angle between the two dominant winds; the

two limbs are short and thick under these conditions. In

contrast, the horns nearest to the gentler wind are eroded

and the horn farthest from the gentler wind extends greatly

when the ratio increases to 4 and the angle between the

winds increases to 808 (Fig. 4c) and 1358 (Fig. 4d).

According to the results of our numerical simulation, the

morphometry and morphodynamics of asymmetric barch-

ans depend strongly on the relative strengths of the two

dominant winds and the angle between them. We found

that there exists a critical angle. When the angle between

the two winds is greater than this critical value, the effect

of the bi-directional wind on the asymmetric barchans

agrees with the predictions of Tsoar’s (1984) model: the

limb farthest from the gentler wind extends and the limb

closest to the gentler wind erodes, and the length of the

extension of the horns and the length difference between

the two horns increase as the angle increases. When the

angle is less than the critical value, the evolution of the two

horns disagrees with the predictions of Tsoar’s (1984)

model: the horn closest to the gentler wind extends rather

than the horn farthest from the gentler wind. The critical

value depends on the transport ratio of the two winds. The

critical values are 70�, 55�, 55�, 50�, and 50� for transport

ratios of 2, 3, 4, 5, and 6, respectively. On the other hand,

when the angle between the two winds is less than 30� or
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greater than 160�, the two horns are almost the same, and

there is little or no asymmetry. Figure 5 is an example for

transport ratio of 5 with the critical angle 50�. When the

angle is 48� less than the critical value, the limb closest to

the gentler wind extends and agrees with Bagnold’s model

(Fig. 5a). When the angle is 52� greater than the critical

value, the limb farthest from the gentler wind extends and

agrees with Tsoar’s model (Fig. 5c). When the angle is 50�,
the limbs are almost the same (Fig. 5b).

Additional analysis revealed that the extension direction

of the horn farthest from the gentler wind results in asym-

metric evolution in accordance with Tsoar’s (1984) model

under different wind regime conditions is along with the

mean resultant sand flux. Figure 6 shows the extension

direction of the horn farthest from the gentler wind under

different bi-directional wind regimes. The green and blue

lines represent the theoretical directions of the mean resul-

tant sand flux for dune aspect ratios of c = ?? and c = 0,

respectively, based on specific initial wind roses (Courrech

du Pont et al. 2014). The c value increases with increasing

angle. We also found that the extension direction of the horn

farthest from the gentler wind is closer to the mean resultant

sand flux considering the dune aspect ratio, this means that

the dune aspect ratio has an important effect on the evolution

Fig. 4 The equilibrium asymmetric barchans that developed under

different bi-modal wind regimes in the ReSCAL simulation. a,

b Wind strength ratios of 2 and angles between the two dominant

winds of 20� and 55�, respectively. c, d Wind strength ratios of 4 and

angles between the two dominant winds of 808 and 1358, respectively.

The wind roses show the wind direction regimes used in the

simulation model, red lines are the orientations for which the sum of

the normal components of the transport vectors reaches its maximum

value (Rubin and Hunter 1987), and the green lines are the resultant

sand flux direction based on the wind rose

Fig. 5 The asymmetric barchans with different angles under wind strength ratios of 5. a 48�, b 50� (critical angle), and c 52�, respectively
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direction of the horns. However, for asymmetric cases in

which evolution of the horns does not follow Tsoar’s (1984)

model, the orientation of the horn farthest from the gentler

wind is greater than the mean resultant sand flux (Fig. 6), and

the two horns are almost perpendicular.

Conclusions

In this paper, we analyzed the effect of a bi-directional

wind regime on the morphodynamics of asymmetric

barchans based on the models of Bagnold and Tsoar. The

morphometry and morphodynamics of asymmetric barch-

ans depend strongly on the relative strengths and directions

of the two dominant winds. There exists a critical angle

between the two winds. When the actual angle is greater

than this critical value, the effects of the bi-directional

wind on the asymmetric barchans are in accordance with

Tsoar’s (1984) model: the limb farthest from the gentler

wind extends and the limb closest to the gentler wind

erodes, and the length difference between the two horns

increases with an increasing angle. However, when the

angle is less than the critical value, the evolution of the two

horns does not follow Tsoar’s (1984) model: the horn

(a) (b)

(c) (d)

(e)

Fig. 6 Extension direction of

the horn farthest from the

gentler wind under different

wind regimes. Graphs are

shown for wind strength ratios

of a 2, b 3, c 4, d 5, and e 6. The

red dots represent the direction

of extension of the horn farthest

from the gentler wind

(mean ± SD). The green and

blue lines represent the direction

of resultant sand flux for a dune

aspect ratio of c = ? and

c = 0, respectively

 259 Page 8 of 9 Environ Earth Sci  (2016) 75:259 

123



closest to the gentler wind extends. The critical value

depends on the transport ratio of the two winds.

By means of numerical simulation, we found that there

exists a critical angle between orientations of the two

winds, which decide the formation model of asymmetric

barchans. The critical value is 70�, 55�, 55�, and 50� for

transport ratios of 2, 3, 4, 5, and 6, respectively.

Based on our study results, the relative strengths of the

two dominant winds in a bi-modal wind regime and the

angle between them are responsible for the different

asymmetric barchan patterns observed in nature. Thus,

barchan asymmetry can be used as a proxy for the wind

regime under which the dunes formed, and the dynamical

mechanisms responsible for formation and evolution of the

dunes (including dunes elsewhere in the solar system) can

be inferred from the characteristics of their asymmetry.

Another side, the barchans are the basic dunes of other

kinds of dunes, which can be formed from the transfor-

mation of barchans. Therefore, we can better understand

the formation mechanism of complex dunes from this

study.
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