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Dune formation under bimodal winds
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The study of dune morphology represents a valuable tool in the
investigation of planetary wind systems—the primary factor con-
trolling the dune shape is the wind directionality. However, our
understanding of dune formation is still limited to the simplest
situation of unidirectional winds: There is no model that solves
the equations of sand transport under the most common situa-
tion of seasonally varying wind directions. Here we present the
calculation of sand transport under bimodal winds using a dune
model that is extended to account for more than one wind direc-
tion. Our calculations show that dunes align longitudinally to the
resultant wind trend if the angle θw between the wind directions is
larger than 90◦. Under high sand availability, linear seif dunes are
obtained, the intriguing meandering shape of which is found to be
controlled by the dune height and by the time the wind lasts at each
one of the two wind directions. Unusual dune shapes including the
“wedge dunes” observed on Mars appear within a wide spectrum
of bimodal dune morphologies under low sand availability.

pattern formation | critical phenomena | aeolian transport | erosion and
sedimentation

T he majority of the world’s sand dunes are formed by winds
blowing from more than one wind direction: bimodal winds,

which oscillate seasonally between two main directions, are typ-
ical of the largest sand deserts of our planet (1–7). Whereas the
well-known barchans and transverse dunes appear under uni-
modal winds for low and high sand availability on the ground,
respectively, seif dunes (Fig. 1) are the prevailing dune type under
bimodal wind regimes. These dunes form in the absence of veg-
etation and align parallel to the resultant wind trend, developing
a sharp crest which explains the term “seif” (“sword” in Ara-
bic) and an intriguing meandering shape which has challenged
geomorphologists for decades. In recent years, understanding the
dynamics of seif dunes has become an issue of major interest also
for planetary scientists: fields of seif dunes occur seldom on Mars
(8, 9), which led to the hypothesis that Mars wind systems are
essentially unidirectional. Is the appearance of seif dunes, indeed,
related to the wind regime only? Moreover, are seif dunes the only
dune type shaped by bimodal winds? The results of the present
work provide insights into these challenging questions.

It is still unknown whether other factors rather than wind direc-
tionality could also be relevant for dune alignment (10, 11) and
which factors determine the meandering shape of seif dunes.
Besides, very little is known about the dune morphology resulting
from bimodal winds under conditions of low sand availability. In
spite of many theoretical advances in the past, a model that solves
both the three dimensional equations of aeolian sand transport
and computes the evolution of dunes under bimodal wind regimes
was lacking (12–17).

In the present work, we extend a well-developed and tested
dune model (18, 19) to investigate the formation of dunes under
bimodal wind regimes. This model, which combines a set of
well-established analytical equations for the turbulent wind field
over the topography (20) with a continuum model for saltation
(18)—the motion of grains in ballistic trajectories producing a
splash of new ejected particles after grain-bed collisions (21–23)—
reproduces quantitatively the shape of barchans and transverse

dunes (24–26) and has become a powerful tool in the investiga-
tion of the large time scale processes involved in the formation of
aeolian landscapes. Here the dune model is extended in order to
account for more than one wind direction. In order to achieve a
directionally varying flow, the field is rotated, whereas the wind
direction is kept constant. Our aim is to find, using dune simula-
tions, the shape of seif dunes, the conditions for their development,
and the dune types that appear in their place when sand availability
is low.

This paper is organized as follows. In the next section we present
the model equations and describe in detail how the simulations are
performed. Next, the results of our calculations are presented and
discussed. We investigate the formation of desert seif dunes by
performing calculations on a dense sand bed exposed to a wind
of oscillating direction. Finally we study the formation of dunes
under bimodal wind regimes when the sand available for transport
is scarce.

The Model
The dune model consists of a system of continuum equations in
two space dimensions that combines a description of the average
turbulent wind shear force above the dune with a continuum salta-
tion model which allows for saturation transients in the sand flux.
The model can be sketched as follows.

1. First, the wind over the surface is calculated with the model
of Weng et al. (20), as detailed elsewhere (19). In the turbu-
lent atmospheric boundary layer, where sand transport takes
place, the wind speed increases logarithmically with the height
z above the flat ground. The presence of a dune or hill,
however, introduces a perturbation into the wind field. The
Fourier-transformed components of this perturbation are (20)
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where x and y are parallel, respectively, perpendicular to the
wind direction; σ = √

iLkxz0/l, K0, and K1 are modified Bessel
functions; and kx and ky are the components of the wave vector
�k, i.e., the coordinates in Fourier space. h̃s is the Fourier trans-
form of the height profile, U is the vertical velocity profile which
is suitably non-dimensionalized, l is the depth of the inner layer
of the flow, and L is a typical length scale of the hill or dune
and is given by 1/4 the mean wavelength of the Fourier repre-
sentation of the height profile. The aerodynamic roughness, z0,
i.e., the apparent roughness of the surface in the presence of
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Fig. 1. Bimodal winds lead to formation of seif dunes at Bir Lahfan, Sinai,
Egypt (image courtesy of Google Earth), which elongate in the resultant trans-
port direction. The sand rose (right corner at top) shows that the wind blows
from two main directions. Each arm of the sand rose indicates the direction
from which the wind blows, and the length of each arm is proportional to
the potential rate of sand transport from the direction indicated by the arm
(1). The arrow indicates the resultant sand transport trend.

the saltating grains, is normally larger than the surface rough-
ness of the immobile bed, which is of the order of 10−30 times
the average grain diameter. The value z0 = 1.0 mm, which is
consistent with measurements (21, 26, 27), is used in the calcu-
lations. The local shear stress at each position (x, y) of the field
is obtained from the equation �τ = |�τ0|(�τ0/|�τ0| + �̂τ), where �τ0 is
the undisturbed shear stress over a flat ground.

2. Next, the local sand flux is calculated for each position (x, y),
using the shear velocity u∗ = √

τ/ρfluid, where τ is the wind shear
stress obtained in the calculation of step (i) and ρfluid = 1.225
kg/m3 is the air density. The sand bed represents an open sys-
tem which can exchange grains with the moving saltation layer,
for which the erosion rate—which is the difference between
the vertical flux of ejected grains and the vertical flux of grains
impacting onto the bed—at any position (x, y) represents a
source term. As the number of grains launched into saltation
increases, the wind transfers more momentum to accelerate
the grains, thus leading to a decrease of the wind strength
within the saltation layer (22). After a distance called saturation
length, the wind strength is just sufficient to sustain saltation
and the flux achieves a maximum value. By taking the interac-
tions between the particles and the fluid and the transient of
flux saturation into account, the following differential equation
is obtained for the sand flux �q(x, y) (18):

�∇·�q = (
1 − |�q|/qs

)|�q|/�s, [3]

where qs = (2vsα/g)ρfluidu2∗t[(u∗/u∗t)
2 − 1] is the saturated flux

and �s = (2v2
s α/gγ)/[(u∗/u∗t)

2 − 1] is called saturation length,
whereas α = 0.43 and γ = 0.2 are empirically determined
model parameters, g is gravity and u∗t = 0.22 m/s is the minimal
threshold shear velocity for saltation. The mean grain velocity
at saturation, vs, is calculated numerically from the balance
between the forces on the saltating grains using the reduced
wind velocity within the saltation layer (18, 26). It should be
emphasized that Eq. 3, which gives the local height-integrated
flux �q(x, y) calculated from the local shear stress at the position
x, y, has a general structure (the well-known logistic equation)
which is independent of the precise form of qs or �s. The diver-
gence of the flux vanishes if |�q(x, y)| = qs (the saturated flux),
whereas the transient of flux saturation due to the cascade
process of saltation is encoded in the saturation length �s (18).

3. The local change in surface height h(x, y) is computed from
mass conservation, by using the local flux �q(x, y), for each
position (x, y) of the field:

∂h/∂t = −�∇·�q/ρsand, [4]

where ρsand = 1650 kg/m3 is the bulk density of the sand.
4. If sand deposition leads to slopes that locally exceed the angle

of repose, 34◦, the unstable surface relaxes through avalanches
in the direction of the steepest descent, and the separation
streamlines are introduced at the dune lee (19). Each stream-
line is fitted by a third-order polynomial connecting the brink
with the ground at the reattachment point (19), and defining
the “separation bubble,” in which the wind and the flux are
set to zero. The model is evaluated by performing steps 1–4
computationally in an iterative manner.

Calculations are performed using open boundaries, a constant
sand influx qin between 20% and 40% of the maximum flux qs,
which correponds to typical condition on interdune areas (28),
and a wind of constant upwind shear velocity u∗ = 0.4 m/s, which
is value characteristic for real dune fields (1). We also studied dif-
ferent u∗ > u∗t but found no qualitative difference in the result
of crest alignment. To simulate the bimodal wind, we rotate the
field by an angle θw, keeping the wind direction constant. The wind
lasts in each direction for a time Tw; then the field is rotated to
the other direction. In this manner, the separation bubble adapts
to the wind direction after rotation of the field.

Results and Discussion
We investigate, first, the evolution of a flat sand bed submitted to
a bimodal wind regime. We find that the resulting dune morphol-
ogy depends crucially on the angle θw between the wind directions:
Whereas transverse dunes are obtained if θw is accute, the result-
ing bedforms align longitudinally to the resultant wind direction
if θw > 90◦. Typical simulation outcomes obtained with θw = 40◦
and θw = 120◦ are shown in Figs. 2 A and B, respectively. The
results of our simulations are consistent with experimental and
field observations: Longitudinal seif dunes (Fig. 1) occur, in fact,
in areas of bimodal wind regimes with θw > 90◦ (1, 2, 5, 6). Lon-
gitudinal ripples and subaqueous dunes also appear to develop
when θw > 90◦ (10, 11). However, it was not possible to con-
clude, neither from experiments nor from numerical calculations
using celular automata models (12, 14, 15), whether other factors
besides the divergence angle could also compete to form longi-
tudinal dunes. For instance, it has been suggested that the wind
strength could play an important role for dune alignment (10). By
using our model, we have tested a wide range of wind speed val-
ues u∗ > u∗t, characteristic time Tw and sand influx qin. We have
also considered the situation where those quantities are not equal
for both wind directions. In all cases, the conclusion is the same
regardless of the particular choice of the parameters. Our numer-
ical outcomes support the hypothesis that dunes align normal to
the maximum gross transport, i.e., the transport perpendicular
to the bedform trend, measured without regard to direction of
transport (10).

The dune shape depends strongly on the characteristic time
Tw of the bimodal wind, as shown in Fig. 2C. When Tw is low,
straight longitudinal dunes, which practically do not meander, are
obtained. As Tw increases, sinuous seif dunes, as those observed
in real fields, develop. Furthermore, when Tw becomes too large,
the longitudinal dunes disappear giving place to transverse dunes
oriented perpendicularly to the wind components, as can be seen
from Fig. 2C. It is interesting to notice that Bagnold (21) already
noted different seif shapes according to the prevailing long-period
wind regime, still the author was not able to establish any depen-
dence on the wind regime in a quantitative manner. We can
understand the results of our calculations by recalling the concept
of relaxation or reconstitution time (11, 29, 30)—the time required
to reshape a dune after the change in wind direction. Under given
wind strength u∗, a transverse dune of width L has migration veloc-
ity vd and reconstitution time Tm ≡ L/vd. We define the rescaled
time of the bimodal wind,

22086 www.pnas.org / cgi / doi / 10.1073 / pnas.0808646106 Parteli et al.



A
PP

LI
ED

PH
YS

IC
A

L
SC

IE
N

CE
S

Fig. 2. Dunes emerging on an initially flat sand bed under bimodal wind
regime. In all images, arrows indicate the wind directions. (A) Snapshot of
simulation with u∗ = 0.4 m/s, Tw ≈ 12 days and θw = 40◦ at time T = 150Tw.
(B) Seif dunes obtained from the simulation with same parameters as in A but
with θw = 120◦, at T = 300Tw. (C) seif dunes of height ≈20 m obtained using
different values of Tw with θw = 120◦ and T = 300Tw. Results are expressed in
terms of tw = Tw/Tm where Tm ≈ 108s is the migration (or reconstitution) time
of a transverse dune with the height of the seif dunes shown in the images;
dune fields in A–C have length of 1 km. (D) Top view of a seif dune with
height of ≈25 m within a dune field obtained with θw = 120◦ and tw ≈ 10−2.
Small transverse dunes, with height of a few meters, inciding obliquely onto
the seif dune in the center can be seen. The image has dimensions 1700 m ×
400 m. (E and F) Crest position ycrest (E) and crest height hcrest (F) of the seif
dune shown in (d) as function of the position in the resultant wind direction,
x (to the right in the image).

tw = Tw/Tm. [5]

If Tw is of the order of or larger than Tm (tw ≥ 1.0), then cres-
cent dunes oriented transversely to the wind components appear,
whereas longitudinal alignment is obtained for tw < 1.0. The value
of Tm in fact means the reconstitution time L/vd of a transverse
dune which has the height H of the dunes in the field considered,
whereas both L ∼ H and vd ∼ 1/H are well-known functions
of H (21, 31). Therefore, it is possible to understand why small
barchans may be found in fields of large bimodal sand dunes. The
time a dune needs to reach its equilibrium form after a change
in wind direction in fact increases with the square of the dune
height (31). Small bedforms (the so-called surface waves) ori-
ented transversely to the bimodal wind components develop on
the interdune areas inciding obliquely onto the flanks of the seif
dunes (Fig. 2D). Such small bedforms are ubiquitous in most
real seif dune fields (2, 6). The small bedforms, which are practi-
cally non-existent if Tw is too small, become increasingly large the
higher Tw.

The well-known meandering of seif dunes developing on sand
beds arises due to the alternate action of obliquely inciding winds

onto both flanks of the dune. Both wind directions compete to
shape crescent dunes of oscillating orientation along the dune
crest. When tw is low (≈10−4) the crescent bedforms are, indeed,
too incipient for the sinuosity to develop and the seif dunes look
straight. As tw increases, the crescent dunes develop further, and
the surface along the seif dunes adapts alternately to both wind
directions yielding the seif dunes the characteristic meandering.
Seif dunes as those shown in Figs. 2 B, C Center, and D are found
when tw is within the range 10−3 < tw < 10−1. Indeed, we could
not find a significant dependence of the average wavelength of the
meandering on the bimodal wind timing for tw within the afore-
mentioned range. Taking into account the morphologic dimen-
sions of crescent dunes (32, 33), we expect the typical wavelength
of the meandering to be approximately one order of magnitude
larger than the dune height. For instance, dunes of ≈20 m height
in fact meander with a wavelength of 100 − 200 m typically (Fig.
2E), which is in agreement with the situation in real dune fields (2).
The best fit to our data using the empirical expression S = kta

wHb

leads to k ≈ 9, a ≈ −0.005, b ≈ 1.0.† In this manner, whereas
the characteristic time of the bimodal wind is found to control the
development of the seif meandering, the average wavelength of
the dune sinuosity within the range 10−3 < tw < 10−1 appears to
be determined by the dune height. As a result of the meandering,
peaks and saddles modulate the dune height along the crest line
(Fig. 2F), as observed in the field (2, 6). Finally, as tw approaches
unity, dunes orient transversely to each wind component. Our
conclusions are supported by simulation results obtained with
different values of θw > 90◦.

The calculations do not only give insight into the dune mean-
dering but they also enable a quantitative estimate of the bimodal
wind timing Tw in a field where seif dunes display a given shape,
on the basis of Fig. 2. Once Tm is known, Tw can be estimated from
Eq. 5, taking the value of tw that corresponds to the dune shape
according to Fig. 2C. Indeed, it is important to notice that other
factors, as the secondary flow along the crest line of seif dunes, also
play an important role for the shape of seif dunes (2, 5). Thus, the
model should be improved in order to account for secondary flow
effects and interdune transport in order to improve the quanti-
tative assessment of seif dunes. Nevertheless, the conclusion that
the dune meandering is controlled by Tw should be robust with
respect to secondary flow effects. Further, our results provide evi-
dence that seif dunes may appear without regard of secondary flow
and that the critical angle for dune alignment is independent of
the nature of the flow at the dune lee.

Exotic Dunes When the Sand Is Scarce. Whereas seif dunes form
when the sand amount is high, which dune forms appear when
the wind is bimodal but sand availability is low? We perform cal-
culations starting with a sand hill of Gaussian shape, in the same
manner as done to calculate barchans; however, now we use a
bimodal wind. Again, the bimodal dune shape varies according to
the dune volume, because the larger the dune the longer time is
needed for a given change to be achieved under the same wind
strength. We define Tm ≡ L/vd the migration time of a barchan
dune which has length L and migration velocity vd and is obtained
starting with the Gaussian hill using an unidirectional wind. The
different dune shapes obtained in the calculations are shown in
Fig. 3 Lower as function of θw and tw (Eq. 5). We see that when
tw ≥ 1.0, a barchan is obtained. Furthermore, a variety of dune
shapes appear in a bimodal wind regime in which tw < 1.0. In
a general fashion, the dunes obtained are oriented transversely
to the resultant wind direction if θw is smaller than 90◦, while
longitudinal bedforms appear for higher angles.

Some of the bimodal dune shapes obtained in the calculations
resemble exotic Mars dune shapes as those seen in the images

†We thank an anonymous review for this suggestion.
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Fig. 3. Bimodal sand dunes on bedrock. (Upper) Images of dunes on Mars,
near (A) 71.7◦N, 51.3◦W (“occluded” barchan dunes) (B) 48.6◦S, 25.5◦W
(“wedge” dunes) (C) 49.6◦S, 352.9◦W, and (D) 48.7◦S, 167.4◦W (“drop” dunes).
(Image courtesy of NASA/JPL/MSSS). (Lower) Bimodal sand dunes obtained
with different values of θw and tw = Tw/Tm, where Tm is the migration time
of the barchan dune. Arrows indicate the wind directions. Dunes indicated by
letters compare with the dunes in the images on top. Simulation snapshots
taken at time T of the order of (1 − 10) Tm. The shapes in the diagram are
independent of the dune scale, which is included in Tm.

of Fig. 3 Upper. Such dunes appear on bedrock where barchans
should be the only dune type observed if the wind direction was
constant. While the Martian north polar “occluded” barchans
(Fig. 3A) are obtained with θw between 40◦ and 80◦, for θw ≈ 100◦
we find the intriguing “wedge” shaped dunes (Fig. 3B). For tw of
the order of 10−4, dome dunes, i.e., dunes without slip faces or
horns, are obtained when θw < 90◦, while the “drop dunes” (Fig.
3D) appear when θw = 120◦. Our calculations reveal that these
dune shapes, which have been classified as “transitional” (34), in
reality do not change in time. In contrast, the seif dunes (Fig.
3C′) keep elongating in time. At very high angles (i.e., θw close to
160◦ or 180◦) reversing dunes are obtained, which resemble linear
dunes that don’t meander (35).

The occluded barchan morphology shown in the diagram of
Fig. 3 appears as consequence of lateral diffusion at the windward
foot of the barchan: The bimodal wind, inciding obliquely from
alternating directions and forming an accute divergence angle,
dislodges sand from the upwind foot of the barchan to the dune
sides, yielding the rounded barchan shape. We see that the slip face
of the occluded barchan gets smaller the larger θw, which is conse-
quence of the transport of sand from both sides of the dune into
the dune lee. For θw > 90◦, an incipient tail develops at the lee side
leading to the wedge dune morphology. In fact, when θw is within
the range 90◦ < θw < 110◦, a mixed state is found where both
transverse and longitudinal alignments are visible. Such a mixed
state has been reported in experiments with ripples on a sand bed
(10, 11), whereas the corresponding dune morphologies on the
bedrock are presented in Fig. 3. For increasing θw, the downwind
tail of the wedge dune elongates, leading to a longitudinal dune
with slip face at both flanks. However, since the dune is evolving on
the bedrock and there is no mobile sand around, the surface along
the longitudinal axis of the dune cannot meander. This result is
consistent with the conclusions from our simulations of seif dunes
on sand bed (Fig. 2), i.e., seif dunes meander as a result of the
oblique incidence of sand onto both dune flanks. Furthermore, as

can be seen in Fig. 3, no slip face appears if tw is too small, i.e.
of the order 10−4 or smaller, since, for such a short timing of the
bimodal wind, the excess of sand deposited from one direction
onto the dune crest is always removed by the wind blowing from
the other direction before the surface slope reaches the critical
value for avalanches.

In conclusion, by solving the three-dimensional equations of
sand transport under bimodal wind regimes, we find that the con-
dition for longitudinal alignment of aeolian dunes, θw > 90◦, is
independent of sand availability, sand properties, or atmospheric
conditions. Indeed, we have verified the nondimensional phase
diagram of Fig. 3 by performing simulations under atmospheric
conditions of both Earth and Mars. Our calculations revealed that
the wedge and drop dunes observed on Mars (36, 37) in fact belong
to a broad class of dune morphologies that appear under bimodal
wind when the sand availability on the ground is low. In fact, one
of these dune shapes (the wedge) could be reproduced in flume
experiments by Hersen (38). It would be interesting to perform sys-
tematic experiments with bimodal flow as the turntable or flume
ones in order to confirm the findings of Fig. 3. Furthermore, the
development of linear dunes from asymmetric barchans, which get
one of their horns progressively elongated due to changes in the
wind direction (4, 39), poses one challenging problem that should
be addressed in the future with the help of the dune model. The
model should be further improved in order to account for more
complex wind regimes and for secondary flow patterns at the dune
lee. Moreover, the model can be extended in order to study the for-
mation of accumulating (star) dunes under multidirectional winds.

Application to Planetary Dunes and Wind Systems. The phase-
diagram of Fig. 3 contains useful informations with potential
applications to the investigation of planetary wind systems. In fact,
each bimodal dune morphology is unambiguously associated with
one single set (θw, tw), whereas tw = Tw/Tm and Tm encodes the
informations on the wind strength u∗, the volume V of the dune,
grain size and density as well as atmospheric viscosity and density
of the physical environment considered. Indeed, in order to obtain
the characteristic time Tw of the bimodal wind, the migration time
Tm = [L/vd] of a barchan with volume V shaped under those con-
ditions of wind and atmosphere must be known. However, since
for a barchan of volume V , L ∝ V 1/3 and vd ∝ qs/[ρsandV 1/3]
(where qs is the saturated flux and ρsand is the bulk density of
the sand) (21, 31), Tm scales in fact with [V 2/3ρsand]/qs. Thus,
the migration time Tm of a barchan dune of volume V in an
arbitrary physical environment can be obtained from the equa-
tion Tm = TE

m·[qE
s ρsand]/[qsρ

E
sand], where the upperscript E refers

to the corresponding quantity for a terrestrial barchan dune of
same volume, in such a manner that Tw can be obtained from the
equation

Tw = tw·TE
m·[qE

s ρsand]/[qsρ
E
sand]. [6]

The timing of the planetary bimodal wind, Tw, may be obtained
from the diagram of Fig. 3 and from Eq. 6 as follows. (i) First,
calculate the migration time, TE

m, of a terrestrial barchan which
has the volume, V , of the planetary dune considered and occurs
in a terrestrial field where the saturated flux is qE

s . (ii) Next, the
saturated flux qs at the physical environment considered must be
calculated, and thus we need to know the average shear veloc-
ity u∗ of the sand-moving winds at the planetary dune field—for
instance, Martian sand-moving winds have u∗ values between
2.5 m/s and 3.5 m/s (40–43). (iii) Finally, the value of tw, obtained
from the diagram in fig. 3, is substituted into eq. (6).

The value of Tw considered in the calculations of the present
work must be interpreted as an effective time during which the
wind strength has the constant value u∗ above the threshold for
saltation, u∗t. Thus, Tw is normally smaller than the real time of
the wind changes, since u∗ is commonly most of the time below
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u∗t. In fact, both Tm and TE
m refer to the situation in which the

wind blows steadily with the average shear velocity, u∗, of the
sand-moving winds. Indeed, the actual migration time of a barchan
accounts for the frequency with which sand-moving winds occur,
i.e., T̃E

m = TE
m/f E and T̃m = Tm/f , where f E and f are the frac-

tion of time the wind is above the threshold u∗t on Earth and in
the planetary environment considered, respectively. Therefore, if,
for example, T̃E

m is substituted into Eq. 6 rather than TE
m, then the

right-hand-side of Eq. 6 must be multiplied by f E. Whereas the
terrestrial f E ≈ 10% typically (1, 44), the value of f at a given
location on Mars, for example, can be estimated from missions’
data on the average frequency and duration of the strongest wind
gusts, during which u∗ > u∗t at that location (40, 42). Furthermore,
if the right-hand-side of Eq. 6 is multiplied by f −1, then the value
of Tw obtained from Eq. 6 means the actual timing of the local
bimodal wind system.

On Mars, sand induration by ice or mineral salts could also com-
pete to form straight linear dunes, rounded barchans and domes
(45), and thus both mechanisms (sand induration and bimodal
wind regimes) probably act simultaneously on the red planet.
Indeed, here we have shown that many exotic Martian dune forms
might result from bimodal wind regimes alone without necessity of
sand induration. The low sand availability in many Martian sand
systems yields an explanation for the common appearance of dune
shapes as those in Fig. 3 on Mars: if more sand were available, then
seif dunes—rather much more typical on Earth—would form in
their place.

ACKNOWLEDGMENTS. We thank D. Rubin, H. Nishimori, and M. Bourke for
fruitful discussions and helpful comments. Calculations were performed on
the computers of the Institute for Computational Physics at the University
of Stuttgart, Germany. This work was supported in part by a Volkswagen-
stiftung, The Max-Planck Prize, and Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior.

1. Fryberger SG, Dean G (1979) A Study of Global Sand Seas (US Geol Surv, Reston, VA),
US Geol Surv Prof Pap 1052, ed McKee ED, pp 137–169.

2. Tsoar H (1983) Dynamic processes on a longitudinal (seif) sand dune. Sedimentology
30:567–578.

3. Wasson RJ, Hyde R (1983) Factors determining desert dune types. Nature 304:337–339.
4. Tsoar H (1984) The formation of seif dunes from barchans-A discussion. Zeitschr

Geomorph NF 28:99–103.
5. Livingstone I (1989) Monitoring surface change on a Namib linear dune. Earth Surf

Process Landforms 14:317–332.
6. Bristow CS, Bailey SD, Lancaster N (2000) The sedimentary structure of linear sand

dunes. Nature 406:56–59.
7. Rubin DM, Tsoar H, Blumberg Dan G (2008) A second look at western Sinai seif dunes

and their lateral migration. Geomorphology 93:335–342.
8. Edgett KS, Blumberg Dan G (1994) Star and linear dunes on Mars. Icarus 112:448–464.
9. Lee P, Thomas PC (1995) Longitudinal dunes on Mars: Relation to current wind

regimes. J Geophys Res 100:5381–5395.
10. Rubin DM, Hunter RE (1987) Bedform alignment in directionally varying flows. Science

237:276–278.
11. Rubin DM, Ikeda H (1990) Flume experiments on the alignment of transverse, oblique,

and longitudinal dunes in directionally varying flows. Sedimentology 37:673–684.
12. Werner BT (1995) Eolian dunes: Computer simulations and attractor interpretation.

Geology 23:1107–1110.
13. Werner BT, Kocurek G (1997) Bed-form dynamics: Does the tail wag the dog? Geology

25:771–774.
14. Nishimori H, Yamasaki M, Andersen KH (1998) A simple model for the various pattern

dynamics of dunes. Int J Mod Phys B 12:257–272.
15. Bishop SR, Momiji H, Carreter-González R, Warren A (2002) Modelling desert dune

fields based on discrete dynamics. Discrete Dynamics Nat Soc 7:7–17.
16. Zhang R, Kan M, Kawamura T (2005) Numerical study of the formation of transverse

dunes and linear dunes. J Phys Soc Jpn 74:599–604.
17. Baas ACW, Nield JM (2007) Modelling vegetated dune landscapes. Geophys Res Lett

34:L06405, 10.1029/2006GL029152.
18. Sauermann G, Kroy K, Herrmann HJ (2001) A continuum saltation model for sand

dunes. Phys Rev E 64:31305.
19. Kroy K, Sauermann G, Herrmann HJ (2002) Minimal model for aeolian sand dunes.

Phys Rev E 66:031302.
20. Weng WS, et al. (1991) Air flow and sand transport over sand-dunes. Acta Mech

2(Suppl):1–22.
21. Bagnold RA (1941) The Physics of Blown Sand and Desert Dunes (Methuen, London).
22. Owen PR (1964) Saltation of uniformed sand grains in air. J Fluid Mech 20:225–242.
23. Anderson RS, Haff PK (1988) Simulation of eolian saltation. Science 241:820–823.
24. Sauermann G, et al. (2003) Wind velocity and sand transport on a barchan dune.

Geomorphology 54:245–255.
25. Parteli EJR, Schwämmle V, Herrmann HJ, Monteiro LHU, Maia LP (2006) Profile mea-

surement and simulation of a transverse dune field in the Lençóis Maranhenses.
Geomorphology 81:29–42.

26. Durán O, Herrmann HJ (2006) Modelling of saturated sand flux. J Stat Mech P07011,
10.1088/1742–5468/2006/07/P07011.

27. Andreotti B (2004) A two-species model of aeolian sand transport. J Fluid Mech
510:47–70.

28. Fryberger SG, Al-Sari AM, Clisham TJ, Rizvi SAR, Al-Hinai KG (1984) Wind sedimenta-
tion in the Jafurah sand sea. Saudi Arabia Sedimentol 31:413–431.

29. Allen JRL (1974) Reaction, relaxation and lag in natural sedimentary systems: General
principles, examples and lessons. Earth Sci Rev 10:263–342.

30. Lancaster N (1988) The development of large aeolian bedforms. Sediment Geol
55:69–89.

31. Hersen P, et al. (2004) Corridors of barchan dunes: Stability and size selection. Phys
Rev E 69:011304.

32. Hesp PA, Hastings K (1998) Width, height and slope relationships and aerodynamic
maintenance of barchans. Geomorphology 22:193–204.

33. Bourke MC, Balme M, Bayer R, Williams KK, Zimbelman JR (2006) A comparison
of methods used to estimate the height of sand dunes on Mars. Geomorphology
81:440–452.

34. De Hon RA (2006) Transitional Dune Forms on Mars. Proc Lunar Planet Sci Conf
37:1361.

35. McKenna Neuman C, Lancaster N, Nickling WG (1997) Relations between dune
morphology, air flow and sediment flux on reversing dunes, Silver Peak, Nevada.
Sedimentology 44:1103–1113.

36. Hayward RK, et al. (2007) Mars Global Digital Dune database and initial science results.
J Geophys Res 112:E11007, 10.1029/2007JE002943.

37. Parteli EJR, Herrmann HJ (2007) Dune formation on the present Mars. Phys Rev E
76:041307.

38. Hersen P (2005) Flow effects on the morphology and dynamics of aeolian and
subaqueous barchan dunes. J Geophys Res 110:F04S07, 10.1029/2004JF000185.

39. Bourke MC (2009) Barchan dune asymmetry: Observations from Mars and Earth.
Icarus, 10.1016/j.icarus.2009.08.023.

40. Arvidson RE, Guinness EA, Moore HJ, Tillmann J, Wall SD (1983) Three Mars Years:
Viking Lander 1 Imaging Observations. Science 222:463–468.

41. Moore HJ (1985) The Martian dust storm of Sol 1742. J Geophys Res 90:163–
174.

42. Sullivan R, et al. (2005) Aeolian processes at the Mars Exploration Rover Meridiani
Planum landing site. Nature 436:58–61.

43. Jerolmack DJ, Mohrig D, Grotzinger JP, Fike, DA, Watters WA (2006) Spatial
grain sizes sorting in eolian ripples and estimation of wind conditions on plane-
tary surfaces: Application to Meridiani Planum, Mars. J Geophys Res 111:E12S02,
10.1029/2005JE002544.

44. Liu LY, Skidmore E, Hasi E, Wagner L, Tatarko J (2005) Dune sand transport as
influenced by wind directions, speed and frequencies in the Ordos Plateau, China.
Geomorphology 67:283–297.

45. Schatz V, Tsoar H, Edgett KS, Parteli EJR, Herrmann HJ (2006) Evidence for
indurated sand dunes in the Martian north polar region. J Geophys Res 111:E04006,
doi:10.129/2005JE002514.

Parteli et al. PNAS December 29, 2009 vol. 106 no. 52 22089



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 801.000]
>> setpagedevice


