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Emergence of oblique dunes in a landscape-scale
experiment
Lü Ping1,2 *, Clément Narteau2 *, Zhibao Dong1 , Zhengcai Zhang1 and Sylvain Courrech du Pont3
Aeolian dunes in many arid environments on Earth are shaped
by seasonally varying bimodal wind regimes. However, the
dynamics of dune evolution under such wind regimes are
difficult to investigate at the time and length scales of
laboratory experiments1 . These bedforms, in their natural
environments2–4 , may also be influenced by unknown initial conditions and a variety of factors such as sediment
availability5 , vegetation6 and cohesion7 . Here we report results
from a landscape-scale experiment in which we examine the
evolution of bedforms under asymmetric bimodal winds. After
flattening an experimental dunefield across 16 hectares of
the Tengger Desert in Inner Mongolia, we measured winds
and topography from March 2008 to October 2011 to reveal
the development of regular dune patterns with a constant
wavelength and increasing amplitude. On a seasonal timescale,
we show that individual dunes propagate in different directions
according to the prevailing wind. We find that the orientation
of dune crests is controlled by the combination of the normal
contributions of the two dominant winds, with respect to
their relative strengths and directions, such that crests form
an oblique angle of 50◦ with the resultant sand flux. Our
landscape-scale experiment suggests that the alignment of
aeolian dunes can be used to determine wind forcing patterns
on the Earth and other planetary bodies.
Desert areas exhibit a wide range of regular dune patterns that
are the most recognizable landscapes resulting from aeolian activity
on Earth and other planetary bodies. Formed by unidirectional
winds in zones of high sediment availability, transverse dunes
exhibit a periodic alignment of crests perpendicular to the flow8 .
At the other end of the spectrum of complexity, dunefields under
multidirectional wind regimes may be covered with star dunes,
majestic sand hills with arms radiating in various directions9 .
However, the seasonality of the climatic forcing in the subtropics
implies that many arid environments on Earth are submitted to
bimodal wind regimes. Under such conditions, it is commonly
accepted that dunes tend to align in the direction for which
the sum of the normal to crest components of the transport
vectors reaches its maximum value10 . Using this so-called gross
bedform-normal transport rule, straight-crested dunes may then
be documented and classified considering only the angle between
crest orientation and the resultant sand transport direction. In
practice, when the deviation is less than 15◦ from the perpendicular
and the parallel alignments, dunes are recognized as transverse
and longitudinal dunes, respectively. In all other cases, straightcrested dunes are considered as oblique. Although transverse and

longitudinal dunes have been reproduced in subaqueous laboratory
experiments11–13 and numerical simulations14–16 , there are only a
few limited observations on the dynamics of oblique dunes in
aeolian settings17–20 . This is partly because these dynamics occur on
timescales that are much longer than those of the remote sensing
data and partly because there are no complete long-term records of
local climatic variables in desert areas.
Moreover, dunes are difficult to reproduce in wind tunnel
experiments. The main reason is that the characteristic length scale
λmax for the formation of dunes is proportional to the saturation
length, the distance needed for the sand flux to adapt to a change
in wind strength21,22 . Accordingly, the λmax -value is of the order
of 20 m for aeolian dunes on Earth. This minimum dimension,
combined with the difficulty of varying flow orientation, makes
laboratory experiments on oblique dunes overly complicated.
Hence, there is not yet any experimental data about the formation
and the development of oblique aeolian dunes, so that their very
existence remains open to intense scientific debate2 .
Here we analyse the outcomes of a landscape-scale experiment
to image dune morphodynamics over timescales of years in the
Tengger Desert (Fig. 1). This southernmost region of the Gobi
Desert has a typical continental monsoon climate with less than
180 mm of annual precipitation. The average temperature ranges
between 24.3 ◦ C in July and −6.9 ◦ C in January. In such a cold
desert, shifting dunes free of vegetation form a dune network with
northeast–southwest primary ridges and north–south secondary
ridges23 . Previously, these two sets of dune crests have been described as transverse to the two dominant winds24 , which are mainly
regulated by the dynamics of the Siberian–Mongolian high-pressure
cell. During winter, Central Asia experiences a pronounced heat
loss leading to the development of a persistent northwesterly wind
across western China. In summer, the surface of the Asian continent
gains heat and the dominant atmospheric systems are thermal
depressions and easterly winds induced by the East Asian monsoon.
The main objective of the landscape-scale experiment is to
characterize and quantify the development of bedforms in a
natural aeolian environment using controlled initial and boundary
conditions. Working at a length scale that is significantly larger than
the initial wavelength λmax for the formation of dunes, 16 hectares
of the dunefield were flattened on the 20 December 2007 using a
bulldozer (Fig. 1a). Then, three experimental areas were designed
for comparison between different types of boundary condition
(Fig. 1b). At the same site and before flattening, an automatic wind
measurement system was installed at the top of a meteorological
tower of 10 m height. It records the mean wind speed and direction
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Figure 1 | The landscape-scale experiment site in the Tengger Desert. a,b, The flattened area at two different length scales
(37◦ 330 43.500 N,105◦ 20 5.2000 E). The three experimental plots are an open corridor (red), a closed area isolated from external sand flux by a straw
chequerboard (green) and a non-erodible bed covered with gravel (black). c, Wind and sand flux roses calculated using the wind data of the local
meteorological tower from 1 January 2008 to 31 December 2011 (Supplementary Information). d, Normalized amplitude spectra of the magnitude and the
orientation of sand flux. e, The probability density function (PDF) of sand flux orientation and the best fit using a two-component Gaussian mixture
model (Methods).

every minute. Figure 1c shows the wind and sand flux roses for four
years from the flattening date. As expected, from the long-term
meteorological data, there is a clear bimodal wind regime with a
primary peak in the southeast direction and a secondary peak in
the west direction. Spectral analysis clearly shows annual and daily
variations in both speed and orientation (Fig. 1d). Superimposed to
the seasonal cycle, the daily period may be explained by a contrast
in heat capacity between the desert area and the surrounding lands.
Most importantly, Fig. 1e shows that the bimodal wind regime may
be described by a divergence angle of 149◦ and a transport ratio of
2 (equation (1), Methods).
We concentrate here on the evolution of erodible beds and
analyse the data collected in the open corridor of 120×80 m2 and in
the closed area of 80×80 m2 . From March 2008 to October 2011, as
these winds pile the flat sand bed into dunes, regular topographic
measurements of the open corridor show the development of a
surface undulation with a constant wavelength of 23 m (Fig. 2a)
and an increasing amplitude (Fig. 2b). The emergence of regular
patterns with a well-defined wavelength may be associated with
the linear regime of the dune instability mechanism22,25 and
the most unstable wavelength λmax for the formation of dunes.
Unfortunately, it is impossible to conclude about the exponential
growth rate of this instability as the amplitude varies only from 1 to
2 m from the first to the last topographic measurement separated
by nearly 42 months. In addition, given that this amplitude has
already reached a height of 1 m three months after flattening
at the time of the first topographic survey, it is clear that the
100

characterization of the early growth phase requires more frequent
measurements, particularly at the beginning of the experiment
before the development of slip faces.
Nevertheless, the ongoing experiment covering a period of
almost four years in a zone with an estimated sand flux of
approximately 10 m2 yr−1 (Fig. 1c) and bedforms of less than 3 m in
amplitude (Fig. 2b) provides a unique data set for the analysis of the
morphodynamics of individual dunes. Figure 3 shows that, in the
open corridor and the closed area, isolated dune features migrate
in different directions according to the seasonal wind regime.
Not surprisingly, westward displacements during summer 2010 are
followed by southeastward displacements during winter. For the last
time period during which the two winds are present, dunes move
and stretch along an intermediate direction almost perpendicular
to the resultant sand transport vector (Fig. 3d). As these dunes are
propagating, they grow and align along a specific direction.
To determine the orientation of any topographic features, we
look for sand volumes above a reference height and calculate the
principal directions of their mass distribution matrix as well as
their centre of mass (Supplementary Information). Thus, we can
derive quantitative estimates of isolated dune motions (Fig. 3d)
and bedform orientation in more than 170 independent circular
parcels of the open corridor. Averaging over all these parcels, we
find that the global alignment of the observed dune patterns is
permanently evolving between the two directions perpendicular
to the two dominant winds (Fig. 4a). Eventually, the dune trend
converges to an intermediate direction that is more perpendicular
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Figure 2 | Development of surface undulations in the open corridor.
a, Characteristic wavelength of surface undulations with respect to time.
The horizontal line corresponds to a constant wavelength of 23 m.
b, Amplitude of surface undulations with respect to time. The dashed line
has a slope of 0.41 m yr−1 . Insets show the evolution of topography.
Amplitude and wavelength are calculated from the autocorrelation function
of the bed profile using 70 transects. The amplitude is twice the square root
of two times the standard deviation. The wavelength is the mean position
of the first peak. Error bars are the corresponding standard deviations.
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Figure 3 | Morphology and dynamics of individual dunes according to
seasonal winds. a, Sand flux roses using the local wind data
(Supplementary Information). The three consecutive time periods are
characterized by easterly (summer 2010), northwesterly (winter
2010–2011) and bimodal (summer 2011) wind regimes. b,c, Evolution of a
dune shape in the open corridor and the closed area. At all times, contours
are isolines of equal elevation. d, Horizontal displacements of the centre of
mass of eight individual dunes. Brown arrows show the resultant sand flux
direction. Note the different phases of dune migration with respect to the
wind regime.

to the primary wind. This orientation is in good agreement with
the prediction of the gross bedform-normal transport rule10 that
can be independently derived from the wind data (Supplementary
Information). Overall, there is an angle of 50◦ between the
orientation of the ridges and the resultant sand transport direction
(Fig. 4b), so that the bedforms of the open corridor can be defined
as oblique dunes. Furthermore, Fig. 4a shows also that changes
in orientation estimated from the topographic data are consistent
with the variations that can be expected from the wind data alone.
These similar behaviours indicate that, when the dune patterns are
growing in a zone of high sediment availability, their alignment may
be directly related to the climatic forcing using only estimates of the
normal to crest components of transport.
This cross-crest component of transport varies according to
wind orientation and because of changes in the apparent dune
aspect ratio9,26 . Then, when the winds blow alternately on either side
of the dune, a persistent asymmetry in normal transport properties
will gradually result in a shift of the entire structure in the direction
of the prevailing flux27 . By definition, oblique dunes are therefore
likely to migrate laterally with respect to the orientation of their
crests17,28 . The present field measurements confirm such lateral
migration for two asymmetric winds with a divergence angle of
more than 90◦ . In fact, the resultant sand transport direction has
an eastward component of transport that is significantly more

pronounced than those of individual bedform motions that have
been identified in the open area or the closed area (Figs 3 and 4b).
This is consistent with the fact that dunes grow in height using
normal to crest components of transport. If we extrapolate such a
lateral dune migration to larger length scales and timescales, it may
explain how the Tengger Desert has been able to extend southward
from the sedimentary resources of the Badain Jaran sand sea29 .
The landscape-scale experiment is a new concept in geomorphology that is particularly well suited for validation and quantification purposes30 . Given the extreme conditions encountered
in arid deserts and the timescales associated with the development
of bedforms, in situ experiments on aeolian sand dunes have
to combine logistics facilities with long-term measurements. By
successfully meeting these challenges, we obtain here the first
experimental evidence for the formation of oblique aeolian dunes.
In addition, we verify that, in a zone of high sediment availability,
these oblique dunes align in a direction that can be predicted from
the cross-crest components of transport. Thus, the observed crest
orientation sums the contribution of all winds with respect to their
relative strength and orientation. It is notable that this property
can then be used to evaluate the variability of wind directionality
from the morphology of reversing dunes. We also show that oblique
dunes migrate laterally, which has important implications for the
dynamics of desert areas. Eventually, as a result of the seasonality
in wind forcing, oblique dunes are likely to be widely present on
Earth and other planetary bodies, such as Mars and Titan. Thus,
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Figure 4 | Oblique bedform alignment and lateral dune migration. a, Observed (blue) and predicted (red) dune orientations in the open corridor using
topographic surveys and the gross bedform-normal transport rule with the local wind data from the flattening time. Sand flux roses (green) are derived
from wind measurements during the corresponding time intervals. All directions are measured anticlockwise from east. Error bars are standard deviations
for circular parcels with radius of 7.5 m (Supplementary Information). Horizontal lines show the last predicted value (red) and the directions perpendicular
to the primary (black) and the secondary (light grey) winds. Yellow bands show the summer periods when the secondary wind is likely to prevail.
b, Evolution of topography in the closed area. Contours highlight the positions of a dune (solid) and a trough (dashed). c, Displacement vectors of this dune
(solid) and this trough (dotted) show lateral migration between the resultant sand flux direction (brown vector) and the crest alignment (red line).

their identification can lead to new estimates of the overall sediment
transport and better constraints on global circulation models.

Methods
The closed area is isolated from external sand flux using a straw chequerboard
barrier with a width of 20 m (dashed green area in Fig. 1a,b), a distance that is
much larger than the saturation length. This sand barrier consists of a regular
lattice of narrow bands of straw (for example, wheat, rice, reed of 40 cm height)
overlying the erodible bed. Half of the plant is buried and the other half is exposed
to the air, offering a substantial resistance to the flow. Thus, as the wind blows
on a straw chequerboard barrier, the bed shear stress is decreasing with distance
(that is, deposition) to finally fall below its critical value for sediment entrainment
(that is, no transport).
The resolution of the topographic survey is 0.5 m using a Topcon G7200L
theodolite. All measurements are relocated according to four reference points for
each experiments. Basically, they are located at the corner of the squares limiting
102

the non-erodible bed and the closed area (black and green squares in Fig. 1a,b).
The main reference point is a block of concrete at the southern corner of the
non-erodible bed (37◦ 330 45.900 N,105◦ 10 55.400 E).
We use an expectation–maximization algorithm to fit the sediment flux
orientation distribution by a Gaussian mixture model. Thus, we replace the fluxes
derived from the wind data by a limited number nΘ of flux vectors characterized
by a mean orientation Θi and a weight wi with i = {1,...,nΘ }. Considering
only time periods during which the wind velocity is above a critical value for
sediment transport (Supplementary Information), we assume that the probability
distribution function of sand flux orientation Θ may be described by a sum of
normal distributions:


nΘ
X
wi
(Θ − Θi )2
P (Θ ) =
(1)
√ exp −
2
2σi
i=1 σi 2π
where σi is the standard deviation of wind orientation in the direction Θi . The
expectation–maximization algorithm is a natural generalization of maximum
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likelihood estimation to the incomplete data case. Basically, this is an iterative
scheme that includes two different steps. Starting from initial guesses for the
parameters wi , σi and Θi , the expectation step is to compute a probability
distribution over possible completions. In the maximization step, new parameters
are determined using the present completions. These steps are repeated until
convergence. Figure 1e shows the histogram of sand flux directionality in the
landscape-scale experimental site and how it can be fitted with a two-component
Gaussian mixture model (nΘ = 2). All angles are measured anticlockwise from east.
For the sand flux produced by the northwesterly wind we have
w1 = 0.64,

Θ1 = 315o , σ1 = 24o

For the sand flux produced by the easterly wind we have
w2 = 0.36,

Θ2 = 166o , σ2 = 49o

Thus, there is a prevailing wind (w1 > w2 ) and we can estimate the transport
ratio R = w1 /w2 ≈ 2 as well as the angle of divergence γ = Θ1 − Θ2 = 149o
between the primary and secondary winds. These two variables are enough
to predict dune crest orientation using the analytical solution of the gross
bedform-normal transport rule10 . However, this can also be done with more
precision using the entire wind data set and the cross-crest components of transport
(Supplementary Information).
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