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Airﬂow is measured over a barchan dune in the ﬁeld and over a scaled-down model in a wind tunnel.
The change of the ﬂow speed over the stoss side is represented by the change of speed-up ratio.
According to the ﬁeld measurement, the wind proﬁles within 0–3m above the stoss can be divided into
two segments. The lower segment, about 0.66 m thick, is the inner-boundary layer, within which the
friction velocities derived from the wind proﬁles increase from the upwind inter-dune region to the
upper stoss, and then decrease near the dune top. This change, together with the changes of airﬂow ﬁeld,
speed-up ratio and sand ﬂux, is related to the morphological change and contributes to the stable shape
and height of a barchan dune. In the wind tunnel, airﬂow varies in a similar way as in the ﬁeld, with the
speed-up ratios constantly higher than 1.0 and increasing along the stoss slope. While the segmentation
of wind proﬁles also occurs in the wind tunnel, friction velocities derived from the wind proﬁles decrease
along the stoss, indicating a very thin inner-boundary layer above the wind tunnel model where the
detailed wind-speed change becomes difﬁcult to measure using the present instruments.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction

rs
o

Pe

Au
th
or

's

Keywords:
Barchan dune
Field measurement
Wind proﬁle
Wind-tunnel simulation

na

a r t i c l e i n f o

Sand dunes are considered one of the most beautiful patterns
formed by wind (Bagnold, 1941). Their shapes depend mainly on
the amount of available sand and on changes in wind direction over
time (Sauermann et al., 2003). The most well-known type of dune
is the barchan, which forms under unidirectional wind conditions
and when there is not much sand on the ground (Bagnold, 1941).
A barchan dune is crescent shaped, has a stoss-side where sand is
transported and deposited by the wind, and a steep slip face where
avalanches take place maintaining dune stability and motion
(Herrmann et al., 2005).
Since the middle of the previous century, scientists have sought
to model dunes and understand the processes leading to their
formation. Physicists believe that sand dunes constitute a variable
boundary problem where airﬂow is determined by dune shape and,
* Corresponding author. Present address: College of Global Change and Earth
System Science, Mailbox 8#, Beijing Normal University, Xinjiekouwai Street No.19,
Beijing 100875, China. Tel.: þ86 10 5880 6146.
E-mail address: wxx2005@hotmail.com (X. Wu).
0140-1963/$ e see front matter Ó 2010 Elsevier Ltd. All rights reserved.
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in turn, airﬂow inﬂuences dune shape by transporting sand grains.
Therefore, airﬂow over dunes is important for understanding dune
formation and evolution (Volker and Hans, 2006). Some researchers
believe that although physical and numerical models offer more
detailed information about the complex processes regarding sediment transport, wind ﬂow and their interactions with dunes, ﬁeld
investigation is still the dominant approach to study dune dynamics
(Livingstone et al., 2007). Zhang et al. (2000) concluded that integrated studies that include sedimentary structures and wind-tunnel
experiments can make more efﬁcient contributions to an overall,
systematic, and thorough understanding of the developmental
processes of the dunes than previously used non-integrated study
methods.
Barchan dunes have aroused much interest from researchers.
Many numerical simulations have been performed to predict the
evolution of barchan dunes and their shapes (Howard et al., 1978;
Wippermann and Gross, 1986). Lancaster used measurements of
sediment ﬂux on the windward slope of an isolated barchan dune
to develop models of dune dynamics (Lancaster et al., 1996) that
showed ﬂux increased up the height of the dune exponentially at
low wind speeds; whereas the increase with distance approached
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compares results from the wind tunnel with those in Section 3.1.
Based on the comparison in Section 3.2, we discuss shortcomings of
present wind-tunnel simulations. Section 4 presents a summary for
the study.
2. Material and methods
2.1. Field measurement
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We conducted a topographical survey and wind-speed measurement for mobile dunes and vegetated dunes in Mu Us sandy
land of China in the springs of 2008 and 2009. A typical barchan
dune, with average geometrical scales, was selected for the windtunnel experiment. The dune lies in the western part of a dune ﬁeld
in northern Uxin Qi of the Mu Us sandy land and has a height of 6 m,
a length of 64 m, a horn-to-horn width of 87 m, a stoss slope length
of 44 m, and a leeside slope of 12 m. It is very similar in shape and
size to dunes studied by Howard et al. (1978) and Lancaster et al.
(1996).
A real-time kinematic (RTK) GPS Trimble 4700 was used to
collect data in the ﬁeld topographical survey. Its planar metric and
altimetry precision was 1 cm  0.2& cm and 2 cm  0.2& cm,
respectively. Its main components included a base station, two
mobile stations, two base radios, and a controller. The base station
receiver was set up in the coordinate-known stake point to
continuously receive visual satellite signals. The radio at the base
station sent out the coordinates of the base station and carried
phase observations, pseudo-range observations, satellite tracking
status, and receiver working state by data link. The mobile station
receiver tracked satellite status and received data from the base
station simultaneously. It recorded the coordinates of every point
measured by the mobile station by real-time kinematic (RTK) and
saved the data temporarily in the controller. The point-sampled
data in the controller were transferred to Trimble Geomatics Ofﬁce

Pe

Fig. 1. Field anemometer to measure wind proﬁle: 1. base; 2. retractable supporting
poles; 3. wind speed sensor support; 4. wind speed sensor; 5. lightening rod; 6. wind
direction sensor; 7. data storage and solar battery box; 8. base ﬁxer.
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linearity at higher wind speeds. Wind proﬁle measurements indicated that although wind speed at a given height increases by 1.2
times from dune toe to brink line, shear velocity derived from the
proﬁle data decreases up the dune and in many cases is below
transport threshold values (Lancaster et al., 1996). Sauermann et al.
(2003) performed a recent ﬁeld measurement of wind velocity and
sand ﬂux on the windward side of a large barchan dune at Jericoacoara in northeastern Brazil. They found that the predicted
sand ﬂux using the calculated shear velocity from the measured
wind proﬁle ﬁt the measured data very well. Based on ﬁeld data
and theoretically predicted results, the principal difference
between saturated and non-saturated sand ﬂux models was presented. This also showed that the measured dune moved with
invariable shape (Sauermann et al., 2003). A more recent airﬂow
simulation was done on a barchan dune in Minqin using the
computational ﬂuid dynamic model, Fluent. The wind pattern was
linked to a sediment transport equation used to estimate sediment
ﬂux and transport (Shi and Huang, 2010).
Given its signiﬁcance, especially on the stoss slope, we measured
airﬂow over a barchan dune in the ﬁeld and over a scaled model of
a barchan dune in a wind tunnel. In Section 2, we outline the
measurement in the ﬁeld and the simulation experiment for the
barchan dune in the wind tunnel. Section 3 presents and compares
our measurements of wind speeds in the ﬁeld and in the wind
tunnel. In Section 3.1, we analyzed the ﬁeld airﬂow and speed-up
ratio, wind proﬁle, and friction velocities at the stoss slope of the
barchan dune. In Section 3.1, we also calculated sand mass ﬂux along
the stoss slope and the inner-boundary layer thickness over the near
surface of the barchan dune and explored the interaction between
airﬂow, its resultant sand mass ﬂux, and dune dynamics. Section 3.2

Fig. 2. Measurement points arrangement above dune and dune model.
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(TGOfﬁce), a self data processing software, by a date-transfer software and were then exported in a format that can be processed by
GIS (Hu et al., 2009). A contour map of the barchan dune was
plotted using Surfer 8.0 software.
Airﬂow proﬁles over the barchan dune were measured using two
sets of ﬁeld automatic multipoint anemometers. Fig. 1 shows the
layout of the anemometer. A set of anemometers can record wind
directions from 0 to 360 and wind speeds at nine heights with
a resolution of 0.1 m s1 from 0.30 m s1 to 30.0 m s1. The
anemometer was equipped with a data collector that can automatically collect moving average data of 1 min. The data were output into
an ASCII format that could be directly processed using Excel (Wang
et al., 2005). Measurement points were arranged along the crest
line of the barchan dune, including upwind inter-dune, stoss slope
toe, middle stoss slope, upper stoss slope, crest, middle leeward
slope, and downwind inter-dune. Nine wind speed sensors were
mounted on a 3.5-m high mast at heights of 5 cm, 10 cm, 20 cm,
30 cm, 50 cm, 80 cm, 100 cm, 200 cm, and 300 cm above the dune
surface. One set of multipoint anemometers was ﬁxed at the dune top
as a reference and the other was moved among other measurement
points. Wind proﬁles on the barchan dune were ﬁt through regression by a curve ﬁtting of a 10 min averaged wind speed.
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Fig. 3. Arrangement of the barchan dune model and roughness elements in wind
tunnel.

The wind-tunnel experiment was conducted in a straightblowing wind tunnel at Beijing Normal University, which is afﬁliated
with the State Key Laboratory of Earth Surface Processes and
Resource Ecology. The test section was 24 m long, 3 m wide and 2 m
high. The wind speed in the wind tunnel could be controlled
continuously from 2 m s1 to 45 m s1.
Fig. 3 displays the experimental layout in the wind tunnel. The
model was situated in the rear test section of the wind tunnel and
arranged with the ridge of the model parallel to the long axis of the
wind tunnel. Wind speed at a given measurement point was
measured with a multipoint anemometer for each wind speed.
The anemometer was moved among measurement points using
a three-dimensional positioning machine. It had three axes, X, Y,
and Z, to move horizontally and vertically. Axis X refers to airﬂow
direction. Axis Y is vertical to axis X in the horizontal plane. Axis Z is
vertical to the horizontal plane. Wind speeds at heights of 1 cm,
3 cm, 5 cm, 7 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 40 cm, and
50 cm were recorded simultaneously with a 1-s interval. The
experimental wind speed, i.e., the axis wind speed, was set as
5 m s1, 10 m s1, 15 m s1, and 20 m s1 respectively.
In our wind-tunnel simulations, roughness elements made of
bricks, each with a length of 24 cm, width of 11.5 cm, and height of
5 cm, were placed at the upwind drift of the model to obtain
reasonable boundary layer and Re number. The bricks were
arranged at a distance of 2.20 m from the transition zone with the
same inter-row and intra-row spaces; in the principle, their height
decreased from windward to leeward side (Fig. 3). Table 1 indicates
that the number of rows and layers of bricks were regulated when
the experimental wind speed changed. Fig. 4 shows wind proﬁles at
the upwind ﬂoor of the dune model for different wind speeds in the
wind tunnel. We can see that the logarithmic proﬁle within
0e50 cm of the boundary layer was obtained. This indicates that
the thickness of boundary layer in wind tunnel is no less than 50 cm
and the height of the barchans dune model is lower than 1/3
boundary layer thickness. The Reynolds number (Re) of the
boundary layer under different experimental wind speeds in the
wind tunnel was calculated to be 3.80  104 to 1.52  105, indicating
a fully turbulent ﬂow environment and meeting the self-similar
requirement for wind-tunnel tests (Qu et al., 2001).
3. Results and analysis
3.1. Airﬂow in the ﬁeld

2.2. Model and measurement in the wind tunnel

The barchan dune model was constructed based on ﬁeld measurements. It was morphologically made according to its contour
map that was derived from the topographic survey. A 9-cm high
model at the scale of 1:60 was constructed from a 2-cm thick foam
board spliced with foam glue. It was ﬁxed on a 1-cm high triple ply.
The model was 2.3 m long parallel to the airﬂow direction and 1.7 m
wide perpendicular to the airﬂow direction. Fig. 2 shows measurement points marked on the model that were in the same scale of 1:60
as that of the ﬁeld measurement described in Section 2.1.

3.1.1. Airﬂow ﬁeld on the stoss slope of the barchan dune
Airﬂow ﬁeld over the dune surface was affected by both the
regional airﬂow ﬁeld and slope topology of the dune (Hasi et al.,
1999). Even though we measured wind speed at the leeside, the
wind direction at the leeside was too complex and variable to
measure due to airﬂow separation and reﬂection. Therefore, we just
dealt with wind speed along the stoss slope of the barchan dune.
Fig. 5 shows the airﬂow ﬁeld over the stoss slope of the barchan for
a reference wind speed of 6.2 m s1 on the dune top at 3 m high.
The stoss slope of a sand dune is streamlined by the wind and in turn

Table 1
Layout of cuboid bricks as roughness elements under different wind speeds.
Experimental wind speed

Row number

Layer number
Row 1 (upwind)

Row 2

Row 3

Row 4

Row 5

Row 6

Row 7

Row 8 (downwind)

5 m s1
10 m s1
15 m s1
20 m s1

7
7
8
8

4
4
3
3

4
3
3
3

3
3
3
3

3
3
3
3

3
3
3
2

2
2
2
2

1
1
1
1

0
0
1
1
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change and the airﬂow ﬁeld helps to maintain a comparatively stable
shape of the moving barchan dune.
To describe the degree of acceleration along the stoss slope, we
calculated the parameter speed-up ratio proposed by Mason and
Sykes (1979),

S ¼ U=Ut
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modiﬁes the airﬂow over it (Frank and Kocurek, 1996). Due to airﬂow
convergence and acceleration along the stoss slope, iso-velocity lines
become denser from upwind inter-dune up to the stoss slope.
However, local morphological change on the stoss slope can affect
near-surface airﬂow along the stoss slope. Airﬂow converges at the
upper stoss slope where the slope is topologically convex and
diverges at the dune top where the slope is relatively ﬂat compared to
the upper stoss slope. The topographically induced variation of
streamlines over the stoss slope of a dune either enhances or reduces
shear stress by controlling ﬂuctuations in the ﬂow stability (Walker
and Nickling, 2003). Convex streamline curvature serves to stabilize vertical components of airﬂow, and concave curvature destabilizes ﬂow structure by conveying turbulent structures toward the
surface (Bradshaw, 1969). On the surface of a mobile dune, convex
streamline curvature indicates increasing friction velocity and
strengthening wind erosion; concave curvature indicates decreasing
shear velocity and weakening erosion. Therefore, topographically
induced streamlines over the stoss slope of the dune can reﬂect
changes in erosion and the deposition process near the surface. For
a fully developed barchan dune, the lower part of the stoss slope,
namely, from stoss toe to middle stoss slope, is likely to have
a concave slope, the upper stoss tends to be convex, and the dune top
is comparatively ﬂat. Under the inﬂuence of local topological changes
along the stoss slope, erosion from stoss toe to dune top cannot
continually intensify, thus the dune height will not constantly
decrease. Conversely, the interaction between the morphological

where S is the speed-up ratio, Ut is the wind velocity at stoss slope
toe of the dune, and U is the wind velocity at a downwind position on
the stoss slope. Both Ut and U were measured at the same height. In
our study, U included wind speed at the dune top and at the upper
and middle stoss slopes. Fig. 6 shows the calculated S at different
reference wind speeds and for different dune positions. Generally,
the acceleration ratio is nearly always higher than 1.00 at each
height and dune position for any wind speed. The free-stream wind
speed slightly inﬂuenced the speed-up ratio, which incurred change
that ranged from 0.12 to 0.46 (Fig. 6a). These trends are in agreement
with Lancaster et al.’s (1996) ﬁeld measurement on the stoss slope of
a barchan dune and Qian et al.’s (2009) wind-tunnel measurement
on windward slopes of transverse dunes. They both conceived that
speed-up ratio on the stoss slope was independent of upwind
velocity. Fig. 6 also shows that the speed-up ratio (S) changes with
height above the dune surface. Below 0.5e0.8 m, the speed-up ratio
ﬂuctuates with both height and dune positions. However, it
continually decreases with heights above 0.8 m. In our study, the
average speed-up ratio was 1.18e1.70. The speed-up ratio range is
1.01e2.0 for a medium sized dune, according to previous wind
tunnel and ﬁeld measurements (Frank and Kocurek, 1996; Qian
et al., 2009). Our ﬁeld measurements corroborated these ﬁndings.
The wind speed-up ratio also inﬂuences the dynamic and shape
of the dune because the speed-up ratio toward the dune top
increases the shear stress exerted on the dune surface, which
enhances sediment transport (Qian et al., 2009). Fig. 6b indicates
that the speed-up ratio increased up the stoss slope. At a height of
0.5 m, the speed-up ratio at the middle stoss slope, the upper stoss
slope and the dune top was 1.05, 1.17 and 1.30, respectively. This
change conformed to the airﬂow ﬁeld along the stoss slope of the
dune. Within 0e0.5 m, speed-up ratios at both the dune top and
the middle stoss slope decreased with height, but they increased
with height at the upper stoss slope. The latter agrees well with
airﬂow convergence caused by convex topology at the upper stoss

na

Fig. 4. Wind proﬁle in the absence of dune model in wind tunnel.

(1)

Fig. 5. Airﬂow ﬁeld on the stoss slope of the barchan dune in ﬁeld.
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Fig. 6. Field speed-up ratio at dune top under different reference wind speeds and at different dune positions under wind speed of 9.2 m s1 at 3 m.
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does not occur on the stoss slope toe and upwind inter-dune
(Fig. 7b). This implies that wind velocity proﬁle segmentation
results from the slope topology of the dune and is therefore
different from a single linear-log proﬁle on a ﬂat surface. Our
measurements are similar to previous airﬂow measurements over
13 dunes by Frank and Kocurek (1996).
Friction velocity (U*), a measure of the shear stress of the
surface, can characterize ﬂow above the surface and is considered
to be a very important parameter in studies of aeolian sand
movement and surface dynamic process on sand dunes (Gillette
et al., 1997; Huang et al., 2008; Sharratt and Feng, 2009; Ungar
and Haff, 1987). Friction velocity was determined using a form of
the “law of the wall” (Bagnold, 1941),
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slope near the dune surface (Fig. 5). Erosion usually occurs when
the speed-up ratio increases, and deposition occurs when the ratio
decreases (Lancaster, 1989). Therefore, near-surface erosion was
strongest at the upper stoss slope than at other dune positions of
the stoss slope, including the dune top. The strong erosion
produced concave topology at the upper stoss slope. Similarly,
previously concave topology on the dune surface tended to become
convex under the inﬂuence of deposition. Thus, under the inﬂuence
of alternating processes of erosion and deposition, the barchan
dune moved forward with its local topology alternating between
concave and convex. Therefore, the interaction between the speedup ratio and dune dynamics contributed to the maintenance of
a stable shape for the stoss slope of the dune.
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3.1.2. Wind proﬁles and friction velocity on the stoss slope of the
barchan dune
Fig. 7 shows ﬁeld wind proﬁles on the dune top at different wind
speeds (a) and at different dune positions (b). It can be seen that the
measured wind velocities do not follow log-linear proﬁles even
though wind speed increases against increasing height. The wind
proﬁle of the upwind inter-dune is an exception, which agrees with
measurements by Frank and Kocurek (1996). For the dune top,
wind proﬁles at different wind speeds are broken into two
segments. The near-surface segment follows the linear-logarithmic
rule with height. The height at which two segments broke ranges
from 0.5 m to 0.8 m. In addition, the results indicate that the
uppermost part of the wind proﬁle within 2e3 m shows a trend
with elevating height that is contrary to that of the lower parts
(Fig. 7a). This may be a result of decreasing acceleration rates
within the height range of 2e3 m (Fig. 6a). At a wind speed of
6.2 m s1 and 3 m height, a similar segmentation of wind velocity
proﬁle occurs on the middle and upper stoss slopes (Fig. 7b) but

Uz ¼

U*
z
ln
z0
k

(2)

where U* is friction velocity, k is the Von Karman constant (0.4), and
z0 the roughness length. In our measurements, wind proﬁles at
different dune positions of the stoss slope can be expressed as,

Uz ¼ a þ b ln z

(3)

where a and b are regression coefﬁcients. Based on equations (1)
and (2), U* can be calculated by the following equation,

U* ¼ kb

(4)

This method has been used by Dong et al. (1999) and Zhang et al.
(2004). Because only the lower segment of the wind velocity proﬁle
on the stoss slope follows the linear-log, we calculated friction
velocities for different dune positions using near-surface wind
proﬁles of 0e0.5 m. The calculated friction velocities at a wind
speed of 6.2 m s1 on a dune top at 3 m are shown in Fig. 8. We

Fig. 7. Wind proﬁles on the dune top under different reference wind speeds (at 3 m) in ﬁeld and at different dune positions at wind speed of 6.2 m s1 at 3 m.

X. Wu et al. / Journal of Arid Environments 75 (2011) 438e445

op
y

lC

Qp ¼ C  rg  ðU*  U*t Þ  U*2 =g

Pe

's

Au
th
or

l lnðl=z0 Þ ¼ 2ðkÞ2 L

(5)

where L is the half length of the dune measured from the half
height of the windward side to the crest. z0 is the roughness length
and can be obtained by the following equation,

z0 ¼ 2d=30

(6)

where d is mean grain diameter. We determined L and z0 in
a similar way to Lancaster et al. (1996). Setting L ¼ 22 m and

(7)
1 1

where Qp is the sediment transport rate (kg m s ), C is a constant
(4.2), rg is the density of air (1.05 kg m3), and U*t is the threshold
friction velocity (m s1) that can be calculated through equation (7)
(Bagnold, 1941),
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noticed that the change pattern of U* agreed well with the airﬂow
ﬁeld along the stoss slope (Fig. 5), in which increasing friction
velocity corresponding to denser iso-speed lines. It is also identical
to the local topographical change of the stoss slope. Increasing
friction velocity results in intensifying erosion, which results in
convex topology. Decreasing friction velocity incurs concave
topology. Because U* increased slightly from 0.1963 at the stoss
slope to 0.2306 at the middle stoss slope, slight erosion occurred on
the middle stoss slope. When U* greatly increased from 0.2306 at
the middle stoss slope to 0.4201 at the upper stoss slope, erosion
was intensiﬁed, incurring obviously convex topology and lowering
the height of the barchan dune. U* decreased from 0.4096 at the
upper stoss slope to 0.2164 at the dune top. Therefore, deposition
occurs and it incurs comparatively ﬂat topology and an increasing
height of the dune. The moving barchan dune keeps a relatively
stable shape and height through such a cycle. Previous studies
found that boundary layers, developed over low hills with an aspect
ratio similar to barchan dunes, can be divided into inner and outer
regions (Hunt et al., 1988; Jackson and Hunt, 1975). One part of the
inner region, the shear stress layer on the dune, is responsible for
sediment transport. Therefore, we calculated the inner-layer
thickness (l) for this barchan dune according to the equation
proposed by Jackson and Hunt (1975),

d ¼ 0.000234 m (Li et al., 2007), solving with MATLAB gives an
approximate value for l ¼ 0.66 m, which is 22% higher than
Lancaster et al.’s (1996) 0.54 m for the similar-size barchan dune
because of a different sand grain size and resultant roughness
length on the dune surface. The wind proﬁle within the inner layer
was conceived to provide information on the part of boundary layer
responsible for sediment transport on the near surface of the
barchan dune. Friction velocities derived from wind proﬁles of
0e0.5 m above the surface, which is within the inner-boundary
layer, are reasonable to reﬂect shear stress exerted on blowing sand
on the near surface of the dune. In fact, the near-surface segment of
wind proﬁles occurs below heights of 0.5e0.8 m (Fig. 7), which is
close to the upper limit of height for the inner-boundary layer. This
indicates a link between inner-boundary layer thickness and nearsurface segment for wind proﬁles on the dune.
Wind tends to transport sand from the windward toe to the
crest of the barchan dune (Zhang et al., 2000). Based on friction
velocities derived from a wind proﬁle within 0e0.5 m, we calculated the sediment transport rate at different dune positions on the
stoss slope. The sediment transport rate was calculated according
to phenomenological sand ﬂux relations with wind speed (Lettau
and Lettau, 1978),

na

Fig. 8. Friction velocities and sand ﬂux along the stoss slope of the barchan dune in
ﬁeld.
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U*t

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rg gd
¼ A

rg

(8)

where A ¼ 0.09 (Bagnold, 1941), rs is the density of a sand particle in
Mu Us sandy land (1.2  103 kg m3) (Yuan et al., 2008), and g is the
gravitational acceleration. We calculated that U*t ¼ 0.1506 m s1.
Fig. 8 shows calculated friction velocities and sediment transport
rates along the stoss slope of the barchan dune. The sediment
transport rate continuously increased from stoss slope toe to upper
stoss slope and then decreased at the dune top, but the value at the
dune top was still larger than that at middle stoss slope. This result
was different from previous observations (Lancaster et al., 1996;
Wiggs, 1993) that suggested that sand ﬂux continuously increases
up the windward slope. The difference is a result of variations in the
morphological characteristics of the stoss slope of the measured
barchan dune. In our study, a convex shape at the upper stoss slope
and relatively ﬂat topology at the dune top region were the main
reasons for changes in sediment transport along the stoss slope
(Fig. 8). Also, the changing pattern of the sand ﬂux agreed well with
the airﬂow ﬁeld up the stoss slope (Fig. 5). Comparison between

Fig. 9. Airﬂow ﬁeld on the stoss slope of the dune model in wind tunnel under wind speed of 10 m s1.
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Fig. 10. Speed-up ratio (S) at different wind speeds and different dune positions on stoss slope of the dune model in wind tunnel.
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3.3. Comparison of wind-tunnel experiment and ﬁeld measurement
It can be seen that compared with wind-tunnel measurements,
ﬁeld measurements are able to measure wind speed near the dune
surface and they reﬂect micro-geomorphological change especially
along the stoss slope. However, ﬁeld measurements are inadequate
under different wind speeds especially under extreme conditions.
Wind-tunnel measurements are able to compensate for this.
Fig. 11 shows wind proﬁles at the dune top in the wind tunnel
under a log scale. Similar to the ﬁeld wind proﬁles, segmentation
existed on wind proﬁles in the wind tunnel, and the wind proﬁle for
the near-model surface followed the linear-log law. The height at
which two segments broke was about 0.05 m for each experimental
wind speed. Because links between near-surface segmentation for
wind proﬁles and inner-boundary layer thickness existed in the ﬁeld
and the wind-tunnel simulation of airﬂow agreed well with those
from the ﬁeld, we calculated friction velocities for different dune
model positions from 0 m to 0.07 m wind proﬁles under a 10 m s1
experimental wind speed in the wind tunnel. Derived values for
friction velocity continuously decreased along the windward slope
of the dune model from 0.347 m s1 at the upwind inter-dune,
0.215 m s1 at the stoss slope toe, 0.123 m s1 at the middle stoss
slope, 0.074 m s1 at the upper stoss slope to 0.075 m s1 at the dune
top. A similar decrease in friction velocity up the stoss slope of the
dune was observed by Lancaster et al. (1996) and Frank and Kocurek
(1996) in ﬁeld measurements. They believed that such change
patterns resulted from inadequate wind speed measurements
within the inner-boundary layer near the dune surface. Because the
derived values are not actual friction velocities, they cannot fully
reﬂect information about the inner layer, which is responsible for
near-surface sand transport. But in the ﬁeld condition, wind proﬁles
of the inner-boundary layer on dunes can be measured with multipoint anemometers and the friction velocities derived from those
proﬁles truly account for sand transport. This also indicates that the
inner-boundary layer above the dune model in wind tunnel was
thinner than 0.07 m. However, it is difﬁcult for the present
anemometer to obtain detailed wind speed measurements below
this height above the dune model. Therefore, higher resolution
measuring equipment is needed to measure airﬂow around the
scaled-down barchan dune model. A Particle Image Velocimetry
(PIV) system is a state-of-the-art, instantaneous, non-intrusive,
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Fig. 9 shows the airﬂow ﬁeld over the stoss slope of the dune
model within 0e50 cm in the wind tunnel at an experimental wind
speed of 10 m s1. Similar to airﬂow in the ﬁeld, iso-velocity lines
become more densely spaced from upwind inter-dune and then
along the stoss slope to the top of the dune model. Airﬂow changes
induced by local convex/concave exchanges of stoss slope, as
occurred in ﬁeld, were not observed in the wind tunnel above the
dune model. This was a result of using a small dune model and
lower resolution measurement equipment in the wind tunnel.
Fig. 10 displays the wind speed-up ratio (S) at the dune top
under different wind speeds (a) and for different dune positions at
a wind speed of 10 m s1 (b) in the wind tunnel. At the same height
above the dune model surface, the wind speed increased up the
stoss slope and reached its maximum at the top of the dune. The
acceleration ratio up the stoss slope was higher than 1.0 at each
height when using different wind speeds. Similar to the ﬁeld
measurement, the speed-up ratio was independent of free-stream
wind speed, incurring a narrower change range of 0.02e0.10
(Fig. 10a). The mean speed-up ratio range of 1.01e1.28 also agreed
with the ﬁeld measurement. Fig. 10 also shows that the speed-up
ratio changed similarly to those in the ﬁeld with increasing height
above the dune model surface, in which the break height was
between 0.05 m and 0.07 m. The speed-up ratio decreased with
increasing height above the break height. For example, the mean
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3.2. Airﬂow ﬁeld and wind proﬁles on the dune model in a wind
tunnel

speed-up ratio at a height of 0.07 m was 1.25. At 0.25 m, it
decreased to 1.10, and decreased to 1.03 at 0.5 m. Fig. 10b also
indicates that the speed-up ratio along the stoss slope in the
simulation and in the ﬁeld changed similarly. This shows that the
wind tunnel realized a reasonable simulation of the airﬂow ﬁeld
over the barchan dune.

na

friction velocity and sediment transport rate shows that the
changes of friction velocity along the windward slope of the
barchan are truly responsible for the variation of sediment transport that controls morphological evolution of the stoss slope.

Fig. 11. Wind proﬁles on the dune top under different wind speeds in wind tunnel.
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Field and scaled-down wind-tunnel measurements of airﬂow
proﬁles were conducted on a barchan dune. In both the ﬁeld and
the wind tunnel, the airﬂow ﬁeld changed similarly along the stoss
slope, and its interaction with the morphological change of the
dune was responsible for maintaining a relatively stable shape and
height of the moving barchan dune. Calculated speed-up ratios
were all between 1.0 and 2.0, regardless of the wind velocity. The
ratio increased up the stoss slope but decreased with increasing
height above the surface of the dune or dune model. Furthermore,
segmentation occurred in wind proﬁles in which the lower
segments followed a log-linear law. In the ﬁeld, the speed-up ratio
had an effect that was similar to the airﬂow ﬁeld on the dynamics of
dune morphology. However, change patterns of friction velocities
up the stoss slope of the barchan dune measured and calculated in
the ﬁeld differed from those calculated in the wind tunnel. Field
friction velocities derived from the wind proﬁle within 0e0.5 m
increased up the stoss slope, reached a maximum at the upper stoss
slope and then showed a tiny decrease at the dune top. This variation agrees well with change in the patterns of both airﬂow ﬁeld
and sand mass ﬂux up the stoss slope. The derived friction velocities in the wind tunnel continuously decreased up the stoss slope.
The thickness of the inner-boundary layer, which is considered to
be responsible for sand transport, above the barchan dune in the
ﬁeld was 0.66 m. This height agrees with the height of the segment
for wind proﬁles. Similar agreement between inner-boundary layer
thickness above the dune model and the height of segments for the
wind proﬁles should also exist in the wind tunnel. Measurement
results showed that the present anemometer in the wind tunnel
did not measure detailed wind speeds within the inner-boundary
layer above the dune model, and the calculated values were not
actual friction velocities. Therefore, much more sophisticated
measurement equipment is needed to simulate airﬂow over the
very near surface of dune models in a wind tunnel. This is also why
we will consider using a Particle Image Velocimetry (PIV) in windtunnel measurements for future research.
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whole-ﬁeld measurement technique (Qian et al., 2009). PIV has been
widely used in ﬂuid dynamics research because of its high accuracy,
high sampling frequency, and ability to collect rich information on
airﬂow (Stanislas et al., 2000). It has been applied in research on
airﬂow ﬁelds over dune sand and wind speeds over the dune, and
the results have provided new insight into the vertical structure of
blowing sand as well as into dune dynamics (Dong et al., 2007; Qian
et al., 2009; Yang et al., 2007).
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