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Gravels can protect soil from wind erosion, however, there is little known about the effects
of fine-grained gravel on aerodynamic characteristics of the near-surface airflow. Drag
coefficient, wind-speed gradient, and turbulent transfer coefficient over different coverages
of gravel surfaces were investigated in a compact boundary-layer wind tunnel. The drag
coefficient of the fine-grained gravel surface reached the maximum value at 15% coverage
and then tended to stabilize at gravel coverage 20% and greater. At a height of 4 cm, near-
surface airflow on gravel surfaces can be divided clearly into upper and lower sublayers,
defined as the inertial and roughness sublayers, respectively. The coefficient of variation of
wind speed over gravel surfaces in the roughness sublayer was 8.6 times that in the inertial
sublayer, indicating a greater effect of gravel coverage on wind-speed fluctuations in the
lower layer. At a height of 4 cm, wind-speed fluctuations under the observed wind speeds
were independent of changes in gravel coverage. In addition, an energy-exchange region,
where sand particles can absorb more energy from the surrounding airflow, was found
between the roughness and inertial sublayers, enhancing the erosional state of wind-blown
sand. This finding can be applied to evaluate the aerodynamic stability of the gravel surface
in the Gobi Desert and provide a theoretical basis for elucidation of the vertical distributions
of wind-blown sand flux.
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INTRODUCTION

The Gobi Desert is one of the primary geomorphological types widely distributed in arid and semi-
arid regions of Mongolia and northern China. It is also one of the main sources of Asian Dust that
results from wind erosion (Bian et al., 2011). During the development of the gobi surface, erodible
materials (mainly sand grains) gradually decreased because of long-term wind erosion, whereas non-
erodible materials (mainly gravel) remained, forming a non-erodible gravel layer that protects the
underlying deposits from further erosion (Bagnold, 2012). The inhibiting effect of this gravel surface
on wind erosion and wind-blown sand has been studied widely (Zhang et al., 2014; Liu and Kimura,
2018; Liu et al., 2020). Liu and Kimura (2018) pointed out that most sand particles were trapped at
15% coverage of fine-grained gravel on the surface. In a study of aeolian processes over the great
gravel surface at Mogao Grottoes, Zhang et al. (2014) suggested that the surface was protected from
wind erosion most effectively at an artificial gobi surface with 30% gravel coverage. They also found
that the characteristics of aeolian processes changed from aeolian to depositional as gravel coverage
increased. Liu et al. (2020) examined blown sand flux over fine-grained gravel surfaces and reported
an erosional state at all experimental coverages. However, it is imperfectly known how and to what
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extent aerodynamic characteristics of airflow over gravel surfaces
affect the transition between aeolian and depositional regimes.

Parameters related to wind profiles, such as drag coefficient,
wind-speed gradients, and turbulent transfer coefficient, have
been developed to evaluate aerodynamic characteristics of
airflow near the ground surface (Dong Z. B. et al., 2002). The
dimensionless drag coefficient reflects the drag force generated
by obstacles in airflow; this coefficient can be applied to assess
the wind-blown sand and dust emission potential of gravel
surfaces and hence the aerodynamic stability (Dong Z. et al.,
2002). In addition, airflow intensity on gravel surfaces can be
characterized by wind-speed gradients with height. As one of
the important roughness elements, gravels reduce wind velocity
(shear stress) by absorbing part of the wind momentum, thus
suppressing wind erosion through their drag effect on airflow in
the boundary layer (Marticorena et al., 1997). In wind-erosion
studies, sand transport is determined by the momentum transfer
in the near-ground surface layer. The capacity of airflow to
transfer momentum for a given gradient of wind can be
expressed by the turbulent transfer coefficient, which
represents the intensity of energy exchange in the vertical
direction and hence affects the structural characteristics of
wind-blown sand (Shao, 2008). Therefore, understanding the
aerodynamic characteristics of the near-surface airflow is
important for controlling wind erosion.

The drag coefficient, wind-speed gradient, and turbulent
transfer coefficient can be measured by field observations or
wind tunnel experiments. Field observations provide
validation data for simulations, although the variables
cannot be controlled. Because those variables are related
not only to geometric characteristics of roughness elements
(such as size and shape of gravel) but also to natural

topography, such uncontrolled conditions lead to
difficulties in interpreting field observations. In contrast, in
a wind tunnel, parameters are adjustable for specific
experimental conditions (Shao, 2008). In realistic modeling,
however, the atmospheric boundary layer restricts
quantitative research on aerodynamic characteristics of
near-surface airflow. In wind tunnel experiments, (Tan
et al., 2013) found that the best gravel coverages for
reducing wind speed for gravels with diameters of 2, 3, and
5 cm were 25, 35, and 20%, respectively. However, few studies
have been done on variations in wind-reduction effect with
height above fine-grained gravel surfaces (diameter <10 mm),
which is typical in the Mongolian Gobi Desert.

To clarify the effects of gravel surfaces on aeolian transport, we
compared the influence of gravel coverage on the drag coefficient,
wind-speed gradient, and turbulent transfer coefficient in a
compact boundary-layer wind tunnel developed by Liu and
Kimura (2017a, 2017b).

MATERIALS AND METHODS

Experimental Setup of Wind Tunnel
We conducted experiments in a small-scale, open-circuit wind
tunnel (Figure 1) at the Arid Land Research Center at Tottori
University, Japan. The wind tunnel was 8.25 m long, had a 0.8 m
× 0.5 m cross section, and could generate airflow speeds of up to
12 m s−1, controlled by adjustment of a power inverter. Wind
speeds were measured with a pitot tube at a height of 20 cm
downwind side of the observation space.

To ensure experimental conditions in the wind tunnel can
reasonably represent those occurring in the natural

FIGURE 1 | Layout of experimental setup and photograph of the wind tunnel.
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environment, we designed turbulence generators comprising
spires and roughness blocks. We firstly calculated the
dimensions of the triangular spires and roughness blocks
based on the empirical formulas determined by Irwin
(1981) (Figures 2A–C). The use of spires enabled us to
generate a boundary layer. More than 90% wind-blown
sand movement (mainly saltation) occurs within 30 cm of
the surface (Butterfield, 1999; Shao, 2008). By modifying the
width of the upper base of the spires without changing their
height or base-width (Figure 2F), the wind tunnel produced a

boundary layer 34 cm thick, which satisfies the requirement of
greater than 30 cm. The use of modified trapezoidal spires also
enabled as to achieve an increased roughness length. The wind
profiles and turbulence characteristics can be adjusted by
arranging the numbers of spires (Niu et al., 2017) and the
spatial density of roughness blocks (Liu and Kimura, 2017b).
The method was used to obtain uniform distributions of
horizontal wind speed in this study (Figures 2C–E). A
group of spires and roughness blocks was installed between
the blower and the sand bed (Figure 2G) (Liu and Kimura,

FIGURE 2 | Installations of (A) spires based on the original design [see panel (B)] and (C) roughness blocks with adjustment of their spatial density [see panel (D,
E)]. (F) Modification of the width of upper base of spires. (G) Photography showing the configuration of the turbulence generator.
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2017a). As a result, this system generated a thick boundary
layer (34 cm high) over the sand bed, a roughness length of
0.003 ± 0.0007 cm close to that of the natural field
environment (Darmenova et al., 2009), and uniform
distributions of horizontal wind speed over the
observation space.

We tested the vertical profiles of wind speeds at an
incoming flow velocity of 8 m s−1 along the centerline of
the wind tunnel at 0.6 m intervals from the start of the
observation space (Figure 3A). Wind speed was measured
with a pitot-tube anemometer (MK Scientific DT 8920) fixed
on a stand. The vertical wind speed profile was measured at 2-
cm intervals between 0.4 and 36 cm above the sand surface.
We obtained similar logarithmic distributions of vertical
speeds and relatively uniform roughness length at the four
measuring points in the observation space (Figure 3B).

Measurement of Wind Speed
To measure wind-speed characteristics, the floor of the wind
tunnel was covered with a wooden board coated from the
rectifying space to the observation space with sand from the

Tottori Sand Dune. The sand served to prevent damage to the
anemometer by blown sand and to maintain a consistent surface
roughness condition. The measurement of wind-speed
characteristics requires the achievement of flow similarity in
the wind tunnel (Jensen, 1958; Jensen and Franck, 1963), that
is, the roughness parameter of the wind tunnel must be
proportional to that in nature:

Z0

z0
� D

d
, (1)

where Z0 and z0 are the roughness length in nature and wind
tunnel, respectively, D and d are a dimension of the roughness
elements in nature and wind tunnel, respectively. The turbulence
generators in our wind tunnel generated a roughness length close
to that of the natural environment. The gravel (i.e., roughness
element), from the Tenryū River basin, was composed of pebbles
5–10 mm in diameter and defined as fine-grained gravel in our
study (Friedman and Sanders, 1978), similar in size to gravel in
southern Mongolia. Therefore, the airflow conditions can be
simulated successfully in the wind tunnel. The gravel coverage

FIGURE 3 | (A) Layout of the measurement point of wind speed in the wind tunnel. (B)Wind speed profiles at distances of 0, 0.6, 1.2, and 1.8 m from the start of
observation space at incoming flow velocity of 8 m s−1. Wind speed measured at the end of the observation space between 0.4 and 20 cm above the surface (indicated
by solid circles) was used for analyzing aerodynamic characteristics of airflow.
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was set at 5, 10, 15, 20, 25, and 30% by bonding an appropriate
amount of gravel to sand-covered wooden boards that measured
0.4 m × 0.9 m. The flat sand surface without gravel was
considered to be 0% coverage. Gravel coverage was
determined by weight because we found after three trials that
an average of 3.24 kg of gravel was needed to completely cover a
board. Gravel coverage of 30%, requiring 0.97 kg of gravel,
approximated the coverage of the actual dust-source region in
southern Mongolia (Figure 4) (Liu et al., 2020).

We made experimental runs at wind speeds (incoming flow
velocities) of 6, 8, and 10 m s−1. The threshold wind speed for
saltation was 6 m s−1. The wind speed profile measured by a pitot-
tube anemometer between 0.4 and 20 cm above the sand surface
at the downwind end of the observation space was used for
analysis (Figure 3A). The pitot-tube anemometer has an accuracy
of ±2.5% at wind speed of 10 m s−1. Wind speed was recorded at
intervals of 1 s to a laptop connected with the device. We tested
and obtained similar vertical profiles of wind speed using the
average of 1-s measurements over 1, 3, 5, and 10 min. In this
paper, the average of 60 readings (1-min average) was used for
analysis.

The roughness length, an important parameter that affects
airflow conditions, is the height at which wind speed is zero. For a
homogeneous underlying surface, the roughness length can be
calculated directly from observed data (Garratt, 1994). Assuming
that the observed wind speed profile follows Eq. 2 under
atmospheric neutral conditions, roughness length and friction
velocity are determined from observed wind speed profiles by
using a computerized graphical procedure based on this equation.

uz � u*

k
ln
z − d
z0

, (2)

where uz is wind speed at z cm above the sand surface, up is
friction velocity (m s−1), k is the von Karman’s constant (� 0.4), d
is the zero plane displacement (m), and z0 is roughness length
(cm). Zero plane displacement d can be neglected for the size of
fine-grain gravel (Dong Z. B. et al., 2002). Then,

uz � u*

k
ln

z
z0
, (3)

Roughness length z0 is obtained from the intercept of the
plotted line on the vertical axis. The slope of each plotted line is
the corresponding friction velocity up/0.4. We calculated up and
z0 at each gravel coverage.

Drag Coefficient
The drag coefficient is defined as the surface resistance to
atmospheric flow. The relationship among drag coefficient,
height, and roughness length in the surface layer is given by

CDN � k2[ln( z
z0
)]

−2
, (4)

where CDN is the drag coefficient under atmospheric neutral
conditions (Stull, 2012). Frank and Kocurek (1994) suggested that
wind profiles and vertical structures of blown sand flux can be
affected by atmospheric stability. In our wind tunnel experiment,
however, the temperature change is small throughout the layer,

FIGURE 4 | Photographs for comparison of gravel size and coverage of 30% (A) in our wind-tunnel experiments and (B) in the Mongolian Gobi Desert (Liu et al., 2020).
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and the effects of atmospheric stability on wind profiles can be
neglected. Then

CD � CDN � (u*

uz
)

2

, (5)

where CD is the drag coefficient. So CD can be calculated by using
up as a measure of surface stress associated with drag and uz at
20 cm height which is the observation height of the
incoming flow.

The variation of wind-speed gradient over gravel surfaces
influences the wind-reduction effect and the inhibiting effect
on blown sand flux through its impact on the structural
characteristics of wind-blown sand. To quantify this variation,
we used the coefficient of variation (CoV), which is a normalized
measure of the dispersion of a distribution (Cosseron et al., 2013).
Here, we employed CoV to evaluate the dispersion of wind speed
distribution under different gravel coverages at each measured
height. The coefficient of variation is defined as follows:

CoV � σ

μ
, (6)

Here, μ is the mean of the wind speed and σ is the SD.
In the near-ground surface layer, the exchange and

transmission of matter and energy are caused mainly by
turbulence. This results in 80–90% of wind-blown sand
particles being transported throughout this layer (e.g., Sharp,
1980). The turbulent momentum flux of each unit of time and
area can be written as

u’w’ � −τ
ρ
� −u2

* viz. − u’w’ � u2
* , (7)

where τ is ground shear stress and ρ is air density. Following (Lu
and Dong, 2006), we considered only the dynamical turbulence of
neutral conditions and used the K-theory. The turbulent
momentum flux can be rewritten as

u’w’ � −K z�u
zz
, (8)

where K is the turbulent transfer coefficient (m2 s−1), which is a
physical parameter representing the capacity of the airflow to
transfer momentum (Shao, 2008). The value of K can be obtained
from u’w’ derived from Eq. 6 and the measured wind velocity
profile.

RESULTS AND DISCUSSION

Drag Coefficient and Roughness Length
Over Gravel Surfaces
We measured the drag coefficient CD at gravel coverages of 0, 5,
10, 15, 20, 25, and 30% under wind speeds of 6, 8, and 10 m s−1

(Figure 5). The CD over a flat sand surface (0%) ranged from
0.0021 to 0.0024, with an average value of 0.0023, which is close to
that which Dong Z. et al. (2002) measured in another wind tunnel
experiments (� 0.0028).

The variations in CD were dependent on gravel coverage.
Values of CD over fine-grained gravel surfaces ranged from
0.0023 to 0.0036 (average was 0.0029, SD was 0.0005),
1–1.7 times those on flat sand surface (Figure 5). CD

increased substantially as coverage increased from 5 to 15%,
showing a peak at 15% gravel coverage. At 20% gravel coverage,
CD dropped to close to the level at 0% coverage. With increasing
gravel coverage greater than 20%, CD increased slightly. The
resistance to airflow was greatest at the gravel coverage of 15%,
and the effect of rough ground surface on airflow tends to stabilize
at gravel coverages of 20% and greater. Marshall (1971) proposed
that airflow over gravel surfaces is influenced by drag generated
by the gravel and the intervening surface between the gravel
pebbles. Although the size of fine-grained gravels is small, the
surface can be considered to be dynamically rough. Here, we
calculated the roughness elements Reynolds number, which is a

FIGURE 5 | Drag coefficient CD at gravel coverages of 0% (flat sand
surface) to 30% under wind speeds of 6, 8, and 10 m s−1.

FIGURE 6 | Comparison of average roughness length z0 at different
gravel coverages from Liu and Kimura (2018) with other published data from Li
et al. (2014) and Zhang et al. (2015).
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criterion to determine whether a surface is rough (>300) or
smooth (<300). The roughness elements Reynolds number is
defined as Rer � upDr/], where Dr is the typical roughness-
element size, and ] is the kinematical molecular viscosity and
is approximately 1.5 × 10−5 m2 s−1 for atmospheric boundary-
layer flows (Shao, 2008). The value of Rer for the fine-grained
gravel surfaces exceeded 300, indicating that our tested surfaces
were rough to affect the airflow. Considering fine-grained gravel
as an isolated roughness element, when gravel coverage increases
to a threshold value, the intervening surface is protected by
individual gravel pebbles and will not resist airflow. Previous
studies (Lee and Soliman, 1977; Raupach, 1992; Liu and Kimura,
2018) have pointed out that gravel surfaces become physically
and aerodynamically smooth at a threshold coverage where
roughness length drops off after the peak value. We infer that
over stable gravel surfaces (i.e., 20% coverage), newly added
gravel will be protected by existing gravel; as a result, CD

approximates to that of flat sand surface (0% coverage).
Aerodynamically, the increase of resistance force (drag

coefficient) over the gravel surface is associated with the
increased surface roughness length, which increases the
contact area between the ground surface and airflow.
Roughness length z0 over gravel surfaces was 1.2–3 times
that of flat sand surface, depending on gravel coverage
(Figure 6). The variations in z0 and CD with the change of
gravel coverage followed a similar trend, i.e., their values
reached a peak at 15% coverage and decreased at 20%

coverage to the level comparable to that on the flat sand
surface. We compared our experimental results for z0, as
previously published (Liu and Kimura, 2018), with other
published data to clarify the effects of gravel coverage on
roughness length (Figure 6). Generally, ground surfaces
covered by larger pebbles tend to have greater roughness
lengths. Li et al. (2014) and Zhang et al. (2015) found in wind
tunnel experiments that the values of z0 appeared to peak at
25 and 20% coverage with pebble sizes of 5–20 mm and
20–30 mm, respectively. The variation of z0 in our
experiment is consistent with the results of Li et al. (2014)
and Zhang et al. (2015) but showed smaller values resulting
from smaller pebble size (5–10 mm).

Wind-Speed Gradient Over Gravel Surfaces
On a flat sand surface, the vertical wind profile increases
logarithmically with increasing height. The logarithmic law
was also confirmed for the vertical distribution of wind speed
over gravel surfaces (Figure 7). As wind speed increased, the
effect of gravel surfaces on wind profile became more obvious. At
each wind speed, wind speed on the flat sand surface was larger
than those over gravel surfaces at a height of 0.4 cm, showing a
wind-reduction effect even over surfaces covered by pebbles.
Specially, wind speed was the lowest at 15% coverage because
of the greatest drag force generated by gravels and the intervening
surface (Figure 5). This result indicated that gravel surface at 15%
coverage had the best wind-reduction effect.

FIGURE 7 | Vertical wind profiles at different gravel coverages under wind speeds of (A) 6, (B) 8, and (C) 10 m s−1.
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To visualize the wind speed fluctuations more clearly, we
compared variations of wind speed at different gravel
coverages at each height (Figure 8). At a height of 0.4 cm,
which is below the average height of the gravel, wind speed
varied greatly with the increase in gravel coverage, showing an
opposite trend to that of roughness length (Figure 8A). At gravel
coverage of 20% and greater, wind speed tended to be uniform. At
a height of 2 cm (about two to four times pebble size), the
variation of wind speed differed at each wind speed but
tended to stabilize at gravel coverage of 25% and greater.
(Figure 8B). In contrast to the wind speed variations at
heights below 4 cm, those at heights of 4 cm and above were
relatively stable (Figures 8C–I).

Because of the presence of gravel, airflow near the ground
surface in our compact wind tunnel was characterized by two
sublayers. The layer below a height of 4 cm was defined as the
roughness sublayer, in which airflow was influenced strongly by
individual gravel, and the wind speed varied complexly. The layer
above 4 cm was defined as the inertial sublayer, where airflow was

dominated by the characteristics of the entire gravel bed, and the
wind speed varied regularly with gravel coverage. Tan et al. (2012)
used large pebbles (2–3 cm) at gravel coverages of 5–80% in wind-
tunnel experiments and found that wind speed distribution near
the ground surface can be divided clearly into two layers at the
height of 2.2 cm. However, because of the different pebble sizes,
wind speed decreased as coverage increased from 5 to 35% and
tended to be uniform at coverages of 40–80%.

Variation in gravel surface coverage affects the characteristics
of the near-ground surface wind profile and thus affects the
structural characteristics of wind-blown sand flux (Wu, 1987).
CoV of wind speed with gravel coverage differed with height
(Figure 9). CoV values were higher in the roughness sublayer
(below 4 cm), about 2.7–8.6 times those in the inertial sublayer
(above 4 cm), indicating that wind-speed fluctuations are more
likely to be affected by the variation in gravel coverage in the
roughness sublayer. In the inertial sublayer, wind-speed
fluctuation is influenced less by gravel coverage and tended to
stabilize. The influence of gravel coverage on wind-speed

FIGURE 8 | Variations in wind speed at different gravel coverages under each wind speed at heights of 0.4–16 cm.
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fluctuation decreased with increasing height, showing notable
differences below and above 4 cm, which is the threshold between
the roughness sublayer and the inertial sublayer. At the height of
4 cm, approximate CoV values were observed under each wind
speed, indicating that wind-speed fluctuation was independent of
changes in gravel coverage. The threshold height of 4 cm was in
accordance with that defined as the equilibrium point of vertical
profiles of wind-blown sand flux over gravel surfaces in our
previous study, in which characteristic of blown sand flux was
independent of both wind speed and gravel coverage (Liu et al.,
2020).

Turbulent Structure Over Gravel Surface
The turbulent transfer coefficient K is a parameter used to
quantify the capacity of the flow to transfer momentum
through turbulent mixing. To investigate the effect of fine-
grained gravel surfaces on the vertical structure of turbulence,
we compared the variation of K with height on the flat sand
surface (0%) and over gravel surfaces with 15 and 20% coverage at

FIGURE 9 | Coefficient of variation CoV of wind speed with gravel
coverage for wind speeds of 6, 8, and 10 m s−1.

FIGURE 10 | Variation of turbulent transfer coefficient K with height at gravel coverages of (A) 0%, (B) 15%, and (C) 20%.
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wind speeds of 6, 8, and 10 m s−1 (Figure 10). Here, we discuss
only those two coverages where drag coefficient (Figure 5) and
roughness length (Figure 6) reached peak and dropped to the
minimum. Over the flat sand surface and the fine-grained gravel
surface (15 and 20% coverage), K increased with height
(Figure 10), which is consistent with the observations of Stull
(2012) and Lu and Dong (2006). The reason for this increase is
that turbulence intensity near the ground surface was greatest
because of the friction force of the ground. However, that is also
the region of maximum turbulent energy dissipation. The
interactions between turbulence intensity and turbulent energy
dissipation resulted in a weaker energy exchange between the
turbulent kinetic energy and momentum. The farther from the
surface, the more effective the energy exchange was.

We compared the values of K at each height for different
surfaces. We found that the values of K over gravel surfaces were
close to those on the sand surface, indicating that the fine-grained
gravel surface has little effect on the turbulent energy exchange
below 4 cm height, which corresponded to the range of roughness
sublayer. Above 4 cm (i.e., inertial sublayer), values of K at gravel
coverages of 15 and 20% were obviously higher at heights of
6–10 cm, reaching a maximum of about 3 times that of the flat
sand surface. As height increased above 10 cm, the difference in K
became smaller, while values of K over gravel surfaces were still
slightly higher. Moreover, we also found that at the gravel
coverage of 15 and 20%, the average values of K at heights
between 6 and 10 cm are 11.8 and 9.5 times than those at
0.4 cm, respectively. The comparison results of K were
consistent with the mixing length hypothesis that K is
proportional to height (Shao, 2008).

Our findings show that when the roughness sublayer transited
to the inertial sublayer, a region of more effective energy exchange
formed at heights of 6–10 cm, which we defined as the energy-
exchange region (Figure 11). We suggest that this structural
characteristic helps to clarify the mechanism of wind-blown sand
transport over fine gravel surfaces. During wind-blown sand
transport, saltation particles are lifted a short distance above
the surface and absorb kinetic energy from the airflow. When
these particles hit the ground, they eject more particles into the

air, initiating an increase in the number of airborne particles and
hence in blown sand flux (Shao, 2008). Over gravel surfaces,
saltation particles and bounced particles gain more energy when
they transport through the energy-exchange region. Those
saltation particles would impact the ground with an
accelerating velocity and the bounced particles might be
transported higher or farther. Our previous findings have
demonstrated that wind-blown sand at all tested coverages of
fine gravel (5–30%) maintains an erosional state (Liu et al., 2020);
this result might be explained by formation of an energy-
exchange region within the turbulent structure.

In an investigation of vertical profiles of sand flux over fine-
grained gravel surfaces, Liu and Kimura (2018) found that a
strong peak in blown sand flux appeared at a height of 8 cm when
gravel coverage reached 20% (Figure 12). Liu and Kimura (2018)
inferred that the peak resulted from the fact that sand particles
bounce higher after collisions. We found that the local maximum
sand flux occurred at a height in the range of the energy-exchange
region (6–10 cm) observed in the current study, where blown
sand particles absorb the momentum transferred from turbulent
kinetic energy. However, a local maximum blown sand flux at
8 cm was not observed for gravel coverage of 15%; the lack of this
local maximum is because CD reached a maximum at 15% gravel
coverage (Figure 5). Gravels and the intervening surface hinder
erosion and trap wind-blown sand thus effectively inhibit wind-
blown sand. Aerodynamic characteristics of the near-surface
airflow explains how fine-grained gravel surfaces affect the
vertical structure of blown sand flux at different coverages.

CONCLUSION

In this study, we examined the effect of gravel coverage (0–30%)
on the drag coefficient CD, wind-speed gradient, and turbulent
transfer coefficient K in a compact boundary-layer wind-tunnel
with a turbulence generator at wind speeds of 6, 8, and 10 m s−1.
We tested fine-grained gravels with pebble sizes typical of the
southern Gobi Desert, the main source of Asian Dust. Our
findings are as follows:

1) The response of airflow to the gravel surface are characterized
quantitatively by CD. At gravel coverages of 0–15%, CD

increased with increasing coverage because airflow over the
gravel surface was disturbed by drag generated by the gravel
and the intervening surface. The drag force was greatest when
gravel coverage reached 15%. At coverage of 20% or greater,
the intervening surface did not generate drag because of
protection by the individual gravel pebbles.

2) The wind profile near the ground surface was divided into two
layers that varied in response to the different characteristics of
the wind-speed gradient with gravel coverage: the roughness
sublayer below 4 cm and the inertial sublayer above 4 cm. The
variation of the wind speed with gravel coverage was more
complex in the roughness sublayer but was more uniform in
the inertial sublayer. At the height of 4 cm, wind-speed
fluctuations were independent of changes in gravel
coverage under the observed wind speeds.

FIGURE 11 | An illustration of structural characteristics of the near-
surface airflow and sand particle transport in the near-ground surface layer
over fine-grained gravel surface. The vertical profile of sand flux q(z) was
modified from Liu and Kimura (2018).
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3) An energy-exchange region, where sand particles can absorb
more energy from the surrounding airflow, might be existed
between the roughness sublayer and the inertial sublayer over
the fine-grained gravel surfaces. In this region, the most
effective transfer of energy appeared at 15% gravel
coverage, with a maximum of 3 times the value of K at the
same height over the sand surface compared to that over the
sand surface without gravel.

Our results provide additional information about the
effect of various coverages of fine gravel on wind-speed
characteristics near the ground surface. Our findings can
be applied to determine the aerodynamic stability of the
gobi surface and to provide a reference for elucidation of
the structural characteristics of windblown sand flux.
Although the wind tunnel reproduced natural surface
conditions and the 34-cm boundary layer, the height of the
equilibrium point and the range of the energy-exchange
region between the roughness sublayer and the inertial
sublayer are required to validate field observations. If these
variables can be determined in wind tunnels, then we will be
able to estimate the wind profile over gravel surfaces

accurately and thus improve the accuracy of wind-erosion
prediction models.
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