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Artemisia and Salix are dominant shrub species for windbreaks in arid areas of China, and they show sim-
ilar features to shrubs in other arid areas of the world. We compared the mean velocity fields and shelter
effects of two shrub windbreaks with different layouts. For a single plant of Artemisia, the higher the free
airflow velocity is, the more the wind velocity around two sides of the plant increases. The velocity gra-
dient around a single plant of Salix is smaller than that around an Artemisia plant due to the difference in
the plant shapes. Seven new velocity zones in the horizontal direction appear when airflow passes
through an Artemisia windbreak, including four deceleration zones and three acceleration zones. The
mean velocity field that is affected by a Salix windbreak can be divided into a deceleration zone in the
front, an acceleration zone above, a vortex zone behind and a restoration zone downwind of the vortex
zone. Shelter effects of the shrub windbreaks vary with the wind velocity and are influenced by the con-
struct of the windbreaks. Shrub windbreaks that have a complex construction have better shelter effects
than simple ones. The shelter effects of plant windbreaks are also influenced by the growth features of the
plants. Considering the plant characteristics and the shelter effects of Salix and Artemisia windbreaks, it
is optimal to plant these two windbreaks together in a sand-control system. This research is intended to
be useful for sand movement control in arid areas.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

China is one of the most severely desertified countries in the
world, with up to 3.3 million km2 desertified lands (Decai, 1998;
Zhong and Qu, 2003). Recently, desertification has become a major
environmental problem and has attracted widespread attention in
China, especially in the arid, semi-arid and dry semi-humid cli-
matic zones. The desertification process is generally accompanied
by soil and vegetation degradation, water and wind erosion
(Dregen, 1998). In China, 50% of the desertified lands lies in the
agro-pastoral transition zone of northern China (Zhao and
Masayuki, 1997; Zhu and Cheng, 1994). This desertified transition
region serves as the main source of sand that was carried aloft by
windstorms and ultimately distributed throughout the country’s
eastern regions as heavy layers of dust (Zhang and Shi, 2003).
The Mu Us Sandland located in the agro-pastoral transition zone
is typical sandland in semi-arid China in terms of its vegetation,
its high frequency of blown-sand disasters and its sand-control
counter-measures.

Shrubs have been observed to be an important biological mea-
sure to control desertification and soil erosion (Li et al., 2013), and
usually shrubs that live locally are considered to be the best mate-
rials to cover and stabilize the sand because they are effective, per-
sistent and low-cost (Yang et al., 2006). In areas where water
availability limits the plant coverage, desert shrubs might form fer-
tility islands (an accumulation of resources around individual
plants) (Perroni-Ventura et al., 2006; González-Ruiz et al., 2007).
Furthermore, local shrubs, in the long run, can enforce the stability
of deposition (Burylo et al., 2011, 2012a). Therefore, local shrubs
are effective at both controlling sand movement in desert areas
and reducing soil erosion in farmlands. The local vegetation in
the Mu Us Sandland is composed chiefly of shrubs in sandland,
and its canopy coverage is usually especially low (Li, 1990;
Zhang, 1994). The previous report indicated that the original vege-
tation in this sandland is mainly dominated by Artemisia ordosica,
which is a low-growing shrub species (Wu and Yang, 2013). There-
fore, we surveyed wild fields to search local vegetation species in
the Mu Us Sandland. The survey revealed that Artemisia (Artemisia
sphaerocephala) and Salix (Salix psammophila) are the dominant
species in the Mu Us sandlands. In addition, both species have a
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Fig. 1. Wind tunnel simulation of airflow around a single-row Artemisia windbreak.
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high percentage of survival, grow well and are effective in reducing
sand storms (Shi, 2009). Artemisia and Salix are easily available,
inexpensive materials for windbreaks in the sandlands. Further-
more, both shrubs have similar dimensional characteristics to
those of other shrubs in other semi-arid and arid areas, to reduce
desertification and soil erosion. For example, Hedysarum frutico-
sum, Artemisia halodendron and Caragana microphylla have been
planted as sand binders on moving and semi-moving sand dunes
since the 1980s in the Horqin Sandy Land, which is located in the
northeastern part of China (Zhang et al., 2013); Mediterranean
legume shrubs, including Colutea arborescens, Dorycnium penta-
phyllum and Medicago strasser, have been used to control soil ero-
sion in Guadalajara in Central Spain (Garcia-Estringana et al.,
2013). Aloe secundiflora shrubs act as facilitators in degraded
semi-arid rangelands in Kenya (King, 2008). Thus, based on
wind-tunnel simulations, we measured airflow field and calculated
the shelter effect of these two shrub windbreaks. Scientific under-
standing of effective windbreaks could aid sand movement control
there and can provide experience for similar arid areas in the
world.

Previous researches on windbreaks are abundant. A windbreak
is generally defined as any structure that reduces the wind speed
(Rosenberg, 1974), and windbreaks are frequently natural vegeta-
tive barriers against wind. A windbreak can be a single element
or a system of elements that, through their presence in the airflow,
reduce the effects of the wind both in the immediate vicinity and
within a given windward and leeward distance (Cornelis and
Gabriels, 2005). The efficiency of a windbreak in terms of the
reduction in the wind velocity and turbulence intensity and, hence,
its efficacy on wind-erosion processes is determined by various
factors (Cornelis and Gabriels, 2005). The shape, height, orienta-
tion, width and spacing all affect the wind-velocity reduction and
turbulence intensity in the leeward areas of a windbreak. The free
wind velocity and surface roughness of the surrounding area also
affect the windbreak performance (Chepil and Woodruff, 1963;
Hagen and Skidmore, 1971; FAO, 1978; Banzhaf et al., 1992). Cal-
culating the ‘‘correct’’ characteristics of any specific shelter device
would allow us to suggest an appropriate windbreak for any given
application (Perera, 1981). Therefore, the objective of our scaled
wind tunnel measurements is to design windbreaks that efficiently
reduce the wind velocity and involve two shrubs (Artemisia and
Salix). We compared the mean velocity fields and shelter effects
of the different windbreak designs.
2. Simulation conditions

2.1. Wind tunnel measurements

The experiment was carried out in a straight-blowing wind tun-
nel at the State Key Laboratory of Earth Surface Processes and
Resource Ecology. The test section of the wind tunnel is 24 m long,
3 m wide and 2 m high. The wind velocity could be controlled con-
tinuously from 2 to 45 m s�1 and was measured using a multipoint
anemometer (Wu et al., 2011). Its supporting system has a hook to
connect with a three-dimensional positioning machine, by which
the anemometer is transferred between the measurement points
along the X, Y and Z axes (Wu et al., 2013). In this study, only the
horizontal wind velocities were measured at heights of 1 cm,
3 cm, 5 cm, 7 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 40 cm,
50 cm and 60 cm. The wind velocity refers to the mean wind veloc-
ity of 120 values within 2 min. A wind tunnel simulation of the air-
flow around a windbreak is shown in Fig. 1.

Three types of windbreak were made: single plant, single-row
and double-row. Measurement lines were set parallel to the
incoming airflow, and measurement locations were placed from
upwind to downwind, with the middle of the models as the origin,
point 0. The position and measurement locations for the Artemisia
and Salix windbreaks in the wind tunnel are shown in Fig. 2. For
the single plant Artemisia and Salix windbreaks, we measured
the wind velocities in eight directions around the windbreaks,
including perpendicular directions, as shown in Fig. 2A and D.
2.2. Wind tunnel similarity

In this experiment, we measured the pure airflow around the
models; therefore, geometric similarity, movement similarity and
dynamic similarity are expected to be present (Wu et al., 2003)
and have the same scale. The experiment conditions in this study
are roughly in line with those in the previous research (Wu et al.,
2013), except for some minimal differences. Elastic parameters
(because of the bending and vibration of the plants) have not been
accounted for in the study.

Geometric similarity here refers to the dimensional similarity
between the models in the wind tunnel and the vegetative wind
barriers in the field (Wu et al., 2013). We defined the cap as the
diameter length and width of the canopy of a single plant; the
‘‘row and cluster’’ space refers to the distance between two adja-
cent rows and two adjacent plants in the same row, and ‘‘the num-
ber of clusters’’ refers to the number of plants per row. According
to our field survey, the average dimensions for the Artemisia
branches are 80 cm in height, with a 115 cm � 117 cm cap and
160 cm � 180 cm row and cluster space, whereas for Salix, the
average dimensions are 220 cm in height, with a 160 cm � 170 cm
cap and 180 cm � 350 cm row and cluster space. Their difference
lies in that (1) the architecture for a cluster of Artemisia is similar
to a reversed cone, while for a cluster of Salix, it is similar to a
reversed pyramid; (2) the branches of Artemisia are rigid, while
those of Salix are supple. We therefore chose plastic and elastic
materials with a wider coverage of width and stiff twigs, which
are similar to the field Artemisia plants, to make the Artemisia
windbreak models. They were made at a scale of 1:5 and were
16 cm in height, with a 23 cm � 23.5 cm cap and 32 cm � 36 cm
row and cluster space. We chose tall and thin dried plant materials
with soft branches, which are similar to the field Salix plant, to
make the Salix windbreak models. The Salix windbreak models
were made at a scale of 1:10 and were 22 cm in height, with a
16 cm � 17 cm cap and 18 cm � 35 cm row and cluster space
(Table 1). Thus, the requirements for geometric similarity are
met in this study.
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Fig. 2. Position and layout of measurement locations for Artemisia and Salix windbreaks in the wind tunnel. (A) Single-plant Artemisia windbreak; (B) single-row Artemisia
windbreak; (C) double-row Artemisia windbreak; (D) single-plant Salix windbreak; (E) single-row Salix windbreak; (F) double-row Salix windbreak.
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Movement similarity here refers to the fact that the movement
route for the airflow, which corresponds to two objects with geo-
metrical similarity, shows geometrical similarity, and the time
ratio of the corresponding particle passing the corresponding dis-
tance is a constant (Wu et al., 2013). Similarly, we placed cuboid
bricks as roughness elements to increase the surface friction, which
can greatly reduce the inflow wind velocity and, at the same time,
avoid having vortexes that approach the windbreak model (Fig. 3).
Movement similarity includes similarity in both the velocity and
acceleration. However, the measurement of acceleration cannot
be realized in a wind tunnel. Therefore, velocity similarity is used
as the criterion of movement similarity, and it is determined by
the wind profile power law using the following equations (Wu
et al., 2013):

V3m

V10m
¼ 0:3af ;

V18cm

V60cm
¼ 0:3am ;af ¼ am ð1Þ
where V3m is the wind velocity at the height of 3 m from the field
measurement; V10m is the wind velocity at the height of 10 m in
the field, which is derived from the above measurement; V18m and
V60m is the wind velocity, respectively, at the height of 18 cm and
60 cm in the wind tunnel; af refers to a in the field; and am refers
to a in the wind tunnel.

In our study, we calculated af = am = 0.1253. This value is similar
to the value that was used in a previous study, in which the wind
profile index a of a desert was determined to be 0.12 (He et al.,
2006).

Statistics over accumulated time, i.e., the total number of hours
from 1990 to 2005, for wind velocities that exceed the sand-blow-
ing velocity (the critical velocity for sand movement) in the Mu Us
Sandland showed that 81.68% of the wind velocity values at the
height of 10 m (which corresponds to the velocity at the height
of 60 cm in the wind tunnel) are 6.4–9.3 m s�1, 89.27% are 6.4–



Table 1
Comparison of field real plants and wind-tunnel models.

Wind-tunnel model Field plant

Plant Material Scale Height/cm Morphology Height/cm Morphology

Artemisia Plastic material 1:5 16 80

Salix Dried plant material 1:10 22 220
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Fig. 3. Layout of cuboid bricks as roughness elements under different wind velocities. (A) 5 m s�1; (B) 7.5 m s�1; (C) 10 m s�1; (D) 12.5 m s�1.
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10.3 m s�1 and 98.25% are 6.4–13.3 m s�1 (Wu and Zou, 2011).
Therefore, the experimental wind velocities that are used in this
study (the wind velocity at the height of 60 cm) are 5 m s�1,
7.5 m s�1, 10 m s�1 and 12.5 m s�1. Fig. 3 shows how the number
of layers of cuboid bricks (the roughness elements) changes with
the changing wind velocity. The roughness elements are paved
2.2 m-long parallel to the airflow direction.

The dynamic similarity means that the stresses for the positions
of the two objects, with both geometrical similarity and movement
similarity, are in proportion (Wu et al., 2013). The dynamic similar-
ity includes the similarity in all of the forces. However, it is very
difficult to measure all of the forces in a wind tunnel. Therefore,
we calculated the Reynolds number (Re) as a criterion to determine
the dynamic similarity in the wind-tunnel measurement, using the
equation as follows (Wu et al., 2013):

Re ¼ qVL
l

ð2Þ
where q denotes the air density; V the mean air velocity; L the char-
acteristic linear dimension; and l the dynamic viscosity of the air.
The calculated Re is 4.59 � 105–1.91 � 106; thus, this measurement
met the requirement for similarity in fluid dynamics (Qu et al.,
2001; Wu et al., 2013).

3. Results

3.1. The mean velocity field around the windbreaks

3.1.1. The mean velocity field around the Artemisia windbreaks
The mean velocity fields around the single plant, single-row and

double-row Artemisia windbreaks are shown in Fig. 4. Among
them, Fig. 4A shows the velocity field around the single plant Arte-
misia windbreak at different heights and under different wind
velocities; Fig. 4B, C and D show the velocity fields in the horizontal
direction at different wind velocities, respectively, around the sin-
gle plant, single-row and double-row Artemisia windbreaks.



Fig. 4. Airflow field around different types of Artemisia windbreaks at different wind velocities. (A) Airflow field around a single-plant Artemisia windbreak in different
directions; A-1, u = 5 m s�1, h = 7 cm; A-2, u = 5 m s�1, h = 20 cm; A-3, u = 5 m s�1, h = 30 cm; A-4, u = 7.5 m s�1, h = 7 cm; A-5, u = 7.5 m s�1, h = 20 cm; A-6, u = 7.5 m s�1,
h = 30 cm; A-7, u = 10 m s�1, h = 7 cm; A-8, u = 10 m s�1, h = 20 cm; A-9, u = 10 m s�1, h = 30 cm; A-10, u = 12.5 m s�1, h = 7 cm; A-11, u = 12.5 m s�1, h = 20 cm; A-12,
u = 12.5 m s�1, h = 30 cm; (B) airflow field around a single-plant Artemisia windbreak in horizontal direction; B-1, u = 5 m s�1; B-2, u = 7.5 m s�1; B-3, u = 10 m s�1; B-4,
u = 12.5 m s�1; (C) airflow field around a single-row Artemisia windbreak in horizontal direction; C-1, u = 5 m s�1; C-2, u = 7.5 m s�1; C-3, u = 10 m s�1; C-4, u = 12.5 m s�1; a:
the hindering deceleration zone upwind of the windbreak; b: the vortex deceleration zone in front of the windbreak; c: the acceleration zone within the windbreak the
airflow; d: the vortex zone behind the windbreak; e: acceleration zone above the windbreak, upwind of the break; f: the acceleration zone above the windbreak, behind the
windbreak; g: the airflow restoration zone. (D) airflow field around a double-row Artemisia windbreak in horizontal direction; D-1, u = 5 m s�1; D-2, u = 7.5 m s�1; D-3,
u = 10 m s�1; D-4, u = 12.5 m s�1.
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As shown in Fig. 4A, the airflow field around the single plant
Artemisia windbreak shows the following features. The wind
velocity decreases in the leeward areas of the windbreak. At the
same height, the wind velocity at the leeward side of the wind-
break is lower than that at the windward; as the inflow wind
velocity increases, the wind velocity increases more around the
two side areas of the plant, and it has low values in the leeward
areas.

As shown in Fig. 4B, C and D, the area of zero velocity expands
as the wind velocity increases. For the single-row Artemisia wind-
break, when the wind velocity is below 12.5 m s�1, there is essen-
tially no zero-velocity area within the single-row windbreak,
whereas when the wind velocity is 12.5 m s�1, the zero-velocity
area exists leeward of the windbreak up to the distance of the
height of the windbreak (0–2 cm) leeward of the windbreak. The
vortex area (Fig. 4C) behind the windbreak expands as the wind
velocity increases. Usually, the larger the vortex area, the slower
the wind velocity recovers. The restoration of the wind velocity,
which is affected by several different dimensional vortices, varies
behind the windbreak at the different wind velocities and creates
different downwind shelter distances. When the wind velocity is
12.5 m s�1, the wind velocity is strongly reduced and quickly
restored, thereby creating a shorter effective shelter distance.
When the wind velocity is 5 m s�1, the wind velocity is more
slowly restored and creates a longer effective shelter distance.

At the same inflow wind velocity, the velocity field behaves
with both similarities and differences, as shown in Fig. 4B, C and
D. We will describe the situation at the wind velocity of 10 m s�1

in detail.
Similarly, the mean velocity field is divided into seven velocity

zones, which have different aerodynamic behaviors. From upwind
to downwind, they include four deceleration zones and three
acceleration zones (Fig. 4C). A hindering deceleration zone is
formed upwind of the windbreaks (Fig. 4C.a) because the airflow
is blocked when meeting the windbreaks; this result agrees well
with previous research (Judd et al., 1996). A vortex deceleration
(the deceleration resulting from a vortex) zone (Fig. 4C.b) is formed
in front of (just upwind of) the windbreak, and an acceleration
zone (Fig. 4C.c) is formed within the windbreak due to funneling.
The wind velocity is reduced again behind (just downwind of)
the windbreaks, where another deceleration zone is formed
(Fig. 4C.d). The wind velocity loss increases in the deceleration
zone, where wind-blowing sand could be blocked and slowed
down in the field. However, two acceleration zones are formed
above the windbreaks, one in front of (Fig. 4C.e) and one behind
the windbreaks (Fig. 4C.f). Both of them cover a limited range.
The airflow restoration zone (Fig. 4C.g) exists in the area that is just
above the windbreak. In the field, blowing sand within a wind-
break is easily eroded, which might be the main reason for little
sand deposition to occur there (Dong et al., 2007).

For the different Artemisia windbreaks, even though the num-
ber of velocity zones is the same, the acceleration zones within
the windbreaks behave differently. Within a single plant, single-
row and double-row windbreaks, the wind velocity at the height
of 3 cm is, respectively, 94%, 93% and 32% of the inflow velocity.
It is obvious that the wind velocity within the windbreaks
decreases as the number of clusters and rows increases. The mean
velocity field changes that are caused by the Artemisia windbreaks
shows that the deceleration zones, in front, within and behind the
windbreaks, can have the effect of immobilizing sand in the field
(Dong et al., 2007). In the field, the acceleration within a windbreak
can cause wind erosion and form a concave topology (Dong et al.,
2007). Furthermore, the wind velocity at a downwind distance of
14 times the height of the model windbreak (x = 14 H) has not been
restored to the inflow wind velocity, which means that the shelter
distance is longer than 14 H downwind of the windbreaks. In the
field, many Artemisia windbreaks are built together with some
space or a distance shorter than 14 H, and the airflow can undergo
another cycle of acceleration and deceleration before the full resto-
ration of the wind velocity. In this way, an Artemisia windbreak
system can effectively control the movement of blowing sand
and serve as a highly efficient shelter from the wind (Dong et al.,
2007).

3.1.2. The mean velocity field around the Salix windbreaks
The mean velocity fields around the single plant, single-row and

double-row Salix windbreaks are shown in Fig. 5. Fig. 5A shows the
velocity field around the single plant Salix windbreak at different
heights and under different wind velocities; Fig. 5B, C and D show
the velocity fields in the horizontal direction at different wind
velocities, respectively, around the single plant, single-row and
double-row Salix windbreaks.

As shown in Fig. 5A, under different incoming wind velocities
and at different heights, the airflow field around a single plant Salix
windbreak changes similar to that of the single plant Artemisia
windbreak, as shown in Fig. 5A. However, the velocity isolines
around the single plant Salix windbreak are relatively sparse com-
pared with those around the single plant Artemisia windbreak.
This phenomenon is caused by the difference in the two plants’
shape characteristics. Salix is a type of typical shrub whose
branches are not as dense as Artemisia’s, and there is little differ-
ence in the upper canopy and stem canopy, as shown in Table 1.
Although the velocity isolines around the single plant Salix wind-
break are sparse, the shelter distance of the single plant Salix wind-
break is not necessarily smaller than that of the single plant
Artemisia windbreak. We will discuss these aspects in detail later.

The mean velocity field in the horizontal direction is shown in
Fig. 5B, C and D. Here we take the single-row Salix windbreak as
an example. As the wind velocity increases, the wind velocity con-
tours become denser, the airflow acceleration becomes stronger,
and the area of the vortex zone behind the windbreaks increases.
As the vortex area increases, the restoration of the wind velocity
decreases and, thereby, increasing shelter distances are created.
When the wind velocity is 5 m s�1, the restoration of the wind
velocity is slower, and the windbreak has a longer shelter distance.
When the wind velocity is 12.5 m s�1, the wind velocity behind the
windbreak is strongly reduced, and the restoration of the wind
velocity is more rapid, which creates a shorter shelter distance.

At the same inflow wind velocity, the velocity field behaves
with both similarities and differences, as shown in Fig. 5B, C and
D. Take the wind velocity of 10 m s�1 as an example.

Similarly, the mean velocity fields near the surface around the
single plant, single-row and double-row Salix windbreaks could
be divided into four velocity zones, which are the airflow acceler-
ation zone upwind of the windbreaks (Fig. 5C.a), the airflow accel-
eration zone above the windbreaks (Fig. 5C.b), the vortex zone
behind the windbreaks (Fig. 5C.c) and the airflow restoration zone
downwind of the windbreaks (Fig. 5C.d). Although the mean veloc-
ity field is similarly influenced by the single plant and single-row
Salix windbreaks, the location and range that are covered by each
velocity zone for these two Salix windbreaks are quite different
from those for the double-row Salix windbreak. The double-row
windbreak has a larger range for the deceleration zone upwind of
the windbreak than does the other two windbreaks. Therefore,
the wind velocity is reduced more by the double-row windbreak
than by the other two Salix windbreaks. In addition, the airflow
acceleration zone in the area above the double-row windbreak is
different from the other two windbreaks. When the airflow passes
over a windbreak, the airflow direction experiences a transition
from upward to horizontal to downward because the vibration of
the soft herbaceous vegetation in the wind, especially the upper
parts of the vegetation, reduces the accumulation of velocity in



Fig. 5. Airflow field around different types of Salix windbreaks at different wind speeds. (A) Airflow field around a single-plant Salix windbreak in different directions; A-1,
u = 5 m s�1, h = 7 cm; A-2, u = 5 m s�1, h = 20 cm; A-3, u = 5 m s�1, h = 30 cm; A-4, u = 7.5 m s�1, h = 7 cm; A-5, u = 7.5 m s�1, h = 20 cm; A-6, u = 7.5 m s�1, h = 30 cm; A-7,
u = 10 m s�1, h = 7 cm; A-8, u = 10 m s�1, h = 20 cm; A-9, u = 10 m s�1, h = 30 cm; A-10, u = 12.5 m s�1, h = 7 cm; A-11, u = 12.5 m s�1, h = 20 cm; A-12, u = 12.5 m s�1,
h = 30 cm; (B) airflow field around a single-plant Salix windbreak in horizontal direction; B-1, u = 5 m s�1; B-2, u = 7.5 m s�1; B-3, u = 10 m s�1; B-4, u = 12.5 m s�1; (C) airflow
field around a single-row Salix windbreak in horizontal direction; C-1, u = 5 m s�1; C-2, u = 7.5 m s�1; C-3, u = 10 m s�1; C-4, u = 12.5 m s�1; a: the airflow deceleration zone
upwind of the windbreak; b: the airflow acceleration zone above the windbreak; c: the vortex zone behind the windbreak; d: the airflow restoration zone downwind of the
windbreaks. (D) airflow field around a double-row Salix windbreak in horizontal direction; D-1, u = 5 m s�1; D-2, u = 7.5 m s�1; D-3, u = 10 m s�1; D-4, u = 12.5 m s�1.
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the acceleration zone above the windbreak. Therefore, more Salix
clusters in the double-row windbreak weaken the acceleration
effect in this velocity zone. Finally, there is a much smaller vortex
zone behind the double-row windbreak, where the wind velocity is
restored relatively slowly. Thus, the wind velocity restoration zone
downwind of the double-row Salix windbreaks has a larger range
than the other two windbreaks. Therefore, the double-row Salix
windbreak has a larger downwind shelter distance than the other
two windbreaks.

3.2. The shelter effect

The shelter effect of a windbreak in reducing the wind velocity
is evaluated by a dimensionless reduction coefficient Rc(Dx,z)

(Cornelis and Gabriels, 2005), as follows:

RcðDx;zÞ ¼ 1� uDx;z

u0Dx;z
ð3Þ

where Dx is the distance from the windbreak (in barrier heights H);
z is the height above the surface (m); Rc(Dx,z) is the wind speed
reduction coefficient at the height z and the distance Dx; uDx,z is
the time-averaged wind speed that is disturbed by the windbreak
(m s�1); and u0Dx,z is the time-averaged wind speed in the absence
of a windbreak (m s�1). In general, as Rc(Dx,z) increases, the shelter
effect of the windbreak increases. In this study, we used x instead
of Dx, and similarly, we used ux,z, u0x,z and Rc(x,z) respectively instead
of uDx,z, u0Dx,z and Rc(Dx,z).

3.2.1. The shelter effect of Artemisia windbreaks
(1) The horizontal shelter effect
To compare the horizontal shelter effect of the single plant, sin-

gle-row and double-row Artemisia windbreaks, we calculated the
wind velocity reduction coefficient at the height of 10 cm
(Rc(x,0.1)), as shown in Fig. 6. In general, Rc(x,0.1) for each measure-
ment position is above 0 except within the windbreaks, which
demonstrates that the windbreaks obviously reduce the wind
velocity. For different windbreaks, Rc(x,0.1) changes as the wind
Fig. 6. Reduction coefficient Rc(x,0.1) for the Artem
velocity increases. When the wind velocity is 5 m s�1, the single
plant Artemisia windbreak has the largest shelter effect, both
upwind and downwind. When the wind velocity is 7.5 m s�1, the
single plant Artemisia windbreak has the largest upwind shelter
effect, and the single-row Artemisia windbreak has the largest
downwind shelter effect. When the wind velocity is 10 m s�1, the
double-row Artemisia windbreak has the largest shelter effect both
upwind and downwind. Clearly, for the double-row Artemisia
windbreak, Rc(x,0.1) increases as the wind velocity increases, which
indicates an increasing shelter effect. We can use these data to rec-
ommend the most appropriate Artemisia windbreaks for the local
prevailing wind velocity.

(2) The vertical shelter effect
To compare the extent of the vertical wind velocity reduction

for the single plant, single-row and double-row Artemisia wind-
breaks, we calculated the wind velocity reduction coefficient Rc(x,-
z) at the heights of 7 cm, 20 cm and 30 cm, which, respectively,
correspond to below, equal to and above the height of the wind-
break. The values of Rc(x,z) at the wind velocity of 10 m s�1 are
shown in Fig. 7.

Above the three windbreaks, at a height of 20 cm, Rc(x,0.2) is gen-
erally negative, as shown in Fig. 7B. However, at the height of 7 cm
and 30 cm, Rc(x,0.07) and Rc(x,0.3) are positive. This situation occurs
because the flow that approaches the windbreak decelerates above
the canopy but accelerates within the canopy (Judd et al., 1996).
Furthermore, the acceleration is the most obvious for the single
plant Artemisia windbreak, with the average Rc(x,0.2) reaching
�0.13. The average Rc(x,0.2) for the single-row Artemisia windbreak
is �0.03, and for the double-row windbreak, it is �0.01. These
changes correspond with the mean velocity field change in
Fig. 4C, in which the acceleration increases as the mean velocity
field changes more rapidly.

In the area below the windbreak height, Rc(x,0.07) varies, as
shown in Fig. 7A. For the single plant Artemisia windbreak,
Rc(x,0.07) is the greatest from upwind 5 H–3.1 H. For that same
height, Rc(x,0.07) for the double-row Artemisia windbreak is the
greatest from upwind 1.9 H to downwind �0.1 H, whereas it is
isia windbreaks at different wind velocities.
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the greatest from upwind �0.3 H to downwind �6.0 H for the sin-
gle plant Artemisia windbreak. Because the double-row Artemisia
windbreak has the highest Rc(x,0.07) from downwind �6.0, it has
the longest shelter distance due to its relatively slower restoration
of the wind velocity.

In the area above the windbreak height, Rc(x,0.3) varies, as shown
in Fig. 7A. For the double-row Artemisia windbreak, Rc(x,0.3) is the
highest upwind, within and downwind of the windbreak, which
suggests that the double-row windbreak has the best shelter effect
of the Artemisia windbreaks. From these results, we can see that
the double-row Artemisia windbreak causes obvious deceleration
of the wind velocity in the area above the windbreak height. The
magnitude of the acceleration is relatively small in the area at
the height of the windbreak. The shelter distance is relatively long
in the downwind area below the windbreak height. Therefore, we
can conclude that the double-row Artemisia windbreak has the
best vertical shelter effect when the wind velocity is 10 m s�1.

3.2.2. The shelter effect of the Salix windbreaks
(1) The horizontal shelter effect
At different wind velocities, the wind velocity reduction coeffi-
cient for the Salix windbreaks at a height of 15 cm (Rc(x,0.15)) for
each measurement location is shown in Fig. 8. Rc(x,0.15) for each
measurement location is generally above zero except within the
windbreak, showing that the Salix windbreaks cause an obvious
wind velocity reduction. At the lower wind velocity, the Rc(x,0.15)

for the measurement locations within both the single plant and
single-row Salix windbreaks is at times negative; however, for
measurement locations that are within the double-row Salix wind-
break, the coefficient is always above zero. This difference in coef-
ficients is caused by the different acceleration zones within the
different windbreaks (Fig. 6). Rc(x,0.15) for the measurement loca-
tions of the three Salix windbreaks changes with increasing wind
velocity. As the wind velocity increases, Rc(x,0.15) for the measure-
ment locations of the double-row Salix windbreak increases, which
indicates an increasing shelter effect. When the wind velocity is
5 m s�1, Rc(x,0.15) is greatest upwind for the single plant Salix and
greatest downwind for the single-row Salix windbreak, implying
that the single-row Salix windbreak has a large shelter effect on
the downwind objects. When the wind velocity is 7.5 m s�1,



Fig. 8. Reduction coefficient Rc(x,0.15) for the Salix windbreaks at different wind velocities.
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Rc(x,0.15) for the measurement locations of the double-row Salix
windbreak is always the greatest from upwind to downwind
�0.9 H except within the windbreak. At that same wind velocity
of 7.5 m s�1, Rc(x,0.15) is the greatest from downwind �1.4 H to
downwind �3.6 H for the single-row Salix windbreak and is the
greatest downwind of �3.6 H for the double-row Salix windbreak.
For this wind velocity, we can conclude that the double-row Salix
windbreak has the largest shelter effect. When the wind velocity is
10 m s�1, Rc(x,0.15) for the measurement locations of the double-row
Salix windbreak is always the greatest upwind of 0.1 H and is the
greatest within the windbreak for the single-row Salix windbreak,
whereas it changes downwind. When the wind velocity is
12.5 m s�1, Rc(x,0.15) for the measurement locations of the double-
row Salix windbreak is always the greatest upwind and addition-
ally increases farther downwind of the windbreak. Using these
data, we can choose the most appropriate Salix windbreak for
the local prevailing wind velocities.

(2) The vertical shelter effect
For the Salix windbreaks, when the wind velocity is 10 m s�1,

the values of Rc(x,z) for the heights of 7 cm, 20 cm and 30 cm are
shown in Fig. 9. The values of Rc(x,z) at a height of 20 cm vary as
shown in Fig. 9B. For the single plant and single-row Salix wind-
breaks, the values of Rc(x,z) are all negative, as shown in Fig. 9B,
whereas for the double-row Salix windbreaks, the values are all
positive. These results are in accordance with the airflow accelera-
tion zones above the three Salix windbreaks in Fig. 5. The magni-
tude of acceleration is the lowest for the double-row Salix
windbreak, with an average Rc(x,z) of 0.11, showing that the wind
velocity at this height does not reach the inflow wind velocity.
However, this acceleration height does not reach the top of the
Salix windbreak (H = 22 cm). In contrast to the Artemisia wind-
breaks, the Salix branches are soft enough to bend in the incoming
airflow when the wind velocity reaches 10 m s�1, which thereby
lowers the height of the area of the airflow acceleration.

In the area below the Salix windbreak, at a height of 7 cm,
Rc(x,0.07) is the lowest for the double-row Salix windbreaks upwind,
within and downwind of the windbreaks (Fig. 9C). Therefore, the
double-row Salix windbreak has the largest shelter effect for the
areas that are downwind of the windbreak. In the area above the
top of the windbreak, Rc(x,0.3) is the highest from upwind 5 H to
downwind �0.9 H for the double-row Salix windbreaks, and it is
always the lowest from downwind �0.9 H to downwind �5 H
for the single-row Salix windbreak (Fig. 9A). The double-row Salix
windbreak reduces the wind velocity in the area below the wind-
break. Additionally, for the double-row Salix windbreak, the mag-
nitude of acceleration is relatively small for the area at the height
that is equal to the windbreak height, and the wind velocity is
obviously reduced upwind of the windbreak in the area above
the windbreak. Therefore, we can conclude that the double-row
Salix windbreak has the largest shelter effect when the wind veloc-
ity is 10 m s�1.

4. Discussion and conclusions

4.1. Discussion

We compared the shelter effect of the Artemisia and Salix wind-
breaks under the same wind velocities. The comparison of the shel-
ter distance of the two windbreaks in the field is shown in Table 2.
For the downwind position of approximately x = 11 m, when the
wind velocity is 10 m s�1, Rc(x,0.07) is 0.12 and 0.28, respectively,
for the single plant Artemisia and Salix windbreaks; Rc(x,0.07) is
0.08 and 0.33, respectively, for the single-row Artemisia and Salix
windbreak; and Rc(x,0.07) is 0.16 and 0.40, respectively, for the dou-
ble-row Artemisia and Salix windbreak. For the single-row wind-
breaks, the downward shelter distance is approximately 11.2 m
for the Artemisia windbreak, while it is even longer than 19.8 m
for the Salix windbreak. Obviously, the Salix windbreaks have a
longer shelter distance than the Artemisia windbreaks.

Many previous studies have highlighted the fact that the plant
species show differences in their sediment retention capacity,
which can be explained by variations in their plant morphological
traits (e.g., Burylo et al., 2012b; Erktan and Rey, 2013). Therefore,
we also compared the shrubs in our study to those in arid areas
in other countries. We found that both Artemisia and Salix show
similar features to shrubs in other arid areas of the world. For
example, the surveyed Artemisia in our study is on average 60–
130 cm tall and 80–170 cm in diameter; Aloe secundiflora and
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Maerua decumbens shrubs in Kenya are on average 55–100 cm tall
and 70–100 cm in diameter (King, 2008). The surveyed Salix in the
study is on average 200–280 cm tall and 150–400 cm in diameter.
Prosopis laevigata and Parkinsonia praecox desert shrubs in Tehu-
acan, Mexico are on average 260–410 cm tall and 180–410 cm in
diameter (Serrano-Vázquez et al., 2013). Therefore, our research
results are not limited to only the Mu Us Sandland; they can also
be applied to other arid and semi-arid areas.

The shelter effects of a vegetative windbreak can also be influ-
enced by the growth features of the different species of vegetation.
Therefore, we also compared the vegetative characteristics of Salix
and Artemisia. In sandlands, the annual precipitation is sufficient
to meet the growth demands of both Salix and Artemisia in
approximately 50% of the years reported (Shi, 2009). Therefore,
these two plants can adapt to the local precipitation conditions
and can be used as plants for blow-sand control engineering. Veg-
etation seedling growth characteristics, such as the stem height,
ground coverage and shoot length of both Artemisia and Salix, all
increase with increasing precipitation. Increasing precipitation
can effectively increase the ground coverage for Artemisia and
the stem height as well as the shoot length for Salix. Shi (2009)
found that with abundant precipitation (485.3 mm), the ground
coverage of Artemisia could reach 90%, thus increasing the efficacy
of the vegetation for both checking winds and controlling the
movement of near-surface sand. However, when considering the
blow-sand control vegetation height, economic value and land-
scape beautification, Artemisia alone is not ideal for blow-sand
control engineering. Given the same precipitation, Salix can pro-
duce higher above-ground biomass and incremental stem height
than can Artemisia, and thus, Salix can have a longer shelter dis-
tance. At the same time, Salix can be used as a raw material for
industry, including willow compiling, papermaking and power
generation, and thus, it has a higher economic value than Artemi-
sia. Although Salix is an effective blow-sand control plant in terms



Table 2
Shelter distance comparison between Artemisia and Salix windbreaks.

Distance/m Rc(x,0.07) Distance/m Rc(x,0.07)

Single plant Single-row Double-row Single plant Single-row Double-row

4.00 0.14 0.11 0.13 11.00 0.08 0.08 0.18
2.48 0.15 0.12 0.11 7.92 0.08 0.07 0.16
1.52 0.14 0.13 0.16 5.06 0.08 0.10 0.17
1.04 0.15 0.13 0.15 3.08 0.09 0.10 0.19
0.48 0.16 0.15 0.18 1.98 0.10 0.12 0.21
0.24 0.18 0.15 0.20 1.10 0.09 0.14 0.24
0.08 0.16 0.16 0.20 0.44 0.12 0.16 0.22
0.00 0.07 0.13 0.32 0.22 0.26 0.19 0.29
�0.08 0.18 0.07 0.29 0.00 0.13 0.10 0.31
�0.24 0.95 �0.01 0.24 �0.22 0.06 �0.03 0.55
�0.48 0.87 0.22 0.45 �0.44 0.40 0.52 0.44
�1.04 0.83 0.74 0.58 �1.10 0.36 0.56 0.59
�1.52 0.62 0.55 0.53 �1.98 0.50 0.68 0.54
�2.48 0.44 0.44 0.38 �3.08 0.58 0.78 0.45
�4.00 0.32 0.29 0.29 �5.06 0.57 0.63 0.20
�4.80 0.29 0.24 0.25 �7.92 0.37 0.40 0.37
�6.40 0.21 0.14 0.23 �11.00 0.28 0.33 0.40
�8.00 0.18 0.15 0.23 �15.40 0.20 0.30 0.41
�9.60 0.15 0.11 0.20 �19.80 0.15 0.25 0.37
�11.20 0.12 0.08 0.16
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of the shelter distance, its ground coverage is still usually less than
25%, even under conditions of adequate precipitation (485.3 mm)
(Shi, 2009). Blowing sand tends to be more active near the surface.
This finding suggests that planting only Salix will not effectively
control the sand storms.

Considering the vegetative characteristics and blow-sand con-
trol features of the Salix and Artemisia windbreaks, it is optimal
to plant these two windbreaks together in a system for blow-sand
control engineering. In this blow-sand control system, the Salix
windbreaks are planted as a shelter forest, and the Artemisia wind-
breaks are planted as near-surface barriers. The system not only
can integrate blow-sand control and landscape beautification but
also can produce economic value for the local people of the sand-
land. Although the optimal design depends strongly on the purpose
for which it is constructed, such as the protection of a field from
erosion or the protection of infrastructure from being buried
(Cornelis and Gabriels, 2005), it is also important to understand
the general abilities of the windbreaks in reducing the wind veloc-
ity. Therefore, our study results are useful both for the construction
of windbreaks in the Mu Us Sandland and for insight into blow-
sand control engineering throughout semi-arid China.
4.2. Conclusions

Based on a field survey of sand-dust sources in the Mu Us Sand-
land, we simulated the airflow around vegetative windbreaks in a
wind tunnel and analyzed their shelter effects. For the single plant
Artemisia windbreak, as the inflow wind velocity increases, the
wind velocity increases more around the two side areas of the
plant, with low values in the leeward areas. Seven new velocity
zones in the horizontal direction, including four deceleration zones
and three acceleration zones, are formed when airflow passes
through the Artemisia windbreaks. When we increase the number
of clusters and the number of rows of trees in the windbreaks, the
number of velocity zones does not change; however, the airflow
restoration velocity decreases, the scale of the vortex zone
decreases, and the shelter distance becomes longer.

The velocity isolines around the single plant Salix windbreak
are sparser compared with those around the single plant Artemisia
windbreaks due to the difference in the two plants’ shape charac-
teristics. The mean velocity field in the horizontal direction that is
affected by the Salix windbreaks could be divided into the airflow
deceleration zone before the windbreak, the airflow acceleration
zone above the windbreak, the vortex zone behind the windbreak
and the downwind airflow restoration zone. The area of decelera-
tion in front of the double-row Salix windbreak is larger than that
of either the single plant or the single-row Salix windbreak. The
magnitude of the wind velocity reduction for the double-row Salix
windbreak is also much greater than that of the other windbreaks.
When the airflow accelerates as it passes over the Salix wind-
breaks, the airflow direction experiences a transition from upwind
to horizontal to downwind. In this acceleration zone, the double-
row Salix windbreak has a weak acceleration effect. In addition,
the restoration of the wind velocity is relatively slow because only
a minimal vortex zone exists leeward of the double-row Salix
windbreak. Therefore, the downwind area of the wind velocity res-
toration is larger than that of the other two Salix windbreaks; in
addition, the double-row Salix windbreak has a longer shelter dis-
tance than the others.

Our research indicates that with increasing wind velocity, the
more complexly constructed Artemisia windbreaks have a larger
shelter effect than the more simply constructed windbreaks. The
Salix windbreaks show trends that are similar to those of the Arte-
misia windbreaks. However, under a similar wind velocity, Salix
windbreaks have a longer shelter distance than Artemisia wind-
breaks because Salix is higher than Artemisia. Both Artemisia and
Salix are mainly distributed as single plants in natural sandlands,
while we usually plant single-row or multi-row vegetative wind-
breaks in sand-blown engineering. Therefore, we need to ascertain
which windbreak has a better shelter effect in sand-control
engineering.
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