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Abstract

This study examined the windbreak effects of different tree–shrub configurations through
wind tunnel experiments. Using Populus euphratica Oliv. and Tamarix chinensis Lour. as
model species, six rows of front-tree–back-shrub arrangements in a triangular layout
were tested under varying spacing patterns. Four spacings of P e (7.5 cm × 7.5 cm,
7.5 cm × 10 cm, 7.5 cm × 12.5 cm, 10 cm × 10 cm) and four spacings of T cs (5 cm × 5 cm,
5 cm × 7.5 cm, 5 cm × 10 cm, 7.5 cm × 7.5 cm) were analyzed. Tree–shrub combinations
significantly outperformed pure stands. The configuration of P e (7.5 cm × 10 cm) with T
c (5 cm × 10 cm) achieved the highest efficiency, with an average of 27.1% and a peak of
47.13% at 7 H. This configuration was effective up to 15 H and showed slower efficiency
decline at higher wind speeds. Vertically, most combinations reached maximum efficiency
at 20 cm height, while pure T c peaked at 51.96% at 3 cm and pure P e at 36.33% at 20 cm.
Overall, the optimal configuration was P e spaced at 7.5 cm × 10 cm and T c at 5 cm × 10 cm,
which not only enhanced protective performance but also reduced planting density. These
findings provide valuable scientific references for designing windbreak and sand-fixing
forests in arid regions, supporting ecological restoration and sustainable land management
in desert–oasis transition zones.

Keywords: tree-shrub combination; protection efficiency; configuration; relative wind speed

1. Introduction
Oases are distinctive ecosystems in arid and semi-arid regions, playing a vital role in

maintaining the balance among water, soil, air, and biodiversity. They are also critical to the
sustainable development of human settlements in these fragile environments. Among the
major ecological components of oases, windbreak and sand-fixing forests are particularly
important [1,2]. These vegetation systems effectively reduce wind velocity, limit sand
transport, and suppress the spread of desertification. Establishing shelterbelts around oasis
peripheries not only mitigates the intensity of sandstorms but also improves the quality of
local living environments [3,4].
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Over the past decades, extensive studies have been conducted to explore the configu-
ration and function of windbreak and sand-fixing forests. These investigations have used
field observations [5–7], wind tunnel experiments [8], and numerical simulations [9] to
assess their aerodynamic behavior. The protective efficiency of shelterbelts depends on
several structural factors, including stand density [10], tree and row spacing [11,12], species
composition [13], porosity [14], and strip width [15]. Generally, greater vegetation height
and wider forest belts extend the protective distance [16]. Porosity, defined as the propor-
tion of internal pore space relative to the total vegetation volume, has a crucial influence on
airflow regulation [17]. High porosity allows stronger wind penetration and shortens the
protective range, while excessively low porosity increases resistance but induces leeward
vortex formation, also reducing the overall efficiency [18,19]. Therefore, an optimal porosity
exists that balances aerodynamic resistance and flow stability [17,20].

Species composition is another key determinant of forest performance. Mixed wind-
breaks composed of trees, shrubs, and grasses create vertically stratified structures that en-
hance shelter efficiency and ecological stability [21]. The airflow structure is also strongly in-
fluenced by the spatial configuration of forest strips. Building upon Judd [22], Mayaud [23]
divided the airflow field around individual trees into six zones: the windward, displace-
ment acceleration, seepage, calm, mixing, and rebalancing zones. Further studies identified
additional vertical layers, including the mixed layer [24], internal canopy zone [25], and
near-surface zone [26]. Horne [27] proposed a two-part wake model, dividing it into
near-wake and far-wake regions. The near-wake is characterized by strong turbulence
and velocity deficits, whereas in the far-wake, turbulence gradually decays and velocity
recovers. The extent of wake dissipation largely depends on vegetation morphology and
spatial arrangement.

However, most previous research has focused on single-species windbreaks, which,
although effective during early growth stages, often lose stability and protection efficiency
over time due to plant mortality and canopy fragmentation. Studies addressing multi-
species compositions, optimal spacing, and structural configurations remain limited. In
arid zones, selecting native, drought- and salt-tolerant species with deep root systems and
strong sand-fixing capacity is essential for maintaining long-term stability and ecological
resilience of windbreak systems.

Populus euphratica Oliv. and Tamarix chinensis Lour. are two dominant native species
widely used in afforestation projects across Xinjiang. They exhibit strong adaptability to
arid conditions and serve as ideal candidates for windbreak and sand-fixation forests. This
study focuses on the combined use of these species under controlled conditions. Through
systematic wind tunnel experiments, various row-spacing combinations were tested to
evaluate wind speed attenuation, flow field distribution, and protection efficiency. The
results aim to determine the optimal spacing and configuration mode for maximizing
shelter performance. Ultimately, this research provides a practical reference for optimizing
the design of windbreak and sand-fixing forests in arid and semi-arid regions, contributing
to both ecological restoration and sustainable land management.

2. Materials and Methods
2.1. Experimental Equipment

The wind tunnel experiments were conducted from May to June 2025 at the “Wind
and Sand Environment Wind Tunnel Laboratory” of the Gansu Desertification Research
Institute. The wind tunnel used was a non-circulating type with an adjustable wind speed
range of 4–35 m s−1. The total length of the wind tunnel was 38.9 m and consisted of an
inlet section, power section, rectifying section, contraction section, test section, adjustable
test section, and diffusion section. The test section had a length of 16 m, with a cross-
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sectional area of 1.2 m (width) × 1.2 m (height), and the adjustable section was 2.5 m long.
The boundary layer thickness (V = 0.99V∞) in the wind tunnel was approximately 30 cm,
which was larger than the height of the plant models, meeting the requirement that the
experimental model must be fully within the wind tunnel boundary layer (Figure 1). To
ensure the reliability of the results, the simulation required geometric similarity, kinematic
similarity, and dynamic similarity. Roughness elements (wooden boards with streamlined
edges) were added in the wind tunnel to stabilize airflow and prevent boundary layer
separation.

Figure 1. Schematic layout of the wind tunnel model.

2.2. Experimental Materials

The most critical requirement for the wind tunnel simulation was to ensure the models
adhered to geometric similarity, meaning they closely resembled the real plant forms in
proportion. All physical parameters were nondimensionalized, and the physical relation-
ships were compared without considering the units. The experimental materials included
models of Populus euphratica Oliv. (P e) and Tamarix chinensis Lour. (T c). Before the wind
tunnel tests, field surveys of typical mature P e and T c were conducted to determine
key parameters such as trees height and crown width. Considering the influence of the
boundary layer on accuracy, the dimensions of the models were scaled at a ratio of 1:40.
The model for P e had a height of 30 cm and a crown width of 10 cm × 10 cm, while the
model for T c was 6 cm tall with a 6 cm × 6 cm crown width. The blockage area of the
model was kept under 5% of the test section’s cross-sectional area to satisfy the geometric
similarity requirements. The plant models were fixed on foam boards as shown in Figure 2.

Figure 2. Models of the Plants and Configuration Diagram Used.

2.3. Model Design

The study used a fan-shaped layout model with six rows of trees, simulating a con-
figuration of three rows of P e in the front and three rows of T c in the back. The plant
spacing for P e, based on actual distances of 3 m × 3 m, 3 m × 4 m, 3 m × 5 m, and
4 m × 4 m, was scaled proportionally to 7.5 cm × 7.5 cm, 7.5 cm × 10 cm, 7.5 cm × 12.5 cm,
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and 10 cm × 10 cm, respectively. For T c, the plant spacing, based on actual distances of
2 m × 2 m, 2 m × 3 m, 2 m × 4 m, and 3 m × 3 m, was scaled proportionally to 5 cm × 5 cm,
5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm, respectively. The specific configurations
are shown in Table 1.

Table 1. Model Plant Spacing and Belt Width.

P e Plant Spacing T c Plant Row Spacing Belt Width (cm)

7.5 cm × 7.5 cm

5 cm × 5 cm 40.5
5 cm × 7.5 cm 45.5
5 cm × 10 cm 50.5

7.5 cm × 7.5 cm 45.5

7.5 cm × 10 cm

5 cm × 5 cm 48
5 cm × 7.5 cm 53
5 cm × 10 cm 58

7.5 cm × 7.5 cm 53

7.5 cm × 12.5 cm

5 cm × 5 cm 55.5
5 cm × 7.5 cm 60.5
5 cm × 10 cm 65.5

7.5 cm × 7.5 cm 60.5

10 cm × 10 cm

5 cm × 5 cm 48
5 cm × 7.5 cm 53
5 cm × 10 cm 58

7.5 cm × 7.5 cm 53

2.4. Wind Speed Measurement

Wind speed was measured using Pitot tubes, with the wind pressure converted to
wind speed by differential pressure sensors. Data were recorded by a data acquisition
system. At each measurement point, at least 80 instantaneous wind speed readings were
taken over a duration of approximately 40 s, with two readings per second. The average
value of the data was used for analysis. Three wind speeds (6, 10 and 15 m s−1) were tested,
and measurements were taken along the central axis from 3H ahead of the forest belt to
15H behind it at 13 measurement points. Wind speed was recorded at nine heights (1, 3, 5,
8, 13, 20, 30, 40, and 60 cm), with H representing the average height of the plant models
(H = 18 cm for the average trees height of P e and T c, H = 30 cm for P e, and H = 6 cm for T
c). The measurement positions are shown in Figure 3.

Figure 3. Layout of arbor (Populus euphratica Oliv.) and shrub (Tamarix chinensis Lour.) belts with
reference to wind direction. Distances are expressed in multiples of tree height (H). Key markers
indicate positions for wind speed measurement.

2.5. Data Processing
2.5.1. Relative Wind Speed Calculation

Relative wind speed is a key parameter that reflects the acceleration and deceleration
of wind caused by the windbreak. In this experiment, changes in relative wind speed
around different models were used to assess the varying effects of different windbreak and
sand-fixing forest configurations on wind speed. The relative wind speed was classified



Forests 2025, 16, 1710 5 of 27

into three zones: 1⃝ Deceleration Zone: (0, 0.6] 2⃝ Transition Zone: (0.6, 1] 3⃝ Acceleration
Zone: >1 [10,28,29]. Based on wind speed measurements taken in the wind tunnel, both
with and without a windbreak, the wind speeds at each measurement point were standard-
ized. The formula for calculating relative wind speed is as follows:

A =
U
U0

(1)

In the equation: A represents the relative wind speed; U refers to the wind speed
measured in the presence of the windbreak (m s−1); and U0 refers to the wind speed
measured in the absence of the windbreak (m s−1).

2.5.2. Windbreak Efficiency

Windbreak efficiency is an important indicator reflecting the wind protection ben-
efits of different windbreak and sand-fixing forest models. Its calculation is shown in
Equation (2).

Ewind =
(
Vopen − Vmeasure

)
/Vopen × 100% (2)

where

Ewind—Windbreak efficiency;
Vopen—Average wind speed at height Z in the open area (m s−1);
Vmeasure—Average wind speed at height Z at a distance of h from the windbreak (m s−1)

2.5.3. Data Analysis and Mapping

The data were processed using Surfer 15.0 software to plot wind speed and wind-
break effectiveness contour maps. Origin 2019 software was used for statistical analysis and
chart plotting.

3. Results and Analysis
3.1. Initial Wind Field Analysis Without the Model

The quality of the initial flow field in the wind tunnel determines the reliability of
the test simulation results. To ensure consistency in the initial flow field during wind
tunnel tests, each wind speed test was conducted for a uniform duration of 40 s. After
averaging the obtained wind speeds, the corresponding wind speeds at different heights for
various wind speeds are shown in Table 2. At different wind speeds, wind speed exhibits a
good logarithmic relationship with height, allowing wind speed values at any height to be
inferred using the wind speed profile equation.

Table 2. Initial wind speed and wind speed profile equations without the model.

Height (cm)
Speed

(m s−1)
6 10 15

1 4.14 6.89 9.88
3 5.05 8.18 11.68
5 5.42 8.72 12.46
8 5.67 9.08 12.95

13 6.05 9.61 13.69
20 6.40 10.36 14.83
30 7.05 11.11 15.87
40 8.11 12.75 18.06
60 8.91 13.89 19.50

Wind Speed Profile Equation u = 1.07928769ln(z) + 3.72818485
R2 = 0.91

u = 1.5986ln(z) + 6.2403
R2 = 0.91

u = 2.53ln(z) + 8.06
R2 = 0.91
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3.2. Flow Field Characteristics of Different Tree-Shrub Windbreak and Sand-Fixing Forests
3.2.1. Flow Field Analysis of Different Tree-Shrub Windbreak and Sand-Fixing Forests
at 6 m s−1

When wind speed reaches 6 m s−1, the relative wind speed contour maps for
different configurations of tree-shrub windbreak and sand-fixing forests are shown in
Figures 4 and 5. A higher U/U0 ratio indicates more pronounced wind acceleration and
poorer windbreak effectiveness. The wind shadow zones and acceleration zones differ
across each model. The wind speed attenuation zone for the tree-shrub combination
(U/U0 = (0, 0.6]) is larger than that for pure P e or pure T c stands. Wind acceleration
becomes more pronounced with increasing height. When P e spacing was 7.5 cm × 7.5 cm
and T c spacing was 5 cm × 7.5 cm, the wind speed reduction effect was most pronounced
(23.58%). Conversely, the wind acceleration zone was largest (39.57%) when P e spacing was
7.5 cm × 7.5 cm and T c spacing was 5 cm × 5 cm. When P e were planted at 7.5 m × 10 m
spacing and combined with T c at 5 m × 5 m spacing, wind speed reduction was most pro-
nounced (24.56%); the greatest wind acceleration zone occurred with P e at 7.5 m × 10 m
spacing and T c at 5 m × 10 m spacing (22.57%); When P e spacing was 7.5 cm × 12.5 cm,
the tree-shrub combination of T c at 5 cm × 5 cm showed the most pronounced wind speed
reduction (21.25%); with P e spacing at 7.5 cm × 12.5 cm and T c at 5 cm × 7.5 cm, the
wind acceleration zone was largest (34.78%); When P e spacing was 10 cm × 10 cm, the
tree-shrub combination of T c (5 cm × 7.5 cm) showed the most pronounced wind speed
reduction (16.71%); with P e spacing at 10 cm × 10 cm andT c spacing at 5 cm × 5 cm, the
wind acceleration zone was largest (31.82%). At 6 m s−1, the most pronounced wind speed
reduction among all tree–shrub combinations occurred in the P e 7.5 cm × 10 cm × T c
5 cm × 5 cm configuration. Among T c-based combinations, the most significant wind
reduction was observed in the 5 cm × 10 cm spacing pattern. Among P e combinations, the
7.5 cm × 7.5 cm spacing pattern exhibited the most pronounced wind speed reduction.

 

Figure 4. Contour plot of relative wind speed for different tree-shrub combinations at 6 m s−1 At
6 m s−1, (a) represents the combination of P e at 7.5 cm × 7.5 cm and T c. at 5 cm × 5 cm, 5 cm × 7.5 cm,
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5 cm × 10 cm, and 7.5 cm × 7.5 cm; (b) represents the combination of P e at 7.5 cm × 10 cm and T c.
at 5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm; (c) represents the combination of
P e at 7.5 cm × 12.5 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm;
(d) represents the combination of P e at 10 cm × 10 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm,
5 cm × 10 cm, and 7.5 cm × 7.5 cm. The black line indicates the edge of the forest strip.

Figure 5. Contour map of relative wind speed for pure forests with different configurations at
6 m s−1. At 6 m s−1, on the left side, the configurations from top to bottom are T c with spacings of
5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm. On the right side, the configurations
from top to bottom are P e with spacings of 7.5 cm × 7.5 cm, 7.5 cm × 10 cm, 7.5 cm × 12.5 cm, and
10 cm × 10 cm. The black line indicates the edge of the forest strip.

3.2.2. Flow Field Analysis of Different Tree-Shrub Windbreak and Sand-Fixing Forests
at 10 m s−1

When wind speed reaches 10 m/s, the relative wind speed contour lines for dif-
ferent configurations of tree–shrub windbreak and sand-fixing forests are shown in and
Figures 6 and 7. As wind speed increases, the wind speed reduction zone gradually de-
creases. When the spacing of P e is 7.5 cm × 7.5 cm, the combination with T c at 5 cm × 5 cm
demonstrates the most significant wind speed reduction (21.45%), while the combination
with T c. at 7.5 cm × 7.5 cm exhibits the largest wind speed acceleration zone (45.37%).
When the spacing of P e is 7.5 cm × 10 cm, the combination with T c at 5 cm × 5 cm
shows the greatest wind speed reduction (24.56%), while the combination with T c at
5 cm × 10 cm has the largest wind speed acceleration zone (39.46%). With P e spacing at
7.5 cm × 12.5 cm, the combination with T c at 5 cm × 5 cm yields the most substantial
wind speed reduction (22.93%), while the combination with T c at 5 cm × 10 cm results in
the largest wind speed acceleration zone (49.07%). At a spacing of 10 cm × 10 cm for P e,
the combination with T c. at 5 cm × 5 cm shows the most notable wind speed reduction
(14.56%), while the combination with T c. at 5 cm × 7.5 cm has the largest wind speed
acceleration zone (45.06%).

Among all the tree–shrub combinations at 10 m s−1, the combination of P e. at
7.5 cm × 10 cm and T c. at 5 cm × 5 cm demonstrates the most significant wind speed
reduction. Within the T c. configurations, the 5 cm × 10 cm spacing pattern shows
the most considerable wind speed reduction, while among the P e. configurations, the
7.5 cm × 7.5 cm spacing pattern exhibits the most notable wind speed reduction.
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Figure 6. Contour plot of relative wind speed for different tree-shrub combinations at 10 m s−1 At
10 m s−1, (a) represents the combination of P e at 7.5 cm × 7.5 cm and T c. at 5 cm × 5 cm, 5 cm × 7.5 cm,
5 cm × 10 cm, and 7.5 cm × 7.5 cm; (b) represents the combination of P e at 7.5 cm × 10 cm and T c.
at 5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm; (c) represents the combination of
P e at 7.5 cm × 12.5 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm;
(d) represents the combination of P e at 10 cm × 10 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm,
5 cm × 10 cm, and 7.5 cm × 7.5 cm. The black line indicates the edge of the forest strip.

Figure 7. Contour map of relative wind speed for pure forests with different configurations at
10 m s−1. At 10 m s−1, on the left side, the configurations from top to bottom are T c with spacings of
5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm. On the right side, the configurations
from top to bottom are P e with spacings of 7.5 cm × 7.5 cm, 7.5 cm × 10 cm, 7.5 cm × 12.5 cm, and
10 cm × 10 cm. The black line indicates the edge of the forest strip.
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3.2.3. Flow Field Analysis of Different Tree-Shrub Windbreak and Sand-Fixing Forests
at 15 m s−1

When the wind speed reaches 15 m s−1, the relative wind speed for different tree-shrub
windbreak configurations is illustrated in and Figures 8 and 9. As the wind speed increases,
the wind speed reduction zone becomes progressively smaller. For P e. with a spacing of
7.5 cm × 7.5 cm, the combination with T c at 5 cm × 7.5 cm demonstrates the most signif-
icant wind speed reduction (14.63%), while the combination with T c at 7.5 cm × 7.5 cm
shows the largest wind speed acceleration zone (46.55%). When the spacing of P e is
7.5 cm × 10 cm, the combination with T c. at 5 cm × 10 cm exhibits the greatest wind speed
reduction (15.07%), along with the largest wind speed acceleration zone (44.11%). For a
spacing of 7.5 cm × 12.5 cm for P e, the combination with T c at 5 cm × 5 cm shows the
most significant wind speed reduction (10.90%), whereas the combination with T c. at
5 cm × 10 cm has the largest wind speed acceleration zone (52.15%). In the case of P e at
10 cm × 10 cm, the combination with T c at 5 cm × 10 cm results in the greatest wind speed
reduction (11.08%), while the combination with T c at 5 cm × 5 cm shows the largest wind
speed acceleration zone (45.22%).

Figure 8. Contour plot of relative wind speed for different tree-shrub combinations at 15 m s−1

At 15 m s−1, (a) represents the combination of P e at 7.5 cm × 7.5 cm and T c at 5 cm × 5 cm,
5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm; (b) represents the combination of P e at
7.5 cm × 10 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm;
(c) represents the combination of P e at 7.5 cm × 12.5 cm and T c at 5 cm × 5 cm, 5 cm × 7.5 cm,
5 cm × 10 cm, and 7.5 cm × 7.5 cm; (d) represents the combination of P e at 10 cm × 10 cm and T c at
5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm. The black line indicates the edge of
the forest strip.
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Figure 9. Contour map of relative wind speed for pure forests with different configurations at
15 m s−1. At 15 m s−1, on the left side, the configurations from top to bottom are T c with spacings of
5 cm × 5 cm, 5 cm × 7.5 cm, 5 cm × 10 cm, and 7.5 cm × 7.5 cm. On the right side, the configurations
from top to bottom are P e with spacings of 7.5 cm × 7.5 cm, 7.5 cm × 10 cm, 7.5 cm × 12.5 cm, and
10 cm × 10 cm. The black line indicates the edge of the forest strip.

At a wind speed of 15 m s−1, among all the tree-shrub combinations, the most signifi-
cant wind speed reduction is achieved by the combination of P e at 7.5 cm × 10 cm and
T c at 5 cm × 10 cm. Among the T c. configurations, the combination with a spacing of
5 cm × 10 cm shows the greatest wind speed reduction, while, for the P e configurations,
the combination with a spacing of 7.5 cm × 7.5 cm exhibits the most substantial wind speed
reduction.

3.3. Windbreak Efficiency Analysis of Different Tree-Shrub Windbreak and Sand-Fixing Forests

3.3.1. Windbreak Efficiency Analysis at 6 m s−1

Windbreak efficiency is a key indicator for assessing the protective benefits of wind-
break and sand-fixing forests (Negative efficiency indicates that wind speed in the leeward
zone exceeded the reference flow, reflecting localized acceleration caused by turbulence
or channeling effects within the canopy). The windbreak efficiency at 6 m s−1 is shown in
Appendix A Figures A1–A6. Comparing the windbreak efficiency across multiple points
and heights for different models at 6 m s−1 reveals that all models exhibited varying degrees
of efficiency change between 0 and 30 cm in height. Most models achieved their maximum
windbreak efficiency at a height of 20 cm, while at 40 cm and 60 cm, the efficiency remained
low or negative. In terms of distance, the maximum windbreak efficiency was observed
at 7H. Due to the narrow tube effect at the measurement points within the model, the
windbreak efficiency values were mostly negative.

Among the different models, the “P e 7.5 cm × 10 cm, T c 5 cm × 10 cm” combination
exhibited the highest average windbreak efficiency at 27.1%, surpassing all other configura-
tions. The maximum windbreak efficiency for this combination reached 47.13% at 7H, and
it maintained an efficiency of over 32% between 1H and 15H. When the row spacing of P e
was 7.5 cm × 12.5 cm, its windbreak efficiency between 1H and 15H (16.63%) was notably
higher than other pure P e forests. Similarly, when T c had a row spacing of 5 cm × 5 cm,
its windbreak efficiency between 1H and 15H (16.83%) was significantly greater than other
pure T c forests.
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Regarding windbreak efficiency at different heights, most tree-shrub models reached
their maximum efficiency at 1.2 times the model height (20 cm). The highest windbreak
efficiency for the “P e 7.5 cm × 12.5 cm, T c 5 cm × 5 cm” combination occurred at 20 cm,
with a peak value of 42.64%. For pure T c forests, due to their shorter trees height, the
maximum windbreak efficiency occurred at 3 cm, with a peak value of 54.96% for the
row spacing of 7.5 cm × 7.5 cm. For pure P e forests, the maximum windbreak efficiency
occurred at 20 cm, with a peak value of 36.33% for the row spacing of 7.5 cm × 7.5 cm.

3.3.2. Windbreak Efficiency Analysis at 10 m s−1

As the wind speed increased from 6 m s−1 to 10 m s−1, the windbreak efficiency at
10 m s−1 was lower than that at 6 m s−1 for all configurations. The windbreak efficiency
at 10 m s−1 is illustrated in Appendix A Figures A7–A12. With the increase in wind
speed, the maximum windbreak efficiency for most configurations still occurred at 7H.
However, for the “P e 7.5 cm × 10 cm, T c 5 cm × 7.5 cm” combination, the peak efficiency
shifted to 10H. For the “P e 7.5 cm × 10 cm, T c. 5 cm × 10 cm” configuration, the
average windbreak efficiency was 20.44%, higher than that of other configurations, with
the maximum windbreak efficiency at 10H reaching 40.04%. Additionally, windbreak
efficiency remained relatively high (above 32%) between 1 and 15H. When the row spacing
of P e was 7.5 cm × 12.5 cm, its windbreak efficiency between 1 and 15H (13.87%) was
significantly higher than that of other pure P e forests. Similarly, for T c with a row spacing
of 5 cm × 5 cm, its windbreak efficiency between 1 and 15H (13.82%) was significantly
higher than that of other pure T c forests.

Regarding windbreak efficiency at different heights, most tree-shrub combinations
reached their maximum efficiency at 1.2 times the model height (20 cm). For the “P e
7.5 cm × 7.5 cm, T c 5 cm × 5 cm” combination, the highest windbreak efficiency occurred
at 20 cm, with a value of 39.45%. For pure T c forests, the maximum windbreak efficiency
occurred at 3 cm, peaking at 51.96% for a row spacing of 5 cm × 5 cm. For pure P e forests,
the maximum windbreak efficiency occurred at 20 cm, with a peak value of 32.31% for a
row spacing of 7.5 cm × 7.5 cm.

3.3.3. Windbreak Efficiency Analysis at 15 m s−1

As the wind speed increased from 10 m s−1 to 15 m s−1, the windbreak efficiency
of all models decreased further. The windbreak efficiency at 15 m s−1 is shown in
Appendix A Figures A13–A18. Among the different configurations, the “P e 7.5 cm × 10 cm,
T c 5 cm × 10 cm” combination exhibited the highest average windbreak efficiency of
18.87%, with the maximum efficiency reaching 37.79% at 7H. The windbreak efficiency
remained relatively high between 1 and 15H. For the “P e 7.5 cm × 12.5 cm” configuration,
the windbreak efficiency at 1–15H (12.29%) was the highest among all pure P e forests. Sim-
ilarly, for the “T c 5 cm × 5 cm” configuration, the average windbreak efficiency (12.55%)
was the highest among all pure T c forests.

In terms of windbreak efficiency at different heights, most tree-shrub configura-
tions reached their maximum efficiency at 1.2 times the model height (20 cm). For the
“P e 7.5 cm × 10 cm, T c 5 cm × 5 cm” combination, the maximum windbreak efficiency
occurred at 20 cm, with a value of 36.72%. For pure T c forests, the maximum windbreak
efficiency was observed at 3 cm, peaking at 50.23% for a row spacing of 5 cm × 10 cm. For
pure P e forests, the maximum windbreak efficiency occurred at 20 cm, with a peak value
of 28.31% for a row spacing of 7.5 cm × 10 cm.



Forests 2025, 16, 1710 12 of 27

4. Discussion
The present study introduces a fan-shaped, mixed-species windbreak system that

combines Populus euphratica Oliv.–Tamarix chinensis Lour. Fan-shaped layouts offer distinct
advantages over traditional arrangements. First, plants in fan-shaped structures utilize
light more efficiently than those in conventional layouts, thereby improving the micro-
climate conditions for plant growth [30]. Second, the radial structure promotes airflow
dispersion and energy buffering, extending protective distances and enabling shelter-
belts to perform better in extreme environments such as wind erosion, dust storms, and
drought [15,31,32]. Furthermore, multi-species mixed shelterbelts exhibit higher ecosystem
stability and resilience through ecological complementarity among species [33]. More-
over, mixed forests exhibit greater resistance to pests and diseases, making them more
sustainable than monoculture stands [34]. Thus, the combination of fan-shaped layout and
multi-species mixing not only enhances ecological system resilience but also demonstrates
superior protective and productive efficiency in forest management.

The wind speed profiles observed in this study generally exhibited a logarithmic
relationship with height, consistent with previous wind tunnel experiments [35,36]. How-
ever, deviations such as exponential or alternative patterns have also been reported [37,38],
indicating that wind profiles are strongly dependent on experimental settings. Across
different tree–shrub combination models, airflow diversion created a distinct acceleration
zone above the canopy [39], while near-surface zones exhibited strong deceleration due to
both vegetation obstruction and surface friction. This agrees with findings on low-pressure
recirculation behind forest belts [40–42].

A key observation was the superior performance of tree–shrub combinations com-
pared to pure stands [43]. The vertical stratification provided by P e and T c created
complementary protective layers: the tall trees dissipated upper-level flow, while the
shrubs reduced near-ground turbulence, thereby extending the protection distance. This
structural complementarity has been emphasized in earlier studies [44–46] and contrasts
with pure stands, where uniformity restricts buffering capacity and accelerates efficiency
decay. Similar mechanisms of “vertical complementary reduction” have been discussed by
Ghisalberti & Nepf and Mukherjee further supporting the observed synergy [47,48].

Differences between this study and previous reports (peak efficiency above 90% at
5H [19]) are likely attributable to forest structure, planting layout, and wind speed con-
ditions. The fan-shaped configuration tested here facilitated greater airflow dissipation
than rectangular layouts, consistent with the argument that spatial heterogeneity enhances
aerodynamic resistance [9,49]. In the vertical direction, the complementary arrangement
allowed maximum efficiency to occur at approximately canopy height, with airflow dis-
turbances shifting upward at higher wind speeds. This finding aligns with Liu [39] and
Sun [11], who reported expansion of the acceleration zone with increasing velocity. How-
ever, at high wind speeds, the protective effect of all configurations declined, reaffirming
the universal vulnerability of shelterbelts under extreme conditions [50,51].

Unlike previous experiments limited to pure stands or uniform rectangular layouts,
it systematically evaluates mixed Populus euphratica Oliv.–Tamarix chinensis Lour. belts
arranged in a novel fan-shaped configuration. By classifying airflow into deceleration,
transition, and acceleration zones and testing across multiple wind speeds, the study not
only quantifies the dynamic protection capacity of different structures but also proposes
practical spacing guidelines tailored for arid-zone windbreak construction. Overall, the
results highlight the ecological and structural advantages of mixed tree–shrub windbreaks.
By combining species with contrasting canopy traits, they provide sustained efficiency and
broader protection compared to pure stands. Nevertheless, the wind tunnel setting may
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not fully replicate natural variability, and future studies should incorporate different row
numbers and spacing arrangements to optimize real-world applications.

5. Conclusions
This study highlights the advantages of fan-shaped, mixed Populus–Tamarix shelter-

belts as an effective model for arid-zone restoration. The main conclusions are:

1⃝ Proposes and validates a fan-shaped mixed forest belt design (Populus–Tamarix),
whose wind tunnel test results demonstrate superior windbreak performance com-
pared to single-species belts and traditional rectangular belts, highlighting the signifi-
cant advantages of structural innovation.

2⃝ The key to its high-efficiency protection lies in the vertical complementarity of the
mixed tree-shrub system: trees reduce upper-layer wind speeds and lift airflow, while
shrubs effectively lower near-surface wind speeds, forming a layered protection
mechanism that significantly extends the effective distance of the protective strip.

3⃝ The fan-shaped layout employs progressively widening row spacings to dissipate
wind energy more gradually, avoiding the turbulence concentration commonly seen
in rectangular strips. This design maintains stable protective performance even under
strong winds, demonstrating superior adaptability.

4⃝ Moderately dense mixed tree–shrub (P e spaced at 7.5 cm × 10 cm and T c at
5 cm × 10 cm) belts balance protective efficiency with reduced planting density, low-
ering resource investment costs. This design offers a practical model for shelterbelt
construction and ecological restoration in arid regions, possessing significant applica-
tion value.
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Nomenclature

Symbol/Abbreviation Meaning Unit
E Windbreak efficiency %
H trees height m
U Wind speed m s−1

U0 Reference (incoming) wind speed m s−1

U/U0 Relative wind speed –
P e Populus euphratica Oliv. –
T c Tamarix chinensis Lour. –

Appendix A. Windbreak Efficiency Across Configurations (6–15 m s−1)
1⃝ Windbreak Efficiency Diagram at 6 m s−1
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Figure A1. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 7.5 cm.

 

Figure A2. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 10 cm.
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Figure A3. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 12.5 cm.

 

Figure A4. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
10 cm × 10 cm.
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Figure A5. Windbreak Efficiency of T c at Different Plant Spacings.

Figure A6. Windbreak Efficiency of P e with Different Plant Spacing.
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2⃝ Windbreak Efficiency Diagram at 10 m s−1

Figure A7. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 7.5 cm.

Figure A8. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 10 cm.
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Figure A9. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing of
7.5 cm × 12.5 cm.

Figure A10. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing
of 10 cm × 10 cm.
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Figure A11. Windbreak Efficiency of T c at Different Plant Spacings.

Figure A12. Windbreak Efficiency of P e with Different Plant Spacing.
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3⃝ Windbreak Efficiency Diagram at 15 m s−1

Figure A13. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing
of 7.5 cm × 7.5 cm.

Figure A14. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing
of 7.5 cm × 10 cm.
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Figure A15. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing
of 7.5 cm × 12.5 cm.

Figure A16. Windbreak efficiency chart for the tree-shrub combination with P e planted at a spacing
of 10 cm × 10 cm.
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Figure A17. Windbreak Efficiency of T c at Different Plant Spacing.

Figure A18. Windbreak Efficiency of P e at Different Plant Spacing.
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Appendix B. Technical Details
Appendix B.1. Terminology Definition

To ensure consistency and clarity, the following terminology is adopted throughout
this study. Relative wind speed (V/V0): the ratio of wind speed measured within or behind
the windbreak (V) to the reference wind speed without the windbreak (V0). Based on this
parameter, three zones are defined:

Deceleration Zone (0 < V/V0 ≤ 0.6): wind speed reduced by ≥40%, representing
effective protection.

Transition Zone (0.6 < V/V0 ≤ 1.0): wind speed reduced but less effectively.
Acceleration Zone (V/V0 > 1.0): wind speed enhanced due to turbulence or flow

contraction.
Relative Wind Speed Area Ratio (%): the proportion of the measurement area falling

into the above-defined zones, used to quantify the spatial extent of wind speed reduction
or acceleration.

Wind Speed Reduction (%): the percentage decrease in wind speed relative to the
reference flow, calculated as (1 − V/V0) × 100%.

Windbreak Efficiency (%): the integrated indicator of the protective effect of a wind-
break, calculated according to Equation (2). This term is used consistently in the manuscript
instead of alternatives such as “wind protection effectiveness”.

In this study, all figures and tables employ the above terminology, and all percentages
are explicitly reported with units (%).

Appendix B.2. Area Distribution Chart for Relative Wind Speed

Table A1. Relative Wind Speed Area Ratio (%) at 6 m s−1.

Model U/U0 Proportion (%) Model U/U0 Proportion (%)

T c 5 cm × 5 cm
0–0.6 3.45

T c 5 cm × 7.5 cm
0–0.6 5.06

0.6–1 31.68 0.6–1 31.13
>1 61.78 >1 63.81

T c 5 cm × 10 cm
0–0.6 7.07

T c 7.5 cm × 7.5 cm
0–0.6 4.54

0.6–1 27.5 0.6–1 41.08
>1 63.81 >1 54.38

P e 7.5 cm × 7.5 cm
0–0.6 7.04

P e 7.5 cm × 10 cm
0–0.6 4.35

0.6–1 79.05 0.6–1 79.37
>1 13.91 >1 16.26

P e 7.5 cm × 12.5 cm
0–0.6 5.83

P e 10 cm × 10 cm
0–0.6 2.97

0.6–1 79.54 0.6–1 85.94
>1 14.63 >1 11.09

P e 7.5 cm × 7.5 cm,
T c 5 cm × 5 cm

0–0.6 21.45
P e 7.5 cm × 7.5 cm,
T c 5 cm × 7.5 cm

0–0.6 23.58
0.6–1 38.98 0.6–1 55.07

>1 39.57 >1 21.35

P e 7.5 cm × 7.5 cm,
T c 5 cm × 10 cm

0–0.6 11.66
P e 7.5 cm × 7.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 15.62
0.6–1 54.36 0.6–1 59.35

>1 33.9 >1 25.03

P e 7.5 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 24.56
P e 7.5 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 23.69
0.6–1 57.66 0.6–1 55.78

>1 17.78 >1 20.53

P e 7.5 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 23.93
P e 7.5 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 22.92
0.6–1 53.50 0.6–1 57.51

>1 22.57 >1 19.57

P e 7.5 cm × 12.5 cm,
T c 5 cm × 5 cm

0–0.6 21.25
P e 7.5 cm × 12.5 cm,

T c 5 cm × 7.5 cm

0–0.6 15.81
0.6–1 57.50 0.6–1 49.41

>1 21.25 >1 34.78
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Table A1. Cont.

Model U/U0 Proportion (%) Model U/U0 Proportion (%)

P e 7.5 cm × 12.5 cm,
T c 5 cm × 10 cm

0–0.6 11.67
P e 7.5 cm × 12.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 18.6
0.6–1 54.36 0.6–1 58.2

>1 33.97 >1 23.2

P e 10 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 14.56
P e 10 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 16.71
0.6–1 54.36 0.6–1 53.10

>1 31.82 >1 30.19

P e 10 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 14.62
P e 10 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 13.23
0.6–1 57.29 0.6–1 63.25

>1 28.08 >1 23.52

Table A2. Relative Wind Speed Area Percentage at 10 m s−1 (%).

Model U/U0 Proportion (%) Model U/U0 Proportion (%)

T c 5 cm × 5 cm
0–0.6 5.20

T c 5 cm × 7.5 cm
0–0.6 4.35

0.6–1 11.73 0.6–1 12.22
>1 83.07 >1 83.43

T c 5 cm × 10 cm
0–0.6 5.67

T c 7.5 cm × 7.5 cm
0–0.6 3.27

0.6–1 12.79 0.6–1 13.41
>1 81.54 >1 83.32

P e 7.5 cm × 7.5 cm
0–0.6 4.55

P e 7.5 cm × 10 cm
0–0.6 3.14

0.6–1 72.66 0.6–1 74.61
>1 22.79 >1 22.25

P e 7.5 cm × 12.5 cm
0–0.6 3.12

P e 10 cm × 10 cm
0–0.6 1.26

0.6–1 76.81 0.6–1 78.14
>1 20.07 >1 20.6

P e 7.5 cm × 7.5 cm,
T c 5 cm × 5 cm

0–0.6 21.45
P e 7.5 cm × 7.5 cm,
T c 5 cm × 7.5 cm

0–0.6 16.56
0.6–1 38.98 0.6–1 45.72

>1 39.57 >1 37.72

P e 7.5 cm × 7.5 cm,
T c 5 cm × 10 cm

0–0.6 14.27
P e 7.5 cm × 7.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 8.17
0.6–1 43.60 0.6–1 46.46

>1 42.13 >1 45.37

P e 7.5 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 24.56
P e 7.5 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 16.5
0.6–1 57.66 0.6–1 47.42

>1 17.78 >1 36.08

P e 7.5 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 17.96
P e 7.5 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 13.55
0.6–1 42.58 0.6–1 48.35

>1 39.46 >1 38.1

P e 7.5 cm × 12.5 cm,
T c 5 cm × 5 cm

0–0.6 22.93
P e 7.5 cm × 12.5 cm,

T c 5 cm × 7.5 cm

0–0.6 11.59
0.6–1 57.51 0.6–1 43.30

>1 19.56 >1 45.11

P e 7.5 cm × 12.5 cm,
T c 5 cm × 10 cm

0–0.6 7.09
P e 7.5 cm × 12.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 14.09
0.6–1 43.84 0.6–1 55.48

>1 49.07 >1 30.43

P e 10 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 14.56
P e 10 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 11.32
0.6–1 53.62 0.6–1 44.62

>1 31.83 >1 44.06

P e 10 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 10.85
P e 10 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 6.68
0.6–1 50.41 0.6–1 59.95

>1 38.74 >1 33.37



Forests 2025, 16, 1710 25 of 27

Table A3. Relative Wind Speed Area Ratio (%) at 15 m s−1.

Model U/U0 Proportion (%) Model U/U0 Proportion (%)

T c 5 cm × 5 cm
0–0.6 4.65

T c 5 cm × 7.5 cm
0–0.6 4.04

0.6–1 11.92 0.6–1 12.49
>1 83.43 >1 83.47

T c 5 cm × 10 cm
0–0.6 4.97

T c 7.5 cm × 7.5 cm
0–0.6 2.61

0.6–1 12.79 0.6–1 12.54
>1 82.22 >1 84.85

P e 7.5 cm × 7.5 cm
0–0.6 3.39

P e 7.5 cm × 10 cm
0–0.6 2.24

0.6–1 70.70 0.6–1 70.03
>1 25.91 >1 27.73

P e 7.5 cm × 12.5 cm
0–0.6 2.00

P e 10 cm × 10 cm
0–0.6 0.85

0.6–1 73.97 0.6–1 74.80
>1 24.03 >1 24.35

P e 7.5 cm × 7.5 cm,
T c 5 cm × 5 cm

0–0.6 13.44
P e 7.5 cm × 7.5 cm,
T c 5 cm × 7.5 cm

0–0.6 14.63
0.6–1 42.18 0.6–1 46.16

>1 44.38 >1 39.21

P e 7.5 cm × 7.5 cm,
T c 5 cm × 10 cm

0–0.6 12.30
P e 7.5 cm × 7.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 6.23
0.6–1 44.42 0.6–1 47.22

>1 43.28 >1 46.55

P e 7.5 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 14.55
P e 7.5 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 12.86
0.6–1 43.51 0.6–1 48.97

>1 41.94 >1 38.17

P e 7.5 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 15.07
P e 7.5 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 11.05
0.6–1 40.82 0.6–1 49.31

>1 44.11 >1 39.64

P e 7.5 cm × 12.5 cm,
T c 5 cm × 5 cm

0–0.6 10.90
P e 7.5 cm × 12.5 cm,

T c 5 cm × 7.5 cm

0–0.6 10.32
0.6–1 43.85 0.6–1 43.37

>1 45.25 >1 46.31

P e 7.5 cm × 12.5 cm,
T c 5 cm × 10 cm

0–0.6 6.85
P e 7.5 cm × 12.5 cm,
T c 7.5 cm × 7.5 cm

0–0.6 10.09
0.6–1 41.00 0.6–1 52.68

>1 52.15 >1 37.23

P e 10 cm × 10 cm,
T c 5 cm × 5 cm

0–0.6 9.26
P e 10 cm × 10 cm,
T c 5 cm × 7.5 cm

0–0.6 10.16
0.6–1 45.52 0.6–1 45.20

>1 45.22 >1 44.64

P e 10 cm × 10 cm,
T c 5 cm × 10 cm

0–0.6 11.08
P e 10 cm × 10 cm,
T c 7.5 cm × 7.5 cm

0–0.6 4.79
0.6–1 50.23 0.6–1 54.17

>1 38.69 >1 41.04
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