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Abstract: Wind barriers play a vital role in protecting saplings until maturity when planted as
vegetative windbreak forests. Most previous studies have focused on the porosity of wind barriers,
but no studies have simultaneously examined the effects of the porosity and inclination, despite the
potential of the inclination to decrease wind speed. We tested three wind barrier cases in wind tunnel
experiments: (1) Case A (porosity of 0% with inclinations (90◦, 80◦, and 70◦)), (2) Case B (porosity
of 25% with inclinations (90◦, 80◦, and 70◦)), and (3) Case C (porosity of 50% with inclinations (90◦,
80◦, and 70◦)). The vertical and horizontal wind velocities were measured at three vertical and seven
horizontal points behind the barriers. The results demonstrated a statistically significant decrease in
the correlation between the distance and mean wind velocity for all cases, with up to a six-fold wind
protection effect. The wind barrier with 0% porosity and a 90◦ inclination provided the highest degree
of wind protection. However, the wind protection range was limited downwind, and recirculation of
wind flow could occur in the leeward direction, potentially damaging saplings. A wind barrier with
50% porosity and 70◦ inclination sufficiently decreased the wind velocity and prevented recirculation
of wind flow, demonstrating that both porosity and inclination considerably impacted the wind
protection effect by reducing wind velocity. Our findings offer novel insights into the influence
of wind barriers with varying porosities and inclinations and can provide valuable guidance for
constructing efficient windbreak forests.

Keywords: wind barrier; wind barrier inclination; wind barrier porosity; windbreak forest; wind
tunnel experiment; wind velocity reduction

1. Introduction

Wind can have a considerable influence on vegetation growth or death, depending
on its strength and other environmental conditions [1–5]. Artificial wind barriers play an
important role in the protection of vegetation, such as crops in paddy fields [6,7], fruit trees
in orchards [7], shrubs in sandy deserts in semi-arid and arid regions [8], and vegetative
windbreak forests in coastal areas [9,10]. The main approach to protecting vegetation is to
reduce wind velocity, and accordingly, two types of wind fences, vegetative windbreaks
and artificial wind barriers, are commonly constructed [8–11]. The growth of saplings
in vegetative windbreak forests (vegetative windbreaks in coastal areas) is hindered by
various negative environmental factors, such as stronger sea breezes with more salinity
than land breezes, rapid wind shifts, higher humidity, and sand and dust on vegetation
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(e.g., [10,12–14]). These factors can cause growth inhibition, mortality, and electrolyte
imbalances [2,9,15–17]. Thus, wind barriers control wind velocity and reduce negative
environmental factors in coastal areas. Wind barriers alter airflow [18,19]. The altered
airflow reduces negative environmental factors like intense sea breezes [14], potentially
decreasing salinity levels. They also modify microclimates [9,20], prevent sand and dust
deposition on vegetation [8,12], promote soil productivity [21], and contribute to species-
rich ecosystems [22]. Thus, wind barriers should be prioritized to support the growth of
vegetation and construct vegetative windbreak forests in harsh conditions [8,9,13].

Numerous studies on the effectiveness of wind fences have been conducted. Heisler
and Dewalle [18] conducted a comprehensive review of previous studies on the effect of
wind fence structures and reported that the most effective wind fences depend on porosity,
among other factors, such as type, shape, and height. Many studies have concluded that
wind fences with lower porosity produce a greater reduction in wind velocity [23–32]. For
instance, Perera [27] tested solid porous fences (porous range: 0% to 50%). The author also
reported that the key factor was the porosity rather than the form of fence construction, and
a porosity of 10% provided better sheltering efficiency among the porosities. Further, the
reattachment could no longer be detected when the porosity was above 30%. Range Raine
and Stevenson [29] reported that a porosity of 20% among porous fences of 0–50% was the
best for shelter efficiency. Chen et al. [24] conducted a CFD numerical simulation to examine
the shelter efficacy of a deflector-porous fence. They reported that a 30% porosity sand fence
was the most effective at controlling dust emissions and concluded that the optimal porosity
range could be between 30% and 50%. Yu et al. [32] reported that the lowest porosity of 36%
among porous fences of 36%, 56%, 63%, and 75% had the strongest sheltering efficiency
with the longest wind protection. In contrast, Wu et al. [8] reviewed recent studies that
examined the shelter effect of porosity using field measurements, wind tunnel experiments,
and numerical simulations and reported that the highest shelter effect was achieved at a
porosity within the range of 20% to 40%. Consequently, the optimal design of wind barriers
with varying porosities has been reported in different environmental conditions to date.

However, an inclination (i.e., the inclined angle of wind barriers), in addition to
porosity, can change the wind velocity and affect the wind protection range of barriers.
Kang [33] tested the wind flow angles (90◦, 75◦, 60◦, and 45◦) for vertical wind barriers using
porous meshes (0%, 25%, 50%, and 75%) when the upstream wind direction toward the
wind barriers changed. The author reported that the wind velocity distribution downstream
generally differed among the wind flow angles. Naaim-Bouvet et al. [34] tested snow fences
of different gradient slopes using a cold wind tunnel. The authors reported that the slope
angle could substantially affect snowdrifts, but much depended on the porosity of the
snow fence. These findings suggest that the effectiveness of wind barriers in providing
wind protection may vary based on both porosity and inclination. However, to the best of
our knowledge, no information is currently available on the simultaneous impact of wind
barrier porosity and inclination on wind protection. Thus, quantitative research on this
topic is required for the optimal design of windbreak systems.

Our study aimed to evaluate the effectiveness of wind barriers by examining both
porosity and inclination using a wind barrier made of wood. To achieve this, we conducted
wind tunnel experiments with three wind barrier cases: (1) Case A (porosity of 0% with
three different inclinations (90◦, 80◦, and 70◦)), (2) Case B (porosity of 25% with the same
inclinations), and (3) Case C (porosity of 50% with the same inclinations). To analyze the
reduction in wind speed, we measured the wind velocity on the windward and leeward
sides of the wind barriers in relation to their distance. Our findings provide valuable
insights for the design of windbreak systems, which can help protect saplings and improve
windbreak forest management strategies.
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2. Materials and Methods
2.1. Wind Experimental Design

A wind tunnel experiment was conducted at the Korea Construction Engineering
and Transport Development Collaboratory Management Institute (KOCED) Wind Tunnel
Center, Jeonbuk National University, Republic of Korea. The wind tunnel was a closed-
circuit type. Of the dual test sections with low-speed and high-speed sections in the KOCED
Wind Tunnel Center, our test was conducted in the low-speed section (test section size:
12 m wide, 2.5 m high, and 40 m long; wind velocity: 0.3 m s–1~12.0 m s–1). The turbulence
intensity was less than 1.5%.

We designed a small-scale simulation model considering the blockage ratio (the ratio of
the projected specimen area to the cross-sectional area of the wind tunnel) (Figure 1a) [35–38].
In general, the blockage ratio is corrected if >10% [35,36]. In this study, the blockage ratio
was 6.7%, implying a negligible correction from the blockage ratio.
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Figure 1. (a) Structure of a small-scale simulation model installed at a 30 cm height from the ground
with a wind barrier and (b) a sensor for wind velocity.

Uniform wind flow was obtained above 30 cm from the ground (Figure 1a), which
avoided the natural atmospheric boundary layer in the wind tunnel section. Owing to the
insufficient width of the wind tunnel section, walls 2 m high and 7 m long were installed,
which were sufficient to prevent the distortion of wind generated from each side of the
two-dimensional test specimen (Figure 1a).

2.2. Wind Experimental Materials

Previous studies have reported that a decrease in wind velocity can be indicated in
the wind protection porosity function (e.g., [23,28,30]). This suggests that the influence
of porosity on decreasing wind velocity could be much larger than that of the shape and
material of the wind fence. The porosity (%) at this point was computed as follows:

Φ(%) =
Ae

Aa
× 100 (1)

where Φ is the porosity, Ae is the projected area of the pores of the wind barrier, and Aa is
the area of the perimeter of the wind barrier (i.e., height × width).

Different materials, such as metal, plastic, and wood, have been employed as wind
barriers [36]. Among these windbreak materials, a wind barrier using a wood-based
material is preferable because it is environment-friendly, light, simple, and inexpensive to
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build. In this study, we tested both the porosity and inclinations to examine their potential
for decreasing wind velocity using wood-based materials (Figure 2a). In previous studies,
wind barrier porosity was typically designed within a range of 0% to 50%, taking material
costs into account [8,18,27,29,32]. Lower porosity tends to be more expensive in practical
applications [18], whereas higher porosity permits increased air penetration, resulting in
less wind speed reduction [9]. Regarding wind barrier inclination, preliminary tests were
conducted on inclinations ranging from 90◦ to 70◦ prior to the wind tunnel experiment
owing to the challenges of field construction. Thus, using these wood-based materials, our
study was designed for three cases: (1) Case A: porosity of 0% with three inclinations (90◦,
80◦, and 70◦), (2) Case B: porosity of 25% with three inclinations (90◦, 80◦, and 70◦), and
(3) Case C: porosity of 50% with three inclinations (90◦, 80◦, and 70◦) (Figure 2b).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 15 
 

build. In this study, we tested both the porosity and inclinations to examine their potential 
for decreasing wind velocity using wood-based materials (Figure 2a). In previous studies, 
wind barrier porosity was typically designed within a range of 0% to 50%, taking material 
costs into account [8,18,27,29,32]. Lower porosity tends to be more expensive in practical 
applications [18], whereas higher porosity permits increased air penetration, resulting in 
less wind speed reduction [9]. Regarding wind barrier inclination, preliminary tests were 
conducted on inclinations ranging from 90° to 70° prior to the wind tunnel experiment 
owing to the challenges of field construction. Thus, using these wood-based materials, our 
study was designed for three cases: (1) Case A: porosity of 0% with three inclinations (90°, 
80°, and 70°), (2) Case B: porosity of 25% with three inclinations (90°, 80°, and 70°), and (3) 
Case C: porosity of 50% with three inclinations (90°, 80°, and 70°) (Figure 2b). 

 
Figure 2. (a) Schematic diagram of porous and non-porous wind barriers at different inclinations 
and (b) three case studies (A, B, and C) with different porosities (0%, 25%, and 50%) and inclinations 
(90°, 80°, and 70°). 

Figure 2. (a) Schematic diagram of porous and non-porous wind barriers at different inclinations and
(b) three case studies (A, B, and C) with different porosities (0%, 25%, and 50%) and inclinations (90◦,
80◦, and 70◦).



Appl. Sci. 2023, 13, 8310 5 of 16

2.3. Measurements

The wind velocities at the windward and leeward sides of the wind barriers were
measured using an I-type hot wire anemometer (Dantec I-type Probe 55P11, sampling
rate: 16.67 data s−1) and three-dimensional traverse equipment (Figure 1b). Wind velocity
was measured at 3 points along the vertical (30, 60, and 90 cm) and 7 points along the
horizontal (50 to 600 cm) points (i.e., 21 points in total leeward behind the wind barriers)
(Figure 3). The wind velocity threshold required to move sand and dust in the coastal
Saemangeum land of the Republic of Korea is assumed to be approximately 4.0 m s−1 at
0.5 elevation [9]. Thus, we used a wind velocity of 5.0 m s−1 at the windward side, which
was approximately two-fold the 10-year monthly average wind speed for Gunsan city
(approximately 2.2 m s−1) of the land [39]. After operating the wind turbine for several
minutes, the wind velocities on the windward and leeward sides stabilized.
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Figure 3. The 3 vertical measuring points in front of wind barriers and 3 vertical measuring points
and 7 horizontal measuring points (i.e., 21 measuring points in total) behind wind barriers.

The wind velocity of the wind tunnel was initially set to 5.0 m s−1. The wind velocities
at each single measuring point on the windward (n = 3) and leeward (n = 21) sides were
measured for 60 s (i.e., 1 min mean wind speed), and the average wind velocity of each
measuring point was determined (Figure 3). We analyzed the change in the average wind
velocity at the measured distances. Wind speed reduction is determined by the ratio of
windward and leeward wind speeds.

UR =
U
U0

× 100 (%) (2)

where UR is the ratio of windward and leeward wind speeds, U is the average leeward
wind speed (m s−1), and U0 is the average windward wind speed (m s−1).

Wind flow visualization was conducted to quantitatively determine the movement of
the wind velocity provided in Section 3.

2.4. Statistical Analyses

The software SPSS ver. 21.0 (IBM SPSS, Armonk, NY, USA) was used for statistical
analyses. One-way analysis of variance (ANOVA), which is a statistical method to compare
the means of three or more groups to determine if there are significant differences between
them [40], was used to identify the range of the reduction in wind velocity for Cases A, B,
and C. Following the ANOVA test, Duncan analysis, employed to determine which specific
groups or means are significantly different from each other [40], was performed to classify
identical groups of the average wind velocity for each inclination of Cases A, B, and C. The
significance level was established at a 0.05 probability level for all statistical analyses.



Appl. Sci. 2023, 13, 8310 6 of 16

3. Results
3.1. Case A (Porosity of 0% with Inclinations of 90◦, 80◦, and 70◦)

Table 1 shows variations in the decrease in average wind velocity at different distances
for a wind barrier of 0% porosity at three different inclinations (90◦, 80◦, and 70◦), and
Figure 4 shows the visualization of the spatial distribution of the average wind velocity
according to distance. For each inclination, the correlation between the distance and
average wind speed decrease was statistically significant at α = 0.05 (90◦: F-value = 24.618,
p < 0.001; 80◦: F-value = 23.185, p < 0.001; 70◦: F-value = 22.232, p < 0.001). The decrease
in wind velocity for all inclinations was statistically significant up to six times (Table 1).
The decrease in wind velocity differed slightly at each sample point according to the
inclinations. The reduction ratio of the wind velocity for each inclination decreased as the
distance increased, indicating a difference in the wind protection range (Table 1, Figure 4).
The range of the reduction ratio also varied: 41–90% for 90◦, 34–90% for 80◦, and 37–90%
for 70◦. Among these different inclinations, the 90◦ vertical had a large decreasing effect
for the greatest distance of 600 cm (Table 1).

Table 1. Case A—average wind velocity at 0% porosity and three different inclinations of wind
barriers (90◦, 80◦, and 70◦) for every measuring point.

Porosity (%) Inclination (◦) Distance (cm) Height (cm) Velocity (m/s) Wind Reduction Ratio (%)

0%

90◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 0.516 ± 0.120 a 90

100 30, 60, 90 0.757 ± 0.756 a 85

200 30, 60, 90 1.027 ± 0.989 a 79

300 30, 60, 90 1.178 ± 0.365 ab 76

400 30, 60, 90 1.412 ± 0.818 ab 72

500 30, 60, 90 2.064 ± 1.340 b 59

600 30, 60, 90 2.969 ± 1.400 c 41

80◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 0.486 ± 0.230 a 90

100 30, 60, 90 0.618 ± 0.614 a 88

200 30, 60, 90 1.057 ± 0.426 ab 79

300 30, 60, 90 1.147 ± 0.614 ab 77

400 30, 60, 90 1.393 ± 0.171 ab 72

500 30, 60, 90 2.000 ± 0.720 b 60

600 30, 60, 90 3.289 ± 1.498 c 34

70◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 0.390 ± 0.345 a 90

100 30, 60, 90 0.602 ± 0.121 a 88

200 30, 60, 90 1.036 ± 0.013 ab 79

300 30, 60, 90 1.164 ± 0.091 ab 77

400 30, 60, 90 1.434 ± 0.162 ab 71

500 30, 60, 90 2.025 ± 0.807 b 60

600 30, 60, 90 3.163 ± 1.495 c 37
(C) represents the windward control point of wind speed. Wind velocity (m/s) is given with corresponding
standard deviation values. Superscripts with different letters for wind velocity denote identical groups of the
average wind velocity for each inclination of the wind barrier (90◦, 80◦, and 70◦) classified using Duncan analysis
(significant at p < 0.05).
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Figure 4. Visualization of the spatial distribution of the average wind velocity according to distance
for Case A with a wind barrier porosity of 0% and an inclination of (a) 90◦, (b) 80◦, and (c) 70◦.

3.2. Case B (Porosity of 25% with Inclinations of 90◦, 80◦, and 70◦)

Table 2 shows the change in the average decrease in wind velocity according to
distance for a porosity of 25% of a wind barrier with different inclinations (90◦, 80◦, and
70◦), and Figure 5 shows the visualization of the spatial distribution of the average wind
velocity according to distance. For each inclination, the correlation between the distance
and decrease in average wind speed was statistically significant at α = 0.05 (90◦: F-value
= 17.851, p < 0.001; 80◦: F-value = 25.882, p < 0.001; 70◦: F-value = 22.817, p < 0.001).
Similar to the wind barrier with a porosity of 0%, the decreasing wind velocity effect for
all inclinations was found to be up to six times greater. The reduction ratio of the wind
velocity for each inclination of the wind barrier with a porosity of 0% decreased with
increasing distance. In contrast, the reduction ratio for each inclination of the wind barrier
with a porosity of 25% increased with increasing distance and then gradually decreased
(Table 2, Figure 5). This indicates that the wind velocity differs with porosity. The wind
velocity differed slightly from each measured point, according to the inclinations. The
range of the reduction ratio varied with the inclination of the wind barrier, 38–69% for 90◦,
33–67% for 80◦, and 42–62% for 70◦, indicating that inclinations played a considerable role
in affecting wind velocity. The highest protection against wind was found to be provided
by the inclination of 90◦.
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Table 2. Case B—average wind velocity at 25% porosity and three different inclinations of wind
barriers (90◦, 80◦, and 70◦) for every measuring point.

Porosity (%) Inclination (◦) Distance (cm) Height (cm) Velocity (m/s) Wind Reduction Ratio (%)

25%

90◦

−10 (C) 30, 60, 90 5.000 ± 0.000 c 0

50 30, 60, 90 3.077 ± 1.207 b 38

100 30, 60, 90 2.180 ± 0.319 a 56

200 30, 60, 90 1.673 ± 0.020 a 67

300 30, 60, 90 1.570 ± 0.117 a 69

400 30, 60, 90 1.603 ± 0.289 a 68

500 30, 60, 90 1.675 ± 0.398 a 66

600 30, 60, 90 1.801 ± 0.568 a 64

80◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 3.350 ± 1.114 c 33

100 30, 60, 90 2.553 ± 0.284 b 49

200 30, 60, 90 1.818 ± 0.065 ab 64

300 30, 60, 90 1.695 ± 0.185 a 66

400 30, 60, 90 1.644 ± 0.306 a 67

500 30, 60, 90 1.695 ± 0.354 a 66

600 30, 60, 90 1.852 ± 0.540 ab 63

70◦

−10 (C) 30, 60, 90 5.000 ± 0.000 c 0

50 30, 60, 90 2.409 ± 1.101 ab 52

100 30, 60, 90 2.883 ± 0.635 b 42

200 30, 60, 90 1.992 ± 0.211 a 60

300 30, 60, 90 1.902 ± 0.312 a 62

400 30, 60, 90 1.886 ± 0.450 a 62

500 30, 60, 90 1.939 ± 0.560 a 61

600 30, 60, 90 1.997 ± 0.618 a 60
(C) represents the windward control point of wind speed. Wind velocity (m/s) is given with corresponding
standard deviation values. Superscripts with different letters for wind velocity denote identical groups of the
average wind velocity for each inclination of the wind barrier (90◦, 80◦, and 70◦) classified using Duncan analysis
(significant at p < 0.05).
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3.3. Case C (Porosity of 50% with Inclinations of 90◦, 80◦, and 70◦)

Table 3 presents the change in the average decrease in wind velocity according to
distance for a porosity of 50% with different inclinations (90◦, 80◦, and 70◦), and Figure 6
shows the visualization of the spatial distribution of the average wind velocity according
to distance. For each inclination, the correlation between the distance and decrease in
average wind speed was statistically significant at α = 0.05 (90◦: F-value = 59.605, p < 0.001;
80◦: F-value = 50.356, p < 0.001; 70◦: F-value = 55.659, p < 0.001). The effect of reducing
wind velocity with a 50% porosity increased six-fold as the inclination decreased. The
reduction ratio for each inclination increased and then gradually decreased as the distance
increased (Table 3, Figure 6). The reduction ratios ranged from 71% to 87% at 90◦, 69% to
86% at 80◦, and 65% to 88% at 70◦. Among the different inclinations, the reducing effect
was greatest at 90◦ within 300 cm and greatest at 70◦ from 400 to 600 cm. This suggests that
the wind velocity is affected by the inclination of the wind barrier.
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Table 3. Case C—average wind velocity at 50% porosity and three different inclinations of wind
barriers (90◦, 80◦, and 70◦) for every measuring point.

Porosity (%) Inclination (◦) Distance (cm) Height (m) Velocity (m/s) Wind Reduction Ratio (%)

50%

90◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 1.336 ± 0.209 bc 73

100 30, 60, 90 1.151 ± 0.015 abc 77

200 30, 60, 90 0.673 ± 0.306 a 87

300 30, 60, 90 0.675 ± 0.429 a 87

400 30, 60, 90 0.831 ± 0.666 ab 83

500 30, 60, 90 1.224 ± 0.466 abc 76

600 30, 60, 90 1.469 ± 0.611 c 71

80◦

−10 (C) 30, 60, 90 5.000 ± 0.000 c 0

50 30, 60, 90 1.568 ± 0.070 b 69

100 30, 60, 90 1.208 ± 0.059 ab 76

200 30, 60, 90 0.678 ± 0.316 a 86

300 30, 60, 90 0.768 ± 0.316 a 85

400 30, 60, 90 0.773 ± 0.372 a 85

500 30, 60, 90 1.036 ± 0.618 ab 79

600 30, 60, 90 1.315 ± 0.661 ab 74

70◦

−10 (C) 30, 60, 90 5.000 ± 0.000 d 0

50 30, 60, 90 1.735 ± 0.614 c 65

100 30, 60, 90 1.395 ± 0.160 c 72

200 30, 60, 90 0.710 ± 0.339 ab 86

300 30, 60, 90 0.613 ± 0.306 a 88

400 30, 60, 90 0.628 ± 0.432 a 87

500 30, 60, 90 0.749 ± 0.397 ab 85

600 30, 60, 90 1.325 ± 0.682 bc 74
(C) represents the windward control point of wind speed. Wind velocity (m/s) is given with corresponding
standard deviation values. Superscripts with different letters for wind velocity denote identical groups of the
average wind velocity for each inclination of the wind barrier (90◦, 80◦, and 70◦) classified using Duncan analysis
(significant at p < 0.05).
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3.4. Effects of Porosity and Inclination on Wind Speed

Figure 7 shows the variations in average wind velocity (m/s) with respect to distance
(cm) at the windward and leeward sides of the wind barriers for three different cases:
Case A (porosity of 0% with inclinations (90◦, 80◦, and 70◦)), Case B (porosity of 25% with
inclinations (90◦, 80◦, and 70◦)), and Case C (porosity of 50% with inclinations (90◦, 80◦,
and 70◦)). In Case A, the average wind velocity (m/s) decreased significantly at a distance
of 50 cm behind the wind barriers and gradually increased as the distance from the wind
barrier increased. In contrast, Cases B and C exhibited a gradual decrease up to a distance
of 300 cm, followed by a slight increase. These results suggest that changes in wind flow
behind wind barriers are influenced by both porosity and inclination. Notably, Case C
outperformed Cases A and B, demonstrating a significantly higher wind speed reduction.
Specifically, a wind barrier with a porosity of 50% and an inclination of 70◦ exhibited better
performance, providing an ample wind protection range.
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4. Discussion

Previously, the porosity of the wind barrier was regarded as the key factor influencing
its effectiveness in protecting against wind (reviewed by [8,18]). To further advance the
understanding of the wind flow characteristics and determine the effectiveness of wind
barriers, this study examined the effects of inclinations and porosity on the effectiveness of
the following wind barriers based on a wind tunnel experiment.

The reduction in wind speed varied among the three cases. For Case A, although all
inclinations showed a six-fold decrease in wind velocity at the last measuring distance
(Table 1), wind flow could reattach and recirculate at the leeward side of the wind barrier.
Kang [33] reported that a reattachment point occurred at a distance of approximately
10–15 times the height of a wind barrier. The reattachment point and recirculation of wind
flow may damage tree saplings as sea breezes with salinity, sand, and dust in coastal areas
are particularly harmful to vegetation [2,9,16,17], resulting in lower growth rates [15]. Thus,
when establishing a windbreak forest within a distance equal to or less than 10 times the
height of the wind barriers, it is advisable to use a non-porous wind barrier in an embanked
area rather than on flat land.

For Case B, the reduction ratio of wind velocity for each inclination increased with
increasing distance (Table 2, Figure 5), whereas the opposite trend was observed for Case
A (Table 1, Figures 4 and 7). This could be explained by the increase in porosity from 0%
to 25% [18,32]. Although the change in the reduction ratio of wind velocity was similar
between 90◦ and 80◦, there was an abrupt decrease between 50 cm and 100 cm at 70◦,
probably (Table 2, Figure 7) due to the recirculation of wind flow [26]. Overall, the effect of
wind protection was weak within 200 cm. Thus, to attain protection of over 60% with wind
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barriers of 25% porosity, it is recommended to utilize vertical 90◦ wind fences. Further
saplings should not be planted immediately behind the wind barriers.

Following a previous review that reported porosity as one of the influential factors
on wind speed reduction alongside other factors such as the type, shape, and height of
wind barriers [18], numerous earlier studies primarily focused on porosity [8,9,24,26,28].
Previous studies generally concluded that windbreaks with lower porosity had a higher
reducing effect on wind velocity. However, the construction of wind barriers with lower
porosities is expensive in practical applications [28]; therefore, the optimal porosity range
is from 30% to 50% [24,25]. Wu et al. [8] reviewed recent studies that examined wind
barrier porosity for wind protection effectiveness and reported that the highest sheltering
efficiency of wind fences was achieved at a porosity within the range of 20% to 40%.
In contrast, in this study, the wind barrier of Case C, with the highest porosity of 50%,
substantially decreased the wind velocity and showed relatively stable reduction ratios for
each inclination at varying distances relative to Cases A and B (Table 3, Figures 6 and 7).
In addition, the effectiveness of Case C was higher than that of Case B in this study. This
implies that a lower porosity does not always result in a greater wind velocity reduction.
The different results of this study from the previous studies reviewed by Wu et al. [8] may
be attributed to the inclinations that were not examined in the previous studies. Among the
different inclinations, the decreasing effect was the greatest at 90◦ within 300 cm; however,
the counterpart was largest at 70◦ from 400 to 600 cm (Table 3, Figures 6 and 7). This
implies that the inclination may have a considerable effect on the range of wind protection,
resulting in greater wind barrier efficacy. Therefore, the effectiveness of wind barriers may
depend not only on their porosity but also on their inclination.

Our results suggest that a wind barrier with a porosity of 50% and an inclination of
70◦ may provide the most effective protection for pre-maturity saplings against wind in
vegetative windbreak forests, although, overall, all wind barriers with varying porosities
and inclinations performed well. Despite our findings, several avenues of this study
remained unexplored, which should be considered in future research. As the wind tunnel
section in this study was relatively small, the height of the wind barriers was not tested,
although past studies have reported that height significantly affects shelter efficiency
(e.g., [9,19,41]). Wind barriers with lower porosity are laborious, time-consuming, and
costly, although they exhibit a higher reducing effect on wind velocity [28]. To achieve an
optimal and cost-effective wind barrier, it is recommended to explore a wider range of
porosities and inclinations beyond those tested in this study while keeping the material
cost similar. An array of wind barriers can facilitate the reduction in wind velocity for
vegetative windbreak forest construction [9]. Single and multiple rows of vegetation
can also considerably reduce wind velocity, depending on the vegetation species used,
such as shrubs, coniferous species, and broad-leaved species [9,10], or when combined
with wind barriers [8,42]. Thus, combining an array of wind barriers with structurally
varying windbreak trees with different porosities and inclinations could further advance our
understanding of the change in wind flow caused by different porosities and inclinations,
and optimize vegetative windbreak forest management strategies for various environmental
conditions.

5. Conclusions

In a wind tunnel experiment, we examined the simultaneous effect of wind barrier porosity
and inclination on wind speed reduction. The key findings of this study were as follows:

• The wind barriers tested in this study, which varied in porosity and inclination, exhib-
ited different effects on wind speed reduction at various distances. This suggests that
both the porosity and inclination of wind barriers play important roles in providing
wind protection.

• All wind barriers provided up to six times more wind protection on the leeward side
than on the windward side. However, the wind velocity reduction ratio varied at each
distance for all wind barriers, indicating different levels of wind protection.
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• Among the evaluated wind barriers, a wind barrier with a porosity of 0% and an
inclination of 90◦ demonstrated the highest reduction in wind velocity. However, this
wind barrier had a very limited wind protection range and could potentially cause
wind flow recirculation on the leeward side, posing a risk of sapling damage.

• In contrast, a wind barrier with a porosity of 50% and an inclination of 70◦ suffi-
ciently decreased wind velocity and prevented the recirculation of wind flow, thereby
improving sapling protection and reducing material costs.

Our findings offer novel insights into the influence of wind barriers in terms of not
only their porosity, which has been primarily examined as a key factor affecting wind speed
reduction, but also their inclination. However, there are additional aspects that warrant
further exploration beyond the scope of this study. Specifically, future investigations should
explore the impact of wind barrier height, which was not evaluated in this study because of
the limited size of the wind tunnel section. The height of wind barriers also plays a crucial
role in determining shelter efficiency. Additionally, it is essential to investigate the inte-
gration of wind barriers with windbreak vegetative species (e.g., shrubs and trees), which
exhibit diverse structural characteristics, porosities, and inclinations. Such comprehensive
studies will facilitate the optimization of management strategies for vegetative windbreak
forests under a range of environmental conditions.
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