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Abstract
The research was conducted windward of an irrigated Acacia amplicips Maslin windbreak established to protect As
Salam Cement Plant from winds and moving sands. Two belts with approximate optical porosities of 50% and 20%
were studied in River Nile State, Sudan. The research aimed at assessing the efficiency of the two belts in wind speed
reduction and sand deposition. Research methods included: (i) estimation of optical porosity, (ii) measurements of windward
wind speeds at a control and at distances of 0.5 h (h stands for windbreak height), 1 h and 2 h at two vertical levels
of 0.25 h and 0.5 h, (iii) estimation of relative wind speeds at the three positions (distance and height) at windward
and (iv) estimation of wind erosive forces and prediction of zones of sand deposition. Results show that while the
two belts reduced windward wind speeds at the two levels for the three distances, belt II was more effective. Nearest
sand deposition occurred at 2 h and 1h windward of belt II and belt I, respectively, at level 0.25 h. At level 0.5
h, sand was deposited only at 2 h windward of belt II and no sand deposition occurred windward of belt I. The
study concludes that less porous windbreaks are more effective in reducing wind speed and in depositing sand in windward
direction at a distance of not less than twice the belt height.
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Introduction
Sandy soils are particularly prone to wind erosion (Bird
et al. 1992). Beside wind speed the erosive wind energy has
the main impact on the erosion process (Klik 2008). The
rate of soil movement during erosion varies directly as the
cube of the wind velocity (Smith and English 1982; Das
2008; Modarres 2008) as long as the range of velocities observed is well above the threshold velocity. Most drifting
sands occur near the ground within 30 cm of the ground.
Reduction in wind speed near the ground is the most im-

portant (Maki 1982).
Vegetation plays an important role in reducing soil erosion by wind in arid and semi-arid environments (Wolfe
and Nickling 1993). As wind approaches a windbreak,
some moves through the barrier but most moves up and
over. This results in a reduction in wind speed both windward and leeward. On the windward side, the protected
zone extends 2-5 times the height of the windbreak. On the
leeward side, the protected zone generally extends 10 to 20
times the height (Gilreath 2006; USDA 2011a). The ability of vegetation to act as a windbreak for sediment has a
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maximum value for an intermediate value of porosity, with
porosities of approximately 20-40% showing the maximum
effect (Okin et al. 2006).
The efficiency of barriers in terms of reduction of wind
velocity and turbulence intensity, and hence on wind-erosion processes is determined by various factors (Cornelis
and Gabriels 2005). Barrier porosity is generally considered to have the highest influence on the distribution of
wind velocity and turbulence intensity (Bean et al. 1974;
Cornelis and Gabriels 2005). The effectiveness of a windbreak can be expressed in terms of percentage reduction of
wind velocity or the erosiveness of the wind, at distances
that are multiples of the barrier height (Finkel et al. 1986).
For practical engineering purposes, the overall shelter effect
of a fence should include both the upwind and downwind
effects (Dong et al. 2006).
Optical porosity has traditionally been used to give an estimate of the porosity of shelterbelts (Cleugh 1998). It is the
important structural feature of two-dimensional artificial
fences and narrow shelterbelts, but not for three dimensional or wide shelterbelts (Torita and Satou 2007). An
analysis of optical porosity of the windbreak allows assessing its effect in different phonological phases (Středová et
al. 2012). Unfortunately, the porosity for trees is very complex
to deal with and very difficult to determine due to the irregular
size and shape of the trees and varied distribution of the pores
(Zhu et al. 2003; Dong et al. 2006; Bitog et al. 2012).
Measuring efficiency of windbreaks is not so often carried out in the field in the world (Mužikova and Středa
2011). Much research was done using simulation models
and experimentation wind tunnels. Determination of the shelter effect by direct measurement of sand movement around
fences has rarely been done (Dong et al. 2006). In arid regions, few studies have detailed the effectiveness of vegetation
in controlling wind erosion (Mohammed et al. 1996).
The extensive literature on crop and soil protection from
wind or advective damages by single shelterbelts deals almost exclusively with occurrences at the protected leeward
side of such belts (Mohammed et al. 1995). What is more,
previous studies paid little attention to the shelter effect created upwind of the fence (Dong et al. 2006). For the capturing of sand it is the wind behaviour at the windward side
that is of importance (Mohammed et al. 1996). In Sudan
Mohammed (1991); Al-amin (1999); Dafa-Alla and

Al-amin (2011); conducted field measurements to assess
windbreak efficiency on reduction of wind speed and sand
deposition. Mohammed et al. (1996) develop a conceptual
model of net sand deposition around the edge of a shelterbelt (windward and inside) and suggest a design of tree
shelterbelts for protection against moving sand of a multi-row, long, wide, tall shelterbelt of low permeability, and
with a canopy geometry appropriate for sand protection,
without gaps, while its direction should be perpendicular to
the prevailing wind. The novelty of this study is attributed
to its empirical field measurement of wind speed and assessment of erosion and its focus on the windward side of a
windbreak grown in arid zone to protect industrial buildings from wind damage and sand invasion.
This study aimed to: (i) assess the efficiency of existing
tree windbreaks in Sudan in reducing windward wind
speed at multiple distances of belt height (h) at two vertical
levels of 0.25h and 0.5h at morning, mid-day and afternoon
times in addition to a control, (ii) estimation of erosive
forces of wind and (iii) prediction of zones of sand deposition windward of the two belts.

Materials and Methods
Materials
The study was conducted in Atbara town (Lat. 17o 42′
o
0″ N, long. 33 58′ 0″ E) in River Nile state in Sudan
where an irrigated tree windbreak was established in 2006
to protect As Salam Cement Plant from winds and moving
sands. The complex comprises the factory and all supporting industrial services plus the housing and communal
facilities. The structure of As Salam windbreak consists of
two rows of Acacia amplicips Maslin spaced 2x2 m, planted
alternatively, with varying heights and densities.

Methods
Estimation of windbreak porosity
A number of researchers have used photographs to estimate porosity by manually counting the number of grid
points which fall in pores (Kenney 1987). The two belts
were photographed and pictures were taken perpendicular
to them keeping the sun behind to achieve maximum
clearness. Belt porosities were estimated on the basis of relative percentages of foliage and pores.
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Two sections (hereafter belt I and belt II) of the windbreak without gaps at the bottom, with approximate optical
porosities of 50% and 20% respectively at measurement
levels and a height of 4m were used for the investigation of
the effects of As Salam windbreak on wind speed, wind
force erosiveness and sand deposition.
Wind speed measurements
An electrical anemometer that consists of three conical
-1
cups for counting was used to measure wind speeds (m s ).
The anemometer was connected to programmable CR800
data logger powered by a solar panel. The measurements
were taken during winter northerly winds (6-10 January)
on windward where prevailing wind was perpendicular to
the windbreak.
The efficiency of a windbreak can be evaluated in terms
of the ratio between the mean wind speed of the air current
as obstructed by a wind barrier and the mean wind speed of
the undisturbed air at a given height and distance windward
or leeward from the windbreak (Cornelis et al. 1997).
Vertical profiles of wind speed were obtained at the levels
0.25 h and 0.5 h. Horizontal measurements were taken at
0.5 h, 1 h, and 2 h distances in upwind direction. Reference
anemometer was used in an open area for the two levels as a
control. Ten minutes average wind speeds were measured
simultaneously for each combination of the two levels and
the three positions, and the control at three different times
(morning, mid-day and afternoon) during the day for durations of two hours each.
Comparison of blowing and relative wind speeds:

To assess the efficiency of the two belts in reducing wind
speed, wind speeds at the control and at each of the two
belts were recorded then relative wind speed (W) (as percent of open wind speed) at each position for the two levels
windward of the two belts were made. T-test procedure of
SPSS was used for comparison of mean speeds.
Estimation of wind speed reduction coefficients:

The role of the windbreak to reduce the impact of the coming wind was assessed using wind speed reduction coefficient R (equation 1) according to Zhang et al. (1995);
Zhu et al. (2002); Cornelis and Gabriels (2005)
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Where:
R = Reduction coefficient
i = level of measurement (in h)
j = distance of measurement from the windbreak (in h)
Usij = wind speed at the windbreak (average wind
-1
speeds of two hours ms )
Uoij = wind speed at the same level in the open (average
-1
wind speeds of two hours ms ).

Prediction of erosiveness of winds
Because the wind data at each point were not measured at
the same time, the relative wind speed was used in this analysis (Zhu et al. 2002). Relative wind speed at the two levels
for the three positions was estimated using equation 2 according to Zhang et al. (1995)
  
 
(2)
 
Erosiveness of winds for loose sandy soil of the study
area was considered as proportional to relative wind speed
3
cubed (E∞W ) according to Smith and English (1982);
Bird et al. (1992); Das (2008)

Delineation of zones of sand deposition
The zones of deposited sand were predicted depending
on van den Steen (1995) who observed, on a wind tunnel,
-1
that sands started to deposit at wind speed ≤3 ms .
Therefore, zones of sand deposition because of the presence
of the windbreaks were delineated using equation 3 taking
-1
uoij to be 3 ms and when 1≥f ≥0
  
   
(3)


Results
Comparisons of open and relative wind speeds
Wind speed was measured and recorded thirteen times
for each combination of position and level windward of the
two belts together with the control. T-test analyses of mean
relative wind speeds at each of the two belts and wind speed
at the controls, for the two levels and the three positions, revealed that there are significant differences (≤0.05) in
mean wind speed at the control and each combination of the
three positions and the two levels. Fig. 1 and 2 compare
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Table 1. Reduction coefficients, erosive force and protection efficiency index of the two belts at the two levels and three positions
Belt
Belt 1

Level Position
0.25 h

0.5 h
Fig. 1. Mean wind speed at 0.25 h (h=belt height) level at the belts and
controls.

Belt II

0.25 h

0.5 h

0.5 h
1h
2h
0.5 h
1h
2h
0.5 h
1h
2h
0.5 h
1h
2h

R

W

EF

f

0.19
0.23
0.24
0.21
0.21
0.12
0.22
0.32
0.28
0.13
0.24
0.30

81
77
76
79
79
88
78
68
72
87
76
70

0.53
0.46
0.45
0.48
0.49
0.67
0.47
0.31
0.37
0.67
0.44
0.34

0.0
0.0
−0.2
−0.1
−0.2
−0.5
0.1
0.1
0.1
−0.1
−0.1
0.0

R, Reduction coefficient; W, relative wind speed; EF, erosive
force; f, protection efficiency index.

Fig. 2. Mean wind speed at 0.25 h (h=belt height) level at the belts and
controls.

mean wind speeds at 0.25 h and 0.5 h levels, respectively,
for the three positions at the three positions windward and
the control.

Wind speed reduction coefficients of the belts:
Reduction coefficient (R) calculated using equation 1 is
shown in Table 1. Higher and better reduction coefficients
were generally made by belt II for the three distances at level 0.25 h and at 1 h and 2 h at level 0.5 h.

Prediction of erosiveness of winds at the belts
Erosive force (EF) estimated at the two levels are displayed on Table 1.

Delineation of zones of sand deposition
The ability of each belt to deposit the sand load of coming wind was estimated and shown in table 1. Sand deposition occurs when specific protection index is 0 ≤ f ≤1.

Discussion
Open, relative wind speeds and wind speed reduction coefficient
As relative wind speed and relative wind speed reduction
are complementary the following discussion applies to both.
While wind speeds are reduced in the windward vicinity of
both belts, for the two levels and the three positions, relative
wind speeds measured at level 0.5 h and 0.25 h, windward
of belt I remained higher than the threshold velocity (of 3
-1
ms used in this analysis) of sand deposition (Fig. 1 and 2).
Result indicates that belt II is relatively more effective than
belt I in reducing wind speed for distances extend between
0.5 h and 2 h windward. The result agrees with (USDA
2012; Wray et al. 1997; van Eimern et al. in Mohammed et
al. 1999) that the more solid or dense a windbreak, the
greater the wind speed reduction and with (Vigiak et al.
2003; Takle et al. 2006) that windbreaks substantially reduce wind speed on the windward side for a horizontal distance of 2-5 h. In general the percentage reductions of wind
speed made by belt I were smaller compared to belt II.
Their range extend from 19-24 and 22-28, at level 0.25 h
and 12-21 and 13-30 at level 0.5 h for belt I and II,
respectively. Comparable results are made by (Mohammed
et al. 1996) that an average wind reduction of around 20%
at 50 cm height occurred between 1.5-3 h.
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Higher open wind speeds at belt I at the three distances
for the two levels (Fig. 1 and 2) resulted in smaller protected zone. The result agrees with Fryrear and Skidmore
(1985); Van den Steen (1995), Bitog et al. (2012) that the
higher the windward wind velocity, the smaller the protected horizontal distance until the velocity had almost
recovered.

Prediction of erosiveness of winds
Both belts reduced wind speed at the two levels for the
three positions. They produce better relative wind speeds at
the three distances compared to 86%, 91% & 98% of
Alhudi I belt and 93%, 90% and 91% for Alhudi II belt
while wind erosiveness was reduced for a range of
45%-67% at belt I and 31%-67% at belt II (Fig. 3 and 4)
compared to 64%-94% for Alhudi I and 73%-80% for
Alhudi II belts (Dafa-Alla and Al-Amin 2011).
Comparable results show that wind speed is reduced to
62% of open wind speed, but the estimated erosive force of
the wind is reduced to 24% of open values (Bird et al.
1992). The result demonstrates that even a small reduction
ratio of wind speed could effectively reduce the erosive
force of the wind and therefore help control wind erosion
particularly if windward protection is considered. This result follows earlier findings by Rouse and Hodges (2004);
Takle et al. (2006); Birog et al. (2012).

Delineation of zones of sand deposition
Result showed that while wind speeds are reduced in the
windward vicinity of both belts for the two levels and the
three positions, sand deposition occurred between distances
of 0.5 h and 2 h at level 0.25 h at belt II and not before a
distance of 2 h at level 0.5 h. At belt I, sand was deposited
between distances of 0.5 h and 1h at level 0.25 h and no

Fig. 3. Effect of belts on wind speed and erosive winds at level 0.25 h
(h=belt height).
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sand deposition occurred at level 0.5 h where wind speed
-1
remained higher than the threshold velocity of 3 ms . This
result support earlier finding that sand accumulation often
occurs upwind of dense fences, and especially upwind of
solid fences, but usually occurs downwind (behind) the
fence when the porosity is sufficiently high (Dong et al.
2006; Das 2008) and that wind erosion occurs when erosive
forces are higher than the soil resisting forces.
The conclusions drawn from table 1 is that belt II deposits sand windward of the belt up to a distance of 2 h at 0.25
h level and thereby provides more protection from sand to
the building compared to belt I. The result concurs earlier
findings that in general windbreaks with higher densities
are used to protect wildlife, farmsteads or home sites
(Brandle et al. 2007; Straight and Brandle 2007) and that
the key design element is 60-80% density (40-20% porosity) barrier (year-round) with primary buildings/area within 2-5 times the anticipated mature height of the windbreak
(Brandle et al. 2009; USDA 2011b; Wight and Straight
2013).
However, wind erosion occurred at 2 h windward of belt
I at level 0.25 h and at the three positions when wind was
measured at 0.5 h level. At belt II wind erosion took place at
0.5 h and 1 h closer to the belt at level 0.5 h. This supports
the observation of Mohammed et al. (1996) of the occurrence of negative sand deposition (erosion) at a certain distance from the belt. They attribute that to the magnitude of
the approaching wind speed and its power to induce saltating sand. Such a ‘negative deposition’ may occur until zones
are reached that always have wind speed below the threshold Mohammed et al. (1996).

Fig. 4. Effect of belts on wind speed and erosive winds at level 0.5 h (h=belt
height).
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Conclusions
We concluded that both belts reduced windward wind
speed at the two levels for the three positions. Belt II, which
is relatively less porous, is more effective in reducing windward wind speed and wind erosive forces, and in depositing
sand than Belt I. Sand deposition zones, for level 0.25 h and
0.5 h, were extended for as far as a distance of 2 h for belt II
indicating the relative appropriate windbreak design for
suppressing moving sand. In designing windbreaks for
structural protection, therefore, a windbreaks porosity of
20-40% and location of primary buildings at a distance of
not less than twice the anticipated mature height of the
windbreak need to be maintained.

Acknowledgements
The authors are grateful to the Ministry of Higher
Education and Scientific Research (Sudan) for offering the
funds of this research project, to As Salam Cement Factory
for availing the site for this research work, to the Forest
National Corporation for logistical support.

References
Al-Amin NKN. 1999. The physical potential of indigenous vegetation and other means to suppress sand movement in a secondary
desertification source area near the White Nile in Gezira region
(Sudan). Ph.D. thesis. University of Gezira, Wad- Medani,
Sudan.
Bean A, Alperi RW, Federer CA. 1974. A method for categorizing
shelterbelt porosity. Agricultural Meteorology 14: 417-429.
Bird PR, Bicknell D, Bulman PA, Burke SJA, Leys JF, Parker JN,
Van Der Sommen FJ, Voller P. 1992. The Role of Shelter in
Australia for Protecting Soils, Plants and Livestock. Agroforest
Syst 20: 59-86.
Bitog JP, Lee IB, Hwang HS, Shin MH, Hong SW, Seo HI,
Kwon KS, Mostafa E, Pang Z. 2012. Numerical Simulation
Study of a Tree Windbreak. Biosystems Engineering 111:
40-48.
Brandle JR, Hodges L, Tyndall J, Sudmeyer RA. 2009.
Windbreak Practices. In: North American Agroforestry: An
Integrated Science and Practice (Garrett HE, ed). 2nd ed.
American Society of Agronomy, Madison, USA, pp 75-104.
Brandle JR, Zhou X, Hodges L. 2007. How Windbreaks Work.
University of Nebraska-Lincoln, Extension EC 1763.
Cleugh H. 1998. Effects of Windbreaks on Airflow, Microclimates

and Crop Yields. Agroforest Syst 41: 55-84.
Cornelis WM, Gabriels D, Lauwaerts T. 1997. Simulation of
windbreaks for erosion control in a wind tunnel. In Proceedings
of Wind Erosion, an International Symposium/Workshop,
Kansas State University, Manhattan, Kansas, USA, 1997, June
3-5.
Cornelis WM, Gabriels D. 2005. Optimal Windbreak Design for
Wind Erosion Control. Journal of Arid Environments 61:
315-332.
Dafa-Alla MD, Al-Amin NKN. 2011. Design, Efficiency and
Influence of a Multiple-Row, Mix-Species Shelterbelt on Wind
Speed and Erosion Control in Arid Climate of North Sudan.
Research Journal of Environmental and Earth Sciences 3:
655-661.
Das G. 2008. Hydrology and Soil Conservation Engineering:
Including Watershed Management. 2nd ed. PHI Learning
Pvt. Ltd., New Delhi, India.
Dong Z, Qian G, Luo W, Wang H. 2006. Threshold Velocity for
Wind Erosion: The Effects of Porous Fences. Environ Geol 51:
471-475.
Finkel HJ, Finkel M, Naveh Z. 1986. Engineering Measures. In:
Semiarid Soil and Water Conservation (Finkel HJ, Finkel M,
Naveh Z, eds). CRC press, Boca Raton, Florida, pp 126.
Fryrear DW, Skidmore EL. 1985. Methods for Controlling Wind
Erosion. In: Soil Erosion and Crop Productivity (Follett RF,
Stewart BA, eds). ASA-CSSA-SSSA, Madison, pp 443-457.
Gilreath P. 2006. Cultural Controls: Windbreaks. In: Grower’s
IPM Guide for Florida Tomato and Pepper Production (Gillett
JL, HansPetersen HN, Leppla NC, Thomas DD, eds).
University of Florida, Gainesville, pp 184-185.
Kenney WA. 1987. A Method for Estimating Windbreak Porosity
using Digitized Photographic Silhouettes. Agricultural and
Forest Meteorology 39: 91-94.
Klik A. 2008. Wind erosion assessment in Austria using wind erosion equation and GIS. BOKU - University of Natural
Resources and Applied Life Sciences, Vienna, pp 1-12.
Maki T. 1982. Studies on the Windbreak Nets. Characteristics of
Wind Speed Profiles near Various Windbreak Nets Obtained by
Wind Tunnel Experiments. J Agr Met 38: 123-133.
Mohammed AE, Stigter CJ, Adam HS. 1995. Moving Sand and
its Consequences on and Near a Severely Desertified
Environment and a Protective Shelterbelt. Arid Soil Research
and Rehabilitation 9: 423-435.
Mohammed AE, Stigter CJ, Adam HS. 1996. On Shelterbelt
Design for Combating Sand Invasion. Agric, Ecosystems
Environ 57: 81-90.
Mohammed AE, Stigter CJ, Adam HS. 1999. Wind Regimes
Windward of a Shelterbelt Protecting Gravity Irrigated Crop
Land From Moving Sand in the Gezira Scheme (Sudan). Theor
Appl Climatol 62: 221-231.
Mohammed AE. 1991. The influence of an eucalyptus shelterbelt
on sand movements North-West of Gezira (Sudan). Ph.D.

J For Env Sci 32(2), 212-218

217

Influence of Windbreaks on Windward Wind Speed and Sand Deposition

thesis. University of Gezira, Wad-Medani, Sudan.
Mužikova B, Středa T. 2011. Analysis of Relationship between
Wind Speed on Windward and Leeward Side of Shelterbelts.
In: Bioclimate: Source and Limit of Social Development (Šiška
B, Hauptvogl M, Eliašova M, eds). International Scientific
Conference, Topoľčianky, Slovakia, 6th - 9th September.
Okin GS, Gillette DA, Herrick JE. 2006. Multi-scale Controls on
and Consequences of Aeolian Processes in Landscape Change in
Arid and Semi-Arid Environments. Journal of Arid Environments 65: 253-275.
Rouse RJ, Hodges L. 2004. Windbreaks. In: Production of
Vegetables, Strawberries, and Cut Flowers using Plasticulture
(Lamont WJ, ed). University of Nebraska - Lincoln,
Agronomy & Horticulture, Faculty Publications, paper 427, pp
56-66.
Smith EG, English BC. 1982. Determining Wind Erosion in the
Great Plains. Iowa State University, Center for Agricultural and
Rural Development, Paper series no. 82-3. Ames, Iowa.
Straight R, Brandle J. 2007. Windbreak Density: Rules of Thumb
for Design. AF Note 36, USDA National Agroforestry Center,
Lincoln, Neb, pp 4.
Středová H, Podhrázská J, Litschmann T, Středa T, Rožnovský J.
2012. Aerodynamic Parameters of Windbreak based on its
Optical Porosity. Contributions to Geophysics and Geodesy 42:
213-226.
Takle ES, Chen TC, Wu X. 2006. Protective Functions of Coastal
Forests and Trees against Wind and Salt Spray. In: Coastal
Protection in the Aftermath of the Indian Ocean Tsunami: What
Role for Forests and Trees? (Braatz S, Fortuna S, Broadhead J,
Leslie R, eds). Proceedings of the Regional Technical
Workshop, Khao Lak, pp 28-31.
Torita H, Satou H. 2007. Relationship between Shelterbelt
Structure and Mean Wind Reduction. Agricultural and Forest
Meteorology 145: 186-194.
USDA. 2011a. Windbreak/Shelterbelt Establishment. Conservation Practice Standard. Technical Guide Section IV. Natural

218

Journal of Forest and Environmental Science http://jofs.or.kr

Resources Conservation Service, Pennsylvania. http://efotg.sc.
egov.usda.gov/references/public/PA/PA380Oct2011. pdf. Accessed
15 Jun 2015.
USDA. 2011b. Farmstead Windbreaks: Small Scale Solutions for
Your Farm. Natural Resources Conservation Service (NRCS),
Arkansan, USA.
USDA. 2012. What is a Windbreak? USDA National Agroforestry
Center, Lincoln, Nebraska, Ist. ed., http://nac.unl.edu/documents/workingtrees/infosheets/wb_info_050712v8.pdf.
Accessed 15 Jun 2015.
Van den Steen J. 1995. Reduction of sand transport by synthetic
windscreens: A wind-tunnel study. MS thesis. University of
Ghent, Belgium.
Vigiak O, Sterk G, Warren A, Hagen LJ. 2003. Spatial Modeling
of Wind Speed around Windbreaks. Catena 52: 273-288.
Wight B, Straight R. 2013. Windbreaks. In: Training Manual for
Applied Agroforestry Practices (Gold M, Cernusca M, Hall
M, eds). University of Missouri Center for Agroforestry
(UMCA), Columbia, pp 92-114.
Wolfe SA, Nickling WG. 1993. The Protective Role of Sparse
Vegetation in Wind Erosion. Progress in Physical Geography
17: 50-68.
Wray P, Sternweis L, Lenahan J. 1997. Farmstead Windbreaks:
Planning. Iowa State University of Science and Technology,
Ames.
Zhang H, Brandle JR, Meyer GE, Hodges L. 1995. A Model to
Evaluate Windbreak Protection Efficiency. Agroforest Syst 29:
191-200.
Zhu JJ, Jiang FQ, Matsuzaki T. 2002. Spacing Interval between
Principal Tree Windbreaks -based on the Relationship between
Windbreak Structure and Wind Reduction. Journal of Forestry
Research 13: 83-90.
Zhu JJ, Matsuzaki T, Gonda Y. 2003. Optical Stratification
Porosity as a Measure of Vertical Canopy Structure in a Japanese
Coastal Forest. Forest Ecology and Management 173: 89-104.

