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Abstract: Wind erosion is seen as one of the main risks for modern agriculture in dry and sandy
regions. Shelterbelts and agroforestry systems are known for their ability to reduce wind speed
and, consequently, wind erosion. The current study considers temperate alley cropping agroforestry
systems, where multiple tree strips (shelterbelts) are interleaved with either annual rotating crops or
perennial grassland. The aim was to quantify the potential wind erosion reduction by alley cropping
agroforestry systems and the effect of design decisions for a case study in Germany. By combining
wind measurements and Large Eddy Simulations, the wind speed and potential wind erosion inside
an agroforestry system were estimated. Our model simulations result in an average reduction in
wind speed between 17% and 67%, and a reduction of average potential wind erosion between 24%
and 97%. The most optimal reduction of the average potential wind erosion was larger than 92% for
tree strips orientated perpendicular to the main wind direction, whereas for a diagonal orientation of
the tree strips to the main wind direction we found an average reduction of 86%. Parallel orientated
tree strips reduce wind erosion on average by less than 35%. Tree strips planted with ≤48 m distance
provide a strong and constant reduction of wind erosion, even for tree strips of 2 m height the average
reduction was 86%, when the tree strips were orientated optimal to the dominant wind direction.
Our model simulations showed that alley cropping agroforestry systems in a temperate climate
have a large potential to reduce wind erosion by more than 80% when the system is well-designed
and managed.

Keywords: agroforestry; temperate; alley cropping; Germany; wind speed; wind erosion; reduction

1. Introduction

The degradation of arable land due to wind erosion has been studied for decades, and
is still seen as one of the main risks for modern agriculture in dry and sandy regions [1–4].
Maintaining a productive agriculture is fundamental for feeding the increasing world
population of the future [5]. Next to an increasing population, the effects of climate
change [6] will put extra stress on the world food production, stressing the importance of a
sustainable intensification of agriculture [5,7,8]. An observed and projected air temperature
increase and/or a decrease in rainfall due to climate change can result in drier soils,
enhancing the vulnerability to wind erosion [6,9,10], and highlighting the importance of
preventing degradation of arable land due to wind erosion.

Wind erosion is driven by the wind and therefore a reduction in wind speed, by for
example tree strips, would result in a reduction of wind erosion [11–13]. Previous studies
showed that (potential) wind erosion is proportional to the wind speed cubed, which can
be understood as the wind erosion force [11,14,15]. Potential wind erosion calculations
indirectly include the soil type, soil cover and soil moisture by applying a wind speed
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threshold. All wind speeds above this threshold are considered potential wind erosion
events. Skidmore and Hagen (1977) [11] applied this method to quantify the reduction of
potential wind erosion behind a single tree strip.

Single tree strips, or so called shelterbelts, have been studied for more than half a
century for their potential to reduce wind speed [16,17]. The effectiveness of wind speed
reduction by shelterbelts depends on design properties such as the height, width and
density of the tree strips and the orientation of the tree strips relative to the (dominant)
wind direction [12,18,19]. Wind speed reduction was only observed until approximately
2–10 times the height of the tree strip and diminishes with distance [17,19–21]. Wind speed
reduction can be extended to a larger area if the number of tree strips are increased, as
is carried out with alley cropping, which is one type of agroforestry (AF) [21–23]. Alley
cropping agroforestry systems can be defined as multiple tree strips interleaved with
either annual rotating crops or perennial grassland [24,25]. Recently, also the wind speed
reduction by alley cropping agroforestry systems has been studied [13,26].

Agroforestry is well studied as a sustainable-ecological-solution for agriculture in
a changing climate [8,27–29] and has proven to have many ecological benefits such as
CO2 sequestration [30,31], increased biodiversity [32–34], changed microclimate [35,36]
and prevention of erosion by water and wind [13,28]. There a many different types of
agroforestry, for example silvopasture, riparian buffers, shelterbelts and forest farming, and
in general these all have a positive effect on wind erosion due to reduced wind speeds [28].
More specifically, it was discussed that alley cropping agroforestry systems will reduce
wind erosion due to a reduced wind speed [13]. However, the possible magnitude of the
reduction of wind erosion was not quantified yet. One of the reasons is that measuring the
wind field and wind erosion inside an agroforestry system is more difficult compared to an
open flat agricultural field, as the landscape becomes very heterogeneous [26].

Accurately measuring the wind field inside a heterogeneous agroforestry system
would require a large effort, for example, installing a large number of cup or sonic anemome-
ters, alternatively using a novel actively heated fiber-optics distributed wind measuring
setup [37]. This was one of the reasons why the study of Markwitz (2021) [26], used Large
Eddy Simulations (LES) to determine the wind field inside an agroforestry system. LES
allow us to simulate the 3D wind field inside a complex terrain, which provides detailed
spatial knowledge on the wind field dynamics [38]. By combining the LES and wind speed
measurements it becomes possible to determine the precise magnitude of the wind speed
inside the agroforestry system. This is very important, as a change in wind speed has
a non-linear effect on (the potential) wind erosion. The obtained wind speed inside the
agroforestry system enables to quantify the reduction of potential wind erosion inside the
alley cropping agroforestry system compared to an open field.

The current study combines wind measurements with the LES model to, firstly, quan-
tify the wind speed and potential wind erosion reduction by a temperate alley cropping
agroforestry system in Germany, and, secondly, investigate the effect of the wind direction
relative to the orientation of the tree strips, the height of the trees, the distance between
tree strips, the density of the tree strips and the wind speed magnitude on potential wind
erosion reduction.

2. Methods
2.1. Site Description

The current study is based on an existing agroforestry site in Forst (Lower Lusatia),
Germany (51°47′19.4′ ′ N, 14°37′57.6′ ′ E) (Figure 1). The agroforestry site is part of the
“sustainable intensification of agriculture through agroforestry (SIGNAL) project” (http://
www.signal.uni-goettingen.de/, accessed on 19 September 2022), which investigates if and
under which site conditions agroforestry can be a sustainable solution for future agriculture.

http://www.signal.uni-goettingen.de/
http://www.signal.uni-goettingen.de/
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(a) (b)

Figure 1. (a) The Forst monoculture tower west of the tree strips. Photo facing in north-west direction,
with open field for hundreds of meters and bare soil after harvest (Photo by Justus van Ramshorst).
(b) Satellite image from the agroforestry site, with a yellow star indicating the Forst monoculture
tower (Google Earth, © Google 2021).

The study site is next to the river Neisse and this naturally influenced the top layer of
the soil. In Böhm et al. (2014) [13] the agroforestry site (in that paper referred to as Site II)
was described in detail. The key design and climate characteristics of the agroforestry site
are listed in Table 1. The soil was classified as sandy loam (Gleyic Cambisol, with: 67%
Sand, 24% Silt and 9% Clay), with a bulk density of 1280 kg m−3 [39].

Table 1. Site characteristics at Forst (Lower Lusatia). * Böhm et al. (2014) [13], ** Markwitz (2021) [26],
*** current study.

Item Description

Slope * Flat
Landscape * Intensively used (open) agricultural landscape
Trees species * Black locust (Robinia pseudoacacia L.) and

Poplar (Populus nigra L. × P. maximowiczii
Henry)

Planting layout * Double row
Width of tree strips * 10 m
Long-term average temperature ** 9.6 ◦C
Average annual precipitation ** 568 mm
Köppen index *** Temperate continental climate
Average mean wind speed *** 2.31 m s−1

Average maximum wind speed *** 5.01 m s−1

The dominant wind direction is west–southwest (Figure 2). Based on the entire dataset
used the long term mean and maximum wind speed at 3.5 m height are 2.31 m s−1 and
5.01 m s−1, respectively.
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Figure 2. Wind rose for average half-hourly wind speeds (u) at 3.5 m height from the monoculture
site for eight wind direction classes (◦). The grey circles indicate steps of about 3.3% of the dataset.
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2.2. Measurements

Meteorological measurements were performed at a 3.5 m tower at a control plot with
conventional agriculture without tree strips (monoculture (MC)) since March 2016 [40].
This weather station is placed west of the agroforestry system. (Figure 1).

In the current study, we used the wind speed and wind direction measurements from
the monoculture tower, from 9 March 2016 to 2 October 2018. The data contain several
gaps which add up to approximately 33% of the total time period, however, the dataset still
contains 29,865 half hourly data points, which equals 622 days of data. Most gaps occur at
night and in winter time due to a lack of solar energy supply. At night and during winter
time, wind erosion risks are smaller as at night the wind speeds are generally lower than
during the day and in winter the soil moisture conditions are high. The half hourly average
and maximum wind speed and wind direction were obtained with a sonic anemometer
(uSONIC-3 Omni, METEK GmbH, Elmshorn, Germany) at 3.5 m height, with a 20 Hz
sampling rate.

2.3. Calculating the Wind Speed at 0.5 m Height

Wind erosion occurs at the soil surface and therefore wind speeds closer to the sur-
face are a better indication for wind erosion than wind speed measurements at 3.5 m
height [41–43]. Additionally, in contrast to a relatively stable wind field at an open field, the
wind speed inside heterogeneous agroforestry systems can change drastically with height
due to the wind reduction by the tree strips. The lowest simulated height for relative wind
speeds in our LES model is 0.5 m, therefore we estimated the average and maximum wind
speed at 0.5 m height above ground from measurements at a height of 3.5 m by using the
rearranged logarithmic wind profile equation [44,45].

uSFC
MC = uMC ·

(
ln( zSFC

MC−d
z0

) + ψ(zSFC
MC /L)

)(
ln( zMC−d

z0
) + ψ(zMC/L)

) , (1)

where uSFC
MC (m s−1) is the estimated wind speed close to the surface (SFC) at the mono-

culture tower in the open field at a height of 0.5 m (zSFC
MC = 0.5 m). uMC (m s−1) is the

measured average wind speed at the monoculture tower in the open field at a height of
3.5 m (zMC = 3.5 m). In the current study, bare soil conditions were assumed for the whole
dataset, therefore the displacement height, d (m), was set to zero and the roughness length
z0 (m) was held constant and estimated by using high-frequency wind speed measurements
(Section 2.5). Similarly, the half-hourly maximum wind speed at a height of 0.5 m above
ground was estimated, uSFC

MC−MAX, based on the measured half-hourly maximum wind
speed at a height of 3.5 m above ground, uMC−MAX .

The standard logarithmic wind profile can only be applied for close to neutral at-
mospheric conditions [46,47]. By including an additional stability function, ψ(z/L), the
logarithmic wind profile can also be applied for non-neutral atmospheric conditions, where
z (m) is the measurement height and L (m) the Monin-Obukhov length [46,48]. When
applying the logarithmic wind profile, it was assumed that friction velocity, u∗, and L stay
constant with height [45], which is appropriate for the measurements at the open field.

The stability function ψ(z/L) changes for neutral, stable and unstable
conditions [46–48].

Neutral: −0.1 ≥ z/L ≤ 0.1→ ψ(z/L) = 0 (2a)

Stable: z/L > 0.1→ ψ(z/L) = 6z/L (2b)

Unstable: z/L < −0.1→ (ln(
z− d

z0
)− 19.3z/L)−1/4 (2c)

The applicability range of ψ(z/L) is limited from −2 ≥ z/L ≤ 1 [48]. To extend the
number of available data, we assume that all values of z/L < −2 are fixed to−2 and values
of z/L > 1 are fixed to 1. This simplification prevents the stability function becoming
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nonphysical during very stable and unstable atmospheric conditions and in addition allows
for a higher fraction of valid data points.

2.4. Potential Wind Erosion

Most studies estimate the amount of wind erosion by including wind speed (or friction
velocity) cubed when reaching a wind speed threshold in their method
(e.g., [42,49–52]). However, these methods often require additional detailed input such as
soil moisture measurements or site dependent empirically determined parameters, which
are difficult to verify with erosion measurements in the field [53].

By contrast, the current study will use the convenient approach from Skidmore and
Hagen (1977) [11] to estimate the potential wind erosion given by Equation (3). This method
simplifies the site dependent characteristics to a single estimated constant, uthreshold, which
is sufficient for our study interested in the relative effect of AF on wind erosion. Hence that
we do not measure the amount of soil removed due to wind erosion, but merely estimate
the potential wind erosion reduction by agroforestry. Similarly, this potential wind erosion
reduction was estimated adjacent to shelterbelts by [11,14,15,54,55].

Erosionpotential = ∑ ū3(i), for ū(i) > uthreshold, (3)

where Erosionpotential is the potential wind erosion (m3 s−3) and ū(i) (m s−1) is the average
wind speed for time step i. For each time step we determined if ū(i) > uthreshold, where
uthreshold is the threshold wind velocity, which needs to be exceeded to initiate wind erosion.
When ū(i) ≤ uthreshold, a zero for no potential wind erosion will be added for this time step.
Finally, the sum was taken over all half hourly values, resulting in a single value indicating
the magnitude of potential wind erosion over the entire time period.

Based on the wind speed measurements at our site, the non-linear response of
Equation (3) is shown in Figure 3, as a function of multiple uthreshold. Wind erosion decreases
faster than wind speed, and by including an uthreshold the reduction is enhanced.
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Figure 3. Wind erosion relative to open field, Erosion f rac (%), versus wind speed relative to open
field, u f rac (%), based on the estimated wind speed measurements at our site at 0.5 m height. The
non-linear response is shown for uthreshold = 5.0 m s−1, uthreshold = 2.7 m s−1 and uthreshold = 0 m s−1

(no threshold). Wind erosion decreases faster than wind speed. The dotted line of uthreshold = 5.0 m
s−1 is less smooth due to the limited amount of wind speed data where u > 5 m s−1 at 0.5 m height.

2.5. Wind Speed Threshold Estimation

There is a need of a certain magnitude of wind speed to initiate wind erosion and
this threshold is defined by uthreshold. In order to estimate the potential wind erosion an
appropriate uthreshold needs to be determined, which depends on the soil type, the soil cover,
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the soil moisture and the measurement height. Sandy soils, as present at our site, have a
lower uthreshold compared to for example cohesive clay soils and therefore wind erosion
occurs more rapidly.

Empirical studies have used a friction velocity threshold (u?threshold), instead of a wind
speed threshold (uthreshold) and found an u?threshold = 0.30 m s−1 for dry, bare soil, sandy
loam soils, as present at our site [42,56]. In our study we apply this u?threshold of 0.30 m s−1

from literature. Equation (3) requires a uthreshold for the measurement height and therefore
we transformed the u?threshold into a wind speed threshold, uthreshold, by rearranging the
standard logarithmic wind profile equation, as shown in Equation (4) [14,44,56]:

uthreshold =
u?threshold · ln(

zSFC
MC−d

z0
)

κ
, (4)

where u?threshold (m s−1) is the friction velocity threshold, uthreshold (m s−1) is the wind
speed threshold, κ = 0.4 is the von Karman constant (-), d (m) is the displacement height
and zSFC

MC (m) and z0 (m) are the measurement height and roughness length, respectively.
The measurement height is 0.5 m and for bare soil conditions d is very small and assumed
to be zero (d = 0), therefore the only unknown is z0.

The 3D sonic anemometer at the Forst monoculture site also provides independent
friction velocity measurements (u?EC = (−u′w′)1/2), with u′ and w′ the deviations of the
mean horizontal (u) and vertical (w) wind component, respectively. By combining the
measured wind speeds (uMC) and friction velocity measurements (u?EC ) and using the
original logarithmic wind profile equation [44], we can solve z0 by applying the nonlinear
least squares estimate method (using the nls function from package stats in R (v.4.0.2.)).

Similar to Equation (1), Equation (4) can only be applied for neutral atmospheric
conditions [46,47]. Therefore, the nonlinear least squares estimate method was applied
after selecting the bare soil data when the atmosphere was considered close to neutral,
−0.1 ≥ z/L ≤ 0.1 [47]. An average roughness length of z0 = 0.0136 m was found for the
bare soil conditions, with fitting statistics of: R2 = 0.77, slope = 1.06 and an intercept of
−0.03 for n = 7184 . Hence, in our study agricultural bare soil conditions are present, this
includes crop residuals and heterogeneity due to soil cultivation, which most likely leads to
a higher roughness length compared to perfect smooth bare soil conditions. Nevertheless,
an u?threshold = 0.30 m s−1 combined with a z0 = 0.0136 m, resulted in an uthreshold of 2.7 m
s−1, which fits within the range of the measurements and model predictions shown by
Marticorena and Bergametti (1995) [49].

In the current study, the value of uthreshold = 2.7 m s−1 was applied to the whole
dataset. In case of any other land cover than bare soil, uthreshold, u?threshold and z0 would be
different. In other cases Equation (4) can still be used to estimate z0, however in case of a
land cover with a significant height it is necessary to express d in relation to z0, which was
carried out for several crops based on experimental studies [57,58].

The magnitude of uthreshold and consequently potential wind erosion is mainly deter-
mined by three main properties: the soil type, the soil cover and the soil moisture [1,51]. In
the current study, we assume constant conditions for these properties and the consequences
are briefly discussed.

Sandy soils are more prone to wind erosion than silty or clayish soils. Silt and clay
soils have at least an u?threshold of 0.55 m s−1, and depending on the state of the top layer
(crusted/cloddy) the threshold can reach limits up to u?threshold = 2 m s−1 [56]. Therefore,
most care is needed with the sandy parts (u?threshold = 0.3 m s−1) of the soil layer [43].
Additionally, smaller sand grains will erode more easily and an u?threshold = 0.30 m s−1

infers that small and medium sand grains (<0.35 mm) are prone to wind erosion [50,59].
Wind erosion happens more easily when there are no crops or plants on the soil surface,

hence there are bare soil conditions without a crust [43,60–63]. In the current study, we
assume bare soil conditions for the whole dataset, so that we can focus on the effect of the
tree strips only, without the influence of other factors. Furthermore, soils are bare for a
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substantial part of the year, as also shown by the current study where 33% of the dataset
represents bare soil conditions.

When the upper top layer of the soil is dry, soil erosion can occur more easily compared
to when the top layer of the soil is humid [64]. However, it is not straightforward to model
the soil moisture dynamics and the effect on the erodibility of soil, because even air humidity
can play a role, especially in dry climates or a dry summer [43,65]. For example, due to
high humid air conditions at night, rewetting of the upper soil layer can occur as a result of
dew fall. Therefore we assumed dry soil conditions throughout the dataset.

2.6. Wind Speed and Potential Wind Erosion inside the Agroforestry System

At the monoculture site the potential wind erosion, ErosionMC
potential , can be determined

directly by using the wind speeds from the monoculture tower (uSFC
MC ) and calculating

ErosionMC
potential according to Equation (3), being a point measurement. Similarly, we also

calculated the potential wind erosion for maximum wind speeds, ErosionMC−MAX
potential , to

investigate the impact of wind speed magnitude on potential wind erosion.
To calculate the potential wind erosion at the agroforestry site, ErosionAF

potential , more
steps are necessary, as also schematized in Figure 4. We used the AF configuration in the
LES model from Markwitz (2021) [26] to calculate a fractional wind speed u f rac (simulated
wind speed inside the agroforestry system divided by the simulated wind speed outside
the agroforestry system). By combining the modelled fractional wind speeds with the wind
speed measurements at the open field (uSFC

MC ), the wind speed and potential wind erosion
inside the agroforestry system can be estimated.

Potential wind erosion 
inside the AF
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(Markwitz 2021)
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𝑊𝐷(𝑖) 

Average

i

        (𝒊)𝒖SFC
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MC

∙ 

Wind speed matrices

For each time step  :

(𝑖, 𝑥,𝑦)𝑢𝐴𝐹  =
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𝑢𝑓𝑟𝑎𝑐 (𝑥,𝑦) 𝑊𝐷
𝑇𝐻  .        (𝑖) 𝑢  SFC
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 𝐸𝑟𝑜𝑠𝑖𝑜𝑛𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

Potential wind erosion 
at the open field

> 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  1. (𝑖) 𝑢  

(𝑖)3 2. 𝑢  

SFC
MC

SFC
MC

MC

  

i

Figure 4. Schematized workflow to calculate the wind speed and potential wind erosion at the
monoculture site and inside the agroforestry system. The fractional wind speed relative to the open
field (Figure 6), u f rac (%), is dependent on the wind direction (WD) and the tree height (TH). The
measured wind speed, uMC, is used to estimate the wind speed at 0.5 m above the surface, uSFC

MC .
Based on the wind speed measurements and the Large Eddy Simulations (LES) by [26] the potential
wind erosion at the monoculture (MC) site and the fractional potential wind erosion (Figure 7),
Erosion f rac (%), at the agroforestry (AF) site are calculated.
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2.6.1. Large Eddy Simulation Model

The flow of the air inside an agroforestry system was simulated with the All Scale
Atmospheric Model (ASAM), which was treated as a LES model [38,66]. The LES model
was used with periodic boundary conditions in x and y direction, i.e., the outflow on the
lee side was used as inflow on the upwind side. Periodic boundary conditions were chosen
to allow for the development of a logarithmic wind profile in all parts of the domain. We
are aware that this leads to artifacts at the inflow site of the domain. The model domain
of the LES model for the Forst site is visualized in Figure 5 and described in more detail
by Markwitz (2021) [26]. The agroforestry system was modelled as a three dimensional
cube with dimensions of 640 × 640 × 50 m and a grid size of 2 × 2 × 1 m (x, y, z). For
each pixel the model predicts a single wind speed, based on an initial undisturbed mean
wind speed of 2.5 m s−1 and 6.5 m s−1 (close to the mean and maximum wind speed of our
site, Table 1). The predicted wind speed equals the mean of the last 15 min of the 30 min
simulation time of the LES model. The simulated wind speed was validated with several
wind speed measurements from a different study at the Forst site [67].

  = 640 mx

 =
 6

40
 m

y

420 m

40
0 

m

Distance (m)
96 48 24

Poplar Black locust

Figure 5. The model domain of the LES model, simulating an agroforestry system (indicated by the
blue dash-dotted line). The agroforestry system is surrounded by open field (monoculture), which is
used as a reference. The size of each pixel (position) is 2 × 2 × 1 m (x, y, z) and the dimension of the
model is 320 × 320 × 50 pixels, which equals 640 × 640 × 50 m. The two different tree species have
a tree strip density of 0.14 m2 m−3 (Poplar) and 0.2 m2 m−3 (Black Locust). This figure is based on
Markwitz (2021) [26].

The wind speed was simulated for three wind directions (west, northwest and north),
three different tree heights (2, 5 and 8 m) and for two initial wind speeds (2.5 m s−1 and
6.5 m s−1) [26]. By assuming symmetry for wind speed between wind directions, the other
wind directions (northeast, east, southeast, south and southwest) are acquired by mirroring
the modelled matrices respectively. Measured tree strip densities for poplar (0.14 m2 m−3)
and black locust (0.2 m2 m−3) were also included as indicated in Figure 5 [26,68]. Finally,
the simulated wind speeds used for further analysis were taken from the height 0.5 m of
the domain (z = 0.5 m), which equals to the measurement height of the estimated uSFC

MC .

2.6.2. Wind Speed Reduction

To obtain the fractional wind speed relative to the open field (u f rac (%)), the simulated
wind speeds in the agroforestry system were divided by the representative simulated wind
speeds in the open field upwind of the agroforestry system (as defined in Figure 5). The frac-
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tional wind speed can be seen as a matrix with a value for each pixel u f rac(x, y), with x and
y being the position inside the matrix as visualized by Figure 5. Twentyfour u f rac(x, y)TH

WD
matrices were calculated, where WD indicates the corresponding wind direction (N, NE, E,
SE, S, SW, W, NW) and likewise TH indicates the corresponding modelled tree height (2, 5,
8 m). The same calculations were performed for both initial wind speeds of 2.5 m s−1 and
6.5 m s−1.

The representative simulated wind speed in the open field outside the agroforestry
system is different for each wind direction. With west wind conditions the wind speed
west of the agroforestry system is unaffected and likewise for north wind conditions
the wind speed north of the agroforestry system is unaffected. With west wind condi-
tions, for each row in the matrix an average of the incoming wind speed was calculated:

uLES
AF (x1 : x50, y)

TH

W , where the average was calculated over the first 50 columns (100 m).
With north wind conditions, for each column in the matrix an average of the incoming

wind speed was calculated: uLES
AF (x, y1 : y50)

TH

N , where the average was calculated over
the first 50 rows (100 m). For northwest wind conditions, for each diagonal (upper left to
lower right for NW) in the matrix an average of the incoming wind speed was calculated:

uLES
AF (d, e1 : e60)

TH

NW , where the average was calculated over the first 60 positions (e), or less
at the edges, from the representative diagonal (d). For all other wind directions the same
method was applied, where the averaging values have to be chosen accordingly to the
representative unaffected simulated wind speeds.

By combining the simulated fractional wind speed u f rac(x, y)TH
WD with the open field

wind speed measurements (uSFC
MC ), the actual wind speeds inside the agroforestry system

can be estimated (Equation (5)):

uAF(i, x, y)TH = uSFC
MC (i) · u f rac(x, y)TH

WD, (5)

where uAF(i, x, y) is the wind speed at 0.5 m height inside the agroforestry system for each
x and y position, according to Figure 5. The i indicates that each time step of uAF is a single
matrix and that the representative u f rac(x, y)TH

WD needs to be determined for each time step
based on the wind direction measured at the monoculture tower (WDMC). Hence, there
will be i matrices of uAF, where i is equal to the total amount of i of uMC.

The total average fractional wind speed can be calculated by averaging over all i

selected fractional wind speed matrices, u f rac(x, y)TH
WD(i)

TH
, for each tree height (2, 5, 8 m).

For the case of maximum wind speeds, uSFC
MC−MAX(i) and uMAX

f rac (x, y)TH
WD are used in

Equation (5) to calculate the maximum wind speeds inside the agroforestry,
uAF−MAX(i, x, y)TH .

2.6.3. Potential Wind Erosion

The potential wind erosion inside the agroforestry system, ErosionAF
potential , was cal-

culated based on the previously estimated wind speeds inside the agroforestry system,
uAF(i, x, y):

ErosionAF
potential(x, y)TH = ∑ ū3

AF(i, x, y), if ūAF(i, x, y) > uthreshold. (6)

Finally, the fractional potential wind erosion, Erosion f rac(x, y)TH , was calculated as
the fraction of the potential wind erosion of the agroforestry site, ErosionAF

potential , and the

potential wind erosion of the monoculture site, ErosionMC
potential :

Erosion f rac(x, y)TH =
ErosionAF

potential(x, y)TH

ErosionMC
potential

. (7)



Sustainability 2022, 14, 13372 10 of 24

The potential wind erosion inside the agroforestry system for the maximum wind
speed, ErosionAF−MAX

potential (x, y)TH , was also calculated by Equation (6), using respectively

uAF−MAX(i, x, y)TH . Likewise, ErosionMAX
f rac (x, y)TH was calculated by dividing

ErosionAF−MAX
potential (x, y)TH by ErosionMC−MAX

potential .

3. Results
3.1. Overall Reduction of Wind Speed and Potential Wind Erosion inside the Alley
Cropping System

The wind speed inside the AF system is reduced by on average 46.3 to 52.7%. Figure 6
illustrates that the wind speed reduction is a function of the distance between the tree strips.
Shorter distances between tree strips lead to higher and more stable reduction. The tree
height has only a small effect as the average reduction increases slightly with increasing
tree height, from 46.3% for 2 m to 51.6% and 52.7% for 5 and 8 m tall tree strips, respectively
(Table 2). The standard deviation, hence the spatial variation in wind speed inside the
agroforestry system, increases slightly with tree height from 12.5% (2 m) to 13.2% (8 m) .
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Figure 6. Average wind speed relative to the open field, u f rac (%), for tree heights of 2 m (a), 5 m (b)
and 8 m (c) at a domain height of 0.5 m. The black squares at the bottom indicate the location of the
tree strips inside the agroforestry system, as shown in Figure 5.

Table 2. Average wind speed inside the agroforestry system relative to the open field, u f rac (%), ±1
sd and potential wind erosion inside the agroforestry system relative to the open field, Erosion f rac
(%), ±1 sd inside the agroforestry system (as indicated by the blue dash-dotted line in Figure 5) for
tree heights of 2 m, 5 m and 8 m. The average reduction of the wind speed and potential wind erosion
is expressed as 100− u f rac (%) and 100− Erosion f rac, respectively.

Tree Height (m) 2 5 8

u f rac (%) 53.7 ± 12.5 48.4 ± 12.7 47.3 ± 13.2
100− u f rac (%) 46.3 ± 12.5 51.6 ± 12.7 52.7 ± 13.2

Erosion f rac (%) 17.7 ± 15.7 14.4 ± 14.5 14.8 ± 14.8
100− Erosion f rac (%) 82.3 ± 15.7 85.6 ± 14.5 85.2 ± 14.8

Figure 7 illustrates the strong potential wind erosion reduction inside the AF system by
on average 82.3 to 85.6%. The reduction of potential wind erosion for 2 m tall tree strips is
82.3% and increases slightly for 5 and 8 m tall trees to 85.6% and 85.2%, respectively (Table 2).
In contrast to the wind speed, the standard deviation of the fractional potential wind
erosion slightly reduces with tree height, from 15.7% (2 m) to 14.5 and 14.8% (5 and 8 m),
indicating that the potential wind erosion reduction becomes more stable with increasing
tree height (Table 2). The changes of potential wind erosion reduction with height are
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smaller compared to the changes of wind speed reduction with height, most likely due to
the non-linear relation as visualized in Figure 3.

Increased risks (Erosion f rac > 100%) for potential wind erosion are located at the
western and southern side and at the northwest corner of the agroforestry system (Figure 7),
especially when the wind comes from the southwest and the distance in between the tree
strips increases.
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Figure 7. Average potential wind erosion relative to the open field, Erosion f rac (%), for tree heights of
2 m (a), 5 m (b) and 8 m (c) at a domain height of 0.5 m. The black squares at the bottom indicate the
location of the tree strips inside the agroforestry system, as shown in Figure 5.

3.2. Effect of Wind Direction on Wind Speed and Potential Wind Erosion

The wind direction relative to the longitudinal orientation of the tree strips has a
strong influence on the fractional wind erosion (Figure 8). The strongest reduction in wind
speed and potential wind erosion was found for westerly and easterly wind directions
perpendicular to the tree strips, with a wind speed reduction between 54–64% and a
potential wind erosion reduction between 93–97%, respectively (Table 3). The lowest
potential wind erosion reduction was observed for southerly and northerly winds, parallel
to the tree strips, reducing the wind speed between 17–20% and potential wind erosion
between 24–35% (Table 3). For wind directions diagonal to the tree strips the wind speed
was reduced between 51–57% and the potential wind erosion was reduced by around 87%
(Table 3).
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Figure 8. Average potential wind erosion relative to the open field, Erosion f rac (%), for a tree height
of 5 m and three different wind directions, west (a), southwest (b) and south (c). The black squares at
the bottom indicate the location of the tree strips inside the agroforestry system, as shown in Figure 5.
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Table 3. Average wind speed inside the agroforestry system relative to the open field, u f rac (%),
and potential wind erosion inside the agroforestry system relative to the open field, Erosion f rac
(%), ±1 sd inside the agroforestry system (as indicated by the blue dash-dotted line in Figure 5)
for three wind directions (west, southwest and south) and three tree heights (2, 5 and 8 m). The
average reduction of the wind speed and potential wind erosion is expressed as 100− u f rac and
100− Erosion f rac, respectively.

Tree Height (m) 2 5 8

West wind

u f rac (%) 46.1 ± 18.3 38.7 ± 18.0 36.4 ± 18.3
100− u f rac (%) 53.9 ± 18.3 61.3 ± 18.0 63.6 ± 18.3

Southwest wind

u f rac (%) 48.7 ± 24.2 44.4 ± 25.6 43.5 ± 25.8
100− u f rac (%) 51.3 ± 24.2 55.6 ± 25.6 56.5 ± 25.8

South wind

u f rac (%) 83.1 ± 32.0 79.8 ± 31.0 81.3 ± 30.9
100− u f rac (%) 16.9 ± 32.0 20.2 ± 31.0 18.7 ± 30.9

West wind

Erosion f rac (%) 7.2 ± 12.7 3.8 ± 8.5 3.3 ± 8.6
100− Erosion f rac (%) 92.8 ± 12.7 96.2 ± 8.5 96.7 ± 8.6

Southwest wind

Erosion f rac (%) 14.0 ± 30.3 13.0 ± 30.6 12.9 ± 32.5
100− Erosion f rac (%) 86.0 ± 30.3 87.0 ± 30.6 87.1 ± 32.5

South wind

Erosion f rac (%) 76.2 ± 46.7 65.2 ± 47.1 69.8 ± 51.6
100− Erosion f rac (%) 23.8 ± 46.7 34.8 ± 47.1 30.2 ± 51.6

The spatial standard deviation for the wind speed changes only slightly with height,
less than 1.6%, and shows different patterns depending on the tree strip orientation (Table 3).
The standard deviation for potential wind erosion indicates two patterns, first, for west
wind conditions the standard deviation reduces with tree height, from 12.7% (2 m) to 8.5 and
8.6% (5 and 8 m), indicating the reduction becomes more stable with tree height. Second,
for southwest wind conditions the standard deviation increases only slightly with tree
height, from 30.3% (2 m) to 30.6 and 32.5% (5 and 8 m), due to partly sheltering conditions.
Thirdly, for south wind conditions the standard deviation increases from 46.7% (2 m) to
47.1 and 51.6% (5 and 8 m). This indicates that with larger tree height the channeling effect
and turbulent conditions between the tree strips increase.

There are areas with increased risk for potential wind erosion (Erosion f rac > 100%), as
the air flow deviates and accelerates around the tree strips. The location of the increased risk
for potential wind erosion depends on the wind direction. For the west and southwesterly
winds these areas are mostly outside the agroforestry system and occur at the edges (west,
south and north) and corners (northwest and southeast) (Figure 8).

Tree strips designed parallel to the dominant wind direction (southerly or northerly
winds) can increase the risk of potential wind erosion, because the wind speed can be
increased in between the tree strips due to channeling of the wind. Especially when
the distance between the tree strips is larger than ≈48 m, this can locally result in an
Erosion f rac > 100% (Figure 8). The high standard deviation also indicates that Erosion f rac
was frequently above 100% for south wind conditions (Table 3).
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3.3. Effect of Tree Height and Distance between Tree Strips on Wind Speed and Potential
Wind Erosion

The distance between the tree strips has a larger effect on the potential wind erosion
than the tree height. A distance between the tree strips of 24 m results in an additional
reduction of the wind speed between 23–26% and potential wind erosion between 13–16%
compared to a distance between the tree strips of 96 m (Table 4). On the other hand, the
reduction of wind speed and potential wind erosion only increases slightly with increasing
tree height, resulting in an additional reduction of wind speed between 4–8% and potential
wind erosion between 2–5% (Table 4).

Taller and closer placed tree strips provide the highest and most stable protection
against potential wind erosion. For 8 m tall tree strips and 24 m distance between the
tree strips the protection against wind erosion increased, as Erosion f rac decreased by 18%,
compared to the 2 m tall trees and 96 m distance between the tree strips (Table 4). The
standard deviation for 8 m tall trees and 24 m distance between tree strips is 8.6% lower
compared to the standard deviation of 2 m tall trees and 96 m distance between tree strips
(Table 4). Similarly, the interquartile range of Erosion f rac becomes lower with increasing
tree height and less distance between tree strips, indicating that the reduction in potential
wind erosion becomes more stable with height and less distance (Figure 9).

Table 4. Average wind speed inside the agroforestry system relative to the open field, u f rac (%), and
potential wind erosion relative to the open field, Erosion f rac (%), ±1 sd for tree heights of 2, 5 and 8 m
and distances between tree strips of 24, 48 and 96 m. Averages are representative for the respective
areas with a distance of 24, 48 and 96 m between the tree strips inside the agroforestry system (as
indicated by the blue dash-dotted line in Figure 5). The average reduction of the wind speed and
potential wind erosion is expressed as 100− u f rac and 100− Erosion f rac, respectively.

Tree Height (m) 2 5 8

24 m distance between tree strips

u f rac (%) 37.4 ± 5.9 33.2 ± 6.7 33.5 ± 6.9
100− u f rac (%) 62.6 ± 5.9 66.8 ± 6.7 66.5 ± 6.9

48 m distance between tree strips

u f rac (%) 48.7 ± 6.1 42.2 ± 7.5 41.8 ± 7.9
100− u f rac (%) 51.3 ± 6.1 57.8 ± 7.5 58.2 ± 7.9

96 m distance between tree strips

u f rac (%) 63.5 ± 6.4 57.7 ± 7.0 56.0 ± 9.0
100− u f rac (%) 36.5 ± 6.4 42.3 ± 7.0 44.0 ± 9.0

24 m distance between tree strips

Erosion f rac (%) 9.3 ± 7.9 7.9 ± 7.8 7.1 ± 7.5
100− Erosion f rac (%) 90.7 ± 7.9 92.1 ± 7.8 92.9 ± 7.5

48 m distance between tree strips

Erosion f rac (%) 13.6 ± 10.8 10.6 ± 10.6 12.7 ± 11.2
100− Erosion f rac (%) 86.4 ± 10.8 89.4 ± 10.6 87.3 ± 11.2

96 m distance between tree strips

Erosion f rac (%) 25.3 ± 16.1 20.7 ± 15.5 20.4 ± 16.3
100− Erosion f rac (%) 74.7 ± 16.1 79.3 ± 15.5 79.6 ± 16.3



Sustainability 2022, 14, 13372 14 of 24

0

30

60

90

2 5 8
Tree height (m)

E
ro

si
on

fr
ac

 (
%

) 

Distance between tree strips (m)
24
48
96

Figure 9. Boxplot of average potential wind erosion relative to the open field, Erosion f rac (%), for
tree heights of 2, 5 and 8 m, and distances between tree strips of 24, 48 and 96 m. For calculating
the boxplot the respective areas with a distance of 24, 48 and 96 m between the tree strips inside
the agroforestry system were extracted (as defined in Figure 5). The vertical range of the boxes in
the boxplot indicates the range between the minimum (1st quartile − 1.5 × interquartile range) and
maximum (3rd quartile + 1.5 × interquartile range) of the boxplot.

Nevertheless, short tree strips of 2 m height can provide strong protection when the
tree strips are planted with a 24 m distance, reducing the wind speed by 63 ± 6%, and
the potential wind erosion by 91 ± 8% (Table 4). In contrast, tall tree strips of 8 m height
can provide reasonable protection when the tree strips are planted with 96 m distance,
respectively reducing the wind speed by 44 ± 9%, and the potential wind erosion by
80 ± 16%.

3.4. Effect of Tree Strip Density on Potential Wind Erosion

The density difference between the denser Poplar trees compared to the more porous
Black Locust trees results in small differences of ≤1.5 % for the fractional potential wind
erosion when the tree strips are placed with a 24 or 48 m distance (Figure 10). Tree strips
placed with a distance of 96 m resulted in a difference of maximum 6–8% between the two
tree species. The highest difference for each tree height occurs before the last tree strip in
respect with the west wind conditions (Figure 10).

The results suggest that the tree height and distance between the tree strips have a
larger impact on the potential wind erosion than the difference between these two tree
strip densities. For 24 m distance between the tree strips Erosion f rac is close to zero and
increases to 16–39% for a 96 m distance. The peak of Erosion f rac decreases with an increase
in tree height, from 39% for 2 m tall tree strips to 28% and 16% for 5 and 8 m tall tree
strips, respectively.
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Figure 10. Average potential wind erosion relative to the open field, Erosion f rac (%), for west wind
conditions, for tree heights of 2 m (a), 5 m (b) and 8 m (c), and for two different tree strip densities
(0.14 m2 m−3 for Poplar and 0.2 m2 m−3 for Black Locust). For each pixel inside the agroforestry
system (x in Figure 5), Erosion f rac was averaged over y(420:520 m) for Poplar and over y(320:420 m)
for Black Locust. The vertical green bars indicate the locations of the tree strips.

3.5. Effect of Wind Speed Magnitude on Wind Speed Reduction and Potential Wind Erosion

The wind speed inside the agroforestry system relative to the open field, u f rac, for the
maximum wind speed (6.5 m s−1) is between 0.6 and 2.4% higher than for the mean wind
speed (2.5 m s−1). This increase in mean u f rac led to an increase in Erosion f rac between 5.1
to 8.0% (Table 5).
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Table 5. Average wind speed inside the agroforestry system relative to the open field, u f rac (%), and
potential wind erosion relative to the open field, Erosion f rac (%), ±1 sd inside the agroforestry system
(as indicated by the blue dash-dotted line in Figure 5) for 2.5 and 6.5 m s−1 mean and maximum wind
speed at the site. The average reduction of the wind speed and potential wind erosion is expressed as
100− u f rac and 100− Erosion f rac, respectively.

Tree Height (m) 2 5 8

Initial wind speed of 2.5 m s−1

u f rac (%) 53.7 ± 12.5 48.4 ± 12.7 47.3 ± 13.2
100− u f rac (%) 46.3 ± 12.5 51.6 ± 12.7 52.7 ± 13.2

Initial wind speed of 6.5 m s−1

uMAX
f rac (%) 56.1 ± 13.4 49.0 ± 13.2 48.1 ± 13.0

100− uMAX
f rac (%) 43.9 ± 13.4 51.0 ± 13.2 51.9 ± 13.0

Initial wind speed of 2.5 m s−1

Erosion f rac (%) 17.7 ± 15.7 14.4 ± 14.5 14.8 ± 14.8
100− Erosion f rac (%) 82.3 ± 15.7 85.6 ± 14.5 85.2 ± 14.8

Initial wind speed of 6.5 m s−1

ErosionMAX
f rac (%) 25.7 ± 13.9 20.0 ± 14.5 19.9 ± 13.9

100− ErosionMAX
f rac (%) 74.3 ± 13.9 80.0 ± 14.5 80.1 ± 13.9

Even though the wind speed reduction is similar, the generally higher wind speeds
result in a larger magnitude of absolute potential wind erosion, as the energy magnitude for
potential wind erosion increases with the cube of wind speed. At the open field the absolute
potential wind erosion for the maximum wind speed is 12.2 times higher compared to the
mean wind speed.

Taller tree strips resulted in a lower increase in Erosion f rac compared to short tree
strips, with an increase in Erosion f rac from 5.6% (5 m) and 5.1% (8 m) compared to 8% (2 m)
(Table 5). For all tree heights a shorter distance between the tree strips provided better
protection against higher wind speeds, with an increase in Erosion f rac of 1.6–2.7% (24 m),
3.2–5.0% (48 m) and 6.6–11.0% (96 m) (Figure 11).
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Figure 11. The difference in average potential wind erosion relative to the open field, Erosion f rac
(%), calculated for two initial wind speeds of 2.5 and 6.5 m s−1, ∆Erosion f rac = ErosionMAX

f rac −
ErosionMEAN

f rac . The differences are calculated for an agroforestry system with tree heights of 2 m (a),
5 m (b) and 8 m (c). The black squares at the bottom indicate the location of the tree strips inside the
agroforestry system, as shown in Figure 5.
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In general, outside and at a distance from the agroforestry system no big differences
in Erosion f rac were observed due to an increase in initial wind speed, as indicated by the
difference between the fractional potential wind erosion for mean and maximum wind
speed, ∆Erosion f rac (Figure 11). This was expected as Erosion f rac should be ≈100% for
open field conditions independent of the wind speed. For most of the area outside the
agroforestry system this was the case, however negative values (dark blue colors) were
visible especially west and south of the agroforestry system (Figure 11). The high negative
∆Erosion f rac areas were artifacts related to the periodic boundary conditions of the LES
model, meaning that the wind field at the end boundaries is fed to the starting boundaries
of the LES model. Due to the dominant west-southwest wind conditions this results in the
visible “wave” pattern, with an increase on the east side after the tree strips were passed
and a reduction on the west side before the tree strips (Figure 11). This effect becomes more
prevalent with taller tree strips as these create increased turbulent conditions compared to
lower tree strips.

4. Discussion
4.1. Design Parameters of a Tree Strip in an Alley Cropping System

Tree strips can be effective at reducing the wind speed on their lee side when well-
designed [12,18,19]. Therefore we discuss the key design parameters, as listed in the
introduction, based on the findings of our model simulation results.

The orientation of the tree strips relative to the local wind direction is a very important
design parameter for wind speed reduction and wind erosion protection [12,13,69]. Our
model simulations show that tree strips arranged perpendicular to the prevailing wind
direction provide the best protection. The smaller the angle between the tree strips and
the wind direction, the more regions within the agroforestry system become exposed to
potential wind erosion (Figure 8). This is in agreement with the study of Wang and Takle
(1996a) [69], who have shown that the magnitude of the wind speed reduction and the
shelter distance decrease when the angle between the tree strips and the wind direction
changes from 90◦(perpendicular) to 0◦(parallel). Furthermore, when the tree strips are
orientated parallel to the wind direction, wind erosion inside the agroforestry system could
be increased due to channeling of the wind in between the tree strips [13,70,71].

Shorter distances between the tree strips resulted in a stronger reduction of the wind
speed and consequently potential wind erosion, as also shown by [13,26]. Additionally, we
observed a lower standard deviation of both wind speed and potential wind erosion, which
indicates that the wind erosion reduction in a 24 or 48 m wide crop alley is more stable
than within a 96 m wide crop alley (Table 4). This is in line with Böhm et al. (2014) [13] who
recommended to have a distance between the tree strips of less than 50 m. These results
show that a distance between tree strips of less than 48 m leads to a generally observed quiet
zone, which extends over 2-8 times the tree height, depending on atmospheric conditions
and wind direction [17,19,21].

The effect of the tree height seems to be smaller compared to the effect of distance
between the tree strips according to our results (Table 4). Low tree strips with a height of
2 m caused already a strong reduction in wind speed and potential wind erosion, when the
tree strips were oriented perpendicular to the prevailing wind direction and a distance of
≤48 m between the tree strips was maintained, as was also found by [13,67]. The only slight
increase with tree height is probably due to the very dense and multiple row structure of
the alley cropping system, which in general leads to a strong reduction of the wind speed
behind the tree strips [12,72,73].

Compared to other parameters, such as the distance between tree strips, the tree
height or tree orientation, the tree density of two different species had a low impact on
the wind speed and potential wind erosion. This does not mean that the density of the
tree strips in general is not important, the density, structure and crown shape of the trees
strongly influence the effectiveness of the wind speed reduction and the shape of the quiet
zone [19,23,74,75]. Therefore the planting scheme and the selection of suitable tree species
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is very important [12,73]. Additionally, the time of the year is important, as broad leaved
trees have no leaves yet in spring, even though the erosion risks could be high, on the
contrary coniferous trees do not shed their leaves [25,76]. In general, dense tree strips
can result in an additional 50% reduction of the minimum wind speed behind a tree strip,
relative to the reduction of more porous tree strips [12,18]. In the LES model the density
of the tree strips was constant with height, which is a strong simplified assumption. The
trees acted as a dense wall, which is often the case during summer, when trees are fully
covered with leaves. The measured tree density used in the LES model is in the range
tested previously by Wang and Takle (1996b) [75].

On average the magnitude of relative wind speed inside the agroforestry system
stayed fairly similar for a range of wind speeds, indicated by the ∼1–2% increase of u f rac
for mean and maximum wind speeds (Table 5). Earlier studies confirm that the reduction of
the wind speed behind a tree strip is independent of the open field wind speed magnitude,
for wind speeds between roughly 5–12 m s−1 [77,78]. For wind speeds less than 5 m s−1,
Zhang et al. (1995) [78] found a stronger reduction of the wind speed, which agrees with
the current study. However, the magnitude of this difference is much lower in our study,
respectively 1–2% compared to approximately ≥ 20%. The average relative wind erosion
is more affected and Erosion f rac increases with 5.1–8.0% for a wind speed of 6.5 m s−1

compared to 2.5 m s−1. However, for a distance between the tree strips of ≤48 m the
increase in Erosion f rac is close to zero, compared to an increase of more than 20% for 96 m
distance between the tree strips. Furthermore, the area of ∆Erosion f rac > 20% decreases
with tree height. The better protection with taller trees and shorter distance between the
tree strips is most likely related to the size of the quiet zone and reduced turbulence in
close proximity of the tree strips [17,19,21].

4.2. Designing and Maintaining an Alley Cropping System

Long term weather stations nearby could provide a local wind climatology and can
serve as a first estimate when designing a new alley cropping system for optimal protection
against wind erosion. Using this often freely available wind data and for example the
methods from Skidmore (1965) [14] or Vigiak et al. (2003) [55], the wind direction with the
highest wind erosion risk can be determined. Nevertheless, in some cases local topography
(e.g., hill slopes, rivers, roads, field borders) and equal solar shading of the crops (by north-
south orientation of the tree strips) are factors to consider as well [55,79]. Our study site is a
good example, where without tree strips, 88.7% of the potential wind erosion would occur
during west, northwest, northeast, east, southeast and southwest wind conditions. As
there is a strong prevailing wind direction, ∼77% would occur during west and southwest
wind conditions (Figure 2). During north and south wind conditions 11.3% of the potential
wind erosion occurred, whereas three quarters of it occurred during high soil moisture
conditions in winter, between the 1st of October and 31st of March. During dry spring and
summer conditions, one quarter of the total potential wind erosion for north and south
wind conditions could probably not be reduced by the alley cropping agroforestry system.
Especially during a dry spring and bare soil conditions or when newly germinated crops
are present, there is an increased risk for wind erosion, which could lead to crop damage
due to uprooting, grinding and/or covering by sand [3,80,81]. Not only wind erosion is
subject to seasonality, crops can also get enhanced stress due to strong dry winds during
very cold or hot days. Subsequently, crops maturate earlier which can destabilize the soil
and enhance wind erosion.

In addition to the simple design in this study of only parallel tree strips, one could
also consider alternative designs to improve the resilience. An easy solution to prevent
channeling would be planting a west-east orientated tree strip north and south of the north-
south orientated tree strips, with keeping in mind an appropriate distance in between the
tree strips for machinery. More circular tree strips would be a possibility as well, however
workability of machinery and negative effect due to strong shading north of the tree strips
should be taken into account. Additionally, when creating passages for machinery inside a
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long tree strip carefulness is needed, as this might create a local acceleration of the wind
speed inside and around the gap [82]. Moreover, the morphology and density of the
tree strips strongly influence the wind speed reduction and the turbulent flow [72–74,83].
Therefore, the increased risk of wind erosion at the edges and corners of the alley cropping
system could be reduced by creating less abrupt corners of the tree strips, e.g., by slowly
decreasing the tree strip height or changing the tree strip density.

Finally, when harvesting alley cropping tree strips, as is frequently carried out for bio-
energy purposes, considering rotational or partial harvest could help maintaining almost
continuous protection against wind erosion when the distance between the tree strips is not
too large [13,84]. As we have shown low 2 m tall tree strips can already provide protection
against wind erosion. The overall aim is not to have zero wind speed inside the agroforestry
system, the aim is to manage that the wind speed remains below the site dependent critical
uthreshold, to prevent wind erosion, as frequent as preferred by the landowner [25]. Having
too tall trees can even result in unnecessary shading of solar radiation for the adjacent
crops, which has a negative influence on the crop yields [85].

4.3. Uncertainties and Limitations of Our Modeled Wind Erosion Estimates

In general, shelterbelts and agroforestry systems are known for their potential to
reduce wind erosion, however we are not aware of a study like ours, quantifying the
reduction of wind erosion due to alley cropping in combination with an explicit spatial
interpretation. Based on model simulations we showed that alley cropping agroforestry
systems in a temperate climate can reduce the wind speed by more than 45% and the
potential wind erosion by more than 80% when the agroforestry system is well-designed for
the local conditions. These findings agree with studies from the past as, Michels et al. (1998)
[20] reported that a single shelterbelt of 2 m height reduced the measured wind erosion
within ∼10 m distance of the shelterbelt by 47–77% compared to a control plot. Using a
similar approach as the current study, Bird et al. (1992) [54] showed that a well-orientated
single shelterbelt can reduce the wind speed by 30–50% and potential wind erosion up to
80%. More recently, Borrelli et al. (2021) [86] also indicated that agroforestry systems can
reduce soil erosion in general by 92% compared to bare soils.

Including the effect of soil moisture and rainfall would have a positive impact on
the absolute reduction of wind erosion [43,64,87], but also on the relative wind erosion,
especially because the top soil layer inside the agroforestry system will generally have a
higher soil moisture content compared to the open field due to the reduced wind speed in
between the tree strips [88]. Estimating the exact spatial difference of the soil moisture and
the effect on wind erosion is difficult due to the complex soil moisture dynamics of the top
soil layer and the effect of air humidity [65,89]. Nevertheless, compared to completely dry
sandy soils, u?threshold would increase by approximately 50 to 100% when the soil moisture
is at field capacity (≈0.1 bar), depending on the particle diameter [90]. The effect of an
approximate doubling of uthreshold would strengthen the non-linear response between the
wind speed and wind erosion, which is visualized in Figure 3. On the other hand, the
absolute wind erosion risk - in other words the need for wind speed reduction - would
reduce when soil moisture is included. When only wet soils with an uthreshold = 5 m s−1

are assumed, 0.7% of our open field wind speed dataset would be above the uthreshold,
compared to 16.2% for dry soils with an uthreshold = 2.7 m s−1.

Preventing bare soil by cover crops or crop residues can strongly reduce the wind
erosion or even completely when the soil cover is higher than 60% [42,43,91]. In such case
uthreshold would increase to an extend that wind speed reduction becomes unnecessary, as
the wind speed in the open field is always below the threshold. Preventing bare soils in
combination with agroforestry would create a very robust system against wind erosion [92].
The tree strips can provide protection for periods with bare soil conditions [76] and at the
risk areas around or inside the agroforestry system soil cover could reduce risks as well.

In the current study the method of Skidmore and Hagen (1977) [11] is applied as
described by Equation (3). This simple method was proposed for investigating potential
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wind erosion reduction behind single tree strips. More recently, Marsham et al. (2013) [52]
proposed a more complex method to estimate the Dust Uplift Potential (DUP) in deserts.
Applying the DUP approach would reduce the potential wind erosion at the open field by
∼22%, compared to the estimate using Equation (3). Nevertheless, the average potential
wind erosion reduction inside the agroforestry system increases with only ∼2% for all tree
heights, compared to the average reductions calculated by the method of Skidmore and
Hagen (1977) [11] (Table 2). Due to small differences between the two methods inside the
agroforestry system, we decided to stick to the more simple method, which was developed
for the application at tree strips.

Estimating wind erosion with half-hourly mean wind speeds could lead to an un-
derestimation of the absolute potential wind erosion by approximately 43–53%, due to
smoothing of the gusts [93]. Nevertheless, we have shown that inside the agroforestry
system the negative effect on Erosion f rac will be less, as u f rac stays roughly similar for a
wide range of wind speeds (Section 3.5). Erosion f rac would on average only increase by
5–8% for gusts based on the half-hourly maximum wind speed, uSFC

MC−MAX, compared to
Erosion f rac based on the average wind speed, uSFC

MC .
The application of periodic boundary conditions in the horizontal domain of the LES

model is another point of uncertainty. These conditions lead to reduced wind speeds at the
inflow side of the LES domain, as still partly visible at the west edge in Figure 7. As a result,
u f rac and Erosion f rac are already distorted before the wind field has encountered the first
tree strip. The new proposed method from Section 2.6.2 compensates for this issue, leading
to an u f rac and Erosion f rac close to 100% before the first tree strip. Furthermore, the modeled
u f rac inside the agroforestry system is confirmed by direct wind measurements [26,67]. A
different solution could be to create turbulent inflow conditions in the horizontal domain of
the LES model. Using this approach requires an increased domain size to allow turbulent
eddies to develop before the tree strips in the agroforestry system. This has the disadvantage
that the processing time would increase, but the advantage that the ambient conditions
could be closer to reality if the adjustment parameters are set properly.

5. Conclusions

Wind erosion is a serious risk for dry and sandy soils and our model simulations for a
case study in Germany showed that alley cropping agroforestry systems in a temperate
climate can strongly reduce the magnitude of wind erosion by more than 80% when
well-designed.

For optimal protection the tree strips should be orientated perpendicular to the domi-
nant wind direction, or at least diagonal. A distance of ≤48 m between tree strips provides
a strong and constant reduction of wind speed and potential wind erosion. Dense tree
strips of 2 m height can already provide protection when the distance between the tree
strips is ≤48 m and the orientation in respect to the dominant wind direction is optimized.
Taller tree heights can provide an increased and more stable reduction for wind directions
perpendicular to the tree strips. For higher wind speeds, soils are also protected against
wind erosion, especially when the distance between the tree strips is ≤48 m.

By designing the alley cropping agroforestry system to local conditions, optimal
prevention against wind erosion can be created. Nevertheless, local topography and other
aspects such as shading of solar radiation by trees need to be taken into account when
optimizing the overall performance of the agroforestry system.
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