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A b s t r a c t. In the semi-arid regions of Eastern Austria, wind-
breaks are essential for reducing wind velocity (WV) and grass 
reference and actual evapotranspiration (Et0, Eta), thereby influenc-
ing yields. This case study examines the effects of two windbreak 
systems: 1) a hedgerow-based wind protection system (WPS) and 
2) a strip intercropping experiment (SICE) with variable row widths 
in a maize-soybean intercropping setup. Micrometeorological 
data were collected at both sites, including wind velocity, wind 
direction, air temperature, global radiation, and relative humidity 
at multiple heights. The WPS reduced wind velocity by 0.8-1.1 m 
s-1 (2 m height) and 0.6-0.8 m s-1 (1 m height) leeward of the 
hedge compared to a 10 m reference height. At the SICE, reduc-
tions ranged from 0.1-1.2 m s-1 (2 m) and 0.2-0.5 m s-1 (1 m). 
Relative wind reduction effects (WRE) reached 34-41% (WPS) 
and 31-56% (SICE). A hedgerow coefficient (∆f) was used to 
standardize the WRE by hedgerow height and distance in differ-
ent systems. Et0 decreased by 0.6-0.7 mm d-1 near the WPS, while 
Eta rose by 0.2-0.5 mm d-1 due to improved water availability. At 
the SICE, Et0 increased by 0.9-1.7 mm d-1, and Eta showed varied 
responses. Overall, windbreaks can enhance water use efficiency 
and support sustainable landscape design in semi-arid agriculture.

K e y w o r d s: evapotranspiration, wind reduction, agrome-
teorology, hedgerow, adaptation measure, crop microclimatic 
conditions

1. INTRODUCTION

Two different windbreak systems include hedgerow- 
based systems: wind protection systems (WPSs) and a crop- 
based system: strip intercropping experiment (SICEs). 
WPSs such as hedgerows play a crucial role in agriculture 
by reducing wind velocity (WV) and positively influenc-
ing water retention and evapotranspiration rates (Et0, 
Etₐ). They also influence other microclimatic parameters 
like air temperature (AT), relative air humidity (RH), and 
global radiation (GR) in adjacent agricultural production 
areas (Böhm et al., 2014; Bitog et al., 2012; Vacek et al., 
2018). In crop-based systems, unlike hedge-based WPSs, 
microclimatic parameters (Et0, Etₐ, WV, AT, RH, GR) are 
also affected (Jurik et al., 2004). However, the main focus 
in most studies is primarily wind erosion. Currently, there 
are no studies addressing the effect of wind reduction, and 
relevant studies only involve strip intercropping combined 
with existing hedge-based WPSs. Furthermore, they do 
not focus on the interactions within the rows of the strip 
intercropping system and the influence on microclimatic 
parameters.
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In conventional farming, high WV and drought condi-
tions can cause significant damage to young plant parts, 
leading to dehydration and reduced yields (Stahr, 2017). 
Additionally, unproductive water losses result from wind 
exposure, which are coupled with an increasing frequen-
cy of dry periods in recent decades, particularly in the 
Marchfeld in Eastern Austria, which poses a serious chal-
lenge to sustainable agriculture and often necessitates 
costly irrigation investments (Weninger et al., 2021; Campi 
et al., 2009). The effectiveness of WPSs largely depends 
on their structural characteristics, including ventilation 
properties (well-ventilated, poorly ventilated, or non-ven-
tilated) (Wendt, 1951; Campi et al., 2012). A WPS not only 
reduces WV but also modifies the microclimate in its vicin-
ity (Sudmeyer et al., 2007). For instance, shading effects 
and decreased WV near the WPS can lead to increases in 
near-ground air temperatures (0.02 m) compared to the sur-
rounding environment (Wendt, 1951). 

A similar effect has been observed in soil moisture lev-
els throughout the growing season (Weninger et al., 2022; 
Ableidinger et al., 2020). Seeds in the sheltered range of 
a WPS germinate faster and grow more vigorously than 
those outside this range as they can utilize soil moisture 
more efficiently. Consequently, in drought conditions, 
yields in protected areas tend to be higher and more stable 
(Radke et al., 1976).

WPSs also promote the nightly condensation of atmos-
pheric moisture, leading to increased dew formation near 
hedgerows, which is an important factor for crop yields, 
especially in dry years (Wendt, 1951). As a result, WPSs con-
tribute to higher and more stable crop production (Gagarin, 
1949; Cleugh, 1998; Thevs et al., 2017). Additionally, they 
help to regulate the microclimate by mitigating extreme 
weather conditions, improving soil structure, and reduc-
ing both wind and water erosion (Ableidinger et al., 2018; 
Gerersdorfer et al., 2010). Almost all microclimate varia-
bles are altered in the leeward zone of a WPS, with shading 
affecting a narrow area adjacent to the barrier (Forman and 
Baudry, 1984). However, wind remains the dominant factor 
that controls microclimate variability (Heisler et al., 1988). 

Compared to open fields, areas protected by WPSs 
experience increased daytime and nighttime temperatures, 
higher soil temperatures, enhanced dew formation, and 
elevated atmospheric moisture, while WV and evapotran-
spiration rates (Et0, Etₐ) are generally lower. WPS effects 
can extend over distances of 10-16 times the barrier height 
for evaporation and up to 28 times the hedgerow height for 
WV reduction (Forman and Baudry, 1984). Beyond their 
role in modifying local microclimates, WPSs also support 
biodiversity by facilitating species migration and persis-
tence due to stable temperature conditions. This thermal 
buffering effect may become increasingly important in the 
context of climate change (Vanneste et al., 2020). Studies 
show similar effects in decreasing evapotranspiration rates 
(Et0, Etₐ) in comparable fields (Veste et al., 2020). 

WPSs are key structural elements in rural landscapes 
that contribute to soil conservation, biodiversity enhance-
ment, and pest control (Weninger et al., 2021; Brandle et 
al., 2004). However, their impact on biomass production, 
nutrient cycling, and water balance can vary, with some 
studies reporting positive effects, while others indicate 
neutral or even negative outcomes (Řeháček et al., 2017; 
Weninger et al., 2021). WV reductions on the leeward side 
of WPSs increase with distance, typically reaching values 
between 9.7 and 15% (Weninger et al., 2021; Vacek et al., 
2018; Miri et al., 2021). Some studies report reductions of 
up to 50% (Böhm et al., 2014), 78% (Dufkova, 2007), and 
a maximum of 85% at 1 barrier height (Peri et al., 2002).

Many different studies have examined WPSs effects of 
specific systems, like WPSs and SICE, but there are hardly 
any systematic studies analyzing and comparing the effects 
of different WPS types in the same environmental condi-
tions. Therefore, the aim of this case study was to analyze 
two distinct systems that are most commonly applied-
hedgerow-based and crop-based systems-in order to find 
a method for upscaling their effects for a larger landscape. 
In this context, we addressed the following key research 
questions: a) What are the differences in wind-reduction 
effects in the protected areas between two common wind-
breaks (WPS, SICE) of different type and height? b) To 
what extent do the calculated evapotranspiration rates 
(Et0, Etₐ) differ between these two windbreak types? c) Can 
a hedgerow coefficient (∆f) be defined and used for spatial 
upscaling of windbreak effects?

2. METHODS

2.1. Site characteristics and measurement setup of the first 
site (WPS) 

The observed WPS is located east of Vienna (48.207356, 
16.62617, decimal degrees, WGS 84) in the agricultural 
main production area known as the “Marchfeld.” The site 
is situated at an altitude of 156 m a.s.l. and features flat 
topography. The hedgerow is oriented north-northeast (19°) 
(Fig. 1a, b, Fig. 2) and has a total length of 600 m. It was 
divided into two intensively monitored subareas: windward 
(LUV) and leeward (LEE) with respect to the prevailing 
wind direction (WD) and long-term measurements (agro-
meteorological weather station). 

The hedge comprises the following deciduous tree 
and shrub species: Acer campestre, Acer pseudoplatanus, 
Cornus sanguinea, Ligustrum vulgare, Prunus mahaleb, 
Syringa vulgaris, Rosa canina, and Robinia pseudoacacia 
(Schaufler and Starlinger, 2022, unpub.), which have cov-
erage levels ranging from 1 to 50%. The wind distribution 
in the observed year of 2021 for LUV and LEE is shown in 
Fig. 1c, d. The WPS exhibits variable height with a mean of 
approximately 10 m. 
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The subareas were subdivided into four line transects at 
varying distances from the WPS. The designation of meas-
uring points along these transects is based on multiples of 
the mean WPS height, with labels 2H-10H corresponding 
to twofold to tenfold the average WPS height (m) along the 
horizontal axis (north to south). In the LEE subarea, the 
horizontal distance between the BOK and BFW line tran-
sects is 5 m (Fig. 1b). The BFW transects (LUV, LEE) were 
established in a previous wind-erosion study (EROWIN; 
Weninger et al., 2021) and were used to validate measure-
ments obtained near the BOK transect (replications). 

2.2. Site characteristics and measurement setup of the second 
site (SICE)

The observed SICE is located east of Vienna (48.23592, 
16.58966, decimal degrees, WGS 84) in the agricultural 
main production area of the Marchfeld in Eastern Austria. 

The site is situated at an altitude of 156 m a.s.l. and fea-
tures flat topography. For microclimatic data collection, 
two test rows were established, and measurements were 
conducted in two experimental phases: setup 1 from July 
4 to July 28, 2022, and setup 2 from July 28 to October 
30, 2022. During both phases, the maize crop was fully 
developed and reached a stable height of approximately 
2 m. Microclimatic measurements were taken at five field 
stations: a maize reference station (MAIZEREF) located 
within the 9 m-wide maize strip, a soybean reference sta-
tion (PEAREF) located within the 6 m-wide soybean strip 
(Fig. 3), and transect stations within the observed soybean 
strip at defined distances (H = multiple of maize canopy 
height of 2 m) from the maize strip (barrier): A0.5H, A1H, 
and A2H for setup 1 (Fig. 3a-c), and B1H, B2H, and B2.5H 
for setup 2 (Fig. 3b-d).

2.3. Climate characteristics

In 2003-2024, the mean annual precipitation (MAP) 
was 538 mm, and the mean annual temperature (MAT) 
was 11°C. In 2022, the MAT was 12.3°C, and total pre-
cipitation (P) was 391 mm, which is 147 mm below the 
MAP of 560 mm for the reference period of 1991-2020. 
This precipitation-deficit trend began in 2021, when annu-
al precipitation was 525 mm, which is 35 mm below the 
long-term mean (LTM) for 2003-2024. The maize and soy-
bean growing season spans May to September (MJJAS). 
During this period in 2022, the total precipitation was 
65 mm, which is slightly below the long-term mean of 
66 mm for 2003-2024. The monthly deviations from 
the LTM during MJJAS 2022 were as follows: May 
+13 mm, June +17 mm, July +25 mm, August –15 mm, and 

Fig. 1. a) Overview of the observed transects and measuring points in various distances to the WPS; b) overview and orientation 
of the observed line transects with selected measuring plots leewards: L2H-BOK, L4H-BOK, L6H-BOK, L10H-BOK, L2H-BFW, 
L4H-BFW, L6H-BFW; windwards: W2H-BFW, W10H-BFW); c) wind velocity distribution according to main geographic direction 
(N-E-S-W), for the plot L10H-BOK, 2 m measurement height (a.g.l.); d) wind velocity distribution according to main geographic 
direction (N-E-S-W) for the plot W10H-BFW, 2 m measurement height (a.g.l.), for better visualization of the wind velocity distribution 
within the figures c and d the wind velocity was distributed into 12 subsectors.

Fig. 2. Leeward side of the WPS System, 15th June 2022.
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September –20.5 mm. Regarding temperature, the month-
ly mean temperatures during MJJAS 2022 were higher 
than the LTM (2003-2024) for all months: May +2.3°C, 
June +2.4°C, July +0.9°C, August +1.3°C, and September 
+0.9°C (Fig. 4).

2.4. Soil characteristics

The soils at both WPS and SICE sites are classified as 
Chernozems according to the WRB (IUSS Working Group 
WRB, 2022) and developed on calcareous fine sediments 
(parent material). The soils at the WPS site are dry with 
low water-storage capacity and high permeability, while at 
the SICE, they are moderately dry with low storage capac-
ity and moderate permeability. There is a medium level of 
humus content in the upper horizons (1.5-4%), and the soil 
is calcareous with a pH of 7.4 at both sites.

The soil horizons at the WPS are A 0-25 cm, A2 40-60 cm, 
AC 60-70 cm, and C >100 cm, with fractions ranging from 
loamy silt and sandy loam in the upper horizons to loamy 
sand and sand in deeper layers. At the SICE, the hori-
zons are A 50-60 cm, AC 70-85 cm, and C up to 120 cm, 
with loamy sand in the upper horizons and pure sand below 

60 cm. According to the Austrian soil map (EBOD2), the 
area is classified as medium-quality arable land (Aust et al., 
2023; www.bodenkarte.at, EBOD2).

2.5. Measured microclimatic and soil variables

Microclimatic measurements were carried out for the 
WPS site in 2021 and for the nearby SICE site in 2022. 
A few modifications were made to the measurement set-
up due to the different wind-protection systems. At the 
WPS site (permanent hedgerow), microclimatic variables 
including AT, RH, WV, GR, and WD were recorded. The 
measurement intervals varied according to the sensor and 
ranged from 1 s to 60 min (Tables 10 and 11). 

At the SICE site (maize strip), AT, RH, WD, WV, P, and 
GR were measured on the PEAREF and MAIZEREF plots 
(setups 1 and 2). Data were collected during the period 
when the maize strip acting as a wind barrier had reached 
its maximum height of approximately 2 m. The temporal 
resolution of weather stations was 10 min (Tables 12 and 
13). During the measurement period, the GR sensor at 
the PEAREF station was temporarily out of service from 

Fig. 3. Map of the SICE experiment 2022 (soybean, maize) with different row widths: a) setup 1 – transect (A0.5H-A2H) leewards 
within the pea strip; b) setup 2 – transect (B1H-B2.5H) luvwards within the pea strip; c) picture of the leewards transect setup 1 (A0.5H-
A2H) within the pea strip; d) picture of the luvwards transect setup 2 (B1H-B2.5H) within the pea strip.

http://www.bodenkarte.at
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August 1 to August 3, 2022. This data gap was addressed 
by using records from the GEOSPHERE/ZAMG station in 
Groß-Enzersdorf.

2.6. Wind downscaling

For the comparison of the different measured WV at 
a height of 2 m, the values were downscaled from the refer-
ence stations (W10H-BFW; MAIZEREF) from the original 
measurement height of 10 to 2 m above ground level using 
Eq. (1), as proposed by Allen et al. (1998):

(1)

where: u2 – wind velocity at 2 m above ground level 
(m s-1), u10 – wind velocity at 10 m above ground level.

2.7. Hedgerow coefficient

We used a simple scaling coefficient (Eq. (2)) as an 
indicator that can allow spatial extrapolation of the wind 
reduction effect (WRE) of landscape elements. The hedge-
row coefficient (∆f) includes the wind barrier height (hb) 
and the distance to the barrier (db) in the calculation. In 
addition, the mean daily wind reduction WRE was includ-
ed in the calculation. The WRE was calculated based on 
the mean daily WV at the observed plots with a hedgerow 
of deciduous shrubs and trees as well as a maize canopy 
as windbreaks. The WRE was referenced to the WV of the 
weather stations out of the windbreak distance on both 
investigated sites. 

(2)

where: ∆f – hedgerow coefficient, hb – height of the barrier 
(m), db – distance to the barrier (m), WRE – mean daily 
wind reduction at db (m s-1).

The aim of the calculation is to find out the wind-re-
duction effect of the investigated WPS (crop canopy-based 
and deciduous hedgerow-based). By using this indicator, 
upscaling from point-based measurement to a larger spatial 
scale is possible, as are comparisons with other WPS types 
once they are parameterized for different types of WPSs. 

2.8. Evapotranspiration model
2.8.1. Grass reference evapotranspiration (Et0)

The FAO Penman-Monteith method adapted by Allen et 
al. (1998) is maintained as the sole standard method for the 
computation of Et0 and Etₐ from meteorological data. This 
method was used to capture wind-dependent evapotranspi-
ration at the WPS and SICE sites (Eqs (3) and (4)). For our 
purpose, the calculation was done with the help of an Excel 
calculation sheet, where daily meteorological data derived 
from the field experiment measurements were used as input 
(WV, AT, RH, GR, P). The grass reference evapotranspira-
tion (Et0) was calculated as:

Fig. 4. Monthly precipitation sums (2022) compared with the monthly mean annual temperatures (2022), highlighted (red) bar shows 
the precipitation of the assumed maize and soybean growing period and the monthly precipitation (MJJAS), orange line shows the LTM 
(long-term-mean) 2003-2024 in temperature, blue bars show the LTM 2003-2024 in precipitation, P – precipitation, T – temperature.
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(3)
,

where: Et0 – grass reference evapotranspiration (mm day-1), 
GR – net radiation at the crop surface (MJ m-2 day-1), G – 
soil heat flux density (MJ m-2 day-1), AT – air temperature at 
2-m height (°C), WV – wind velocity at 2-m height (m s-1); 
es – saturation vapor pressure, ea – actual vapor pressure, 
es-ea – saturation vapor deficit (kPa); ∆ – slope vapor pres-
sure curve, ϒ – psychrometric constant (kPa °C-1).

2.9. Actual evapotranspiration (Eta)

To calculate the actual evapotranspiration (Etₐ), the 
crop factor (kc) development over the growing season was 
estimated from the observed development of plant height 
and the leaf area index, whereas the factor ks was estimat-
ed by considering the effect of soil water depletion on Etₐ 
using a linear approach (Allen et al., 1998). Both factors 
(ks, kc) are empirical and showed the best congruence with 
measurements in daily resolution. The evapotranspiration 
(Etₐ) was calculated as:

, (4)

where: Eta – actual evapotranspiration (mm day-1), kc – 
crop factor (0.1-1.2), ks – soil water depletion factor (0-1).

3. RESULTS
3.1. Wind velocities at the WPS and SICE sites

We compared WV at multiple distances from the hedge-
row of 10 times the height (10H, H = 10 m) on both leeward 
(L10H) and windward sides (W10H), as well as at 2H, 4H, 
and 6H leeward (L2H, L4H, L6H) (Fig. 1a-b). The WRE 
was most pronounced at L2H for both measurement heights 
(1 and 2 m above ground level (a.g.l.)), whereas the WRE 

decreased progressively at L4H and L6H. Replication 
plots (e.g., L2H-BFW vs. L2H-BOK) showed consistent 
patterns. 

The WRE was strongest at the closest leeward plots 
(L2H-BOK, L2H-BFW). At L6H-BOK, WV data were 
incomplete due to sensor failure from June 8, 2022, and 
onward, so gap-filling was performed with the help of the 
replication plot (L6H-BFW). Table 1 summarizes the mean 
WV and statistical metrics for all plots. The highest values 
occurred at L10H-BOK (2.0-2.5 m s-1) and W10H-BFW 
(1.8-2.2 m s-1), as shown in Fig. 5. 

Figure 7 compares WV for the reference plots (PEAREF, 
MAIZEREF) and the SICE configurations. Two setups 
were analyzed: A (0.5H, 1H, 2H) and B (1H, 2H, 2.5H), 
which were measured at both measurement heights (1 and 
2 m a.g.l). The results were compared to the reference 
stations and the SICE rows within the experimental area. 
A clear WRE was visible at both heights. Summary sta-
tistics (range, mean, standard deviation) for all plots are 
provided in Table 3.

3.2. Wind directions at the WPS and SICE sites  

Figure 6a-e illustrate the distribution of WV across 
four wind sectors (WS) on the WPS plot (E-S-W-N; 0-90, 
91-180, 181-270, and 271-360°) for each plot at two 
measurement heights (1 and 2 m a.g.l.). These sectors cor-
respond to the main WDs (N, E, S, W) and allow analysis 
of WV patterns relative to the prevailing WD. WDs were 
normalized for comparison (to project a perpendicular WV 
onto the WPS) (Table 2). Dominant sectors varied among 
the plots: L2H-BOK was primarily influenced by sectors N 
and S, L4H-BOK was influenced by sector S, L6H-BOK 
was influenced by sectors E and S, L10H-BOK was influ-
enced by sector N, L2H-BFW was influenced by sector N, 
L6H-BFW was influenced by sector N, and W10H-BFW 
was influenced by sectors N and W (Table 2). Fig. 8 present 
the WV distribution across WS for the SICE plots at both 

Ta b l e  1. Overview of the wind velocities for each plot on the WPS site, observed period from DOY 95-184 in 2022, n = 13 084, based 
on daily mean values, – no data

Plot
Range (m s-1) Mean (m s-1)

1 m 2 m 10 m 1 m 2 m 10 m

L2H-BOK 0.4-4.0 0.5-4.8 – 1.2 ± 0.7 1.4 ± 0.9 –

L4H-BOK 0.4-3.8 0.6-4.8 – 1.4 ± 0.9 1.6 ± 1.0 –
L6H-BOK 0.9-4.4 0.9-4.9 – 2.0 ± 0.9 2.1 ± 1.0 –
L10H-BOK 0.6-4.8 0.9-6.5 – 2.0 ± 0.9 2.5 ± 1.1 –

L2H-BFW 0.3-4.3 – – 1.1 ± 0.8 – –
L4H-BFW – – – – – –
L6H-BFW 0.6-4.0 – – 1.6 ± 0.7 – –

W10H-BFW* 0.6-5.5 0.8-5.3 1.1-7.1 1.8 ± 0.7 2.2 ± 0.9 2.9 ± 1.2

*Downscaled WV to 2 m measuring height. 
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Fig. 5. Daily mean wind velocities from different plots on the WPS site in dependence to the distance to the hedgerow in respect to 
the hedgerow multiple height; black points are statistical outliers; 1 and 2 m  define the measuring height of the wind sensors (a.g.l.), 
including of W10H-BFW 10M with 10 m measuring height (a.g.l.); *downscaled wind velocities data (plot W10H-BFW 2M); observed 
period from DOY 95-184; n = 13 084, based on daily mean values; for 2022.

Fig. 6. Comparison of the daily mean wind velocities on the WPS plot in different measuring heights of each observed transect over 
the whole measurement period 2022 in combination with t,he different wind sectors: a) wind velocities on the plot (L10H-BOK 2 and 
1 m measurement height (a.g.l.); b) wind velocities on the plot (W10H-BFW), 10 m, 2 m, 2 m* measurement height (a.g.l.),*downscaled 
wind velocity; c) wind velocities on the plot (L6H-BOK, L6-BFW) in 2 m and measurement height (a.g.l.); d) wind velocities on the 
plot (L4H-BOK) 2 m and 1 m measurement height (a.g.l.); e) wind velocities on the plot (L2H-BOK; L2H-BFW) 2 and 1 m measure-
ment height (a.g.l.), the wind directions are divided into 4 sectors. Sector 1 (0-90°), sector 2 (91-180°), sector 3 (181-270°), sector 4 
(271-360°). The sectors correspond to the main geographic directions. (DOY 85-184); n = 13 084; dots without fillings are outliers.
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heights. The WVs at the reference station were highest in 
the following order: E > S > N > W. In setup A, the order of 
sector dominance was N > W > S > E, while in setup B, it 
shifted to E > N > W > S.

3.3. Wind reduction effect at the WPS and SICE sites

The WPS substantially reduced WV, and the strongest 
WRE was observed at the closest leeward plots (Table 4). 
The WRE decreased with the increasing distance from 
the barrier, as expected. The SICE also demonstrated 
a significant WRE, which was most pronounced at the 2-m 
measurement height (Table 5).

3.4. Hedgerow coefficient (Δf) for comparing the WPS and 
SICE plots

Figures 9 and 10 illustrate the relationship between 
barrier height and WV reduction for both systems. The 
coefficient Δf was calculated according to Eq. (2). As anti- 
cipated, the WRE declined with the distance from the 
barrier. Differences between the dominant WS and mea-
surement heights influenced the observed patterns, with 

Ta b l e  2. Overview of the wind directions on the WPS site; 
observed period from DOY 95-184; n = 13 084, based on daily 
mean values; for 2022; letters (N-E-S-W) representing the wind 
sectors (E-S-W-N, 0-90°, 91-180°, 181-270°, 271-360°), corre-
sponding to the main geographic directions

Plot
Measurement height*

2 m 1 m

L2H-BOK W > S > E > N E > S > W > N

L4H-BOK E > W > S > N E > W > S > N

L6H-BOK N E > S > W > N

L10H-BOK W > E > S > N W > E > S > N

L2H-BFW n.a. W > S > E > N

L6H-BFW n.a. W > S > E > N

W10H-BFW* W > S > N > E S > E > W > N

*Downscaled WV to 2 m measuring height.

Ta b l e  3. Overview of the wind velocities for each plot on the SICE site (PEAREF,  MAIZEREF), 1. setup: A0.5H; A1H; A2H, 
2. setup: B1H; B2H; B2.5H; n =17 133, based on daily mean values; for 2022, observed period from 1. setup: DOY 186-208; 2. setup: 
DOY 209-304

Plot
Range (m s-1)

1 m 2 m 10 m* 1 m 2 m

PEAREF 0.2-3.1 0.3-4.7 – 0.7 ± 0.5 1.5 ± 0.9

MAIZEREF x 0.5-4.1 0.7-5.5 – 1.6 ± 0.8

1. SETUP A0.5H 0.3-0.9 0.4-1.7 – 0.2 ± 0.2 0.3 ± 0.3

1. SETUP A1H 0.3-1.0 0.4-2.1 – 0.6 ± 0.2 1.1 ± 0.4

1. SETUP A2H – – – – –

2. SETUP B1H 0.5-4.0 0.4-3.5 – 0.9 ± 0.7 1.3 ± 0.6

2. SETUP B2H 0.4-4.5 0.3-3.7 – 0.8 ± 0.8 1.4 ± 0.6
2. SETUP B2.5H 0.2-3.1 0.5-3.8 – 0.7 ± 0.6 1.4 ± 0.8

*Downscaled WV from 10 m to 2 m, WV in MAIZEREF was logged in 10 m measurement height, additional information: sensor on 
plot 1.setup A2H was for the observed period down (no datasets), – missing values.

Ta b l e  4. Mean WV reduction (%) on the WPS site; WV W10H-BFW (1 m, 2 m MH) is compared with the WV on the plots (L10H-
BOK, L6H-BOK, L4H-BOK, L2H-BOK  and  L2-BFW, L6-BFW) in the measurement heights 1 and 2 m a.g.l., based on the mean daily 
WV, DOY 186-304, n = 10 488

Reference wind velocity  1 m/ 2 m*

L10H/ (1 m MH) L10H/ (2 m MH) L6H/ (1 m MH) L6H/ (2 m MH) L6H/ (1 m MH)*

1% 9% 34% 39% 11%

L4H/ (1 m MH) L4H/ (2 m MH) L2H/ (1 m MH) L2H/ (2 m MH) L2H/ (1 m MH)*
24% 30% 35% 40% 41%

*Upscaled WV in 2 m measurement height (a.g.l.) (W10H-BFW) was used. 



WINDBREAKS AND THEIR INFLUENCE ON MICROCLIMATIC PARAMETERS 103

Fig. 7. Daily mean wind velocities on the SICE site in dependence to the distance of the multiple canopy height to the maize strip 
leewards (1. setup A0.5H; A1H, A2H; 2. setup B1H; B2H; B2.5H), black points are statistical outliers; 1 and 2 m define the measuring 
height of the wind sensors (a.g.l.), except of MAIZEREF-BFW with 10 m measuring height (a.g.l.); *downscaled wind velocities data 
(plot MAIZEREF-BFW-2M); observed period from DOY 186-208 (1. setup) and DOY 209-304 (2. setup); n =17 133; based on daily 
mean values for 2022.

Fig. 8. Comparison of the daily mean wind velocities on the SICE site in different measuring heights of each observed transect over the 
whole measurement period 2022 in combination with the different wind sectors: a) wind velocities on the plot (PEAREF; MAIZEREF) 
2 m, 2 m*, 1 m and 10 m measurement height (a.g.l.),*downscaled wind velocity; b) wind velocities on the plot (1. setup A0.5H-A2H,) 
1 and 2 m measurement height (a.g.l.); c) wind velocities on the plot (2.setup B1H- B2.5H) in 1 and 2 m measurement height (a.g.l.); the 
wind directions are divided into 4 sectors. Sector 1 (0-90 g), sector 2 (91-180 g), sector 3 (181-270 g), sector 4 (271-360 g). The sectors 
correspond to the main geographic directions (1. setup: DOY 186-208; 2. setup: DOY 209-304); n =16 814 (PEAREF, MAIZEREF), 
n = 3 313 (1. setup), n = 13 681 (2. setup), based on daily mean values; for; dots without fillings are outliers.
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SW-NW winds contributing most strongly at higher height-
to-distance ratios, given the NE-SW row orientation. 
Overall, the ratio of barrier height to distance emerged as 
the key determinant of the WRE across both systems and 
provides a basis for extrapolating windbreak effects across 
agricultural landscapes.

3.4.1. Evapotranspiration rates (Et0, Etₐ) at the WPS site

The highest Et0 rates were observed at the 10-fold 
hedgerow distance (L10H-BOK and W10H-BFW) except 
for L4H-BOK, where an unexpectedly high mean Et0 (3.6 
± 1.0 mm day⁻¹) was recorded, which was also reflected 
in the cumulative Et0 sum (Table 6). To further analyze 
the relationship between the wind reduction effect (WRE) 

and Et0, daily evapotranspiration rates were compared with 
the prevailing WS for each plot (Fig. 11). At L10H-BOK 
(2 m a.g.l.), the ranking of Et0 was WS, S > W > N > E, 
while at W10H-BFW, the order was N > S > W > E, and 
at L6H-BOK, it was S > N > W > E. These patterns close-
ly correspond to the respective WRE trends (Fig. 11a-f). 
Statistical summaries are presented in Table 6. 

Etₐ was derived from Et0 estimates (Eq. (4)), and the 
results are summarized in Table 7 and visualized by WS 
in Fig. 12. For 2022, the dominant WSs for Etₐ at L10H-
BOK, W10H-BFW, and L6H-BOK were S > N > W > E. At 
L4H-BOK, the same order was observed (S > N > W > E), 
while L2H-BOK’s ranking was S > W > N > E. At L6H-
BFW, WS E dominated (E > N > W > S). The cumulative 

Ta b l e  5. Mean WV reduction in % on the SICE site; WV MAIZEREF (1 m, 2 m MH) and WV PEAREF (1 m, 2 m MH) is compared 
with the WV on the plots (1. setup A0.5H- A2H and 2. setup B1H- B2.5H); on the plot A0.5H and A2H no comparison was done (miss-
ing data), based on the mean daily WV; DOY 186-304, n = 13 566

Reference wind velocity

1. SETUP
MAIZEREF
MH 10 m
MH 2 m*

A0.5H
(1 m MH)

A0.5H
(2 m MH)

A1H
(1 m MH)

A1H
(2 m MH)

A2H
(1 m MH)

A2H
(2 m MH)

– 31% – 23% – –

2. SETUP
PEAREF
MH 1 m
MH 2 m

B1H
(1 m MH)

B1H
(2 m MH)

B2H
(1 m MH)

B2H
(2 m MH)

B2.5H
(1 m MH)

B2.5H
(2 m MH)

0% 42% 3% 46% 36% 56%

Ta b l e  6. Overview of the calculated daily grass reference evapotranspiration (Et0) rates WPS site in 2 m measurement height (a.g.l.) 
(W2H-BFW, W10H-BFW, L2H-BFW, L4H-BFW, L6H-BFW, L2H_BOK, L4H-BOK, L6H-BOK, L10H-BOK), observed period from 
DOY 95-159 in 2022

Plot L2H-BOK L4H-BOK L6H-BOK* L10H-BOK W10H-BFW*

Range 0.5-4.2 1.5-6.9 0.6-4.2 0.1-7.6 0.6-2.6
Mean 2.0 ± 0.8 3.6 ± 1.0 1.9 ± 0.8 3.7 ± 2.5 2.6 ± 1.0
Total sum 130 420 171 331 234
n 12 960 12 960 9 360 12 960 12 960

*Downscaled WV, all values mm d-1.

Ta b l e  7. Overview of the calculated actual evapotranspiration (Etₐ) rates 2022 – WPS (measuring height 2 m (a.g.l.) on the plots 
(L2H-BOK, L4H-BOK, L6H-BOK, L10H-BOK, L2H-BFW, L4H-BFW, L6H-BFW, W2H-BFW, W10H-BFW); observed period from 
DOY 95-184; *not complete dataset implemented

Plot L2H-BOK L4H-BOK L6H-BOK* L10H-BOK W10H-BFW*

Range 1.3-5.9 0.1-6.2 0.4-5.9 0.1-5.7 0.1-7.2
Mean 2.0 ± 1.3 2.2 ± 1.3 1.9 ± 1.3 1.5 ± 1.3 1.5 ± 1.5
Total sum 177 198 124 177 177
n 12 960 12 960 9 360 12 960 12 960

*Downscaled WV, all values mm d-1.
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Etₐ within the observed period ranged from 198 to 177 mm 
as the total sum across plots, with differences reflecting the 
distance to the windbreak. Only one plot (incomplete data-
set) showed a markedly lower total (124 mm). Overall, Etₐ 
reductions relative to Et0 indicated a measurable influence 
of the WRE.

3.4.2. Evapotranspiration rates (Et0, Etₐ) at the SICE site

Et0 was calculated for reference plots (PEAREF, 
MAIZEREF) and two experimental setups: setup 1 (A0.5H- 
A2H) and setup 2 (B1H-B2.5H) at two heights (1 and 2 m 

a.g.l.). Statistical summaries are provided in Table 8. In 
setup 1, the mean Et0 rates were higher than at the refer-
ence plots, although cumulative Et0 sums remained similar. 
In setup 2, the mean and cumulative Et0 values closely 
matched the reference plots (Table 8). WS analysis at 2 m 
revealed consistent patterns: at PEAREF and MAIZEREF, 
the Et0 ranking was E > S > W > N. In setup 1 (A0.5H, 
A1H), the order was reversed (N > W > S > E), whereas 
in setup 2 (B1H, B2H, B2.5H), the sequence followed the 
reference plots (E > S > W > N) (Fig. 13). 

Fig. 9. Comparison of the hedgerow coefficients in 1 m measuring height (a.g.l.) vs. height of the barrier/distance to the barrier, the 
most common wind direction were shown by symbols, DOY 95-184, n = 12 816, calculation of hedgerow coefficients based on daily 
mean wind reductions.

Fig. 10. Comparison of the hedgerow coefficients in 2 m measuring height (a.g.l.) vs. height of the barrier/ distance to the barrier, the 
most common wind direction were shown by symbols, DOY 95-184, n = 12 816, calculation of hedgerow coefficients based on daily 
mean wind reductions.
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WSs with the highest WV corresponded to those with 
the highest Et0 rates, indicating a direct link between wind 
exposure and evapotranspiration. Etₐ was derived from Et0 
calculations (Eq. (4)), and statistical results are summa-
rized in Table 9, while WS-related distributions are shown 
in Fig. 14a-c. In 2022, WS E  dominated Etₐ at PEAREF 
and MAIZEREF. In setup 1, plots A0.5H and A1H showed 
an Etₐ ranking of S > W > N > E, while the data from A2H 
were insufficient. In setup 2, WS E dominated all plots 
(B1H, B2H, B2.5H) at 2 m. The cumulative Etₐ was lower 
than Et0 for both reference and experimental plots, reflect-
ing the WRE, which was caused by the barrier influence 

(Fig. 14). The reduction magnitude varied with the distance 
from the wind barrier, which highlights the influence of 
local microclimatic conditions on the actual evapotranspi-
ration (Table 9).

4. DISCUSSION

This case study analyzed two different wind protection 
systems (WPS and SICE). In-situ micro-meteorological 
transect measurements were conducted in 2022 at two 
close sites: a hedgerow-based WPS, where four measure-
ment transects (windward and leeward of the windbreak in 
relation to the main wind direction) were examined, and 

Fig. 11. Comparison of the daily grass reference evapotranspiration (Et0) rates, (calculated FAO Allen et al. (1998) approach) 2022 of 
each observed plots (L10H-BOK-L6H-BOK; W10H-BFW, L6H-BFW) on the WPS site in connection with 4 main wind sectors based 
on the daily mean wind directions and the daily mean wind direction over the whole measurement period (DOY 95-184); n= 13 680; all 
values in 2 m MH (a.g.l.): a) evaporation rates on the L10H-BOK; b) evaporation rates on the W10H-BFW plot; c) evaporation rates on the 
L6H-BOK plot; d) evaporation rates on the L4H-BOK plot; e) evaporation rates on the L2H-BOK plot; f) evaporation rates on the L6H-
BFW. The wind directions are divided into 4 sectors. Sector 1 (0-90 g), sector 2 (91-180 g), sector 3 (181-270 g), sector 4 (271-360 g). 
The sectors correspond to the main geographic directions.
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Fig. 12. Comparison of the actual evapotranspiration (Eta) rates (calculated FAO approach) 2022 of each observed plots (L10H-BOK-
L6H-BOK; W10H-BFW) on the WPS plot in connection with 4 main wind sectors based on the daily mean wind directions and the 
daily mean wind direction over the whole measurement period (DOY 95-184); n = 13 680, all values in 2 m MH (a.g.l.): a) evaporation 
rates on the L10H-BOK plot; b) evaporation rates on the W10H-BFW plot; c) evaporation rates on the L6H-BOK plot; d) evaporation 
rates on the L4H-BOK plot; e) evaporation rates on the L2H-BOK plot; f) evaporation rates on the L6H-BFW plot.

Ta b l e  8. Overview of the calculated (Et0) rates on the SICE site in 2 m measurement height (a.g.l.) (MAIZEREF, PEAREF, 1. setup 
A0.5H- A2H, 2. setup B1H- B2.5H) and the modelled evaporation rates for comparison, observed period from DOY 186-208 (1. setup) 
and DOY 210-304 (2. setup) in 2022

Plot MAIZEREF** PEAREF
1. Setup 2. Setup

A0.5H A1H A2H B1H* B2H B2.5H*

Range 0.3-6.7 0.3-6.3 1.7-6.2 1.7-6.2 - 1.5-5.8 1.5-5.8 2.9-5.6
Mean 3.1 ± 1.7 3.0 ± 1.6 4.7 ± 1.5 4.7 ± 1.4 - 4.0 ± 1.2 4.0 ± 1.2 3.8 ± 1.1
Total sum 370 357 108 109 - 232 234 225
n 13 566 13 566 2 622 2 622 0 10 488 10 488 10 146

*Not complete dataset implemented; **downscaled WV.
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a crop-based system (SICE) with maize and soybean, where 
the maize strips were used as a windbreak. Field observa-
tions and measurements were carried out over a six-month 
period during the growing season, and microclimatic mea-
surements were taken. 

The measured microclimatic parameters included WV, 
AT, RH, and GR. Based on the measured meteorological 
variables, the grass reference evapotranspiration (Et0) and 
crop-specific actual evapotranspiration (Etₐ) rates were sim-
ulated and analyzed in the context of four primary WDs. At 
the WPS site, the WV peaks and mean WV values decreased 

in the immediate vicinity of the windbreak and increased 
with the distance from it. This effect was observed at both 
measurement heights of 1 and 2 m. 

These findings align with data from similar experiments 
(He et al., 2017; Böhm et al., 2014; Dufkova, 2007; Peri 
et al., 2002). Wind reductions from these studies indicat-
ed WREs at about 85% (Peri), 78% (Dufkova), and 50% 
(Böhm), which depended on the distance to the wind barri-
er. The results from our study were within this range (e.g., 
1-41% for the WPS system and 3-56% for the SICE).

Ta b l e  9. Overview of the calculated actual evapotranspiration (Eta) rates 2022 on the SICE site (MAIZEREF, PEAREF, 1. setup 
A1-A3, 2. setup A1-A3); observed period from DOY 186-208 (1. setup) and DOY 210-304 (2.setup), measuring height 2 m (a.g.l.)

Plot MAIZEREF** PEAREF
1. Setup 2. Setup

A0.5H A1H A2H B1H* B2H B2.5H*

Range 0.1-9.0 0.1-8.3 0.4-8.4 0.4-8.5 – 0.2-8.0 0.2-8.0 0.1-7.7
Mean 2.3 ± 1.7 2.3 ± 1.6 3.9 ± 1.5 3.9 ± 1.4 – 2.3 ± 1.2 2.3 ±1.2 2.3 ± 1.1
Total sum 278 270 89 89 – 221 222 219
n 13 566 13 566 2 622 2 622 0 10 488 10 488 10 146

*Not complete dataset implemented, **downscaled WV.

Fig. 13. Comparison of the actual evapotranspiration rates (Et0, calculated FAO approach) 2022 of each observed plots (MAIZEREF, 
PEAREF, 1.setup A0.5H-A2H, 2. setup B1H-B2.5H) on the SICE site in connection with 4 main wind sectors based on the daily mean 
wind directions and the daily mean wind direction over the whole measurement period (1. setup: DOY 186-208, 2. setup: DOY 210-
304); n = 18 814: a) Et0 rates on the PEAREF and the MAIZEREF plot in 2 m measurement height (a.g.l.), 2 m data was downscaled 
from 10 m measurement height; b) Et0 rates on the 1. setup A0.5H-A2H plot in 2 m measurement height (a.g.l.), A2H data is missing 
in both measurement heights; c) Et0 on the 2. setup B1H-B2.5H plot in 2 m measurement height (a.g.l.).
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Fig. 14. Comparison of the actual evapotranspiration rates (Eta, calculated FAO Allen et al. (1998) approach) 2022 of each observed 
plots (MAIZEREF, PEAREF, 1. setup A0.5H- A2H, 2. setup B1H-B2.5H) on the SICE plot in connection with 4 main wind sectors 
based on the daily mean wind directions and the daily mean wind direction over the whole measurement period (1. setup: DOY 186-208, 
2. setup: DOY 210-304); n = 18 814: a) Eta rates on the PEAREF and the MAIZEREF plot in 2 and 1 m measurement height (a.g.l.), 
2 m data was downscaled from 10 m measurement height; b) Eta rates on the 1. Setup, A0.5H- A2H plot in 2 m and 1m measurement 
height (a.g.l.), A2H data is missing in both measurement heights; c) Eta on the 2. Setup, B1H- B2.5H plot in 2 m and 1m measurement 
height (a.g.l.).

Ta b l e  10. Overview of the observed plots on the WPS site and the measured microclimatic parameters for both transects (Lee and 
Windwards)

Plot/Station Measurement height
(m a.g.l.)

Measurement depth
(cm b.m.l.) Measured parameter Sensor type

BFW (Luv)
L2H-BFW)
L6H-BFW
W2H-BFW
W10H-BFW

BOKU (Lee)
L2H-BOKU
L4H-BOKU
L6H-BOKU
L10H-BOKU

2/1
2

2/1
10

2
2/1
2

2 / 1
2 / 1

2

15/30
15/30

air temperature
relative air humidity
wind direction
wind velocity
soil moisture
soil temperature
global radiation
air temperature
relative air humidity
wind direction
wind velocity
global radiation

ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
ATMOS 22
TEROS 11/TM-4
TEROS 11/TM-4
ATMOS 41
ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
ATMOS 22
ATMOS 41
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The SICE system was designed to assess the impact 
of varying strip widths of two crop types (maize and 
soybeans) of different growing height on microclimatic 
conditions, which is similar to reports by Ouda et al. 
(2007) and Blessing et al. (2022). A notable WV reduction 
was observed within the 6-m-wide soybean strip due to 
the presence of an adjacent maize strip with 2-m canopy 
height. The measured parameters were compared across the 
plots, including the mean WV, WRE, Et0, and Etₐ rates. 

At the WPS plot, the mean WV of the reference plot 
W10H-BFW (2-m measurement height) on the windward 
(LUV) side of the WPS was 2.2 m s-1, while on the leeward 
(LEE) side (L10H-BOK), the mean WV was 2.5 m s-1. In 
comparison, the plot located closer to the WPS (L2H-BOK) 
had a lower WV of 1.4 m s-1, corresponding to a reduction of 
0.8-1.1 m s-1, depending on the plot. At a 1-m measurement 
height, the WV reduction was 0.6-0.8 m s-1. These results 
confirm a significant (and expected) wind-reducing effect 
of the WPS (Ableidinger et al., 2020; Weninger et al., 2022; 
Forman and Baudry, 1984). For example, in the studies by 
Ableidinger et al. (2020) and Forman and Baudry (1984), 
the WRE was up to 60% dependent on the distance to the 
wind barrier, and in the study by Weninger et al.  (2022), 
a reduction in wind erosion of up to 30% was found.

A similar pattern was observed within the SICE, where 
WV reductions were recorded as follows: setup 1: A0.5H: 
0.2 m s-1, A1H: 0.6 m s-1; setup 2: B1H: 0.9 m s-1, B2H: 0.8 m 
s-1, B2.5H: 1.4 m s-1. This represents a WV reduction with 
a range of 0.2-1.3 m s-1, depending on the distance to the 
WPS (maize barrier). At the WPS site, the WRE increased 
with the decreasing distance to the windbreak as well, with 
L4H-BOK showing a WRE of 24-30% at both measure-
ment heights, while L2H-BOK showed a WRE of 35-40%. 
Other studies show similar results of 9.715% (Vacek et al., 

2018) and 60-80% (Ma et al., 2019). Both studies also 
implemented the plant architecture as a wind barrier, which 
was not considered in our actual case study. 

Concerning the SICE site, the WRE with respect to the 
reference in the first setup was 23-31% within subplots 
A0.5H-A2H. In the second setup, PEAREF was used as 
the reference, and the WRE values were as follows: B1H 
(0-42%), B2H (3-46%), and B2.5H (36-56%). In all cas-
es, the WRE increased with the decreasing distance to the 
neighboring maize strip. 

To describe the systematic WRE for the different wind-
break types, a hedgerow coefficient (∆f) was established 
to standardize these effects for use in potential upscaling 
studies for various windbreaks over the landscape. The 
hedgerow coefficient is based on the WRE, which is related 
to the relationship of the height and distance to the wind bar-
rier (tree hedge, maize strip). Additionally, the values were 
classified for the four WD sectors in the plot. The lowest 
hedgerow-coefficient values (high wind reduction effect) 
occurred in the immediate vicinity of the wind barrier, and 
the highest values (low effect) occurred with the increasing 
distance from the barrier with an almost linear relationship 
to the height of the barrier versus the distance-to-barrier 
coefficient. However, further evaluation and calibration of 
this method are recommended for considerable of certain 
hedgerow characteristics, such as the density.

The calculated Et0 rates increased in accordance with the 
increasing WV with the increasing distance from the hedge-
row WPS. At reference plots W10H-BFW and L10H-BOK, 
the mean Et0 rates were 2.6 and 3.6 mm d-1, respectively. 
Closer to the WPS (L2H-BOK and L6H-BOK), the Et0 
rates were lower (1.9-2.0 mm d-1) except for L4H-BOK, 
which had an increased transpiration rate of 3.7 mm d-1. 

Ta b l e  11. Company names of the used data logger, type of the data loggers, logging interval and sampling interval for each observed 
location on the WPS site; *Campbell CR 10X on the A1-A3 plot was connected with the atmometers

Plot Company Type Logging 
intervall

Sampling 
intervall Station

BFW
(Luv)

METER©, Pullman, USA ZL6 10 min 1 min L2H-BFW
L6H-BFW
W2H-BFW
W10H-BFW

BOKU (Lee) METER©, Pullman, USA ZL6 10 min 10 min L2H-BOK
L10H-BOK

BOKU (Lee) METER©, Pullman, USA EM50 10 min 10 min L4H-BOK
L6H-BOK

BOKU (Lee) ETGAGE©, Loveland, USA atmometer 60 min 1 s L2H-BOK
L4H-BOK
L6H-BOK

BOKU (Lee) CAMPBELL 
SCIENTIFIC©, Logan, USA

data logger* 60 min 1 s L2H-BOK
L4H-BOK
L6H-BOK
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The Etₐ rates showed more variability as they are also 
related to water availability to soil crops. Therefore, using 
the same reference stations as for Et0, the Etₐ rates did not 
consistently decrease with the decreasing distance to the 
windbreak. This indicated that a decrease in evaporation 
losses leads to higher water availability to crops in the soil 
and keeps Etₐ at a higher level near the windbreak due to 
water extraction by the roots from the deeper soil layers. 
This is confirmed by several studies showing increasing 
biomass production near windbreaks. For example, Kort 
(1988) showed a yield increase for corn (12%), barley 
(25%), and millet (44%) in the vicinity of WPS systems. 
Cleugh (1998) observed a yield increase of 7%. 

Regarding the SICE (maize, soybean), the Et0 rates at 
PEAREF and MAIZEREF were 3.0-3.1 mm d-1, while the 
SICE plots (A0.5H-A2H) had consistently higher values 
averaging 4.7 mm d-1 at the 2-m measurement height. The 
evapotranspiration rates within the SICE were also higher 

in both setups (setup 1: 4.5-4.6 mm d-1; setup 2: 3.7-4.0 mm 
d-1). The Etₐ rates at 2-m measuring height in both exper-
iments were 2.3-3.9 mm d-1, exceeding reference values.

Windbreaks and strip intercropping systems provide 
multiple benefits in wind-exposed agricultural areas, 
including improved microclimatic conditions, reduced 
evaporation losses, and reduced soil erosion, which lead to 
increased crop yields (Ableidinger et al., 2020; Hanming 
et al., 2012; Campi et al., 2009). The orientation of the 
WPS or intercropping strips in relation to WD significant-
ly influences microclimatic improvements (Brandle et al., 
2004; Blessing et al., 2022). Studies suggest that the wind 
influence extends to a distance of up to 20 times the WPS’s 
height. The wind influence was also measured at up to 
approximately 10 times the WPS height, and the strongest 
effects were observed on the leeward side of the windbreaks 
(Řeháček  et al., 2017).

Ta b l e  12. Measured parameters on the observed plots on the SICE site (PEAREF, MAIZEREF) and the setup 1 and 2 (A0.5H-A2H; 
B1H-B2.5H) during the observed period, *below mineral horizon layer

Plot/Station Measurement height 
(m a.g.l.)

Measurement depth 
(cm b.m.l)* Measured parameters Sensor type

1. setup:
A0.5H(1 m)
A1H(2 m)
A2H(4 m)

2. setup:
B1H(2 m)
B2H(3.5 m)
B2.5H(5 m)

2/1
2

2/1
2/1

2/1
2

2/1
2/1
n/n
n/n

5
5

5
5

air temperature
relative air humidity
wind direction
wind velocity
soil moisture
soil temperature

air temperature
relative air humidity
wind direction
wind velocity
soil moisture
soil temperature

ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
ATMOS 22
TEROS 11/TM-4
TEROS 11/TM-4

ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
ATMOS 22
TEROS 11/TM-4
TEROS 11/TM-4

PEAREF 2
2

2
2

2/1
2/1
n/n
n/n

0-12
0-12

air temperature
relative air humidity
precipitation
global radiation
wind direction
wind velocity
soil moisture
soil temperature

ATMOS 14
ATMOS 14
ATMOS 22
ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
TM-4
TM-4

MAIZEREF 2
2

2
2
10
10
n/n
n/n

0-12
0-12

air temperature
relative air humidity
precipitation
global radiation
wind direction
wind velocity
soil moisture
soil temperature

ATMOS 14
ATMOS 14
ATMOS 22
ATMOS 41
ATMOS 41
ATMOS 22
ATMOS 22
TM-4
TM-4



G. GOLLOBICH et al.112

Within the SICE, the absolute WD effects were smaller 
than those observed near the WPS due to the lower height 
of the windbreak and were additionally affected by differ-
ing observation periods with different WVs. The Et0 rates 
behaved as expected and increased with the distance from 
the maize strip except at 4 times the hedgerow distance, 
which was likely due to effects of wind turbulence (Kanzler 
et al., 2018; Thevs et al., 2017). However, the Etₐ rates did 
not show a consistent trend, possibly due to turbulence 
effects on microclimatic parameters such as air temperature 
and air humidity. Finally, to describe the systematic effects of 
windbreak systems of different types, we introduced a hed- 
gerow coefficient to compare different WPSs and SICEs 
with different architectures in a standardized way. This 
approach could be used for spatial upscaling of windbreak 
effects over larger areas of landscapes if a high-spatial-res-
olution map of landscape elements is available (e.g., based 
on laser scans).

5. CONCLUSIONS

The results demonstrate that both hedgerow-based sys-
tems (WPS, deciduous type) and crop-based wind breaking 
systems (SICE, strip crop type) produce measurable reduc-
tions in WV in the range of 0.2-0.7 m s-1, depending on the 
measurement height und distance to the WPS. The WPS 
achieved higher absolute wind reductions, whereas the 
SICE systems exhibited significant local effects immediate-
ly adjacent to the barriers. The calculated Et0 and Etₐ values 
highlight the influence of wind reduction on evapotranspi-
ration, with total reductions in the range of 104-201 mm 
(WPS) and 189-262 mm (SICE), depending on the distance 
to the barrier.

The demonstrated hedgerow coefficient (∆f) could be 
used as a simple indicator for comparing different WPSs 
and allows extrapolation from point measurements to the 
landscape scale. Practically, this approach could inform 
land-use planning to optimize wind protection, minimize 

Ta b l e  13. Company names of the used data logger, type of the data loggers, logging interval and sampling interval for each observed 
location (see Fig. 1), *Campbell CR 10X on the A0.5H-A2H plot was connected with an atmometer (data only for validation)

Plot Company Type Logging 
intervall

Sampling 
intervall Station

PEAREF METER©, Pullman, USA ZL6 10 min 1 min PEAREF
MAIZEREF ZL6 10 min MAIZEREF
A0.5H-A2H EM50 10 min 1.setup:

A1(1 m)
A2(2 m)
A3(4 m)

2.Trial:
A1(2 m)
A2(3.5 m)
A3(5 m)

A0.5H-A2H ETGAGE©, Loveland, USA atmometer 60 min 1 s 1.setup:
A0.5H(1 m)
A1H(2 m)
A2H(4 m)

2.setup:
B1H(2 m)
B2H(3.5 m)
B2.5H(5 m)

A0.5H-A2H CAMPBELL SCIENTIFIC©, 
Logan, USA

data logger* 60 min 1 s 1.setup:
A0.5H(1 m)
A1H(2 m)
A2H(4 m)´

2.setup:
B1H(2 m)
B2H(3.5 m)
B2.5H(5 m)
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soil-water losses, and mitigate crop-yield reductions in 
drought conditions. However, further research and mea-
surement campaigns or related data sources are needed to 
extend the parameterization for different types of WPSs or 
hedgerows.
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