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11.1 Introduction 

Agriculture and food security are facing major challenges due to global change worldwide. This puts increasing 

pressure on the efficient use of limited land and resources to ensure stable agricultural production (Rötter et al. 

2014) and avoid conflicts with other livelihoods and economies (Snyder et al. 2015). This is being exacerbated by 

climate change, particularly in the form of rising temperatures, changes in precipitation patterns, heat waves and 

droughts, which will ultimately lead to water scarcity for crops and increased yield uncertainty (Brune 2016, IPCC 

2021, von Maltitz et al. 2014). This particularly affects the semi-arid regions where evaporation exceeds the 

amount of precipitation. Protecting the soils against degradation by erosion and saving water are therefore an 

absolute necessity for successful and efficient agriculture. All available potentials should be used for this purpose, 

preferably those that generate positive effects through their presence alone. This applies to the landscape structure, 

as it is well known that a structured landscape has wind reducing, shading and cooling effects. So, landscape 
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structures combine many positive effects (Chapter 14) by reducing soil erosion, creating safe habitats for plants 

and animals and thus increase biodiversity, connecting biotopes or simply determining the aesthetics of a landscape 

(Vigiak et al. 2003, Pásztor et al. 2016, Sheppard et al. 2020).  

Wind erosion is a gradual soil degradation process characterized by the removal of the finest and lightest particles, 

such as the clay and silt fractions and the soil organic matter (SOM). Over time, this leads to a deterioration in the 

physical and chemical properties of the soils (Goossens 2004, Borelli et al. 2017, Nerger et al. 2017). This is a 

particular problem in semi-arid regions with agricultural use, but temperate latitudes are also increasingly 

confronted with this problem (Reich et al. 2001, Zolina et al. 2013). The classification of the wind erosion risk of 

larger areas is usually based on the spatial distribution of soil types and wind velocities (e.g. for South Africa 

Kestel et al. 2023, Zhao et al. 2021). The effect of vegetation on the wind erosion risk is included as displacement 

height and aerodynamic roughness length, but only related to the place of its presence (Funk and Reuter, 2006; 

Borelli et al., 2014, Borelli et al., 2017). The fact that the influence of forests, hedges, shrubs and other landscape 

structures can be up to 40 times of their height is hardly taken into account in large-scale analyses (Hagen et al., 

1981, van Eimern, 1964, Vigiak et al. 2003).  

The water balance of soils is primarily dependent on intrinsic factors such as soil texture, soil organic matter 

content or bulk density, which determine the water holding and water transport capacities directly at the site 

(Horton et al. 2016, Jacobs et al. 2022, Veste et al. 2020). In heterogeneous landscapes the spatial pattern of soils, 

topography and land use determine spatial differences in water availabilities (Schmidt et al. 2004). However, in 

the landscape context, also other factors contribute to this, which can be attributed to micrometeorological effects, 

mainly related to evapotranspiration (Allen at al. 1998, see chapter 5, 10). This is particularly relevant for landscape 

elements as small forests, shelterbelts, trees or shrubs that influence directional meteorological parameters such as 

wind velocity or solar radiation and results in windward and leeward effects or sunny and shady sides in close 

proximity to each other. This causes further spatial differences of temperature, humidity, evaporation or dew 

formation, and different growth conditions for crops between both sides which go far beyond the effects at the 

location. Many micrometeorological measurements have been carried out around windbreaks in recent decades 

(Caborn 1957; Plate 1971; Schwartz et al. 1995; Cleugh 1998; Cleugh and Hughes 2002, Vigiak et al. 2003; Böhm 

et al. 2014; Kanzler et al. 2019; Weninger et al. 2022), quantifying these effects which can result in different 

growing conditions and yields of agricultural crops finally (Baker et al. 2016, Schmidt et al. 2019, Baker et al. 

2021, chapter 13)  



In the case study we illustrate the influence of landscape elements on the spatial variability of the directional 

meteorological parameter wind velocity and how that affects the reduction of the wind erosion risk and the 

potential evapotranspiration. Our analysis is intended for larger regions and was therefore integrated into a GIS 

(Funk and Völker 2024). The ArcGIS toolbox “WERA” should help to identify problem areas of wind erosion 

within the region and to illustrate differences in water availability between or within fields in a quantitative way. 

The approach can be transferred also to other regions like Southern Africa, where wind erosion is a major threat 

for agriculture and land-uses (Kestel et al. 2023, Baade et al. 2024) for regional and local planning. 

 

11.2   Toolbox “WERA” 

Our methodology is based on the ArcGIS toolbox “WERA”, which was developed to assess the influence of 

landscape elements on the wind erosion risk by shadowing effects (Funk et al. 2023, Funk and Völker 2024). The 

model calculates the reduction of the wind erosivity based on the frequencies of wind velocities above a certain 

soil specific threshold and their directional distributions. For this purpose the location and height of all landscape 

elements are required. This information can be obtained from maps, on-site measurements or remote sensing 

methods as laser scanning.  

Since the reduction in wind speed not only affects wind erosion, but also has an impact on other 

micrometeorological parameter as the evapotranspiration, this approach can also be used for this purpose. The aim 

here was to show how the wind reducing effects of LE influences this parameter in its spatial variability and to 

estimate water-saving effects. In this way, shorter periods of time or individual events can be calculated. 

 

11.2.1  Landscape structure  

The landscape structures (Fig. 11.1) for the purposes of this study are needed as information about height and 

spatial arrangement of each landscape element (LE). We derived a landscape structure model from an aircraft-

based laser scanning campaign for the Digital Elevation Model (DEM), where the surface and all objects on it 

were scanned in a grid with a horizontal resolution of 1 x 1 m and a vertical resolution of ± 0.25 m (LGB 2020). 

The laser scanning resulted in two layers, the Digital Surface model (DSM), including everything with a certain 

height, and the derived Digital Elevation Model (DEM), representing the land surface after eliminating all 

landscape elements as buildings or vegetation. The height of any landscape element can be received by subtracting 

the DEM from the DSM. This step eliminates topography and the resulting new layer includes only the measured 

landscape elements on a flat surface. Additionally, all height values inside of agricultural land were set to zero 



using the structures of a Digital Field Block Cadastre (DFBK, LGB 2023), because temporary silos or hay bales 

left in the fields were also measured by the laser scanning during the overflight.  

 

 

 

Figure 11.1. Landscape elements at the study site of Orchard Research Station, Müncheberg, Brandenburg 



 

Figure 11.2. Landscape unit with all scanned landscape elements at the study site of Orchard Research Station, 

Müncheberg, Brandenburg 

 

The decrease in wind speed behind windbreaks is well studied and shows a distinct decrease on the leeward site at 

first, which then gradually increases back to the original value with increasing distance. One of the few 

mathematical descriptions of this curve can be found in the WEPS model (Hagen and Fox 2020). The equation 

calculates the decrease and increase of the wind speed behind the LE as multiples of its height (Eq. 1, Fig. 11.3). 

Also the porosity (p) of the windbreak can be entered as an additional parameter (Eqs. 2 - 5). An average value is 

sufficient for the evaluation of long-term effects; if the method is used on an event-related basis, it is possible to 

react to the different foliage in winter or summer.  

𝑓𝑢 = 1 − exp(− 𝑚 * 𝑥2 ) + 𝑛 * 𝑒𝑥𝑝(−0 . 003( 𝑥 + 𝑠 ) 𝑡 )    (1)  

where  

fu  wind reduction factor  

x  distance from the structure element in multiples of height.  

The coefficients m, n, s and t depend on porosity (p) and are calculated as follows  

𝑚 = 0.008 − 0.17𝑝 + 0.17𝑝1.05        (2)  

𝑛 = 1.35 (−0.5𝑝0.2)        (3)  



𝑠 = 10 (1−0.5𝑝)         (4)  

𝑡 = 3 – 𝑝         (5)  

 

Figure 11.3 Wind velocity reduction in front and behind a wind barrier in multiples of the barrier heights calculated 

with equations 1- 5 for a porosity of 40 per cent 

 

 

11.2.2 Meteorological data 

Our study uses hourly data of temperature, precipitation, global radiation, air humidity, wind velocity and wind 

directions available from 1991 to 2023. The data were obtained from DWD Climate station in Müncheberg (DWD 

Climate Data Centre, DWD station 3376, 14.12 E, 52.52 N). The data were used to calculate the wind erosivity, 

the sheltering distance behind the LE for all wind directions and the potential evapotranspiration (PET) for each 

hour of that period.  

 

Derivation of parameters influencing wind erosion  

The wind erosivity and the wind directions are the basis to derive an effective sheltering distance behind any LE 

for all measured directions. First, the frequency distribution of measured winds (u) above a threshold wind velocity 

(ut) and the transport capacity q (Eq. 1) were used to calculate a weighted transport capacity for each direction 

(Fig. 11.4):  

𝑞 = (𝑢 − 𝑢𝑡)2  for u > ut      (1)  



 

Figure 11.4  Frequency of hourly wind velocities above the threshold of 6 m s-1 (light blue bars); transport capacity 

of the wind based on the relationship q = (u - ut)u² (black line); relative transport capacity q*f (blue bars) (Funk 

et al. 2023) 

 

 

 

Generally, the wind reducing influence of a windbreak is indicated with the 40-fold of its height, which refers to 

the initial level. If a threshold velocity is set, this distance only applies to this velocity. Higher velocities result in 

shorter distances, so that exceeding this threshold value reduces the protective distance (Fig. 11.5). From the 

combination of the relative transport capacities and the effective protection distance derived for each wind velocity 

level, new weighted protection distances can be calculated for each wind direction (Table 11.1). 

 



 

Figure 11.5. Wind velocity reduction in front and behind a landscape element for wind velocities above a 

threshold; red line marks the threshold wind velocity for wind erosion on sandy soils, the crosses mark the 

distances from which the wind velocity becomes erosive again 

 

Table 11.1. Example for the derivation of the effective protection zone behind a landscape element, taking into 

account the transport capacities of all occurring wind velocities above the threshold 

 

 

Wind velocity 

class 

(A)  

 relative transport 

capacity (%)  

(B) 

class middle in 

multiples of height  

A * B 

 

Σ/100 

6 - 7 m s-1 22.9 28 641.2 

7 - 8 m s-1 38.8 17.5 679.0 

8 - 9 m s-1 18.2 15 273.0 

9 - 10 m s-1 10.5 12.8 134.4 

> 10 m s-1 9.6 10 96.0 
 

 
 

18.2 

 

 

This is made for each considered wind direction separate. The result is then the effective protective length of a 

wind barrier in the corresponding direction, expressed in multiples of the height of the LE. In a final step, these 

effective protection lengths of each direction are then multiplied by the normalized transport capacity of each 

direction. The direction with the maximum transport capacity is given a factor of 1, all others are reduced 

accordingly (Fig. 11.6, right).  



 

 

Figure 11.6. Wind speed distributions: a) all wind speeds (hours), b) wind speeds above the threshold of 6 m s-

1(hours), and c) relative transport capacities of each direction (normalized, maximum = 1) 

  

 

Figure 11.7. Calculated wind protection zones against wind erosion around landscape elements at the study site 

of Orchard Research Station, Müncheberg, Brandenburg. 

 

 

The ArcGIS Toolbox WERA uses all this data to set virtual shadows that correspond to the effective protection 

lengths of each LE in all considered directions. To simplify the calculation procedure, the shadows are divided 

into five protection zones of equal length and their effect is classified from very low to very high (Table 11.2). In 

the final step, these protection zones are linked to the soil erodibility (Fig. 11.8). This is also available in five 

levels, resulting in the following the matrix in Table 11.2. 



 

Table 11.2. Connection between soil erodibility and wind protection to derive the reduced erodibility by wind 

shadowing (same colours for the classes are used in Figure 11.6) 

 
Wind protection class 

very low (1) low (2) medium (3) good (4) very good (5) 

Soil 

erodibility 

very low (1) 0 0 0 0 0 

low (2) 1 0 0 0 0 

medium (3) 2 1 0 0 0 

high (4) 3 2 1 0 0 

Very high (5) 4 3 2 1 0 

 

 

 
Figure 11.8. Final combination of the soil erodibility with the wind protection classes for estimation of the 

reduced soil susceptibility to wind erosion at the study site of Orchard Research Station, Müncheberg, 

Brandenburg 

 

 

Derivation of parameters influencing the potential evapotranspiration 

The same meteorological data were used to calculate the hourly potential evapotranspiration (PET) with a modified 

Penman-Equation after Wendling et al. (1991):  

𝑃𝐸𝑇 = 𝑔 ∙ [
𝐺

410
+ (0.5 + 0.54 ∙ 𝑢2) ∙ (100 − 𝑅𝐻) ∙ 𝑇𝐿/905]    [6] 

With  g = 2.4 ∙ (𝑡 + 22)/(𝑡 + 123)…. 

  G global radiation (J cm-2) 

u2 wind velocity in 2 m height (m s-1) 



  RH relative humidity (%) 

  TL length of day (h), setting TL = 1 enables the calculation of hourly values 

As the standard height for wind velocity measurements at the DWD stations is 10 m, the wind velocity for the 

height of 2 m is calculated with  

𝑢2 = 𝑢10 ∙ 4.2/(3.5 + 𝑙𝑛10)       [7] 

but also any other equation for the wind profile is applicable (WMO 2012, Stull 2000). 

This hourly PET values were calculated for each of the shadowed zones by reducing the wind speed by the average 

factors shown in Fig. 11.9. The lengths of the shadows of each direction are related to the frequencies of all 

measured wind velocities.   

 

 

 

Figure 11.9. Factors of wind velocity reduction in the zones behind a landscape element, averages of the curves 

shown in Fig. 11.5 

 

 

11.3  Regional analysis – the case study in Brandenburg 

11.3.1 The study area 

The study for the regional analysis is the district Märkisch-Oderland (MOL) located in the Federal State of 

Brandenburg, Germany. The area of MOL extends east of Berlin to the Polish border and covers 2,127 km², of 

which approximately 60% is used for agriculture and 23% is covered by forest (Figure 11.10). The soils originate 

from the Quaternary period, when large amounts of loose material were deposited during the last Ice Age. In the 



post-glacial period, water and wind erosion covered large areas with material sorted by the erosion processes. 

Ground and end moraines, alluvial fans and aeolian sands are thus the initial substrates of today's soils. As a result, 

there is a great variability of soils which are immediate adjacent. Soil data are available in a map from the 

Brandenburg State Office for Mining, Geology and Raw Materials in the scale of 1:10,000 (LGBR 2024).  

 

 

 

Figure 11.10. The district Märkisch-Oderland (MOL) with the main soil types on arable land and all landscape 

elements (LE) coloured according to their classified heights   

 

 

Climate of the study area 

The study area climate is characterized by the transition between maritime and continental influences.  Especially 

the eastern part of Brandenburg with the Oderbruch belongs to the regions with the lowest annual precipitation (P) 

in Germany, with 533 mm in average with a span from 360 to 760 mm. In the 30-year average (1991 – 2020), 

precipitation remains almost constant, with a slight increase of 0.5 mm per year, whereas the last 10 years 

documents a strong decrease in precipitation of 16 mm per year. In terms of temperatures and daily hours of 

sunshine, MOL is at the upper limit in Germany (DWD 2022). Thus, the potential evapotranspiration (PET) is also 

correspondingly high. The 30-year average of PET is 866 mm, ranging with annual values from 740 to 1020 mm. 

The 30-years trend shows an increase in PET of 77 mm. There is a climatic water deficit (PET > P) from March 



to October. Based on these climatic conditions, both the protection of the soil from wind erosion and the reduction 

of evaporation by the LE are of great importance for a sustainable and successful agriculture. 

 

11.3.2  Application wind erosion 

The wind erosion affected area in the district MOL decrease considerably by including the wind reducing effects 

of landscape elements (Fig. 11.11). The comparison to the baseline situation where the erosion risk was only 

derived from soil data, the wind shadowing effect of the LE results in a reduction of the wind erosion risk area by 

one third, from 18,740 ha to 12,114 ha. This proves that the inclusion of landscape structures in the determination 

of the wind erosion risk is an essential part of the process. The ArcGIS Toolbox WERA is now an easy-to-use tool 

that is available on request. 

 

 

Figure 11.11. Wind erosion risk in the county MOL, left: based on soil data, right: including wind reducing effects 

by landscape structures 

 

 

In addition to the regional analysis, the results can also be used as a planning tool for each individual field to 

optimize protective measures. The installation of new windbreak hedges can thus be adapted to the real risk 

potentials and scenarios for their effectiveness can be calculated over certain periods of time. The landscape section 

used as a case study in this chapter shows that despite the good protection provided by the hedge on the left, a 

significant proportion of the arable land remains in the highest risk category (Fig. 11.12). It is clear that a hedge 

running from north to south in the centre of the picture would be the best solution here. 

 

 



 

 

Figure 11.12. Wind erodibility resulting from the consideration of the wind-reducing effects of shelterbelts at the 

study site of Orchard Research Station, Müncheberg, Brandenburg (for legend see Tab. 2, Fig. 11.8) 

 

11.4   Wind effects on the spatial distribution of the potential evapotranspiration (PET) 

The reduction in wind speed also has an effect on the calculated potential evapotranspiration PET. This effect is 

even more pronounced in dry years (Fig. 11.13). During periods of drought, 2 - 3 days on which the plants still 

have sufficient water available often decide whether or not there will be serious yield losses. In the 30-years 

average, the annual PET is reduced to 86 % or 118 mm less PET in the zone closest to the LE, corresponding to 

the 0 - 5-fold of the height of each LE. With increasing distance and increasing wind velocity, the calculated 

evaporation increases again until it reaches its initial value again at a distance of the 20-fold of the height. These 

values are in good agreement with measured values from other authors (Kanzler et al. 2019, Jacobs et al. 2022). 

The GIS also allows these effects to be displayed in their spatial distribution (Fig. 11.14).  

 



 

Figure 11.13. Calculated reduced Potential Evapotranspiration (PET) in the zones of wind reduction behind 

landscape elements (wind reduction as indicated in Fig. 11.4), dry years: 1992 (418 mm precipitation), 1999 

(417 mm), 2018 (390 mm) 

 

 

Figure  11.14 Calculated effects of the reduced wind velocities on the spatial variability of Potential 

Evapotranspiration (PET)  

 

11.5  Conclusions 

Our results support the positive effects of landscape elements on reducing wind erosion susceptibility of soils and 

as a potential water saving measure influencing PET. Based on state-of-the-art technologies to measure landscape 

structures and quantifying the protective effects of wind barriers a very detailed spatial resolution of the wind 

erosion risk can be derived. As the wind speed also influences the PET, the same procedure can also be used to 

calculate the change in PET and to quantify and visualize the effects at high spatial resolution. This is particularly 

important in agricultural areas with extended dry seasons, as all means should be used to prevent harmful soil 

degradation due to wind erosion and to minimize unproductive evaporation. Based on the results, with this 



powerful planning tool protection strategies can be better implemented in practice and their positive effects 

quantified. 
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