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The paper presents the development, adaptive improvement and use of the method to estimate the wind erosion
risk in Germany for Cross Compliance (CC) regulations, based on the German standard DIN19706. It is illustrated
by the example of the Federal State of Brandenburg. A landscape structure model was developed which calculates
the sheltering effects of landscape elements. Basic inputs are the heights of all landscape elements and the fre-
quencies and directions of erosive winds. In combination with the soil map of erodibility the wind erosion risk is
derived in a high spatial resolution according to the CC requirements. In addition to improving the input data in
terms of its spatial resolution by using air-borne laser scanning data, an innovative approach is presented which
derives the sheltered areas behind landscape elements from the transport capacities of wind speeds above a
threshold. Thus, our analysis represents one of the most comprehensive wind erosion assessment of cropland that
can be used for landscape structure assessment well beyond CC use. The derivation of effective protection zones
from the frequencies of erosive winds when critical thresholds are adjusted represents an innovative approach
that provides an objective and transferable assessment of wind protection of landscape features in different wind

regimes.

Introduction

Wind erosion is a serious soil degradation problem on agriculturally
used land worldwide, mainly related to arid and semi-arid regions
(Reich et al., 2001; Borelli et al., 2014). In the sub-humid climate of
Northern Germany wind erosion is a seasonal threat especially in the
spring months and increasingly in late summer, when the fields are bare
and freshly prepared for the following winter crops (Funk & Reuter
2006). Furthermore, aspects of climate change and its particular impacts
on wind erosion are becoming important. Recent studies predict longer
dry spells, more heat waves and higher wind speeds, which will intensify
the wind erosion problem in the future, on the one hand by increasing
the intensity and on the other hand by extending it in time (Zolina et al.,
2013; Brune, 2016; Gericke et al. 2019). So, short- and long-term effects
of wind erosion require specific attention, as they are associated with
current management practices and long-term soil and climate changes.

Wind erosion contributes to a gradual decrease of soil fertility on
agriculturally used fields, especially by sorting processes of the mixed-
grained soils (Goossens & Gross, 2002; Funk et al., 2004a; Bach, 2008;
Borelli et al., 2017; Nerger et al., 2017). Fine particles and soil organic
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matter (SOM) are removed predominantly and transported as suspen-
sion fraction over great distances. The coarser particles of the saltation
fraction remain close to the ground and are deposited on the field or at
the field boundary. This material is generally characterized by a uniform
grain size, dominated by the medium sand fraction (particle diameters
between 100 and 630 um), and the loss of organic material, already
indicated in the field site by a lighter colour of the deposits compared to
the original soil. In contrast, the suspension fraction is enriched in
organic material, nutrients and chemical agents, responsible for addi-
tional problems in adjacent or remote, natural or urban areas (Goossens,
2004; Funk & Reuter, 2006; Hoffmann et al., 2008; Hoffmann et al.,
2015; Mendez et al., 2017). Enrichment ratios of SOM in the suspension
fraction measured in heights above 1 m were always several times above
the corresponding concentrations of the original soil (Sterk et al. 1996;
Li et al., 2007; Webb et al., 2012; Iturri et al. 2017).

Wind erosion affects traffic safety by its local and sudden occurrence
and the released dust in the PM;o- and PM> s5- fractions contributes to air
pollution in urban areas (UBA, 2017; Li et al., 2018). Dust from arable
land has also impact on atmospheric processes by reflecting and
absorbing radiation. Particles of the aerosol sizes (<20 um in diameter)
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initiate the droplet freezing in mixed-phase clouds and have shown a 10-
time higher ice nucleation efficiency than desert dust (Conen and Lei-
feld, 2014; Steinke et al., 2016). Released dust particles of soils are also a
favoured transport medium for microbes, which are soil-borne or added
by organic fertilizers (Giongo et al., 2013; Favet et al., 2013; McEachran
et al., 2015; Miinch et al. 2020).

The extent of soils susceptible to wind erosion in the North-Eastern
part of Germany is considerable, with about 60 per cent of the arable
land in the Federal State of Mecklenburg-Western Pomerania (MVP) and
40 per cent in the Federal State of Brandenburg (BRB), predominantly
soils of sandy texture (MLUK, 2021; LUGV, 2016; Funk et al. 2004b).
The combination of large fields with high wind velocities close to the
coast line of the Baltic Sea in MVP, and dry climatic conditions in BRB
are further favouring factors for wind erosion in this region. The main
season for wind erosion is spring, when the temperature and air pressure
differences between the Atlantic and the continent are responsible for
high wind velocities, and the fields for summer crops are bare and fine
structured due to seedbed preparations. Especially fields grown with
maize are endangered, because the slow germination, the wide row
distances and the slim silhouette of the crop maintain the wind erosion
risk for a long period of time (Funk & Engel 2015). The repeated
occurrence of wind erosion events disturbing the public in north-eastern
Germany also always initiates the discussion of whether the area is
adequately equipped with windbreaks.

On the other hand, both Federal States MVP and BRB are already
characterized by a very diverse landscape structure, including forests,
alley trees, hedges, small groves and habitats, which are obstacles for the
surface wind and having a protective effect by decreasing the local wind
velocity, extracting momentum, and, if related to a specific field area,
reducing the wind erosion risk finally (Frielinghaus et al. 2002a; Frie-
linghaus et al. 2002b; Chappell & Webb 2016; Baker et al. 2021).

Estimations of the wind erosion risk for larger areas are mainly based
on soil data (Borelli et al., 2014; Borelli et al. 2016) and the spatial
variability of the surface wind velocity as influenced by orography or
extended uniform landscape patterns, as forests, grassland or arable land
(Pasztor et al., 2016; Troen & Petersen, 1989). The effect of vegetation
on the wind field is included as displacement height and aerodynamic
roughness length, but attributed to the place of its presence (Funk &
Reuter, 2006; Borelli et al., 2015). Thereby, the wind reducing effect of
any landscape element is much vaster and may influence leeward dis-
tances up to the 40-fold of its height (Hagen et al., 1981; van Eimern,
1964; Vigiak et al. 2003). Wind velocity and radiation are affected
primarily, which again have impact on temperature, dew formation,
evaporation and soil moisture in these zones influencing wind erosion
susceptibility additionally (Nageli, 1941; Illner, 1956; Schmidt et al.
2019). Approaches that include already the shadowing effect of rough-
ness elements are available, and have been developed by Chappell and
Heritage (2007) and were field tested by Ziegler et al. (2020). Based on
the work of Elliot (1958), Marshall (1971) and Raupach (1992), they use
illumination and shadow to estimate the effects of roughness elements
on aerodynamic resistance and flow separation. Here, the influence of
the roughness elements on the flow is in the main focus, only one di-
rection is considered and a number of parameters describing size, shape
and distribution of the elements are required.

The implementation of the Cross Compliance (CC) regulations for
soil protection in 2008 by the European Commission resulted in the
demand to classify the wind erosion risk on agricultural used areas in
Germany nationwide. A spatial high precise method was needed,
adequate to the spatial accuracy of the Digital Field Block Cadastre
(DFBK, EC 1593/2000), where a minimum accuracy at least equivalent
to a scale of 1:10,000 is demanded. Data sets and validation principles
should be uniformly applicable to guaranty a fair and comparable pro-
cedure between all farmers. As the classification is also linked to adap-
tation measures of, and direct payments to the farmers, this method
development became a very sensitive, critically observed topic from all
sides. The implementation of the CC regulations also required a
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justiciable base, which is given in Germany only by laws or standards.
Therefore the classification has been based on the standard “Soil quality
— Determination of the soil exposure risk from wind erosion” (DIN
19706Din (2004)), where the authors were also involved in the devel-
opment. These needs will remain in the future with the introduction of
the new EU CAP rules in 2023, where the various effects of windbreak
hedges, such as increasing biodiversity or influencing the microclimate
will be on the main focus.

Data maintenance and updating were essential parts of the annual
calculation of the wind erosion risk assessment for CC in the first years of
application (start: 2008) to ensure acceptance by the farmers and avoid
later objections. This approach was developed in close cooperation with
the regional authorities of Schleswig-Holstein, Lower Saxony and
Mecklenburg-Western Pomerania, where equivalent approaches are in
use. In this paper, we present the approach exemplarily for the Federal
State of Brandenburg (BRB) for which we were responsible.

Among the administrative requirements of the study, the scientific
aim was to provide and develop a landscape structure model, which is
based on process-orientated classifications and taking into account all
relevant parameters influencing site-specific wind erosion with the best
available spatial resolution and state-of-the art technology.

Materials and methods

The German standard DIN 19706, “soil quality — Determination of the soil
exposure risk from wind erosion”

This standard provides a simple determination scheme for deriving
the wind erosion risk stepwise (Fig. 1). For the purposes of CC, the DIN
19706 is not applied in its entirety, but only for the determination of the
site-dependent erosion risk. Here, mainly the stable factors are consid-
ered, such as the soil type, the average wind velocity as well as the
landscape structure. Therefore, in deviation from the scheme shown in
Fig. 1, step 3 that evaluates the crop types or crop rotations is not
included. Since it could be exchanged with step 4 for the evaluation of
the landscape structure anyway, there is no different evaluation up to
this point.

Annual average
wind velocity

| Soil erodibility
Stepll Texture class, SOM content

N
'|_+J‘

Site specific erosion risk Sheltering effects of

of a bare and dry soil T _§tep2 crops/crop rotations
> +
L
Site and crop Sheltering effect of
specific erosion risk Step3 landscape elements

Wind erosion risk, derived from
site specific risk, crops and €T Step/4
landscape elements |

Fig. 1. Scheme of the determination of the wind erosion risk with the
DIN 19706.
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Considered area

The considered area includes the Federal State of Brandenburg (BRB)
and the periphery of the included capital Berlin, covering together an
area of about 30,000 km2 The methodology is presented using the
district Maerkisch-Oderland (MOL) for better illustration. The soils and
the surface structure are the result of the last glaciation (Weichsel glacial
stage) about 20,000 years ago, with the typical glacial sequence in
northeast-southwest direction of ground and end moraines, outwash
plains and dunes (De Boer 1992; Stackebrandt & Franke, 2015). Large
areas of the moraines were covered by fluvial and aeolian deposits of
sandy texture during the peri- and postglacial periods. These predomi-
nant “light” soils are particularly susceptible to wind erosion (Fig. 2). In
addition to these mineral substrates, BRB also has extensive peatland
areas with very different degrees of degradation.

The climate in BRB is typical for the transition between oceanic and
continental influences. The annual average precipitation is 550 mm, the
potential evapotranspiration (PET) is 864 mm, and a climatic water
deficit (PET > precipitation) is typical for the months April to
September. The wind velocity has its maximum between January and
April and the highest transport capacity in March, when strong wind
velocities often coincide with a dry soil surface.

BRB has about 10,500 km? of forests, which is 36 % of the total area
and mainly locates in the areas where the soils limit agricultural pro-
duction (too dry, too wet, too steep,...). The range of forested areas
between the districts of BRB is between 23 and 46 %, depending on the
soil quality (ATKIS 2013).

The area of interest is finally defined by the Digital Field Block
Cadastre (DFBK), which contains all agricultural used fields in Vector
Data File formats in a GIS (LGB 2023). The general form of land use is
divided into arable land and grassland. The DFBK has a separate layer
including a part of the landscape elements in or adjacent to the field
blocks.

&

-
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Q

Aeolian Research 62 (2023) 100878
Compilation of a complete soil map

Soil maps covering the total area of Germany exist on a scale of 1:
200,000. They show the distribution and association of soils and their
properties. In BRB the Geological Service derived a use-independent
map series on a scale of 1: 300,000. From the basic data of these soil
maps, the functions, potentials and hazards of soils can be determined
and represented. The soil map BK50 (scale 1: 50,000) is currently the
map with the highest resolution, developed in a similar form in the other
Federal States. However, the scale is too rough for the requirements of
CC, where a spatial resolution of 1: 10,000 was demanded. Therefore, a
soil map was composed from digitized soil maps in vector format with
the aim to cover the entire area of the Federal State in one map to
prevent additional work by later reassignment of changed land uses or
data mismatch during the calculation by not assigned grid cells. Since
soil maps are primarily related to the area of agriculturally used land,
landscape compartments of other land uses were not included. This
deficit is being prevented by this compilation. The map is also used to
classify the water erosion risk and represents therefore the uniform
dataset for erosion risk assessments in BRB. Data were taken from
(listing corresponds to ranking — beginning with the highest spatial
resolution):

1. The Soil Quality Appraisal (scale 1:10,000), covering mineral soils of
agriculturally used areas; share: 48.7 per cent of the total and 96.7
per cent of the arable land area.

2. The Medium-scale Agricultural Site Mapping (MMK, 1:25,000), used
to complete the agriculturally used areas not included in 1.), as
peatland, church-owned land and changes from other land use types
to agricultural use in the last 50 years (forest, settlements, reclaimed
mining areas,...); share: 9.23 per cent of the total and 2.3 per cent of
the arable land area.

[ Beriin
[ ImoL
Wind erodibility
very low
low
medium
high
[ very high 0 25 50 75 100
]Kilometers

Fig. 2. Location of Brandenburg in Germany and the district Maerkisch-Oderland (MOL) in Brandenburg; right image shows also wind erodibility in Brandenburg

derived from soil data (corresponds to step 1 in Fig. 1).



R. Funk et al.

3. Extrapolation of the MMK to fill still empty pixels as forest areas,
settlements, roads, lakes (Bohm et al. 2009); share: 39.6 per cent of
the total and 0.83 per cent of the arable land area.

4. Agriculturally used land in Berlin; share: 2.45 per cent of the total
and 0.2 per cent of the arable land area.

Based on the mapped soil texture and the SOC content the wind
erosion susceptibility was derived in 6 classes (0-5, no risk and very low
to very high erodibility) corresponding to step 1 of the DIN 19706. Peat
soils were generally classified with the highest erodibility. This follows
both the physical basics of the processes, because particles of organic
origin are much easier released and transported by wind due to lower
density compared to mineral ones, and nature conservation issues as
peat soils represent valuable habitats and are carbon enriched. This af-
fects practically only peat soils which are used as arable land. The ma-
jority of peat soils used as grassland will be not considered to have an
erosion risk in one of the following classification steps.

The original vector data were converted into a grid map with a pixel
size of 10x10 m resulting in >304 million pixels.

Wind velocity

The soil map was combined with the map of the annual average wind
velocity at 10 m height in Germany, provided in a 200 m grid by the
German Weather Service (Fig. 3 right map, DWD, 2004) and resampled
for our purpose in a 10x10 m grid too. These wind data show a strong
gradient from the coast lines of North and Baltic Sea to the inlands, but
not in BRB. The annual average wind velocity (1) is more homogeneous
and between 2 and 5 ms~?, only slightly modified by the even terrain
and the land use patterns. The variability of the wind velocity data
reflect primarily land use pattern in BRB (forest or agriculture) (ATKIS
2013; DWD, 2018; CLC, 2018). The annual average wind velocity is used
in the classification scheme of the DIN 19706 to upgrade or downgrade
erosion risk classes (step 2 in Fig. 1). The classes were increased for wind
velocities >6 ms ™! and decreased for <3 ms™?, in steps of +1 risk class

for a difference of +1 ms™ .

Bl Forest

Agricultural land
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Compilation of a complete landscape structure map

Derivation from maps and other sources

The arrangement, density and height of each landscape element af-
fects the susceptibility to wind erosion by influencing the spatial vari-
ability of wind speeds. Thus, information about the location and the
properties of all landscape elements, in its entirety the landscape
structure, is necessary. In the end, it is particularly important for our
approach that each landscape element is assigned a corresponding
height since the sheltering effect is expressed as manifold of it.

A landscape structure map was composed using the following
different vector data sources, which are available in Brandenburg:

1. Biotope Type Map, area-wide map containing about 650,000 land-
scape elements in >2500 detailed described classes, origin: inter-
pretation of Colour-Infrared (CIR) aerial images from 2009 and
homogenized and updated biotope type data from 1991 to 1993
(scale: 1: 10,000, available from MLUK 2009).

2. Additions from the “Landscape Elements” layer of the Digital Field
Block Cadastre (DFBK), containing 130,000 elements located on or
adjacent to agriculturally used field blocks, as hedges, solitary trees,
cattle holes, stone heaps, and others; origin: digital aerial ortho-
photos (scale 1: 2,500, available from LGB 2023).

3. Additions and corrections by the County field block surveyors, at the
starting phase annual update of added or removed landscape ele-
ments, (hedges, solitary or groves of trees, farm buildings, stables,
...), and corrections of elements from 1. and 2. by measured heights
and dimensions directly at the field site.

Height values were attributed to each landscape element depending
on the described features in the Biotope and Land Use Maps and the
DFBK, in 10 classes from arable land with 0 m to forest with 20 m height
(Table 1). The following height values were assigned: 0, 1, 2, 3, 5, 7, 10,
12, 15 and 20 m. In case of presence in both maps the higher value was
chosen. All data were combined in one map and converted from vector
data to grid data in a 3x3 m raster with 3,375 million pixels. This finer

<2 ms'
2-3ms’
L 3-4msT
4-5ms’

Fig. 3. Main land use in Brandenburg based on ATKIS data (left), and annual average wind velocity in 10 m height based on data from the German Weather Service
(DWD); (right: includes already DIN 19706 classification: green — wind erosion risk will be reduced, yellow — wind erosion risk remains as it is).
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Table 1
Summarized classes of landscape elements and assigned heights (as height
values were assigned: 0, 1, 2, 3, 5, 7, 10, 12, 15 and 20 m).

Landscape element classes Height (m)

Agriculturally used land, standing waters

Running waters with vegetation, swamps, peatland
Forb stands, grasslands, field margins, stone walls,
Shrubby heaths, coniferous bushes

Deciduous bushes, hedgerows, alleys

Woods and forests, orchards

Green areas, open spaces

Settlements, traffic facilities

N U = O
N N Ul
[==)
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resolution became necessary in order to represent also the shelter by LE
with the height of 1 m. Since the protection areas are designated in
multiples of the height, the shelter of protection zone 5 close to the LE
with a length of 5 m shown in Fig. 6 are otherwise only partially
representable with a 10x10 m grid.

Derivation of the landscape structure from laser scanning

In the recent past new technologies were used to measure and map
the surface of the earth with high accuracy based on Radar or Lidar
technology (Flood, 2001). In BRB an airborne laser scanning campaign
was finished in 2018, covering in the meantime the entire area with a
resolution of 1 m and a height accuracy of +/- 50 cm (LGB, 2020). We
therefore decided to use this new database for the derivation of height
data. 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 easily by subtracting
the DEM from the DSM. Because topography is also eliminated in this
way the new layer includes only the measured landscape elements on a
flat surface, comparable with the elements in the landscape structure
map described before. Additionally, all height values inside of agricul-
tural land were cleared and set to zero using the structures of the DFBK,
because hay bales, vehicles, stacks or temporary silos left in the fields
were also measured by the laser scanning during the overflight. As a
compromise between accuracy and calculation time we decided to set
the cell size of this new layer to 2x2 m (Fig. 4, right).

2
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Determination of the sheltering effect of landscape structure against wind
erosion

Previous approach

The wind reducing effect in front and behind any landscape structure
element depends on its height and its density (or their opposite equiv-
alent — the porosity). The decrease in wind speed behind hedges or other
windbreaks is well studied and shows a drastic 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, which also includes porosity
as an input in addition to height (Eq. (1); Fig. 5). (Hagen and Fox, 2020;
USDA-ARS, 2020). Because the considered period for assessing the wind
erosion risk is from March to May, where trees and shrubs are still
without leaves at the beginning and fully leafy towards the end, we set a
porosity of 40% to cover the complete time appropriately.

fi =1—-exp(—m*x*) +n*exp(—0.003(x + 5)") (€))

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 calcu-
lated as follows

m = 0.008 —0.17p +0.17p"% (2)
n = 1.35exp( —0.5p"%) 3
s =10(1-0.5p) 4
t=3-p ()

In a Geographic Information System (GIS) the sheltering effect of
landscape elements on the wind can be displayed by a shadow (of light)
in front and behind each element, by equating the distance of the wind
speed reduction with that of the shadow. The GIS procedure “Hillshade”
has been used to set virtual shadows around a landscape element
differing in length and direction (Fig. 6). The parameter azimuth is the
direction of the virtual sun and an equivalent to the wind direction. The
length of a shadow can be varied by the altitude of the illumination,
which is determined by the zenith angle of the virtual sun («). As the DIN
19706 divides the sheltered distances behind a landscape element into
five zones, we set five shadows of different lengths for one direction,

Fig. 4. Section of the landscape elements map, left: assigned heights from the biotope mapping; right: measured heights by laser scanning.
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15
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multiples of barrier heights

Fig. 5. Wind velocity reduction in front and behind a wind barrier in units of the barrier heights for a porosity of 40% (eq.[1], line); averages of the used classes
(bars) and linear regression (dotted line); colours correspond to the protection zones in Fig. 6.
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Fig. 6. Illustration of the implementation of the GIS command “hillshade” and “shadow” used to designate protection zones in front and behind landscape elements.

each filled with decreasing numerical values from 5 to 1, representing
the decreasing sheltering effect with increasing distance. We used five
zenith angles of illumination for one direction, and one for the opposite
direction, as well as eight directions (0°, 45°, 90°, ...) to create 48 new
layers with shelter of different lengths in the eight directions. All were
combined in one final layer by taking the maximum numeric value of
each cell. The newly created layers with the calculated protected zones
were then transferred back to the 10x10 m grid.

A question during the method development was, how good the
protected zones created by the GIS represent the nonlinear relationship
between distance from a wind barrier and wind velocity reduction from
equation [1]. By averaging the values within the classes made up in steps
of 5-fold the height as used in Fig. 6, a linear relation can be derived,
which can be considered as sufficiently accurate for our purposes as
shown in Fig. 5.

At this point, DIN 19706 ends without a specific consideration of
wind directions, which, however, must be taken into account in an
evaluation of landscape structures. For BRB, we developed the following
procedure: The maximum sheltering distance in each wind direction was

set to the 20-fold of the height by not considering protection zone 1. The
reasons for this were: trees in March and April are mostly leafless and
there is a high probability of wind speeds above the threshold of 6 m s,
which will initiate wind erosion already after shorter distances at the
leeward side again. The prevailing wind direction has also influence on
the effectiveness of a landscape element. Especially linear structures like
hedges are more effective if orientated perpendicular to the main wind
direction than parallel. This was taken into account by including the
frequency of wind velocities above the threshold of 6 m s~! for each
wind direction. The relative frequencies of hourly wind velocities above
6 m s ! in the months March to May of eight sectors (0°-45°, 46°-90°...)
were used as a weighting factor and multiplied with the numerical
values of the shadowed cells of the opposite direction (Fig. 7). The wind
direction with the highest frequency was given the factor 1, the other
directions were weighted accordingly lower. This should not express a
lower protection of shelter belts against the other wind directions, but
that these sheltered areas are more often affected by the wind from the
main wind direction.

The final step in this wind erosion risk estimation is the query of the
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Fig. 7. Relative frequency (%) of wind velocities > 6 m s in the months
March - May, classified for eight main wind directions (average of 1991-2000).

1

risk classes to each field block. It has been determined for Cross
Compliance that field blocks with a share of >50 % of its area in the
wind erosion risk class “very high” must have protective measures in
place.

New approach — Derivation of the sheltering distance from the transport
capacity of the wind

In the new approach, two aspects are considered. One is the
increasing transport capacity of the wind by exceeding the threshold in
relationship to its frequency of occurrence, and the second one is to
derive the protected areas behind a landscape element based on this
weighted transport capacity. The first step is shown in Fig. 8, from the
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Q*f
——Q = (u-ut)u? (ut =6 m/s)
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60 -
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40 -+
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frequency wind velocity > 6 m/s
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frequency distribution of wind >6 m s~! and the corresponding trans-
port capacity of each wind velocity a weighted transport capacity is
derived.

The range of influence of a windbreak for wind velocity reduction is
often given as 40 times of its height, as shown in Fig. 5. This refers only
to the achievement of the initial level. Considering wind velocities that
are above the threshold value, these distances are much shorter. Based
on the determined threshold wind velocity of 6 m s~! for the sandy soils
in BRB, the effective protection zone can be calculated in relation to the
wind velocities above the threshold. Fig. 9 shows the wind velocity
reduction around a wind barrier for all wind velocities above the
threshold, calculated with using Equation [1] for a porosity of 40%. The
numbers between the lines quantify the fraction of the individual wind
velocity class (in steps of 1 m s™1) to the total transport capacity. In
Table 2 finally the full length, or the effective protection length, based
on the transport capacity of all erosive wind velocities is derived. This is
for the frequency distribution of all winds > 6 m s ! in Miincheberg 18.2
times the height of any landscape element. This full length is now
completely taken into account for the wind protection (old approach —
20 times the height by omitting protection zone 1). With the soil erod-
ibility, an intersection according to Table 3 takes place and the wind
erosion risk is presented accordingly.

Results and discussion
Wind erosion risk in Brandenburg (previous approach)

Based on the described procedure the wind erosion risk has been
estimated every year for the arable land in BRB, starting in 2008. Every
year each farm/farmer in BRB got a data set containing the landscape
elements, the wind shadows and the remaining areas of high erodibility
in the field blocks for the CC proposals. The most changes regarding
structural elements had to be managed in the first years. Missing hedges
were added, heights corrected, gaps closed or demolished buildings
removed. Farmer objections were reviewed and facts corrected as
necessary. In relation to the total area of BRB these changes were
without any influence, but for the affected farms it was relevant, because
the CC classification of entire field blocks could be changed. In 2011 this
process was completed and the same landscape structure was used for
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Fig. 8. Frequency of hourly wind velocities above the threshold of 6 m s~* (light blue bars); transport capacity of the wind based on the relationship Q = (u-u)u?

(black line); frequency related transport capacity Q * f (orange bars).
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Fig. 9. Wind velocity reduction in front and behind a landscape element for different wind velocities; red dotted line marks the threshold wind velocity for wind
erosion on sandy soils, numbers between the curves are the relative transport capacity of each wind velocity level (6-7, 7 — 8, ... m s1) for MOL.

Table 2

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 middle in multiples relative transport A*B
class of height (A) capacity (%) (B) %/100
6-7ms ! 28 22.9 641.2
7-8ms ! 17.5 38.8 679.0
89ms! 15 18.2 273.0
9-10ms ! 12.8 10.5 134.4
>10ms! 10 9.6 96.0
18.2
Table 3
Matrix to combine soil erodibility and protection zones.
Soil erodibility Wind shadowing protection zone
5 4 3 2 1 0
No risk 0 0 0 0 0 0 0
Very low 1 0 0 0 0 0 1
Low 2 0 0 0 0 1 2
Medium 3 0 0 0 1 2 3
High 4 0 0 1 2 3 4
Very high 5 0 1 2 3 4 5

the calculations in the following years until it was replaced by the laser
scanning in 2020.

The site specific wind erosion risk of a bare and dry soil derived from
soil texture and SOM content (step 1 in Fig. 1) is listed in Table 5 (left
columns). The classes “high” and “very high” of the entire area in BRB
are in total about 70 per cent or 20,000 km2 (Fig. 2, right map). That is
in accordance with estimations of the Geological Service of BRB, which
classifies 67 per cent of the country’s surface into these categories (LGBR
2020). Thus, the extrapolation of MMK maps from agriculturally used
land to other areas provides comparable and reasonable results for the
derivation of soil erodibility.

Step 2 of the determination scheme includes the spatial differences of
the annual averages of wind velocity and results in a considerable
decrease of the wind erosion risk. Since topography in BRB is relatively

flat with the highest elevation of 200 m, the forested areas determine the
spatial distribution of the annual average wind velocity (Fig. 2). In this
step wind velocity reduction and land use as forests affect almost
identical proportions of the area. Here it is primarily the on-site effect of
the landscape structure in terms of a soil cover. Since forests in BRB are
located mostly on areas that are too poor for agriculture, such as sandy
cover layers or dunes, the two highest risk classes are affected in
particular. The remaining area of arable land is about 10,000 km?. Here,
3,800 km? are in the risk classes “high” and “very high”, which is about
37 per cent of the arable land or 12 per cent of the total area of BRB
(Table 4, middle columns). The direct effect of wind velocity reduction
on the arable land area results in only small changes, about 3.9 per cent
of the very high risk class changes to lower classes. For BRB, this step is
not mandatory, as a direct dependence between lower wind speeds and
forested areas is shown. It is more important near the coast, where
higher wind speeds occur area-wide and a strong gradient towards the
inland exists. On the contrary, some problems of correct designation of
high risk areas resulted from the very large pixel sizes of 200 m of the
wind velocity grid, which in some cases extended further into the agri-
cultural areas than the wind shadows calculated in the next step. This led
in some cases to a wrong assignment in the risk category of a field block
and were solved manually for each detected field block. This step is
needed more for reasons of comparability and equal evaluation with the
other Federal States than for spatial differentiation within BRB.

In step 4 the landscape elements were included with their wind
reducing effects as described in chapter 2.6. Here, we will first refer to
the previous version of the analysis, which uses the assigned height
values of landscape elements. Including the wind reducing effects of
landscape elements, the wind erosion affected area decrease consider-
ably again (Table 4, right columns; Fig. 10). The area in the two highest
risk classes decreases from 37 per cent to 18 per cent of the arable land
area. There are also great changes in the lower risk classes, with the
largest increase to the areas with “none risk”. This drastic change
demonstrates the importance of the landscape structure on wind erosion
and emphasizes the benefits of shelterbelts.

New approach — Laser scanning of landscape elements

The use of the laser scanning in 2020 changed the data situation
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Shares of the wind erosion risk classes in BRB derived for the total area (shown in the right map of Fig. 1), for the arable land area (as indicated in the left map of Fig. 2)
and the arable land area including the wind reducing effects of landscape elements.

Wind erosion risk  Total area (BRB and Berlin) (Step 1, texture and

Arable land (BRB and Berlin) (Step 2, incl. land

Arable land (BRB and Berlin) (Step 4, incl. wind

SOM) use) reduction)
km? Per cent km? Per cent km? Per cent  Changes (km?)
None 0.501 0.002 0.389 0.1 2,870.537 27.94 +2,870.148
Very low 713.028 2.34 350.037 3.4 1,229.531 11.97 +879.494
Low 7,584.013 24.91 6,103.559 59.4 3,756.933 36.57 —2,346.626
Medium 658.103 2.16 36.975 0.3 555.447 5.41 +518.472
High 13,556.448 44.53 838.897 7.9 823.119 8.01 —15.778
Very high 7,934.694 26.06 2,959.754 28.9 1,037.237 10.10 —1,922.51.7
Sum 30,446.788 100.0 10,289.611 100.0 10,272.805 100.0
very low
low
medium
high
Bl very high

Fig. 10. Wind erosion risk in the county MOL, left: based on soil data, right: including landscape structure and wind reducing effects.

significantly, both in the horizontal and vertical dimensions. Whereas
landscape elements in the previous approach were like blocks or walls
with discrete values, the laser scan structures are much finer and more
divers with rather steady values. There are major shifts and a large
number of new distributions in each height class. A comparison between
four selected height classes (1, 5, 10 and 20 m) of the assigned landscape
elements of the map-derived version and the laser scanning is shown on
the example of the district Maerkisch-Oderland (MOL, blue bordered
area in Fig. 2). Here is only 23% of the area covered with forests
(average BRB 35.5%), so that a relatively larger part of landscape
structure elements around the field blocks contributes to the evaluation
(Fig. 11, Table 5). There is a better agreement for the higher heights, as
evidenced by the shift of the exact fit (red bar) to the centre of the dis-
tributions. The height class of 10 m has the largest deviations in both
directions. This can be explained by the fact that this height was given
predominantly to settlements, but especially here the most different uses
and therefore heights can be found (lawns, gardens, streets, houses,
church towers, trees...). At the greater heights, which causes longer
shadows, an underestimation is evident in the assigned height class of
20 m for the landscape elements of the previous approach.

T 6 shows to what extent the laser scan leads to changes in the
heights of the landscape structures. The finer resolution, with the larger
part of pixels without a height, does not inevitably lead to poorer pro-
tection. This mainly affects the forests, represented in the previous
approach as compact blocks, but a uniform distribution is more impor-
tant for a good protection than a higher density, since the final joining of
all shelter zones from all wind directions results in an overlapping. In
addition, since there is a significant increase of landscape elements with
greater heights and thus longer sheltered distances from the laser scan, it
can be assumed that this will compensate the patchiness. The question

here is if the compact structure of the previous approach compensates
the lower heights. In Fig. 12 the wind shelter of both approaches are
shown. The compact structure of the landscape elements of the previous
approach is evident from the very uniform sheltered areas. The pro-
tected areas of the laser scan measured heights are much more frag-
mented, but are often longer.

In MOL, the use of heights from laser scanning of landscape elements
halves the area at risk of wind erosion. From formerly 18,740 ha now
only 9,615 ha are in the CC-relevant highest erosion risk class. So, it can
be concluded that the higher heights dominate over the patchiness.

New approach — Transport capacity derived wind protection lengths

Using the laser scanned heights and the transport capacity derived
lengths of wind protection results in an expectable increase of the wind
erosion affected area for MOL compared to the previous approach. This
is primarily attributable to the shortened maximum lengths of the pro-
tection zones, which decrease from the 20-fold to the 18.2-fold of the
heights with otherwise identical inputs. Initially there is an increase of
the area compared to the previous approach using the laser scan data,
from 9,615 ha to 12,114 ha, but the comparison to the baseline situation
with the assigned heights brings a reduction of the wind erosion risk
area by one third, from 18,740 ha to 12,114 ha. Thus, even in this case, it
can be concluded that the greater heights dominate over the patchiness.

Conclusions
The aim of the paper is to show the development and the scientific

background of a method used to estimate the wind erosion risk for the
Cross Compliance regulations in Germany. The exclusive use of this
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Fig. 11. Frequency distribution of measured heights of landscape elements by laser scanning to the assigned heights (red bars), example of the district Maerkisch-

Oderland (MOL).

Table 5
Comparison of assigned and measured heights by laser scanning of the district
Maerkisch-Oderland (MOL).

Assigned height Exact fit to Higher height Smaller height in laser
(previous laser scan in laser scan scan (%), and part without
approach) (%) (%) height (=0 m)
1 9.13 17.2 73.7 (73.7)

1.59 9.4 89.04 (71.11)
10 1.15 34.3 64.56 (45.72)
20 5.51 44.8 49.69 (17.32)

method for administrative purposes led to a disconnection to the sci-
entific record keeping, which is hereby made up for. This wind erosion
risk assessment is already 14 years in use, so that a very precise detailed
knowledge is available, from the administrative overview to the punc-
tual erosion risk on each field block and each landscape structure
element at the farm levels. Currently, wind erosion risk for the 30,000
km? of BRB can be determined on a 2x2 m grid.

The study emphasizes the importance of landscape structures on
wind erosion, which lead generally to a significant reduction in the risk.
Two major improvements have been integrated in the last year: the first
concerns the improvement of the input data by the use of airborne laser
scanning for the heights of all landscape structural elements of the entire
area of BRB, and the second the derivation of the effective protection
zones behind landscape structures from the transport capacity of the
occurring wind speeds. This leads to a more accurate representation of
the processes involved, but also allows a much more flexible application,
in which regional, but also seasonal differences can be better taken into
account. Our more intuitive decision to limit the maximum protection
distance in the previous approach to the 20-fold of the barrier height
represents relatively well the more process-related distance of 18.2
times the height, so there will not be too many changes for a

10

reassessment on this basis.

Even if we consider the landscape structure as a relatively stable
element in the evaluation, changes also occurred here over the years.
The aerial survey of the entire area of BRB for the DEM already took 10
years, so that the vegetation heights of the areas surveyed first can no
longer correspond to the current status in the DOM completely, since
trees grow or are also cut down. Another uncertainty of the DOM data
lies in the time of the aerial survey, which always took place in winter
when deciduous trees are without leaves, in order to better detect the
ground surface for the DEM. This results in the greater variability of
heights of individual landscape elements, most especially for line ele-
ments such as hedgerows. Since this in turn is compensated by greater
heights, there is no serious change in the overall assessment of wind
erosion risk when considering the analysis as a whole. Thus, this analysis
remains a compromise between accuracy and actuality, which, however,
cannot be achieved any other way in the mapped Federal State wide
scale. Years of work on this topic have shown us that even the best state-
of-the-art analysis can be permanently improved, either methodically or
by means of improved computing technology. Ultimately, the aim of this
work was to provide a uniform assessment of the wind erosion risk for all
agriculturally used soils of Brandenburg. The current state of the land-
scape structure model is prepared for future developments and also
enables the integration of further aspects of landscape analysis with a
high spatial accuracy at any scale of available data. The final query of
the erosion risk with the structures of the field blocks provides the im-
mediate answer to preferred areas on which protective measures are
necessary or particularly useful. These can be integrated agronomic
measures, but also the implementation of more permanent protection
through windbreak hedges.
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Fig. 12. Wind protective effects of all assigned (left) and measured (right) landscape elements (same map section of MOL as shown in Fig. 4).
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