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Abstract: Research and development of new soil protection methods helps to main-
tain sustainable soil management and prevent the degradation of valuable agricultural
resources. Wind erosion is a significant environmental issue that can severely degrade
landscape, impact agricultural productivity and deteriorate air quality through increased
dust emissions and atmospheric pollution. The main goal of this paper was to provide a
methodological protocol for mapping and assessing wind erosion risk, taking into account
protective effect of both existing and intended windbreaks. Based on the Potential Wind
Erosion Risk (PWE) map, which takes into account soil and climatic conditions affecting
wind erosion risk, a new map of potential wind erosion risk (RPWE) was created with
the inclusion of the effect of windbreaks and their protected zones on the tolerated length
of plots. Using this method, it is possible to assess wind erosion risk, model the design
of new wind barriers and evaluate their effectiveness. The presented method has been
developed into a web application that provides all outputs online. The assessment builds
on long-term studies of wind erosion potential and methods for spatial representation
of land susceptibility to wind erosion. Assessment of the current state of erosion risk
with existing windbreaks as well as modelling the state when some are removed or newly
planted, is fundamental when building a resilient and healthy environment. The newly
developed method contributes to worldwide global land degradation prevention and offers
new insights into the methodological approach for assessing wind erosion.
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1. Introduction

Wind erosion as a significant environmental issue

Damage caused by wind erosion manifests itself not only in the removal
of soil particles, fertilizers and plant protection products, but also in the
exposure of plant roots and the cutting of tender stems of young plants.
In addition, extensive wind erosion has serious consequences for air quality.
The intensification of wind erosion leads to an increase in dust emissions and
atmospheric pollution by suspended particles (Xi and Sokolik, 2016; Yule-
vitch et al., 2020; Chen et al., 2023; Lackdovd et al., 2023). In the Czech
Republic, 9% of PM10 particulates come from agriculture (CHMI, 2024).
With climate change and the drying of the agricultural landscape emis-
sions of these pollutants will become more important. Along with intensive
suburbanization, when residential zones expand into the original agrarian
landscape (Pénzes et al., 2023), the danger of exposure of residents to a new
and so far neglected risk with potential health impacts is increasing.

Harmful wind erosion is mostly recorded in dry and warm areas, in-
tensively farmed and mostly flat (Fryrear et al., 2000; Podhrdzskd et al.,
2008; Borrelli et al., 2014). In Europe, although wind erosion is not as
extensive and serious a problem as it is in drier regions of the world, it
can locally cause very significant economic and ecological damage (Riksen
and de Graaff, 2001). For example, even in the Czech Republic the climate
gradually becoming more arid due to rising temperature and uneven rain
distribution throughout the year (Stfedovd et al., 2013). In some regions
of the Czech Republic the wind erosion can occur throughout the year but
is most damaging in the spring that follows a dry, snow-poor winter, when
strong winds blow dried topsoil from bare or sparsely vegetated fields or in
autumn, when the soil surface is no longer protected by vegetation. Accord-
ing to Ministry of Agriculture of the Czech Republic (2020) approximately
25% of Czech arable land is potentially threatened by wind erosion which
represents an area greater than 569000 hectares. The situation is all the
more serious as the highest threaten are the most fertile areas of the coun-
try, which are intensively used for agriculture and play a significant role in
ensuring the food self-sufficiency and security.
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Concept of windbreaks as a mitigation measure

Powerful anti-erosion measure at the level of the agricultural landscape is
the establishment of windbreaks, which, in addition to directly protecting
the soil by reducing wind speed, also have a number of other ecosystem
functions, such as increasing the biodiversity and permeability of the land-
scape, improving moisture conditions by reducing evaporation in the imme-
diate vicinity of the windbreaks, etc. (Weninger et al., 2021). Windbreaks’
structure depends on their purpose, expected benefits and characteristics of
the specific site and will determine the carbon storage potential that these
stands can provide (Ballesteros-Possi et al., 2019). In addition to anti-
erosion effect, windbreaks protect roads, provide wildlife habitat, improve
landscape aesthetics, and mitigate odour, dust, and pesticide drift (Tyndall
and Colletti, 2007). They have been shown to reduce peak particle concen-
trations during dust events, thereby reducing the risk of human exposure to
high levels of PM pollution (Chang et al., 2021). Windbreaks also mitigate
climate change representing an effective strategy for sequestering more car-
bon on agricultural land (Schoeneberger, 2009) and thus constitute a part
of so-called “climate-smart landscapes”.

Anti-erosion effect of windbreaks is given by their appropriate allocation
in the landscape, health state of constituting woods, and their structural di-
versity and inner structure (Podhrdzskd et al., 2021). Stredovd et al. (2012)
proved that fully foliaged windbreak reduces winds speed up to a distance
of 200 to 250 m on leeward side. Advanced method of windbreaks structure
evaluation is based on optical porosity (Loeffler et al., 1992; Vacek et al.,
2018). The efficiency of windbreaks can be measured in field experiments
or based on computer simulations. Field experiments are always limited by
unstable weather conditions, instruments, lack of samples and other factors
(Bitog et al., 2012). Yang et al. (2021) noted that evaluation of windbreaks
can be even based on remote sensing images and GIS. This is a very suitable
solution that enables automated continuous evaluation, since the state of
the windbreak is not constant over time. For example, the phenology of
woody plants changes not only during the year, but also in the long term
due to climate change (Mrekaj et al., 2024; Lukasovd et al., 2020).

Challenges in assessing wind erosion risk
Complexity of assessing wind erosion risk lies in the variety of factors con-
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trolling this type of soil erosion, like soil type, wind patterns, and landscape
features. All factors contributing to wind erosion are generally described
by Borelli et al. (2014, 2016, 2017) and for central Europe specified by
Stredovd et al. (2021).

Susceptibility of soils to the wind erosion (i.e. potential risk) is given
by soil and climatic conditions. Based on aggregated pedological infor-
mation the soils were classified from the most at risk (sandy soils) to not
at risk (soils with a high content of clay particles). Although these clay
soils are generally less vulnerable to wind erosion, under certain condi-
tions they can also become significantly threatened, as low winter tempera-
tures cause a significant breakdown of soil aggregates (Stout and Zobeck,
1996; Bullock et al., 2001; Stout, 2007, Pi et al., 2020; Chepil, 1953,
1954; Hinman and Bisal, 1968, etc.). Susceptibility of all soil to wind ero-
sion increases with their dry surface and the occurrence of erosively dan-
gerous winds. By synthesizing all relevant factors such as soil factors (wind
erodible fraction, soil-crust, surface-roughness and vegetation cover) and cli-
matic factors (mean monthly wind speed, evapotranspiration and the pre-
cipitation) a map of potential wind erosion risk was created (PWE). Map
distinguishes six categories of risk. The entire methodological procedure
was published by Dolezal et al. (2017) and Stredovd et al. (2021).

The risk of wind erosion increases when specific landscape elements with
a windbreak effect are missing. A comprehensive method of wind erosion
risk assessment must therefore take into account their presence. It would
make it possible to claim a protected proportion of land spared from the
erosive effects of wind. The final interactive output provides a useful tool for
all relevant stakeholders of landscape management. It facilitates the design
of suitable windbreaks or the modelling of erosion risk when the windbreaks
should be removed.

Objectives and Scope of this study are:
i) define a methodological approach for incorporation of windbreaks’ ef-
fect into wind erosion risk classification;

ii) estimation of potential wind erosion (PWE) risk taking into account
windbreaks’ effect;

iii) implementation of the results into the interactive web application.
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2. Material and methods

The paper introduces an innovative approach to wind erosion risk assess-
ment taking into account the effect of windbreaks. It combines several
methodological protocols and map layers authorized and certified by na-
tional authorities and published by authors team members of the paper
(i.e. Podhrdzskd and Novotny, 2007; Podhrdzskd et al., 2008; Podhrdzskd et
al., 2015; Dolezal et al., 2017, Kucera et al., 2021a; Kucera et al., 2021b;
Kucera at al., 2023).

Because these protocols are essentially practically oriented and intended
for end users dealing with practical landscape management, there is a lack
of comprehensive communication for the scientific community. To fill the
gap, we introduce a scientifically focused output of the applied methodol-
ogy.

The whole methodological procedure described in this chapter has been
illustrated using the example of the Czech Republic (Central Europe).

2.1. Employed inputs

Input map layer A: Potential wind erosion (PWE) risk

So called PWE risk map (Fig. 1) combines relevant soil and climatic param-
eters in order to distinguish 6 PWE risk categories (from the lowest to the
highest risk): 1 — subtle exposure, 2 — slight exposure, 3 — moderate expo-
sure, 4 — high exposure, 5 — very high exposure, 6 — the highest exposure.
As stated in the introduction, the methodological procedure of PWE risk
map was published in Dolezal et al. (2017) and Stredovd et al. (2021).

Input map layer B: Protective zones of windbreaks

Methodological protocol of Podhrdzskd and Novotnyg (2007), and Podhradzska
et al. (2008) defines windbreaks’ protective zone according to their struc-
ture and direction of prevailing erosive winds following results of Stredovd
et al. (2012). They, based on a robust set of field measurements, provided
nomogram relating wind speed reduction to windbreak parameters. In or-
der to define the protective zones (Table 1) the comprehensive evaluation of
existing vegetation barriers was needed. Such a database employing input
data of Ministry of Agriculture (Forests of the Czech Republic; LPIS-ESE,
i.e. land parcel identification system — ecologically significant element, the
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Fig. 1. Potential wind erosion (PWE) risk in the Czech Republic.

database lists all agricultural parcels, hereinafter referred to as “plots”), the
Ministry of Environment (windbreak planting database) and ZABAGED
have been built and continuously updated for many years (Kucera and
Podhrazska, 2020; Kucera et al., 2021a) and includes approx. 2900 wind-
breaks and 2200 other vegetation barriers. Each vegetation barrier is cat-
egorized according to Podhrdzskd et al. (2008) and Dolezal et al. (2017)
regarding its effectiveness.

Table 1. The protective zones of windbreaks.

Type of windbreak leeward side [m] windward side [m]
fully developed windbreak 300 100
other vegetation barriers 150 50

The protective zones’ definition also requires knowledge of prevailing di-
rections of erosive winds (Fig. 2) evaluated by Kucera et al. (2023), using
wind rosettes related to the maximum wind gust and its direction in 2 or
1 second. The percentage of 15-minute and 10-minute wind gusts above a
threshold wind speed were used. Based on wind-tunnel experiments, Pasdk
et al. (1984) determined the lowest /critical value of 3.3 m s~! as the thresh-
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old wind speed to initiate soil particles transport. However, wind is stan-
dardly measured at a height of 10 m, and it can be easily interpolated to
any height of 0 to 10 m using models with the estimated parameters men-
tioned by Chen et al. (1998). Wind speed of 3.3 m.s~! at ground level
corresponds to 10 m.s~! at a height of 10 m. The resulting wind direction
encompasses spring and autumn winds as they are the most dangerous in
terms of wind erosion. Interpolation tools (kriging and nearest neighbour
method) in ArcGIS Desktop were used to determine the areas. The Czech
Hydrometeorological Institute station locations and the 4th generation Dig-
ital Elevation Model (DMR 4G, © CUZK) were used as base layers (2023).

c::_)} State border

Germany ‘ Wind direction
Defined areas
Poland 45 -NE
135-SE

180 -

Slovakia

Austria

o 60 120 Km
N —

Fig. 2. Map of prevailing erosive winds directions in the Czech Republic (Kucera et al.,
2023).

2.2. Comprehensive wind erosion risk assessment taking into ac-
count an effect of windbreaks (revised PWE map - RPWE)
1st step: Merging layer A and B:

The map of PWE risk is combined with the map of protective zones of
windbreaks. Only barriers with higher efficiency are selected. Protective
zones are generated on their windward and leeward sides according to Ta-
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ble 1. The land covered by the zone is protected and its PWE risk category
becomes “subtle exposed”, i.e. the area is no longer in risk. The effect of
the protective zone is reflected in the resulting map by two-digit codes (see
Table 2) when value 0 is added to the original category 1 to 6. This creates
a code designation in which information from both layers is preserved.

Table 2. Divergence code pattern of revised PWE risk category merging PWE risk cate-
gories and protective zones.

PWE risk PWE risk category within PWE risk category outside
category protective zone of protective zone

1 10 10

2 10 20

3 10 30

4 10 40

5 10 50

6 10 ({0]

2nd step: Assessment of landscape resilience to wind erosion in
terms of its structure, specifically according to tolerated length
of plots

The susceptibility of agricultural land to wind erosion is expressed by so
called tolerated lengths of plot in the direction of the prevailing erosive
winds. Methodological protocol designed by Podhrdzskd et al. (2008) set
the tolerated lengths with respect to PWE risk categories (Table 3) follow-
ing a recommendation of Podhrdzskd and Novotny (2007) and Janecek et
al. (2007). This approach is based on the assumption: the longer the area
in the direction of the erosive wind, the more soil particles are loosened
from the surface. If the tolerated length is exceeded, the plot is claimed to
have more risk to wind erosion, which is again reflected in the resulting digit
code. Plots exceeding limit get value 1 to the last digit of the code (i.e. 0

Table 3. Tolerated plot lengths for revised PWE risk category.

PWE risk category Tolerated length — Limax
10-40 850
50 600
60 350
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from previous step is replaced by 1) — see Table 3. Such a code pattern
makes it possible to identify which factors are responsible for the final risk
(Tables 4 and 5).

Table 4. Divergence code pattern of revised PWE (RPWE) risk category distinguishing
whether tolerated length was exceeded.

RPWE risk category taking account protective zones
PWE risk " .
category plot with plot exceeding
tolerated length tolerated length

1 10 11

2 20 21

3 30 31

4 40

5

6

Table 5. Comprehensive two digits code description of revised PWE (RPWE) risk cate-
gory.

RPWE risk
category Plot description
code
10 subtle exposed or protected by a windbreak
20 slightly exposed, unprotected, with tolerated length
30 moderately exposed, unprotected, with tolerated length
40 highly exposed, unprotected, with tolerated length

very highly exposed, unprotected, with tolerated length

the highest exposed, unprotected, with tolerated length

11 subtly exposed, unprotected and with exceeded tolerated length limit

21 slightly exposed, unprotected and with exceeded toleratedlength
limit

31 moderately exposed, unprotected and with exceeded tolerated length

limit
highly exposed, unprotected and with exceeded tolerated length limit

very highly exposed, unprotected and with exceeded tolerated length
limit

the highest exposed, unprotected and with exceeded tolerated length
limit

379




Kucera J. et al.: New methods of assessing wind erosion risk. .. (371-388)

3. Results and discussion

According to the above-mentioned methodical procedure, a map of RPWE
was prepared including the protected zones of existing vegetation barriers
and their influence on the tolerated length of land on a national scale, see
Fig. 5. The map is available online in the form of an interactive web appli-
cation: https://vetrnaeroze.vumop.cz. This application allows the user
to work with the map in detail of the land plot of interest (LPIS-ESE). The
whole methodological procedure has been illustrated using the example of
the model land plot (see Fig. 3):

1) Classification of PWE risk category for selected plot of land according
to PWE map (input layer A). The plot belongs to PWE risk category 5
(Fig. 3 — see brown) and is separated from neighbouring plots by fully
developed windbreaks (Fig. 3 — see orange). Evaluation of tolerated
length (L) for risk category according to Table 3 is 600 m.

Category 5 (Fig. 3: section 1-a and 1-b on the left);

2) Reclassification of the PWE risk category reflecting the protective zones
of the windbreak (input layer B) according to Table 2. For a fully de-
veloped windbreak, it is 300 and 100 m in the direction of prevailing
wind (Fig. 2, see grey). According to Table 3, the part of the plot cov-
ered by the protective zones automatically falls into category 10, while
the remaining part retains the original risk category supplemented by 0
(i.e. 50). The resulting RPWE risk category of the plot is given by the
prevailing PWE risk category within the plot (10 in this case).
Reclassified category 10 (plot protected by windbreak) (Fig. 3:
section 2-a, 2-b and 2-c);

3) Evaluation of tolerated length (L) for revised risk category according to
Table 3.
Lt_IO = 850 m

Determination of maximal length (Ly,,x) of the plot in the direction of
prevailing wind according to Fig. 3 (Fig. 3, see black arrows).
Liax = 686 m

Comparison L.y and Ly _1g: if Liax = T¢_10 then plot falls into RPWE
risk category coded 10, if Li_19 > Lyuax then it falls into RPWE risk
category with code 11
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Li 10 =850 > Ly = 686
Final category 10 (plot protected by windbreak) (Fig. 3: section
3).

Tolerated length — Lmax : 600 m
Exceeded: yes R
AL =

Tolerated length — Lmax : 850 m
Exceeded: no

<+— prevailing winds directions — Lt PWE risk category RPWE risk category code
[ windbreaks 5 110 0

protective zone I 50

Fig. 3. Example of protective zone effect on RPWE risk category (the maximum length
of the plot in the direction of the prevailing wind is 686 m).

The main goal of the paper was to update and extend methodologi-
cal protocol of PWE identification and classification presented as a “road
map” by Stredovd et al. (2021). The main novelty lies in incorporating a
protecting effect of the windbreaks and its reflection in RPWE risk cate-
gory. Figure 4 graphically summarizes all inputs and whole methodological
process. Based on this, a map of the RPWE risk assessment with respect
to the effect of the windbreak is shown in Fig. 5. Bottom part of the figure
focuses on the selected area with high RPWE risk in order to show the map
resolution (5 x 5 m).

The published procedure assumes a method for evaluating vegetation
barriers that have a defined fixed protected zone. A limitation is that the
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INPUTS

Erosion Assessed Soil and Climate Map Prevailing Wind Tdentified Vegetation
Area (EAA) (PWE) Direction Barriers (VB)

| Agricultural Land | l ‘

Wind Directions

Influence of Protective Barriers
on Potential Risk Protection Zone
(Tab. 2) Generator
l of VB (Tab. 1)
Potential Risk Categories —
Consldmng_the Inﬂpence of Pz
Protective Barriers
{ of VB
Determination of Risk Category
h—(-. for ERC Considering VB
Protection Zones

= ” " led Permissible Length
Erosion Risk Categories
| |-> of ERC (Tab.3) and New
ALGORITHM ERC) Categorization (Tab. 4, 5)

OUTPUT —

Fig. 4. Implementation scheme of RPWE risk respecting windbreaks’ effect.

existence of the vegetation barrier is assessed, but the current state of the
vegetation barrier is not taken into account. However, in published assess-
ments, other methods of defining protected zones based on the use of the
so-called optical porosity can be included (Stiedovd et al., 2012 and Rehdcek
et al., 2017). These methods better characterize vegetation barriers in re-
lation to the current state of vegetation. A certain disadvantage of these
methods is the need to obtain data (digital photographs) directly from the
field. The published interactive web application already has integrated tools
for using protected zone assessment for methods using optical porosity.

When using the method on a local scale (e.g. on the scale of a cadastral
area), it is always recommended to prepare a new wind rose to determine
the current prevailing wind direction. This recommendation has been es-
tablished to ensure that the data is representative of the area of interest.
Furthermore, the timeliness of the data (soil and climate) is ensured by the
continuous updating of these data by the Ministry of Agriculture of the
Czech Republic. Soil data are updated continuously, according to the activ-
ities related to the updating of the soil database. This database is managed
by the state authorities. For climatic data, regular updates are planned
every b years.
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Fig. 5. Map of RPWE risk respecting windbreaks’ effect.

Methods for assessing the effectiveness of windbreaks have been widely
discussed in Europe, Asia and Nothern America, for example, by Bran-
dle et al. (2004), Liu et al. (2014), Rehdcek et al. (2017), Gonzales et al.
(2018), Zhou et al. (2018), Li et al. (2022) and others. Our newly cre-
ated map (Fig. 4) for the Czech Republic is a valuable input for reasonable
and well-elaborated fight against erosion including planting of windbreaks.
Similar attitude introduce Scheper et al. (2022) who used a wind erosion
risk map as the main input and developed the TASOW model (Tool for
Automated selection of Windbreaks) for the design of potential locations
for new windbreaks. Their model parameters are adjustable, transferable
to other regions and can be changed according to the user’s needs. As
a result, potential windbreak localities are ranked in order of suitability.
Well-designed and managed introducing of woods into agricultural land as
powerful measure reducing wind erosion advocates also van Ramshorst et
al. (2022). As reported by Kestel et al. (2023), effective land management
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practices for controlling wind erosion vary locally and may include shelter-
belts, revegetation, and similar sustainable measures to increase soil cover,
biological diversity, and minimum soil disturbance. In order to do so, they
call for detailed field-based studies which are required for high-resolution
mapping of target areas to develop individual adaptation strategies. Our
method, revealing wind erosion risk at the plot resolution, represents a
valuable contribution to the field in this regard. In the context of evolving
digital technologies, the results of our study were incorporated into a web
application “Wind Erosion Risk Management”, employing automated and
interactive smart tools.

4. Conclusions

v This paper brings a new methodological procedure for potential wind
erosion risk assessment.

v' The novelty of this method lies in taking into account the protective effect
of windbreaks (i.e. merging soil and climate based RPWE category with
windbreaks database).

v The identification of vulnerable areas enables the prioritization of protec-
tion measures and their deliberate implementation and planning (i.e. op-
timization of plot size, removal of redundant or ineffective windbreaks,
maintenance of well-functioning ones and planning of new ones with suit-
able parameters and location).

v Our results are crucial for wide range of stakeholders and end-users en-
gaged in practical landscape management. As they rarely seek for infor-
mation in scientific papers, we transformed our results into practically us-
able interactive web application, which provides all outputs on-line. The
web application is available from: https://vetrnaeroze.vumop.cz.

v The web application enables virtual modelling of the effect of above men-
tioned protection measures, which helps to find tailored solutions for
specific conditions.
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