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Abstract: The intensity and frequency of occurrence of wind erosion have had an increasing tendency
in recent years, exacerbating environmental and agricultural problems around the world. The
question of whether climate change will have an accelerating impact on wind erosion might be
answered by analyzing three driving parameters: wind erosion climatic erosivity (CE), standard
precipitation index (SPI), and wind factor (Wf ). A time series analysis of historical climatic data
over a period of 58 years was performed using ArcGIS software and descriptive statistics, to detect
spatiotemporal variations regarding climate change. The results of the analysis indicate that the
number and intensity of drought periods are already increasing in Central Europe. Through the CE
equation using the key indicators wind speed (U), temperature (T), humidity (r), and precipitation
(P), we calculated decadal spatiotemporal variation and potential scenarios of climate change in
terms of wind erosion intensity. The results of the study show that there has been a 1.75 ◦C increase
in temperature since 1961 and fluctuating wind erosion intensity in recent decades. The frequency
of drought periods has increased only slightly, but there has been an increase in the amount of
precipitation in the last two decades of the study period, up to +6.63 and +6.53%. The wind analysis
showed that mean maximum wind speed (Umaxmean) had a decreasing trend (R2 = 0.32), and the
occurrence of erosive wind (Uer) (>5 m/s) exhibited seasonal changes toward spring. Wf exhibited a
rise of 11.86 and 3.66% in the first two decades of the study period, followed by a decline of 8.49% in
the last decade. CE analysis indicated oscillation in both directions, with decadal changes ranging
between −16.95 and +15.21%. Wind erosion is becoming a more significant issue in Central Europe
because of climate change, and the situation could worsen in the future. This study provides valuable
insights into the impact of climate change on wind erosion in Europe and highlights the need for
effective measures to mitigate its effects.

Keywords: wind erosion; climate change; wind factor; drought period; standard precipitation index;
wind erosion climatic erosivity

1. Introduction

Land erodibility, or the susceptibility of soil to erosion, is an important factor to con-
sider in managing land resources and preserving soil fertility. Many recent studies dealing
with land degradation processes have proved that climate change affects land erodibil-
ity [1–5], which accelerates the process of wind erosion. Wind erosion is a major contributor
to soil degradation and desertification in many regions of the world [6–9], mainly in dry-
lands, leading to loss of fertility and reduced crop yields [10,11], with significant impacts
on soil health and productivity [12]. It is crucial to emphasize the importance of addressing
wind erosion as a major contributor to land degradation. However, predicting the specific
effects of future climate change on wind erosion remains a challenge [13].

Wind erosion is highly dependent on the wind force and the severity of drought
conditions as the two major drivers of wind erosion climatic erosivity in arid regions.
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Significant alterations in wind speed distribution around the globe are caused by climate
change [14]. Over the past two decades, there has been growing interest in examining the
variability and trends of near-surface wind. Two key phenomena have emerged from the
research [15]: the first is “stilling”, which refers to a decrease in near-surface wind speeds
between 1978 and 2010, and the second is the interruption of the stilling trend since the
2000s, known as a reversal of wind speed trends on a global and regional scale, including
in China, Sweden, and the Iberian Peninsula. The Northern Hemisphere experienced
decreasing trends in global near-surface wind speed between 1980 and 2016, while the
Southern Hemisphere was characterized by upward trends [16].

Climate change is causing alterations in precipitation patterns and temperature
regimes, which in turn can lead to changes in wind erosion patterns. During the last
50 years, climate change has caused increased precipitation [17], and a trend of increasing
temperature has been recorded. The key finding of the sixth Assessment Report on climate
change is that the increase in mean air temperature will reach 1.5 ◦C between 2030 and 2052
if it keeps rising at the current trend [18]. Early detection of the effects of climate change
on wind erosion will help in promoting suitable sustainable soil practices to minimize
financial and environmental damage. The problem is that a specific, precise model to
evaluate the impact of climate change on soil erosion for a particular study area has not
yet been developed [19]. Published research dealing with the impact of climatic change
on soil erosion is mostly limited to smaller scales [20], and very few studies have focused
on evaluating the impact of climate change on wind erosion around the world [12,21–29].
These studies have helped to advance our understanding of the relationship between wind
erosion and climate change and have provided insights into the drivers of wind erosion and
the impact of climate change on wind erosion patterns. Despite the progress made in wind
erosion research, there are still significant gaps in our understanding of the relationship
between wind erosion and climate change.

Global warming can intensify wind erosion and degrade local soil structure and
conditions [30], and weather parameters are key indices of wind erosion, mostly in dry
regions [31]. Drylands will expand at least by 11% by the end of this century [32]. These
changes could endanger landscape sustainability [33]. Climate change has increased wind
erosion in arid areas by 3.2% in the last 39 years [19]. Environmental changes caused by
global warming will result in greater wind intensity and lower water availability, which
will result in increased wind erosion, mostly in the outer environment [34]. Climate change
will have shifting impacts either locally or regionally on important climatic indices of
wind erosion, especially its frequency, duration, and severity. Identifying and assessing
possible scenarios is important for managing sustainable land practices considering such
changes. Climate parameters such as precipitation, temperature, and wind condition
are key factors in determining the intensity of wind erosion. The connection between
wind erosion events and precipitation from the perspective of broad-scale climate systems
that control precipitation levels and soil moisture together with area management are
crucial factors influencing wind erosion risk [35–39]. Although there are several climatic
parameters and factors to evaluate the impact of climate change in relation to wind erosion,
there is a lack of studies evaluating these parameters systematically and comprehensively.

Climatic erosivity (CE) is mainly determined by wind velocity and the amount and
distribution of precipitation [40–42]. Wind erosion climatic erosivity is basically defined as
the potential to create conditions prone to wind erosion through drought on the soil surface
and erosive wind events [43]. Several recent studies [1,3,4] have investigated spatial and
temporal variations of CE as a key indicator to evaluate scenarios of climate change trends to
assess the scale at which it can affect wind erosion risk. In the revised wind erosion equation
(RWEQ), wind erosivity is defined by the wind factor (Wf ) to describe the influence of wind
speed on wind erosion. Linking wind speed with climate change is important due to its
impact on wind erosion; however, the lack of available data complicates the research [44].
Wind velocity is the driving force of wind erosivity, determined by weather processes [45].
A decrease in wind speed will reduce wind erosion [46]; however, averaging the wind
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speed can lower mean values, which can lead to a significant underestimation of wind
erosivity [47]. The mean wind speed in Northern Europe is predicted to change by a ratio
of ±15% [48]. In Southern Europe, the frequency of extreme wind events is expected to
change significantly in the future, with historical 100-year return events projected to occur
approximately every 58 years [49].

The weather factor (WF) is also used, expressed generally as an erosivity index or as
CE as input for an equation. Wind erosion activity is often aligned with drought conditions
as well [50]. The standardized precipitation index (SPI), calculated from precipitation data,
is often used to evaluate drought periods [51]. Studies have shown that the magnitude of
wind erosion is dependent on wind force and drought conditions; however, no studies have
examined and analyzed complex spatial and temporal changes in combined parameters
using long-time meteorological data. Addressing the challenges requires a multi-parametric
approach involving all major drivers of wind erosion climatic erosivity to fully understand
the complexities and relationships and predict wind erosion patterns in a changing climate.

Therefore, the intention of this study, for the period 1961–2019 in Western Slovakia,
was to (1) investigate the changes and variations in climatic parameters U, P, r and T;
(2) highlight the role of Uer in relation to P; (3) evaluate the dry periods based on SPI;
(4) determine the role of drought periods and their effect on CE through the SPI and Wf
indices; and (5) analyze the spatial and temporal changes in CE at the annual and monthly
scale to determine its diversity caused by climate change.

2. Materials and Methods
2.1. Study Area

The study area is in the western part of Slovakia, a landlocked country in Central
Europe, and has a total area of 427.69 km2; it is bordered on the northwest by the Czech
Republic, on the west by Austria, and on the south by Hungary (Figure 1). It is characterized
as having a warm and dry climate, with mean annual air temperature (Tmeana) of 9.5 ◦C.
The northern and eastern part toward the mountains is characterized as slightly humid
with mild winters (Tmean in January: 1.9 ◦C). Pmeana is 550–700 mm. The area is also
characterized by sandy, loamy sandy, and sandy loam soils highly prone to wind erosion,
with significant changes in particle size distribution in last 50 years [52].

Figure 1. Study area and locations of MSs.

2.2. Climate Data Assessment and Interpretation

Interannual tables and charts of climatic parameters were built using long-term mete-
orological data in Western Slovakia at 12 meteorological stations (MSs) (Table 1)
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Table 1. List of meteorological stations and years of data measurements.

MS Abbreviation Years of Meteorological Data

Trnava TT 1961–2019

Bratislava BA 1961–2019

Dunajská Streda DS 1961–2019

Komárno KM 1961–2019

Šal’a/Nové Zámky SA/NZ 1961–2019

Senec SC 1961–2019

Myjava MY 1961–2013, 2017

Senica SE 1964–2014, 2017–2019

Nitra NR 1982–2019

Pezinok PE 1989–2019

Skalica SI 1989–2017

Malacky MA 1997–2019

Daily meteorological data including P (mm), Tmean, Tmax, and Tmin (◦C), and r
(%) and daily wind data at 3 time periods (7 AM, 2 PM, and 9 PM) over a period of
58 years and hourly wind data over 14 years (2005–2019) were provided by the Slovak
Hydrometeorological Institute to evaluate and analyze the direction and prevalence of
wind (Umean, Umax, Umin) in the study region. Data were processed by ArcGIS software
using the Topo to Raster interpolation method with a raster resolution of 0.5 km. To
standardize the yearly data from different weather stations, we used trend analysis and the
interpolation method to obtain the missing data. The locations of the MSs are displayed in
Figure 1, and specific data (coordinates) are presented in Supplementary Table S1.

2.3. Wind Factor (Wf)

Wind is an independent factor influencing soil and land surface and is the main cause
of wind erosion. There is no simple way to use U to determine the extent of wind erosion,
so it is necessary to evaluate the effect of U on wind erosion through other parameters, such
as Uer, Umax, Umaxmean, or Wf. U significantly influences the intensity and frequency of
wind erosion and occurrence. According to research in the Záhorska lowland [53], wind
erosion events occur in Slovakia when the wind speed exceeds 5 m/s. To calculate Wf,
hourly mean wind speed datasets from MA (1995–2019), BA (1995–2019), NR (1996–2019),
KM (1995–2019), and TT (1998–2019) stations were used in the equation for calculating
erosive Wf (kg/m/s) [54]:

W f =
N

∑
i=1

ρ
(Ui − Ut)

2Ui
gN

. (1)

where Ui is wind speed (m/s), Ut = 5.0 m/s (if Ui < 5.0, Wf = 0), ρ is air density (kg/m3),
g is acceleration due to gravity (m/s−2), and N is the number of wind events.

The conversion from wind speed observed at standard height to 2 m height was
calculated using a wind profile conversion formula:

V2 = V1 ×
(

Z2

Z1

)α

. (2)

where V1 is wind speed at standard height (10 m), V2 is wind speed at 2 m height, Z1
is the standard height (10 m), Z2 is the desired height (2 m), and α is the power law
exponent (0.14).
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2.4. Meteorological Drought Analysis

SPI, the most widely adopted and recognized parameter for characterizing mete-
orological drought, was described in [55] for various time periods (1, 3, 6, 12, 24, and
48 months) [56]. Meteorological drought monitoring (MDM) software was developed
in [57] to count and analyze drought with a high cross-correlation coefficient (R2 > 0.90).
In this study, we calculated monthly and yearly SPI from the datasets of 12 MSs. The SPI
index was classified into 7 categories: >2, extremely wet; 1.5 to 1.99, very wet; 1.0 to 1.49,
moderately wet; −0.99 to 0.99, near normal; −1.0 to −1.49, moderately dry; −1.5 to −1.99,
severely dry; and <−2, extremely dry.

CE refers to the inclination of the climate to create conditions that contribute to wind
erosion. This study adopted a widely used equation [58] to calculate climatic erosivity:

CE =
1

100

di

∑
i=1

u3
(

ETPi − Pi
ETPi

)
Ui. (3)

where ū is monthly mean wind speed (m/s), ETPi is monthly potential evapotranspiration
(mm), Pi is monthly precipitation (mm), and di is the number of days per month. ETPi is
calculated by Equation (4), described in [59]:

ETPi = 0.19(20 + Ti)
2 (1 − ri) (4)

where Ti is average monthly temperature (◦C) and ri is monthly humidity.

3. Results
3.1. Trends in Variations of Climatic Parameters

The spatial distribution and variation of P within the study area show a significant
discrepancy, with Pmeanmaxa of 869 mm (PE) and Pmeanmina of 523 mm (NR, KM, SC)
(Figure 2a). The ra value oscillated during the year between 68 and 86%, with the lowest
values in April–August and the highest in November–January. The spatial and temporal
variation ranged from 72.1% (BA) to 77.78% (MY), with a minimum in 2003 (70.2%) and a
maximum in 1966 (78.4%) (Figure 2b). Tmeanmin occurred in 2007 at SE station, which is
also the MS with the lowest Tmeanmin (8.7 ◦C). Tmeanmax occurred at all stations within
the last 7 years of the study period (2015–2019), with the highest (14.09 ◦C) at MY station.
Tmeanmax occurred at SI (11.18 ◦C). The warmest months were May–September, accounting
for 12–18% of Tmeanmax (Figure 2c).

Figure 2. Spatial variability of (a) Pmean (mm), (b) rmean (%), and (c) Tmean (◦C) during 1961–2019.

Tmeana in the area shows a noticeable rise of +1.75 ◦C (R2 = 0.47) for the whole
study period (1961–2019) (Figure 3). In the 1960s, Tmeana was 9.34 ◦C, but after 2010, it
reached 11.09 ◦C. Although Tmeana fluctuated over the years, an overall positive trend
can be identified even within decades. The first decade (1961–1969) is characterized by a
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0.19 ◦C increase and the last one (2000–2019) by a 0.66 ◦C increase. Pmean shows a slightly
increasing trend. The first three decades show a decreasing trend of up to −4.6%, but in the
last two decades (2001–2010 and 2011–2019) the precipitation amount increased to +6.63%
and +6.53%, respectively.

Figure 3. Tmeana and Pmeana during study period in investigated area.

The temporal changes and spatial distribution of Umean were analyzed. The results
show that the dominant wind direction was NE (24%), followed by NW (14%) and SWW
(7%). As Uer plays an important role in wind erosion occurrence, the trend of wind
speed shown by Umaxmean and Umeana from all available data was analyzed (Figure 4).
Umeana was 2.74 m/s (max. 3.1 m/s in 1962, 1964, and 1965 and min. 2.4 m/s in 2016).
Umaxmean was 10.35 m/s (max. 13.7 m/s in 1962 and min. 7.4 m/s in 2018). There was an
obvious decline in Umaxmean from 1961 to 2019, with a decrease value of −0.05 m/s/year
(R2 = 0.32), although the Umeana trend shows no visible changes. These results correlate
with decadal analysis, which showed that Umaxmean in last two decades (2001–2010 and
2011–2019) was the lowest among all decades at 10.1 and 9.22 m/s, respectively. However,
Uer analysis shows a significant increase in frequency (R2 = 0.34) during the study period,
with a smaller decrease within the last four years.

The decadal analysis of seasonal periods did not show high variation during the study
period. The proportion of Uer in the four seasons was 26, 21, 25, and 28%, with CV ranging
from 5.9% (spring) to 9.1% (winter).

A comparison of the Umaxmean results for the whole study period and the last
decade shows that the central belt of the study area is characterized by an increasing
trend (Figure 5); however, the total temporal trend shows a decline by −1.13 m/s in the
last decade.

3.2. Trends in U and Wf Parameters

It was found that with regard to total wind occurrence (calculated from daily 7 AM,
2 PM, and 9 PM measurements) Umean values of <5, 5–6, 6–7, 7–8, and 8–9 m/s accounted
for 87, 5.7, 3.4, 1.8, and 1%, respectively. Umean > 9 m/s accounted for less than 0.5%.
Frequent Uer occurred mostly in spring (March, April) and autumn (October, November).
Uer occurrence was less frequent in summer (July, August) (Figure 6).
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Figure 4. Trends of Umeana, Umaxmean, and Uer frequency during study period.

Figure 5. Differences in Umaxmean compared to last decade.

Figure 6. Frequency of monthly Uer occurrence within the study period.
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To clarify the fluctuation of Wf, an analysis of Uer occurrence was performed based on
the following scenarios: (a) Pmax < 0.1 mm within 5–10 days and Umean > 5 m/s; (b) Pmax
< 0.1 mm within 10–19 days and Umean > 5 m/s; and (c) Pmax < 0.1 mm for >20 days and
Umean > 5 m/s (Figure 7). The data show no significant change in the trend line in any of
the analyzed scenarios during the study period. The mean number of days per year with
Uer (Duer) in scenario a varies between 17.63 in 1961–1970 and 21.22 in 1971–1980, and
19.16 in the last decade. In scenario b, Duer varies from 4.91 in the last decade to 7.13 in
1971–1980, and in scenario c values vary between 0.17 in 1961–1970 and 1.02 in 1971–1980,
and 0.3 in the last decade.

Figure 7. Yearly Duer occurrence for scenarios a, b, and c.

The analysis of the frequency of Uer occurrence in months with possible wind erosion
occurrence in Slovakia across the decades shows that in the last decade, Uer occurred in
March 95, 97, and 100% of the time in scenarios a, b, and c, respectively (Figure 8). However,
the previous decade (2001–2010) showed different results. Erosive winds occurred 57, 20,
and 20% of the time in March, April, and May, respectively. The ratio between spring and
autumn Uer occurrence was 98:2 during the whole study period.

Figure 8. Frequency of Uer occurrence in selected months across decades for scenarios a, b, and c.
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The seasonal and temporal variability of Wf (Figure 9) varied significantly between
1996 and 2006. Wf showed an increasing trend in the first two decades by +11.86%
and +3.66% and a decreasing trend during the last decade by −8.49%. The highest Wf
(3.14 m3/s−3) was found for spring, and the lowest for summer (2.07 m3/s−3).

Figure 9. Seasonal and temporal variability of Wf.

The decadal variations of Wf showed the highest increase mainly in the northern part
of the study area during the last decade, up to 95.21% (Figure 10). About 46% of the study
area showed a decrease in Wf (up to −12.96%; mean −2.22%, SD 3.51) and 54% of the area
showed an increase in Wf (mean +10.34%, SD 17.92).

Figure 10. Spatiotemporal variations of Wf and mean Wf for the whole study period by decade.
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The correlation coefficient between Wf and Uermean confirms the assumption that the
occurrence and frequency of Uer are important factors in wind erosion events (Figure 11).

Figure 11. Relationship between Uer and Wf.

3.3. Variation of SPI Trend

To detect the role and effect of drought on wind erosion, the region’s drought was
analyzed over a period of 58 years using MDM software to calculate monthly and yearly
SPI from the datasets of 12 MSs. Supplementary Table S2 shows that drought occurred
in the years when the SPI index reached negative values. The trend analysis shows that
it differed at each station. At least one MS moderate drought was observed for 21 years,
severe drought for 9 years, and extreme drought for 6 years. The decadal analysis showed
that the frequency of dry periods (severely and extremely dry) slightly increased in the last
two decades (Figure 12).

Figure 12. SPI trend by decade.
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The SPI changes are related to some seasonal periods (Figure 13), whereas extremely
dry and extremely wet periods can occur at any time of the year. Annual SPI exhibited a
very slight increasing trend, but with no significance except BA and MA stations. The results
are not significant, as SPI values move toward near normal and oscillate in both directions.

Figure 13. Monthly SPI calculated from study period (1961–2019).

3.4. Variation of CE Trend

CEmeana for each MS was obtained by calculating monthly CE (CEm) from daily
datasets. Spatial maps of 58-year CEmeana and decadal CE (CEd) were generated by the
ArcGIS Topo to Raster method (Figure 14). Since U is the key element of Wf, the change in
CE in the study area shows a high correlation with Umaxmean (R2 = 0.95).

Figure 14. Spatiotemporal variation of CE by decade.
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CEmeana (for the whole study region) ranged from 58.4 to 171.31, with an average of
98. SD varied over years between 34 and 119, which also confirms high temporal fluctuation.
CEmeana fluctuated until 1973, after which it rapidly decreased until 1987, when it went
above average again. A similar shift occurred between 2012 and 2016, when the value
decreased to a minimum value again. This trend also correlates well with Umaxmean
(Figure 15). The evaluation of the total monitored period shows a slight decreasing trend of
CEmeana, but with no great significance.

Figure 15. Relationship between CEmeana and Umaxmean during study period.

However, there was a clear fluctuation in CEmean during the year. CEmean is char-
acterized by strong seasonality, with the highest value in spring (March, April, May),
representing a considerable proportion of annual CE (34.5%), and the smallest ratio in
summer (17.5%). During springtime, wind erosion occurs as a combination of Uer (9.78%)
and less P (23%); on the contrary, during the summer, the concentration of P is higher (33%)
and the frequency of Uer is lower (4.33%). In addition to monthly values, yearly CEmean
values also showed high oscillation. The second and third decades are characterized by a
decreasing trend, followed by a period of increasing values, and the last two decades are
characterized by a downward trend (Figure 16).

In conclusion, during the whole study period, Umaxmean declined by 2.47 m/s and
r by 3.09%, and Tmeana increased by 1.75 ◦C and Pmeana by 50.5 mm. These changes
culminated in a 6% decline in CEmeana, and we assume the most significant parameter
causing this decline was Umaxmean.



Land 2023, 12, 757 13 of 18

Figure 16. Changes in CEmean by season and decade during the study period.

4. Discussion

In Europe, the impacts of climate change are already being felt, and the impacts on
wind erosion and associated soil degradation are a growing concern. The report on Climate
Change in Europe highlights that the most vulnerable regions are those in the south and
southeast, where heatwaves and droughts are expected to become more severe in frequency
and intensity [60].

The intensity and frequency of wind have changed as a result of climate change, with
varying consequences. The variations of Wf in the present research show an increase
in about 54% of the study area during the last decade, with the highest increase in the
northern part, up to 95.2% (Figure 10). In addition, Uer analysis showed that there was
a significant increase in frequency (R2 = 0.34) during the study period, with a smaller
decrease within the last four years (Figure 4). So far, a definite conclusion regarding various
wind pattern forecasts cannot be drawn. First, the near-surface wind speed will decrease
over the Northern Hemisphere as the global warming level increases by 1.5–4.0 ◦C [61]. A
decrease in global near-surface wind speeds, likely driven by changes in large-scale atmo-
spheric circulation patterns associated with global warming, has also been observed [16].
Furthermore, a decrease in wind speed can have a substantial impact on reducing soil wind
erosion, and temperature and precipitation were also found to have significant correlations
with soil wind erosion [62]. On the contrary, wind speeds are likely to increase in many
regions of the world, and the frequency of extreme wind events may also increase [14]. An
increase in airflow originating from warmer directions was observed when the periods
1961–1990 and 1991–2020 were compared [63]. Moreover, the decadal 10 m wind speeds
were stronger than average in the 1990s in Northern Europe and in the 1980s and 2010s in
Southern Europe [64].

Europe has experienced severe drought in recent years and drought periods are
becoming more frequent and severe in many regions [65]. SPI has increased over the
past decade on two-thirds of the Europe continent, which indicates a trend toward drier
conditions in those regions. The increase in SPI is particularly pronounced during the
summer months, when high temperatures and increased evapotranspiration rates can
exacerbate drought conditions [66]. Drought can also have a secondary effect of increasing
the likelihood of wind erosion by reducing vegetation cover and increasing soil exposure.
Much uncertainty remains about the complex physical connections between climate change,
wind speed, and other extreme weather events [67].
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The annual SPI in this study exhibited a slight increasing trend, with significant
increases at BA and MA stations. The decadal analysis showed that the frequency of
dry periods (severely and extremely dry) also slightly increased in the last two decades
(Figure 12). Southern European regions including the Czech Republic, Slovakia, Hungary,
Romania, Moldova, and Southern Poland experienced a similar drying trend. Moreover, a
trend of increasing SPI was detected in Romania, Moldova, and Hungary, particularly in
September and October [68]. In 2016–2018, the severity of soil moisture drought in large
parts of Central and Northern Europe was extremely high, and the drought in 2018 was one
of the most severe droughts in 253 years (1766–2018) in Germany, Czech Republic, Slovakia,
Baltic countries, and Sweden [69]. It is predicted that the occurrence of severe or extreme
droughts will substantially increase in comparison to the recent past, particularly in the
Iberian Peninsula, Eastern Europe, and Mediterranean regions, and exceptional drought
occurrences such as those in the past will likely happen again in the near future and toward
the end of the century [70]. The increased frequency of dry days and extreme temperature
events is a contributing factor to wind erosion susceptibility.

Calculation using a semi-empirical model with increased T by 1 ◦C predicted an
increase in wind erosion by 31 t/km2/y [21]. An increasing climatic erosivity index has
been confirmed in several studies across Europe [28,43,71,72] and the strong correlation
between wind erosivity and changes in temperature and precipitation patterns, with high
wind erosivity values typically occurring during dry and warm periods, indicates a higher
potential for wind erosion.

However, a significant decline in soil erosion rates in the future scenario compared
to historical data was found, which was likely due to a combination of factors, including
changes in climate patterns and surface characteristics [39].

Future climate change could lead to increased erosivity (Figure 14) and wind erosion
in some regions. A moderate change in sensitivity to wind erosion in the 21st century is
expected due to the impact of climate change in Hungary [28]. Changes in temperature
and precipitation patterns could lead to significant changes in wind erosion potential, with
the highest erosion hazard occurring in areas with low precipitation and high temperatures.
The combination of increased wind speed and erosivity could also lead to increased dust
storms and desertification, particularly in Mediterranean and Eastern European regions.
The potential for aeolian processes to have a significant effect could be increased by longer-
term stresses and responses to climate change, such as decreased productivity, increased
moisture deficits, and transitions from grass to shrub vegetation [73].

The complexity of factors responsible for wind erosion intensity and occurrence
unconditionally requires more studies, especially in Europe, to draw conclusions on the
extent to which climate change will have an impact on wind erosion. The importance of
land use and land cover change in the context of climate change was highlighted in [74].
Land use change can directly affect the susceptibility of soil to wind erosion. Furthermore,
the complexity of the relationship between wind erosion and climate change makes it
difficult to accurately predict future trends in wind erosion [4]. This points out the need for
further research to improve our understanding of wind erosion and its relationship with
climate change.

5. Conclusions

In this research, two indices, SPI and Wf, were applied to detect the effect of climate
change on CE by evaluating its spatiotemporal variation at the seasonal and annual scale
in Western Slovakia over 58 years. The results indicate that Wf, Uer, and Umaxmean have
a strong impact on CE change both spatially and temporally. Umean is projected to have
minimal changes and Umaxmean will be lower, but the frequency of Uer occurrence shows
an increasing trend. A significant decline in Umaxmean will lead to a decrease in CE;
however, a small increase in drought frequency and severity during the study period was
observed, so we assume that the combination of lower Umaxmean with more frequent
drought occurrences will lead to milder recurrent wind erosion events. In this study, the
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climate parameters reflect various effects on CE regarding climate change; however, further
research on the potential impacts of climate on wind erosion will be important in order to
adjust land sustainability and management in response to these changes. The important
role of climate parameters in assessing wind erosivity during drought periods also confirms
the importance of research focused on this topic and highlights the need to correlate wind
erosion rates with both indices. Obviously, there are other driving forces of wind erosion
events, which should also be the subject of deeper research in relation to climate change.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/land12040757/s1. Table S1. Coordinates of meteorological stations;
Table S2. SPI for meteorological stations (1961–2019).

Author Contributions: Conceptualization: L.L., T.K. and K.H.; data curation: L.L. and T.K.; formal
analysis: L.L. and T.K.; funding acquisition: L.L.; investigation: L.L., T.K. and K.H.; methodology:
L.L. and K.H.; validation: T.K.; visualization: L.L.; writing—original draft: L.L.; writing—review and
editing: T.K. and K.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Integrated Infrastructure Operational Program, ERDF: Sci-
entific support of climate change adaptation in agriculture and mitigation of soil degradation
(ITMS2014+ 313011W580), and SUA grant agency no. 09-GASPU-2021: Windbreaks in agricul-
tural landscape—ecological, environmental, and economic value of multifunctional structures acting
against soil degradation.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to acknowledge the Slovak Hydrometeorological Insti-
tute for providing meteorological data and for their cooperation and support throughout the entire
research process.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lou, J.; Wang, X.; Cai, D. Spatial and Temporal Variation of Wind Erosion Climatic Erosivity and Its Response to ENSO in the

Otindag Desert, China. Atmosphere 2019, 10, 614. [CrossRef]
2. Wang, X.; Hua, T.; Lang, L.; Ma, W. Spatial differences of aeolian desertification responses to climate in arid Asia. Glob. Planet.

Chang. 2017, 148, 22–28. [CrossRef]
3. Yang, F.; Lu, C. Assessing changes in wind erosion climatic erosivity in China’s dryland region during 1961–2012. J. Geogr. Sci.

2016, 26, 1263–1276. [CrossRef]
4. Yue, S.; Yang, R.; Yan, Y.; Yang, Z.; Wang, D. Spatial and temporal variations of wind erosion climatic erosivity in the farming-

pastoral zone of Northern China. Theor. Appl. Climatol. 2019, 135, 1339–1348. [CrossRef]
5. Zhang, F.; Wang, J.; Zou, X.; Mao, R.; Gong, D.; Feng, X. Wind Erosion Climate Change in Northern China During 1981–2016. Int.

J. Disaster Risk Sci. 2020, 11, 484–496. [CrossRef]
6. Bai, Z.G.; Dent, D.L.; Olsson, L.; Schaepman, M.E. Global Assessment of Land Degradation and Improvement. 1. Identification by Remote

Sensing; Report 2008/01; ISRIC—World Soil Information: Wageningen, The Netherlands, 2008.
7. Zhao, H.; Zhang, F.; Yu, Z.; Li, J. Spatiotemporal variation in soil degradation and economic damage caused by wind erosion in

Northwest China. J. Environ. Manag. 2022, 314, 115121. [CrossRef]
8. Chappell, A.; Webb, N.P.; Leys, J.F.; Waters, C.M.; Orgill, S.; Eyres, M.J. Minimising soil organic carbon erosion by wind is critical

for land degradation neutrality. Environ. Sci. Policy 2019, 93, 43–52. [CrossRef]
9. Iturri, L.A.; Avecilla, F.; Hevia, G.G.; Buschiazzo, D.E. Comparing adjacent cultivated and “virgin” soils in wind erosion affected

environments can lead to errors in measuring soil degradation. Geoderma 2016, 264, 42–53. [CrossRef]
10. Zarrinabadi, E.; Lobb, D.A.; Koiter, A.J.; Goharrokhi, M. Assessment of the effects of land rolling on wind erosion and crop

growth in soybean production in the Red River Valley, Canada. Soil Tillage Res. 2022, 222, 105439. [CrossRef]
11. Tan, J.; Wu, X.; Zeng, F.; Li, X.; Feng, M.; Liao, G.; Sha, R. Effects of crop residue on wind erosion due to dust storms in Hotan

Prefecture, Xinjiang, China. Soil Tillage Res. 2022, 221, 105387. [CrossRef]
12. Duniway, M.C.; Pfennigwerth, A.A.; Fick, S.E.; Nauman, T.W.; Belnap, J.; Barger, N.N. Wind erosion and dust from US drylands:

A review of causes, consequences, and solutions in a changing world. Ecosphere 2019, 10, e02650. [CrossRef]
13. Bartkowski, B.; Schepanski, K.; Bredenbeck, S.; Müller, B. Wind erosion in European agricultural landscapes: More than physics.

People Nat. 2022, 5, 34–44. [CrossRef]

https://www.mdpi.com/article/10.3390/land12040757/s1
https://www.mdpi.com/article/10.3390/land12040757/s1
http://doi.org/10.3390/atmos10100614
http://doi.org/10.1016/j.gloplacha.2016.11.008
http://doi.org/10.1007/s11442-016-1325-9
http://doi.org/10.1007/s00704-018-2439-z
http://doi.org/10.1007/s13753-020-00291-w
http://doi.org/10.1016/j.jenvman.2022.115121
http://doi.org/10.1016/j.envsci.2018.12.020
http://doi.org/10.1016/j.geoderma.2015.09.017
http://doi.org/10.1016/j.still.2022.105439
http://doi.org/10.1016/j.still.2022.105387
http://doi.org/10.1002/ecs2.2650
http://doi.org/10.1002/pan3.10418


Land 2023, 12, 757 16 of 18

14. Jung, C.; Schindler, D. Changing Wind Speed Distributions under future global climate. Energy Convers. Manag. 2019, 198, 111841.
[CrossRef]

15. Andres Martin, M.; Yu, Y.; Shen, C.; Azorin-Molina, C.; Deng, K.; Bedoya-Valestt, S.; Utrabo-Carazo, E. Projected changes in
near-surface wind speed over Iberian Peninsula and associated atmosphere-ocean oscillations. In Proceedings of the EGU General
Assembly 2022, Vienna, Austria, 23–27 May 2022. [CrossRef]

16. Deng, K.; Azorin-Molina, C.; Minola, L.; Zhang, G.; Chen, D. Global near-surface wind speed changes over the last decades
revealed by reanalyses and CMIP6 model simulations. J. Clim. 2021, 34, 2219–2234. [CrossRef]

17. Piao, S.; Wang, X.; Park, T.; Chen, C.; Lian, X.; He, Y.; Bjerke, J.W.; Chen, A.; Ciais, P.; Tømmervik, H.; et al. Characteristics, drivers
and feedbacks of global greening. Nat. Rev. Earth Environ. 2020, 1, 14–27. [CrossRef]

18. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N.,
Chen, Y., Goldfarb, L., Gomis, M.I., et al., Eds.; IPCC: Geneva, Switzerland, 2021.

19. Ma, X.; Zhao, C.; Zhu, J. Aggravated risk of soil erosion with global warming—A global meta-analysis. Catena 2021, 200, 105129.
[CrossRef]

20. Li, Z.; Fang, H. Impacts of climate change on water erosion: A review. Earth-Sci. Rev. 2016, 163, 94–117. [CrossRef]
21. Gao, Q.; Ci, L.; Yu, M. Modelling wind and water erosion in northern China under climate and land use changes. J. Soil Water

Conserv. 2002, 57, 46.
22. McTainsh, G.H.; Leys, J.F.; O’Loingsigh, T.; Strong, C.L. Wind Erosion and Land Management in Australia during 1940–1949

and 2000–2009. In Report Prepared for the Australian Government Department of Sustainability, Environment, Water, Population and
Communities on Behalf of the State of the Environment 2011 Committee; DSEWPaC: Canberra, Australia, 2011.

23. Ashkenazy, Y.; Yizhaq, H.; Tsoar, H. Sand dune mobility under climate change in the Kalahari and Australian deserts. Clim.
Chang. 2012, 112, 901–923. [CrossRef]

24. Liddicoat, C.; Hayman, P.; Alexander, B.; Rowland, J.; Maschmedt, D.; Young, M.-A.; Hall, J.; Herrmann, T.; Sweeney, S. Climate
Change, Wheat Production and Erosion Risk in South Australia’s Cropping Zone: Linking crop Simulation Modelling to Soil Landscape
Mapping; Government of South Australia, through Department of Environment, Water and Natural Resources: Adelaide,
Australia, 2012.

25. Lemmen, D.S.; Vance, R.E.; Wolfe, S.A.; Last, W.M. Impacts of Future Climate Change on the Southern Canadian Prairies: A
Paleoenvironmental Perspective. Geosci. Can. 1997, 24, 121–133.

26. Munson, S.M.; Belnap, J.; Okin, G.S. Responses of wind erosion to climate-induced vegetation changes on the Colorado Plateau.
Proc. Natl. Acad. Sci. USA 2011, 108, 3854–3859. [CrossRef] [PubMed]

27. Böhner, J.; Riksen, M.; Böhner, J.; Gross, J. Impact of land use and climate change on wind erosion: Prediction of wind erosion ac-
tivity for various land use and climate scenarios using the WEELS wind erosion model. In Waldproduktivität-Kohlenstoffspeicherung-
Klimawandel WP-KS-KW View Project PADUCO II View Project Impact of Land Use and Climate Change on Wind Erosion: Prediction
of Wind Erosion Activity for Various Land Use and Climate Scenarios Using the WEELS Wind Erosion Model; ESW Publications:
Wageningen, The Netherlands, 2004.
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