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Abstract: The Western Balkans (WB) region is highly prone to water erosion processes, and therefore,
the estimation of rainfall erosivity (R-factor) is essential for understanding the complex relationships
between hydro-meteorological factors and soil erosion processes. The main objectives of this study
are to (1) estimate the spatial-temporal distribution R-factor across the WB region by applying the
RUSLE and RUSLE2 methodology with data for the period between 1991 and 2020 and (2) apply
cluster analysis to identify places of high erosion risk, and thereby offer a means of targeting suitable
mitigation measures. To assess R-factor variability, the ERA5 reanalysis hourly data (0.25◦ × 0.25◦

spatial resolution) comprised 390 grid points were used. The calculations were made on a decadal
resolution (i.e., for the 1990s, the 2000s, and the 2010s), as well as for the whole study period
(1991–2020). In order to reveal spatial patterns of rainfall erosivity, a k-means clustering algorithm
was applied. Visualization and mapping were performed in python using the Matplotlib, Seaborn,
and Cartopy libraries. Hourly precipitation intensity and monthly precipitation totals exhibited
pronounced variability over the study area. High precipitation values were observed in the SW
with a >0.3 mm h−1 average, while the least precipitation was seen in the Pannonian Basin and far
south (Albanian coast), where the mean intensity was less than an average of 0.1 mm h−1. R-factor
variability was very high for both the RUSLE and RUSLE2 methods. The mean R-factor calculated by
RUSLE2 was 790 MJ mm ha−1·h−1·yr−1, which is 58% higher than the mean R-factor obtained from
RUSLE (330 MJ mm ha−1·h−1·yr−1). The analysis of the R-factor at decadal timescales suggested a
rise of 14% in the 2010s. The k-means algorithm for both the RUSLE and RUSLE2 methods implies
better spatial distribution in the case of five clusters (K = 5) regarding the R-factor values. The rainfall
erosivity maps presented in this research can be seen as useful tools for the assessment of soil erosion
intensity and erosion control works, especially for agriculture and land use planning. Since the
R-factor is an important part of soil erosion models (RUSLE and RUSLE2), the results of this study
can be used as a guide for soil control works, landscape modeling, and suitable mitigation measures
on a regional scale.

Keywords: precipitation; rainfall erosivity; Western Balkans; mapping; clusterization; k-means;
ERA5 reanalysis

1. Introduction

The Western Balkans (WB) region includes the territories of Albania and the former
Socialist Federal Republic of Yugoslavia (excluding Slovenia and Croatia, respectively),
with an area of approximately 208,000 km2 and a population of 18 million citizens [1].
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The region spans the low-altitude Pannonian Basin in the north, the mountain regions
in the central-south and west, and the coastal area of the Adriatic Sea. Livelihoods are
heavily dependent on weather-sensitive sectors (such as agriculture, forestry, tourism, and
supporting services) [2]. The WB is highly prone to water erosion processes [3], and, in
some areas, erosion has reached a critical stage of irreversibility due to the limited soil cover.
For locations with a very slow rate of soil formation, any soil loss exceeding 1.0 t ha−1 yr−1

may be regarded as irreversible over a time span of 50–100 years [4], and for the southern
part of Europe, the tolerable soil erosion rate is ca. 0.3 t ha−1 yr−1 [5].

The earliest reports of water-related soil erosion at global and European levels include
the WB, but the information is sparse [4]. All erosion maps of former Yugoslav countries
were prepared in the 1980s based on the expert judgment of field data and maps gener-
ated via the erosion potential method (EPM) [6] as one of the most widely accepted and
applied empirical models in the Balkan region, East, and Central Europe, also known as
the Gavrilović method (e.g., Refs. [7–11]). The Gavrilović method is an empirical, semi-
quantitative model established on erosion field research in the Morava River catchment
area (Serbia) and encompasses erosion mapping, sediment quantity estimation, and torrent
classification [6]. EPM is convenient for areas where minimal data are available or where
there is a lack of previous erosion research, but it does not explore in depth the physics of
erosion processes [11].

Numerous studies across Europe and the world have confirmed the scientific verifica-
tion of the EPM model and its modifications. The erosion map of Albania was prepared
following the one-dimensional hydrology, vegetation, and erosion model (RDI/CSEP) by
Grazhdani et al. [12], whereas the erosion map for Bosnia and Herzegovina (BiH) was
prepared using the universal soil loss equation (USLE) for agricultural land and EPM for
the whole area [4,13,14].

The EU (European Union) Joint Research Centre (JRC) provided a rainfall erosivity
(R-factor) map with a horizontal resolution of 500 m and an extensive database of 30 min
(minute) rainfall records in Europe [15–22]. Another study applied the revised universal
soil loss equation (RUSLE) methodology, with rainfall erosivity estimation based on a
long time series comprised 30 min resolution rainfall observations [23]. However, data
about water erosion rates in the WB countries were not included. Instead, contemporary
research regarding the WB region was conducted only in sub-regional studies based on
the precipitation data for smaller territories covering [12,24–41] or partial regional studies
based on gridded rainfall datasets [42].

Traditionally, precipitation data for rainfall erosivity studies was obtained from
ground-based meteorological instruments and rain-gauge observations at fixed points.
Consequently, their spatial resolution is relatively poor, susceptible to various regional
climatic influences, and has insufficient accuracy for high-resolution soil erosion modeling.
Without such information, it is hard to benchmark the impact of future climate variability
and change on the rainfall erosivity of a region [43]. However, problems with uneven
distributions of meteorological sites and radar signal interference can be avoided by us-
ing precipitation estimates from remote sensing [44]. Gridded datasets are particularly
relevant to soil erosion because they quantify both the temporal and spatial variability of
precipitation [45].

The evaluation of the vulnerability of soils to rainfall erosivity is vital in the context
of sustainable agricultural practices [37], especially as the role of agriculture in the WB
countries is greater than the average for EU countries (covering approximately 42% of the
area compared with 41% of the total land area of the EU and the United Kingdom) [46,47]. A
good understanding of climate variability and precipitation features is of great importance,
especially when dealing with rainfall erosivity in agricultural and mixed agricultural areas.
The Climate Change 2022: Impacts, Adaptation and Vulnerability report [48] presents
evidence of how these changes are already affecting food security through various land
degradation processes. Climate change also has significant impacts on soil health indicators
such as soil organic matter. Moreover, precipitation extremes can reduce soil biological
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functions, and increase surface flooding, waterlogging, soil erosion, and susceptibility to
salinization [48].

Four countries in the WB region have EU candidate status (Albania, the Republic of
North Macedonia, Montenegro, and Serbia), and one has potential candidate status (BiH)
for EU accession. Further EU integration will have implications for their climate and envi-
ronmental policies, laws, and action measures. All these countries are motivated to respect
the main principles of the Paris Agreement and to achieve EU2020 and EU2030 goals in
greenhouse gas emission reduction, increased energy efficiency, and energy production
from renewable sources through the European Green Deal agenda [49]. This program
places a healthy environment at the core of policy-making initiatives. Due to its nature, the
soil is a central consideration when developing and implementing actions in many areas,
from biodiversity to agriculture and climate. Therefore, soils and their management play a
key role in future environmental, agricultural, and climate actions [47], and large-scale mon-
itoring and modeling tools are needed to ensure the proper development, implementation,
and tracking of soil-related policies in the WB [50].

The two main objectives of this study are to (1) estimate the spatial-temporal rainfall
erosivity (R-factor) across the WB region by applying the RUSLE and RUSLE2 methodology
with data for the period 1991–2020 and then; (2) apply cluster analysis to identify the places
of greatest erosion risk, and thereby offer a means of targeting mitigation measures. To
achieve these objectives, the ERA5 reanalysis of hourly precipitation data was used (given a
lack of high-resolution observed precipitation data for the region). Our overall motivation
was to put a spotlight on the WB, which stands out as a hotspot for climate change and
hydro-meteorological hazards [3,51]. This study also provides useful information for more
detailed and dynamic soil erosion assessments, as well as for the analysis of extreme erosive
events on a regional scale.

2. Materials and Methods
2.1. Study Area

Balkan, by etymology, is a Turkish word for forested mountain. This reflects the
fact that 70% of the region has high relief, comprised mountain chains rising from the
narrow coasts of the Adriatic, Ionian, and Aegean Seas of the northern Mediterranean
Basin (Figure 1). Apart from BiH (2386 m.a.s.l.), all WB countries have mountain peaks
above 2500 m.a.s.l. The highest peak in the WB region is the Korab (2752 m.a.s.l.), which is
situated on the national borders of Albania and North Macedonia. A topographic gradient
exists between the eastern and western Balkan Peninsula. In the east, the slopes of the
Balkan Mountains are very gentle, although there are some high ranges to the south. In
the west, the Dinaric Alps and Pindus Mts. rise very steeply from the coastal zone, with a
clear boundary between the northern Dinarides and the Pannonian Plain. The north of the
study area contains most of the Pannonian Basin, with the river valleys of the Danube and
its tributaries [52].

Various climate types and regimes are observed in the WB. The Mediterranean climate
with humid, mild winters and dry, warm summers are characteristic of Albania, the
southern part of Montenegro, and the coastal and lowland areas of BiH [53–55]. The rest
of BiH ranges from moderately continental to alpine conditions (in mountainous parts).
The central and northern parts of Montenegro have mountain climates, except for the
far north, as it has a continental climate that is under the influence of the Adriatic Sea.
The climate in the Republic of North Macedonia [56] varies from sub-Mediterranean to
moderately continental/sub-Mediterranean to continental and from cold-continental to an
alpine sub-climate. The Republic of Serbia’s climate varies from moderately continental in
the north (the Pannonian Basin) [57–60] to continental in the mountains (central Serbia) [61],
and Mediterranean subtropical and continental in the southwest (Kosovo and Metohija
(KiM)) [49,62].
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Figure 1. The WB study area and the surrounding region.

Patterns of annual precipitation over the WB are highly variable and influenced
mainly by the orography, with major variations between western and eastern coasts and
between lowland and mountainous areas [52]. The peaks of the southern Dinarides have
the highest mean annual precipitation values in Europe. Here, a mean annual precipitation
of >4600 mm was recorded in Crkvice, Montenegro (1050 m.a.s.l.) due to the combined
influence of the orientation of relief, the steepness of the topography away from the coastal
zone, and the influence of humid southwesterly airflows. Precipitation decreases from
Crkvice in all directions: mean annual totals are typically <1000 mm for the Adriatic
coast, 600–700 mm for the Pannonian Plain, and just 350–400 mm along the Albanian
coastline [52].

Seasonal precipitation variations tend to exhibit winter maxima in the central and East-
ern Mediterranean and autumn and/or spring maxima in the northern Balkans, which are
in the transitional zone between the Mediterranean summer-dry climate and the continental
interior. Much of the ‘true’ continental interior is under the influence of dry anticyclones
during winter, so spring or summer maxima are pronounced [63]. Hence, there are pro-
nounced regional contrasts between the summer and winter seasons. The main areas of
maxima summer precipitation are located in the north and northeast, on the northern slopes
of the Carpathian and Balkan Mountains. This is typical of central European patterns of
airflow with an intermittent polar influence. The rest of the WB region has a very dry
summer season, decreasing southwards to ca. 30 mm in Shköder (Albania). The northern
Adriatic Sea area, in the lee of the Alps, and the sea surfaces west of Crete, are two of the
four main Mediterranean regions of cyclogenesis that generate most of the depressions
during the winter and spring seasons [52].
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2.2. Methodology

All the steps, procedures, and quantitative approaches used in this study are sum-
marized in the following workflow (Figure 2). Each key element is described in turn.
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2.2.1. Database

Climate reanalysis data have been widely used in various fields and applications
(e.g., for precipitation forecasting, trend analysis, and soil moisture monitoring), and ERA5
has been favored by many studies [23,44,64–66]. Here, we used the ERA5 reanalysis [67]
as reference data to calculate the R-factor (see Section 2.2.2) across the WB region at a
horizontal resolution of 0.25◦ × 0.25◦. The WB study area and statistical analysis cover
390 reanalysis grid cells; however, a larger domain comprising 1081 cells was extracted
to facilitate a comparison with other research (Figure A1). Note that when calculating
the R-factor, only liquid precipitation was used; snowfall amounts were not included.
The calculations were made on a decadal resolution (i.e., for the 1990s, the 2000s, and
2010s), as well as for the whole study period (1991–2020). This is consistent with the World
Meteorological Organization (WMO) recommendation that 30-year standard reference
periods should be updated every decade in order to better reflect the changing climate [37].

2.2.2. Rainfall Erosivity: R-Factor Calculation

Rainfall erosivity is determined by various characteristics of rainfall events, such as
rainfall intensity and duration, the kinetic energy of raindrops, drop size (diameter), and
terminal velocity [68]. The R-factor in this paper was computed using the RUSLE [69] and
RUSLE2 [70] equations.

According to Wischmeier [71], rainfall erosivity is composed of rainfall energy and
the maximum continuous 30-min intensity during the individual storm. All events with
cumulative values >12.7 mm were considered erosive events and were divided into two
parts when their cumulative depth for a duration of 6 h at a certain location was <1.27 mm
(e.g., Refs. [72–74]). The authors of this study opted to use the well-established threshold of
12.7 mm, which is defined as a precipitation event that has erosive power [15]. The rainfall
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kinetic energy for each rainfall event (e) was calculated from an empirical equation in the
form introduced by Kinnell [75]:

e = emax [1 − a exp(−b·i)], (1)

where a and b are empirical coefficients, i stands for rainfall intensity [mm h−1], and emax is the
maximum unit energy as intensity approaches infinity. For the RUSLE model, Renard et al. [69]
adopted an empirical equation (Equation (2)) from Brown and Foster [72]:

e = 0.29·[1 − 0.72 exp(−0.05·i)] [MJ·mm−1·ha−1], (2)

The value of emax was taken as 0.29 based on the work of Rosewell [76]. The value
of coefficient a was taken to be 0.72 based on work by McGregor and Mutchler [77], and
the value of coefficient b was taken to be 0.05. A new b coefficient was adopted in the
development of RUSLE2, following the work of McGregor [78]:

e = 0.29·[1 − 0.72 exp(−0.082·i)] [MJ·mm−1·ha−1], (3)

The change in the b coefficient regarding RUSLE2 methodology was also accepted
as a better choice by the developers of RUSLE methodology, Brown and Foster, as the
previous one (Equation (2)) was not designed and tested to be used directly in a soil loss
equation [79]. However, as many scientists have continued to use RUSLE methodology
(e.g., Refs. [80,81]), it was taken into account together with RUSLE2. In the next step, the
energy of the storm (E) was estimated by multiplying the kinetic energy per event (e) with
rainfall intensity (i) in the time interval (∆t) using Equation (4):

E = e*i*∆t [MJ·ha−1], (4)

The rainfall erosivity factor (Rk) per erosive rainfall event was calculated by multi-
plying E with the corresponding I60 value [mm·h−1]. The R-factor was set equal to the
average of the summation of the erosivity values for every year of rainfall and defined by
the product of an erosive rainfall event’s kinetic energy and the maximum intensity of a
30-min duration rainfall during the rainfall event, known as EI30 [79]. In this study, EI60
was used instead of EI30 due to the inaccessibility of sub-hourly data at the regional scale
(Equation (5)):

Rk = EI = E × I60 [MJ·mm·ha−1·h−1], (5)

Here, a well-known and proven limitation of I60 should be emphasized: it under-
estimates the values of the R-factor for 10–25% in comparison to the I30 parameter (e.g.,
Refs. [74,82]). Annual rainfall erosivity (R) was determined using Equation (6), where n is
the number of years for the given dataset (here, 30 years for EI60), and m is the number of
erosive events during year j.

R =
1
n ∑n

j=1 ∑m
k=1 Rk, [MJ·mm·ha−1·h−1·yr−1] (6)

2.2.3. k-Means Clustering

A k-means clustering algorithm was used to reveal spatial patterns of rainfall
erosivity [18,20]. It is a centroid-based clustering technique, whereby clusters are rep-
resented by a central vector. The number of clusters is fixed to K and the algorithm finds
the K cluster centers and assigns objects (O) to the nearest cluster center, so that the squared
distances from the cluster are minimized [83] In computer science and pattern recognition
communities, the k-means algorithm is often termed Lloyd’s Algorithm I [84]. Here, the
augmented k-means++ was applied, as the augmentation O(log k) provided by Arthur and
Vassilvitskii [85] improved both the speed and the accuracy of the k-means algorithm. To
avoid the algorithm becoming trapped in a local minimum, the following metrics were
applied: the Calinski–Harabasz index (CHI) [86]; the Davies–Bouldin index (DBI) [87]; the
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silhouette score [88]; and the elbow method [89]. Cluster computation and metric evalu-
ations were obtained via the Scikit-Learn module [90] in python. Visualization was also
performed in python using the Matplotlib [91], Seaborn [92], and Cartopy [93] modules.
The study area map was created via ArcGIS®.

3. Results and Discussion
3.1. Precipitation Variation

South-East Europe is a complex region climatically, with marked variations in its
precipitation regime [94]. Patterns of annual precipitation over the WB are highly variable
and influenced largely by the orography, with major differences between the western
and eastern coasts or between the lowlands and mountainous areas [52]. The SW-NE
precipitation gradient across the study area ranges from a maximum of 0.25 mm h−1 to a
minimum of 0.05 mm h−1 (Figure 3a), as the WB region is exposed to the inflow of moist
air masses coming from the Adriatic Sea and topographically-induced precipitation by the
Dinaric Alps which also present a barrier to moist air reaching the NE area of WB [95]. The
number of erosive rainfall events (the number of storms) and spatial distribution are in
good accordance with the mean precipitation distribution (Figure 3b).
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Figure 3. (a) Distribution of hourly mean precipitation across the study area (b) 3D model of the
cumulative number of erosive rainfall events for the total study period 1991–2020.

In terms of seasonal precipitation variations, the central and Eastern Mediterranean
tends to exhibit winter maxima, whereas the northern Balkans have an autumn and/or
spring maximum due to their location in the transitional zone between the Mediterranean
summer-dry climate and continental interior [63]. This is evident from the “U” shape
(Figure 4) of the intra-annual variation in monthly precipitation with the winter maxima for
Livno, Mostar, Crkvice, Podgorica, Bar, Shköder, Tirana, Bitola, Vlorë, and Gjirokastër and
autumn/spring maxima for Bihać, Žabljak, Skopje, and Strumica. On the other hand, much
of the ‘true’ continental interior is under the influence of anticyclones during winter, so
spring or summer maxima are pronounced in Novi Sad, Belgrade, Banjaluka, Zenica, Sara-
jevo, Užice, Priština, and Niš (Figure 4). Therefore, regional contrasts between the summer
and winter seasons are strongly defined. The main areas of maximum summer precipitation
are located in the north and northeast, on the northern slopes of the Carpathian and Balkan
Mountains (Bor), reflecting central European patterns of airflow with an intermittent polar
influence (Tuzla). The northern Adriatic sea area, in the lee of the Alps, and the sea surfaces
west of Crete are two of the four main Mediterranean regions of cyclogenesis, which gener-
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ates internally most of the depressions during winter and spring seasons, where further
storms shift toward the mountains of Central Europe [52].
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To better understand precipitation variations across the WB region, precipitation anoma-
lies are shown in Figure 5. Two contrasting years emerge from the annual totals for the region
as a whole (Figure 5a), which are then shown as maps of rainfall in (Figure 5b–d). The first
anomaly minimum was recorded for the year 2000 and is already annotated as one with
severe droughts in the WB region [96,97]. Patterns of mean hourly anomalies show negative
values across the WB region, with >−0.04 mm h−1 in the central and eastern BiH, western
Serbia, and southern parts of North Macedonia (Figure 5c). Even more pronounced negative
anomalies were evident in 2011, ranging from −0.03 mm h−1 in northern and central Serbia,
KiM, and southern parts of North Macedonia to −0.08 mm h−1 /h in the Adriatic coast
(Montenegro, NW Albania) [16,18]. Conversely, maximum anomalies were recorded between
the years 2010 and 2014, which is consistent with widespread reports of wetter conditions and
floods [36,42,98,99] (Figure 5c,e). During May 2014, the WB region was under the influence
of the Tamara cyclone [100]. This slowly moving depression tracked from the Adriatic Sea
to the Balkan Peninsula caused extreme precipitation totals (250–400 mm during 72 h) [101].
In Figure 5e, it can be seen that the highest anomalies (>+0.08 mm h−1) can be observed in
the areas where the cyclone had the most severe impact (the central part of the WB region,
eastern BiH, and western, central, and eastern Serbia).
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3.2. R-Factor Variability

Nearing et al. [79] assert that “it is of great importance to understand, when considering
the calculations of rainfall erosivity, that even though the researcher intends to represent rainfall
energy the entire calculation of energy, is based on rainfall intensity”. However, by comparing
RUSLE and RUSLE2 methodologies—which both use a threshold of 12.7 mm for a storm
event [72]—our focus is on the rainfall kinetic energy parameter b. By recalibrating b from
0.05 to 0.082, the RUSLE2 methodology gives R-factor values that are 58% higher than
the RUSLE method (when both use the ERA5 reanalysis dataset for WB) (Figure 6). Since
the R-factor erosivity classes have different scales (due to the different b parameter), the
authors preserved their unique scales (for both eight classes of the R-factor distributions),
as a strong spatial correlation between the results could be observed.
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Across the WB, the mean value of the R-factor calculated by the RUSLE methodology
for the period 1991–2020 (Figure 6a) is 330 MJ mm ha−1 h−1 yr−1 with a standard deviation
of 130 MJ mm ha−1 h−1 yr−1. The median (50th percentile) is 300 MJ mm ha−1 h−1 yr−1,
whilst 25% of the erosivity values (25th percentile) are lower than 220 MJ mm ha−1 h−1 yr−1

and the highest 25% (75th percentile) are above 400 MJ mm ha−1 h−1 yr−1. According to the
erosivity map, the highest values occur in eastern BiH, western Serbia, over Montenegro, N
Albania, and SE North Macedonia. The lowest erosivity values mainly occur in NE Serbia
and the far south of Albania.

RUSLE model calculations are consistent with the results from local studies, e.g., the
territory of the Bačka region [35] in NW Serbia, which ranges from 180 MJ mm ha−1 h−1 yr−1

to 270 MJ mm ha−1 h−1 yr−1. However, the study of Panagos et al. [102] produced a map of
long-term erosivity patterns where the R-factor values vary between 400 MJ mm ha−1 h−1 yr−1

and 3100 MJ mm ha−1 h−1 yr−1. Unfortunately, the results of this study cannot be compared
with our findings due to the interpolation of the observed rainfall data. As the authors used
the “Rainfall Erosivity database at European Scale (REDES), which includes 1675 rainfall stations in
the European Union and Switzerland”, there are no data regarding the WB region countries, and
all values regarding this region are obtained by the spatial interpolation of the R-factor point
values [102].

As it is noted by Bezak [19,20], R-factors based on the REDES database depends on
the interpolation procedure and so should be interpreted with care. As the results for the
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study covered area have been scarce so far, this paper provided the foundation for R-factor
distribution analysis over the WB by using the RUSLE methodology.

Despite using the same input data, higher erosion rates are evident in Figure 6b for
the RUSLE2 methodology. The mean R-factor for the WB is 790 MJ mm ha−1 h−1 yr−1 with
high variability as expressed by the standard deviation of 310 MJ mm ha−1 h−1 yr−1. The
median (50th percentile) is 730 MJ mm ha−1 h−1 yr−1, whilst 25% of the erosivity values
are below 530 MJ mm ha−1 h−1 yr−1 or above 990 MJ mm ha−1 h−1 yr−1.

Our RUSLE2 results can be compared with Bezak et al. [66], as both use the ERA5
reanalysis dataset with a horizontal resolution of 0.25◦ × 0.25◦ and a similar study period
(1998–2019) but with monthly precipitation resolution to compute the rainfall erosivity for
erosivity density estimations. This research [66] shows significant spatial patterns and ranges
as the lowest values were 200 MJ mm ha−1 h−1 yr−1 to 400 MJ mm ha−1 h−1 yr−1, and the
largest span was 1700 MJ mm ha−1 h−1 yr−1 to 3100 MJ mm ha−1 h−1 yr−1, following the
calculated maximum for the WB region from this study (1793.7 MJ mm ha−1 h−1 yr−1).

The use of a time series covering several decades enables the evaluation of long-term
rainfall erosivity variability, which is of interest in the context of climate change [103]. The
first insight from the decadal analysis (the 1990s, the 2000s, and the 2010s) of the R-factor is
the stationarity of the patterns, with minor spatial variations over time (Figure 7).
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The RUSLE methodology shows that the mean R-factor is unchanged between the
1990s and the 2000s (respectively 310 MJ mm ha−1 h−1 yr−1 to 320 MJ mm ha−1 h−1 yr−1)
but increases in the 2010s to 360 mm ha−1 h−1 yr−1. The same trend is seen in the median
(50th percentile): from around 290 MJ mm ha−1 h−1 yr−1 in the 1990s and the 2000s to
330 MJ mm ha−1 h−1 yr−1 in the 2010 s. Maximum values >680 MJ mm ha−1 h−1 yr−1
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occur in the 1990s and the 2000s (Figure 7a,b), but >750 MJ mm ha−1 h−1 yr−1 in the 2010s
(Figure 7c) covers the whole of Montenegro, eastern BiH, western Serbia, N Albania, and
SE of North Macedonia. The lowest erosivity values (90–125 MJ mm ha−1 h−1 yr−1) mainly
occurred in NE Serbia and far south of Albania. This rise in the R-factor over the last
decade is consistent with positive anomalies in the mean total annual 60 min precipitation,
as well as with the results reported by Lukić et al. [36] and Micić Ponjiger et al. [42] for
change in the rainfall erosivity factor over the Pannonian Basin. The rise is also detected
in neighboring Greece; on the south of the Balkan Peninsula (the 1990s R-factor was
249.5 mm ha−1 h−1 yr−1, the 2000s R-factor was 297 mm ha−1 h−1 yr−1, the 2010s R-factor
was 516.28 mm ha−1 h−1 yr−1) and this is in good agreement with a study from the broader
area that used ground (rain gauge) data [104].

The results from the RUSLE2 methodology show that the R-factor mean increased slightly
from 740 MJ mm ha−1 h−1 yr−1 in the 1990s to 755 MJ mm ha−1 h−1 yr−1 in the 2000s and
865 MJ mm ha−1 h−1 yr−1 in the 2010 s. The same trend is evident in the median through the
decades: 690 MJ mm ha−1 h−1 yr−1 in the 1990s, 700 MJ mm ha−1 h−1 yr−1 in the 2000s, and
790 MJ mm ha−1 h−1 yr−1 in the 2010s. Maximum values of >1600 MJ mm ha−1 h−1 yr−1

occur in the 1990s and the 2000s (Figure 7d,e) then >1700 MJ mm ha−1 h−1 yr−1 in the 2010s
(Figure 7f).

Due to the very limited number of research regarding the WB study area, the obtained
results can also be compared with the work of Rousseva and Stefanova and Rousseva and
Marinov [105,106] on the borderline with Serbia and N. Macedonia, as they used the USLE
methodology for neighboring Bulgaria. The results for the USLE methodology are similar
to the RUSLE2 methodology [79] and so can only be compared with RUSLE2. The values
differ from 600 to 800 MJ mm ha−1 h−1 yr−1 in the north of Bulgaria (east Serbia borderline)
to 400–600 MJ mm mm ha−1 h−1 yr−1 in (N. Macedonia). On the other hand, the work of
the above-mentioned authors [105,106] differs from this study due to the precipitation data
resolution (30 min, I30) and data source (ground, gauge data). Hence, it can be noticed that
R-factor values are somewhat more appropriate when derived by the RUSLE2 approach.

As noted by Nearing et al. [79], the RUSLE yields reasonable results in terms of quan-
tifying relative spatial or temporal differences in erosivity but significantly underestimates
erosivity when compared to RUSLE2. The results obtained in this study (for the whole
study period as well as on the decade level) support this view.

3.3. Clustering

The k-means algorithm was applied to both the RUSLE and RUSLE2 outputs to
generate maps of homogeneous areas for the R-factor values. This is the most widely used
algorithm across the study domains, according to Ezugwu et al. [107]. For the optimization
of the number of clusters (K), four metrics were used: CHI, DBI, the silhouette score, and
the elbow method. For the computation of the k-means cluster, only R-factor values for the
full study period (1991–2020) were used.

According to the CHI, DBI, silhouette score, and elbow methods, the optimal num-
ber of K were four and five (Figure A2)—so maps were produced for each K-value
(Figure 8a,b). When using four cluster centers, it is evident that all maximum R-factor
values (>600 mm ha−1 h−1 yr−1) fall into cluster 4, whereas the maximum R-factors for
cluster 5 have a less homogeneous distribution. The 75th percentile values were mainly
captured in cluster 2, with a small overlapping with cluster 3 when K = 4 and again the
mixture of clusters is presented regarding clustering with K = 5.

A more detailed examination of the R-factor distribution captured by the clustering
can be observed in the box and whisker graphs (Figure 9). The ranges between the R-factor
values are clean-cut by the algorithm, without any overlapping in whiskers. Observing the
clusters with the highest R-factor, it can be seen that the median for K = 4 (cluster no. 4) is
lower than in the case of K = 5 (cluster no. 3). Therefore, K = 5 provides better a delimitation
of the zones with the max values. On the other hand, for min values (K = 4 cluster no. 1
and K = 5 cluster no. 4), the R-factor distributions are almost the same.
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dotted lines are R-factor values >600 mm ha−1 h−1 yr−1.
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the total 30-year period if (a) K = 4 and (b) K = 5.

When calibrating the ideal number of clusters (K) regarding the R-factor from the
RUSLE2 methodology, the observed metrics showed very similar results as for the RUSLE
distributions (Figure A3). Once again, 4 and 5 were the best candidates for the ideal number
of K’s. In Figure 10, the spatial presentation of both clustering and scenarios is presented.
The spatial distribution with 4 clusters shows the total overlapping with areas of R-factor
values >1200 mm ha−1 h−1 yr−1 (cluster no. 4), as well as the spatial distribution with
5 clusters (cluster no. 4). Once again, complementing the maps with additional box and
whisker plots (Figure 11), the advantage when K = 5 is a better separation for extremely
high values of the R-factor (>1200 mm ha−1 h−1 yr−1). The lowest values (25th percentile
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of distribution) are in both scenarios included in cluster no. 1, as it is for the RUSLE
methodology distribution. These similarities in clustering results regarding the RUSLE
and RUSLE2 methodology are expected, bearing in mind that only values are changed
(increased for RUSLE2 due to the change in the b parameter in Equations (2) and (3)), but
the spatial distribution has not been disturbed.
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3.4. Policy, Practical Implications and Study Limitations

Detailed information on erosion by water processes, acquired through both modeling
and measurements, is lacking in large parts of the world. Through this research, we have
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begun to address a knowledge gap for the WB region, which was hitherto literally a blank
on the map of European soil erosion. Since the results obtained for the R-factor show an
increase in values during the last decades, it is necessary to draw more attention to studies
regarding this type of hydro-meteorological hazard.

To protect areas that are potentially endangered by rainfall erosion, it is necessary to
assess the intensity of these processes and then evaluate the negative impact they pose to
social structures. This information makes it possible to formulate the appropriate model
for preventive and remedial measures, which is of paramount importance for vulnerable
areas affected by erosion due to water processes, as the R-factor is one driver for the soil
erosion process. These measures are primarily determined through the prism of physical
and socioeconomic frameworks and form the basis for the further development of technical-
engineering measures [83].

The main policy instrument dedicated to soil protection in the EU is the Soil Thematic
Strategy, where soil erosion is classified as one of the eight threats. Soil erosion indicators
have been included in monitoring the performance of the Common Agricultural Policy
(CAP) since 2009 when EU Member States had the compulsory requirement to keep their
land in good agricultural and environmental conditions [108]. In 2013 the CAP 2014–2020
reform proposed the sustainable management of natural resources as one of its main
objectives. Under CAP 2023–2027, EU members continue developing an efficient stratified
monitoring network and informing targeted mitigation strategies [109]. As an example,
during the discussion in the European Parliament regarding the post2020 CAP reform, one
of the early proposed indicators stated that the Member States of the EU would reduce the
percentage of agricultural land under severe erosion (>11 t ha−1 yr−1) [108]. As stated in
the introduction of this study, all states from the WB region are EU candidates (except BiH
as a potential candidate). Therefore, the transposition and implementation of this policy in
the states of the WB region are particularly important.

But, before adopting a policy on the level of the EU, the WB region states must also
adapt their state frameworks regarding soil erosion assessment and mitigation measures.

The conceptual Soil Erosion Assessment and Mitigation Measures Framework (SEAMMF)
offered by this study (Figure 12) comprises a series of steps that must be taken to ensure early
detection, as well as the sustainable preventive actions needed in potentially vulnerable areas
in the WB region.

The first step in the SEAMMF formulated as the government sector (Figure 12, step 1)
defines the initial outlines of every system responsible for managing any kind of activity
performed at the national level. In addition to the main state institutions, local government
institutions are also included in the system for the management of hydro-meteorological
hazards. Once logistics support is established in the organizational units, it is necessary to
define the committees that will monitor the process, collect and analyze the data, and finally
transfer information to different levels of governmental institutions. The role of public
institutions and non-governmental organizations is equally important for the adapting,
administering, and monitoring of agricultural policy directives at the national, regional,
and local levels [110]. Risk communication is thus an important tool since it represents
an exchange of knowledge and information between risk managers, decision-makers,
public authorities, and the general public [111]. Besides the established organizational
units, economic status plays a key role in the successful prevention and remediation of
erosion by water processes in potentially endangered areas. Higher economic income has
a dual impact on vulnerability: the potential losses are higher (especially material), but
overcoming the crisis and disaster recovery is faster [112].

As observed by Borrelli et al. [63], unsustainable soil erosion rates occur not only
because of a lack of sound policies but also due to a lack of knowledge. Education is
directly related to the socioeconomic status of the region. Better education ensures quality
living conditions, which has an impact on the reduction in vulnerability during natural
hazard events (Figure 12, step 2). A less educated population narrows the opportunities
for learning about hydro-meteorological hazards and their impact, as well as access to
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the information relevant to a faster recovery. This causes an increase in vulnerability to
given natural hazards [113,114]. The greatest attention regarding the education of the
population should be focused on agricultural land users/farmers. This will directly reduce
the human impact on erosion processes if appropriate erosion control works are used
during agricultural activities.
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After a thorough study of the nature and intensity of erosion by water processes, it is
possible to determine the best solutions for the protection and re-cultivation of degraded
areas or to implement preventive measures in potentially endangered areas (Figure 12,
step 3). Depending on the intensity of the R-factor, the physical properties of the endan-
gered area, and the possibilities to implement a variety of erosion control works can be
divided into two major groups: agricultural (e.g., Ref. [115]) and technical engineering (e.g.,
Refs. [116,117]).

The systematic monitoring of soil loss induced by erosion and water processes in
larger areas (such as the WB region) is often very challenging. Study findings indicate that
RUSLE-type models have been extensively used as the most employed erosion-by-water
modeling tool during the past decades [79,118]. Therefore, parameters such as the R-factor
are key features for the estimation of soil-erosion rates in the WB region.

Various parameters derived from different data sources, such as DEM (digital elevation
model), soil properties, and climate characteristics (ground stations and remotely-sensed
data repositories), may have different data formats, projections, data quality, and spatial
resolutions (Figure 12, step 4). A greater density of precipitation values within the gridded
datasets of higher spatial resolution (ERA5 reanalysis, 0.25 deg.) and an R-factor model
based on RUSLE and RUSLE2 guidelines tend to ensure a quality regional model frame-
work. By applying cluster analysis, a more dynamic erosion by water rates assessment
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and the identification of places of high erosion risks (on a regional scale) can be derived.
Due to the addressed data scarcity related to the WB region, methodological approaches
in this research could help to fill in the gaps in the contemporary rainfall erosivity map of
Europe [15,18,42]. Despite the shortcomings and underestimation of the R-factor, by using
the satellite-based precipitation products during ERA5 reanalysis (as previously addressed
by respective studies [44,66]) in regions with limited observation precipitation data—such
as the WB region—these results can be useful for periods and/or locations as transitory
where rainfall erosion measurements and high-resolution ground-monitoring data are not
publicly available at the moment. By applying the ERA5 reanalysis dataset with hourly
data resolution, future research activities should encompass the cross-validation of the
results of this study against other existing data sets, respectively (e.g., REDES, CMORPH,
and GloREDa databases).

4. Conclusions

This study is the first to derive R-factors for the WB region using both the RUSLE
and RUSLE2 methodology and then to identify the coherent areas of high erosivity via
cluster analysis. As rainfall erosivity estimation requires long-term precipitation data at
the highest possible temporal frequency (ideally ≤1 h), the ERA5 reanalysis was used
for a standard climate period (1991–2020). Hourly precipitation intensity and monthly
precipitation totals (summed from hourly data) exhibit a marked variability over the region.
High total precipitation values are observed in the SW with >0.3 mm h−1 average totals,
while the least total precipitation is seen in the Pannonian Basin and far south (Albanian
coast), where the mean intensity is less than 0.1 mm/h.

R-factor variability is very high for both the RUSLE and RUSLE2 methods. The mean
R-factor calculated by RUSLE2 is 787 MJ mm ha−1 h−1 yr−1 which is 58% higher than
the mean R-factor obtained from RUSLE (328 MJ mm ha−1 h−1 yr−1). The analysis of the
R-factor at decadal timescales suggests a rise of 14% in the 2010s. The results obtained with
the RUSLE methodology were comparable with small-scale studies conducted for some
parts of the WB region as this methodology is more accepted by European researchers,
and the results are in a vast majority compatible with this study. On the other hand,
it has already been well addressed in public that RUSLE provides reasonable results in
terms of quantifying relative spatial or temporal differences in erosivity but significantly
underestimates the erosivity compared with the RUSLE2. Therefore, it is a recommendation
to use the RUSLE2 method, but with critical caution concerning the results due to the data
source resolution of 1 h, which also tends to underestimate the R-factor value (in comparison
with 30 min data resolution). Regarding clusterization, for both the RUSLE and RUSLE2
methodology, a 5 cluster (K = 5) division should be used, as it shows the best spatial and
statistical distribution with the highest metrics obtained in relation to the R-factor.

The rainfall erosivity maps presented in this research may be regarded as useful tools
for soil erosion evaluation and control, especially for agriculture and land use planning.
Also, as the R-factor is an important part of erosion models, such as RUSLE and RUSLE2, it
can be used as a guide for soil conservation practices and landscape modeling.
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