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Abstract. Rainfall erosivity is a critical factor for quantifying the potential of precipitation to cause soil erosion,
and it is expected to increase under projected climate change scenarios. This study presents a comprehensive as-
sessment of the spatiotemporal variability of rainfall erosivity across the cross-border region of Bulgaria and Serbia
over the 1961-2020 period. Using monthly precipitation data from 23 meteorological stations, the analysis is based
on the Fournier Index (FI), Modified Fournier Index (MFI), and Angot Index (K). The results reveal a distinct
north-south erosivity gradient. Northern stations consistently showed higher mean annual values and more frequent
moderate-to-high erosivity events. Conversely, central and southern areas were dominated by very low and low
erosivity, despite isolated extreme events. The Angot Index identifies May and June as the months with the highest
potential for soil erosion, coinciding with intense convective rainfall. These findings confirm that northern areas of
the region are more vulnerable to rainfall-induced soil erosion. This analysis provides critical data for developing
targeted soil conservation strategies and land management policies to mitigate risks in the most susceptible areas
during critical seasons.
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Introduction

One of the projected impacts of ongoing climate
change is a shift in precipitation patterns, including
an increase in the intensity and frequency of extreme
rainfall events (Bocheva et al., 2010; Vogel et al.,
2020; Intergovernmental Panel on Climate Change,
2021). Bocheva and Malcheva (2020) reported a
19—42% rise in the number of extreme precipitation
days in Bulgaria between 1991 and 2019. This trend
is closely linked to rising air temperatures, which
increase atmospheric moisture capacity and inten-
sify convective storm activity. As a result, many
regions are expected to face greater hydrometeoro-
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logical pressures, particularly a heightened risk of
soil erosion and land degradation. Due to climate
change, rainfall is expected to become more intense
and erosive. This increase in rainfall erosivity is
projected to be the main factor causing soil erosion
rates to rise by 30—66% by the year 2070 (Panagos
et al., 2022).

Soil erosion is widely acknowledged as one of
the most significant environmental threats world-
wide, and it is especially critical in the Balkan re-
gion, including Bulgaria, where complex topogra-
phy, land-use changes, and climatic variability ex-
acerbate its effects (Blinkov, 2015; Ozsahin et al.,
2018). Dumitrascu et al. (2017) emphasize that the
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severity of damage caused by intense rainfall events
depends not only on factors like rainfall intensity,
duration, and total amount but also on how these
factors interact with surface characteristics such as
lithology, vegetation cover, and terrain slope. Be-
yond the loss of fertile topsoil, erosion processes
are closely interconnected with other geomorpho-
logical and environmental hazards, including land-
slides, rockfalls, sedimentation, and long-term soil
degradation, all of which can undermine agricultur-
al productivity, water quality, and ecosystem stabil-
ity (Luki¢ et al., 2018; Poesen, 2018).

The capacity of precipitation to generate ero-
sion is referred to as rainfall erosivity (Nearing et
al., 2017; Panagos et al., 2017; Luki¢ et al., 2018).
This parameter reflects the energy and intensity of
raindrop impact, which directly influence the de-
tachment of soil particles, overland flow genera-
tion, and subsequent sediment transport. Measuring
rainfall erosivity enables scientists and policymak-
ers to pinpoint regions that are more vulnerable to
erosion, assess how these risks may evolve under
future climate conditions, and develop effective,
well-targeted strategies to reduce potential damage
(Luki¢ et al., 2021).

The present study conducts a comprehensive ex-
amination of the spatiotemporal dynamics of rain-
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Fig. 1. Study area and location of the investigated stations.
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fall erosivity in the cross-border region between
Bulgaria and Serbia over the period 1961-2020,
employing well-established scientific indicators,
including the Fournier Index (FI), the Modified
Fournier Index (MFI), and the Angot Index (K).

Study area. Data and Methods

The study area corresponds to the territory defined
by the Interreg VI-A IPA Bulgaria—Serbia 2021-
2027 program, approved with Commission Imple-
menting Decision C (2022) 8660 of 23.11.2022.
This region holds strategic importance for cross-
border cooperation due to the challenges associated
with economic development and natural hazards.
The territory is characterized by a diverse land-
scape, encompassing both mountainous areas and
valleys, as well as a varied climate — predominantly
temperate-continental over most of the area, tran-
sitional to continental-Mediterranean in the south-
ernmost parts, and mountainous climatic variations
at higher elevations. A continental-Mediterranean
precipitation regime, though not strongly expressed,
is also observed in parts of northwestern Bulgaria
(Vidin region; Topliiski, 2006). For most of the
studied meteorological stations, the rainfall regime
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is characterized by a spring—summer maximum
(May—June) and a winter minimum (February).

For the analysis of the spatiotemporal param-
eters of rainfall erosivity, 11 meteorological sta-
tions located in the eastern and southeastern parts
of Serbia and 12 meteorological stations located in
the northwestern and western parts of Bulgaria were
selected (Fig. 1).

Monthly precipitation data for the period 1961—
2020 were used. The selection of the period and
the meteorological stations was determined by the
availability and accessibility of meteorological data,
as well as the geographical location of the stations.
The data were obtained from the Republic Hydro-
meteorological Service of Serbia (RHMS) and the
National Institute of Meteorology and Hydrology,
Bulgaria (NIMH).

Estimating rainfall erosivity using data derived
from pluviographic records can be a challenging
and labour-intensive process, as it requires high-
resolution measurements of rainfall intensity over
time (Petan et al., 2010). Additionally, such detailed
data are often unavailable or incomplete, particular-
ly for localised or small-scale studies, making di-
rect calculation of the erosive R-factor difficult. To
overcome these limitations, researchers commonly
use empirical indices such as the Fournier Index
(FI) and the Modified Fournier Index (MFI). These
indices provide a practical alternative because they
have been shown to correlate closely with the R-
factor of rainfall erosivity, allowing for reliable es-
timates even when high-resolution pluviograph data
are lacking (Diodato, Bellocchi, 2007; Nigel, Rug-
hooputh, 2010).

The following formula was used to calculate the
Fournier Index:

2
_ Pmax ,

FI
P

where p? is the monthly precipitation of the wet-
test month in a given year, and P is the total annual
precipitation.

The Modified Fournier Index was calculated us-
ing the following formula:

where p, is the monthly precipitation, and P is the
annual precipitation.

The MFI has been widely recognized in the lit-
erature as a robust and reliable metric for evaluat-
ing the rainfall erosivity (Hernando, Romana, 2015;
Luki¢ et al., 2018, 2019; Nikolova et al., 2024), as
its calculation incorporates all monthly precipita-
tion values in addition to the annual total, whereas
the traditional FI relies solely on the annual precipi-
tation and the precipitation of the wettest month.
Nikolova et al. (2022) point out that the MFI ex-
hibits greater sensitivity and provides more detailed
information than the FI. The categories of rainfall
erosivity classes according to the values of FI and
MEFTI are presented in Table 1.

In addition to FI and MFI to assess the influence
of precipitation on soil erosion, the Angot precipita-
tion index was computed, and the monthly suscep-
tibility classes of precipitation for each year within
the study period were established following the
methodology outlined by Dumitrascu et al. (2017)
and Luki¢ et al. (2021). The Angot index (K) was
calculated according to Dragota et al. (2014) using
the following formula:

K=

’

p
P
where p = % ,

g is the monthly precipitation total, 7 is the number
of days per month,

Q.
365’
where Q is the annual precipitation total.
The Angot Index categorizes precipitation into

five levels based on its potential to induce soil ero-
sion (Table 2).

and P =

Table 1. Rainfall erosivity classes according to FI and MFI. Based on Lukic et al. (2018)

Rainfall erosivity FI MFI
Very low 0-20 0-60
Low 20-40 60-90
Moderate 40-60 90-120
High 60-80 120-160
Very high 80-100 >160
Extreme >100
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Table 2. Susceptibility classes of precipitation triggering soil erosion based on Angot precipitation index (K). Based on

Dumitrascu et al. (2017)

Pluviometric attributes Very dry Dry
Pluvial erodibility classes Very low Low
Angot index values (K) <0.99 1.00-1.49

Normal Rainy Very rainy
Moderate Severe Very severer
1.50-1.99 2.00-2.49 >2.50

Results and discussion

Spatiotemporal Changes in Erosivity
According to the FI and MFI Indices

The analysis of the FI for the period 1961-2020
reveals a north—south gradient of rainfall erosivity
in the cross-border Bulgaria—Serbia region. North-
ern stations (e.g., Crni Vrh, Negotin, Vidin) exhibit
higher mean annual FI values, greater variability,
and more frequent occurrences of moderate to high
erosivity classes, whereas stations in the central
and southern parts of the study area (such as Sofia,
Kyustendil, Vranje) are dominated by very low and
low values, with isolated peak events — for example,
Kyustendil recorded a maximum FI of 78 (Fig. 2).
Nis, located in the central part of the region, shows
intermediate values and moderate variability, char-
acteristic of a transitional zone between the northern
and southern areas.

The overall assessment of the FI indicates that
very low values (0—20) dominate in approximately
40-50% of the years at most stations, while low val-
ues (20—40) account for 30-40%. A moderate level
of rainfall erosivity (FI values 40-60) is observed
primarily at northern stations and less frequently
at southern ones. High (60-80) and very high (80—
100) values are rare, occurring in conctere years,
with the most extreme cases recorded at Crni Vrh
in 1969 (FI = 162), at Leskovets in 1996 (F1 = 105)
and at Belogradchik and Ihtiman in 2005 (FI = 143
and 142, respectively).

Examination of the MFI for the period 1961—
2020 further reveals a pronounced north—south gra-
dient of rainfall erosivity in the cross-border Bul-
garia—Serbia region, consistent with the patterns ob-
served in FI. Northern stations (Crni Vrh, Negotin,
etc.) exhibit significantly higher maximum values
of MFI, with Crni Vrh exceeding 200, and mean
annual values frequently falling within the high
and very high classes. Vidin and Ni$ display more
moderate values, predominantly ranging from low
to moderate rainfall erosivity, whereas southern sta-
tions (Sofia, Vranje) are characterized by predomi-

304

nantly very low and low erosivity, with moderate
peaks of MFI occurring only occasionally.

The following temporal trends in MFI variation
were identified. The period 1961-1980 was char-
acterized by high variability and extreme peaks,
particularly in the north part of the study area (sta-
tions Crni Vrh, Negotin, Vratsa). During the period
1981-2000, MFI values stabilized, accompanied by
areduced frequency of high rainfall erosivity class-
es. After 2000, very low and low values dominated
at the southern stations, while northern areas contin-
ued to exhibit occasional moderate and high peaks.
The MFI was employed by Luki¢ et al. (2018), who
reported low rainfall erosivity levels in the Nether-
lands. Similar results were obtained by Alili (2023)
for North Macedonia and Panagos et al. (2016) for
Greece.

The analysis of rainfall erosivity distribution by
categories according to MFI (“Very Low”, “Low”,
“Moderate”, “High”, and “Very High”) reveals
several key features across the different mete-
orological stations. The “Very Low” and “Low”
categories dominate at most stations. The high-
est number of years in the “Very Low” category
was recorded at Oryahovo (26 years) and Ihtiman
(25 years). In the “Low” erosivity category, the
greatest number of years was observed at Zajecar,
Knjazevac, Leskovac, and Vranje, each with 43
years. Moderate erosivity accounted for a substan-
tial portion of years at Crni Vrh (27 years), Vratsa
(16 years), and Babusnica (13 years). High erosiv-
ity was noted at Vratsa, Crni Vrh, Montana, and
Bela Palanka in 5, 4, and 2 years, respectively. The
“Very High” erosivity category was the rarest, re-
corded only at Crni Vrh (2 years), Vratsa (2 years),
and at Belogradchik, Ihtiman, and Bela Palanka
(1 year each; Table 3).

The distribution of MFI highlights a clear spatial
gradient, with northern areas experiencing greater
potential for rainfall-induced soil erosion, while
southern stations generally remain less vulnerable.
This information is critical for targeting soil conser-
vation and erosion mitigation measures in areas of
higher erosive risk.
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Fig. 2. Fournier Index (£7) for the selected meteorological stations during the period 1961-2020. Horizontal thick lines indicate the

threshold values separating different FI classes.

The Angot Index (K) as an Indicator
of Rainfall Erosivity

The Angot Index indicates that for most of the year,
the level of erosivity is very low. This is due to the
relatively even distribution of rainfall outside of the
main storm seasons. During the summer months
(June—August), the proportion of months with low
erosivity decreases, while the frequency of moderate

to high erosive events increases (Fig. 3). The months
with the greatest predisposition to soil erosion are
May and June, which coincide with the period of
highest rainfall and spring storms in the region. Dur-
ing these months, the convergence of warm, moist
air masses creates conditions for intense convective
precipitation, which has high erosive potential.

A low erosivity level (1<K<1.49) is most fre-
quent in August, September and January. This sea-
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Table 3. Number of years within different rainfall erosivity levels according to the MFI for the

period 1961-2020

IS\;IaettiZ(I)lrsologlcal Very low Low Moderate High Very High
Negotin 11 39 9 6 0
Zajecar 13 43 0 0
Knjazevac 12 43 0 0
Crni vrh 6 21 27 4 2
Belogradchik 4 29 1 1
Oryahovo 26 32 0 0
Lom 17 37 0 0
Vidin 21 32 0 0
Vratsa 2 35 16 5 2
Montana 12 39 2 0
Nis 14 39 0 0
Bela Palanka 8 48 3 2 1
Pirot 11 42 7 0 0
Babusnica 10 37 13 0 0
Dimitrovgrad 8 47 5 0 0
Sofia 18 36 4 2 0
Ihtiman 25 30 2 2 1
Vranje 13 43 3 0 0
Leskovac 13 43 4 0 0
Boboshevo 18 40 2 0 0
Tran 11 42 7 0 0
Kyustendil 12 44 2 0 0
Radomir 16 36 8 0 0

sonal pattern can be attributed to relatively stable
atmospheric conditions and lower precipitation
intensity during these months. In late summer and
early autumn (August—September), the convective
activity tends to decrease, resulting in less frequent
and less intense rainfall events. Similarly, in Janu-
ary, winter precipitation is snow and often light and
stratiform, which generates low kinetic energy and
therefore a lower erosive potential. In the north part
of the study region (station Vidin; Fig. 3), a higher
risk of soil erosion by water is observed in May,
while in the central and southern parts (station Ni§
and Kyustendil; Fig. 3), it is strongest in June, indi-
cating a slight geographical shift in the peak erosion
season.

The values of the Angot index clearly indicate
that the summer season represents the most critical
period in terms of intense rainfall and the associ-
ated erosion potential. Although very low and low
levels dominate throughout the entire investigated
period, the relative share of highly and very highly
erosive months is not negligible. This highlights the
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need for implementing effective soil erosion control
measures, particularly during vulnerable months
and in sensitive regions. The differences observed
between the stations reflect the influence of local
climatic characteristics and topography on the rain-
fall erosivity.

Conclusions

The analysis of rainfall erosivity in the cross-border
region between Bulgaria and Serbia for the period
1961-2020 reveals distinct spatial and temporal
patterns closely related to the climatic and physio-
graphic characteristics of the investigated area. The
application of the Fournier Index, Modified Fourni-
er Index, and Angot Index enabled the identifica-
tion of a clear north—south gradient in erosivity. The
northern stations, such as Crni Vrh, Negotin, and
Vidin, are characterized by higher mean annual val-
ues of erosivity indices and more frequent moder-
ate and high erosivity events. In contrast, the central



— Negotin

TOTTTHTT
80%

60%
40%
20%

0%

EERETYEN R ERY
lOO%llI Nm|.||
W TR
60%

40%
20%
0%

EEEYEERTFEY

— I " I . Vranje I
1iiji

80% I

60%

40%

20%

0%

FEREEERNEFY

Very low

Vidin

100%
A RRRRAREE
80%
60%
40%
20%
0%
g O = = = o S 2 9
ELEEFEZ 2885 E
Sofia
100%
o.lll Illl.
80%
60%
40%
20%
0%
S = o5 & = g 2
883588228888
Kyustendil
60%
40%
20%
0%
o = = o 8 > O
2835533288383

Low mModerate mHigh ®mVeryhigh

Fig. 3. Relative share of different rainfall erosivity categories according to the Angot Index for the period 1961-2020.

and southern stations (Sofia, Kyustendil, Vranje)
show mainly very low and low rainfall erosivity.

In the temporal aspect, the period 1961-1980
demonstrates higher variability and several years
with extreme erosivity, while after 2000, the val-
ues become more stable with a predominance of
low erosivity classes. The seasonal dynamics based
on the Angot Index reveal that the months of May
and June have the highest potential for soil erosion,
corresponding to the maximum in convective pre-

cipitation. A gradual shift of the erosivity maximum
from May in the northern part to June in the south-
ern part of the region reflects the influence of local
climatic and topographic factors.

The obtained results confirm that the northern
part of the studied area is more exposed to rainfall-
induced soil erosion. The study provides a scientific
basis for identifying the most vulnerable zones and
for developing appropriate soil conservation and
land management measures. The findings may also
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support future assessments of rainfall erosivity un-
der climate change scenarios and contribute to the
planning of joint cross-border strategies for reduc-
ing erosion risk in Bulgaria and Serbia.
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