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Abstract: The objective of this work is to analyze the spatial-temporal features of the trends in the
frequency and amount of erosion-hazardous precipitation in the European part of Russia (EPR) for
the period 1966–2020, as a reflection of the influence of climatic changes on surface runoff from
the cultivated slopes during the warm season. One hundred and fifty-nine EPR weather stations
were selected for analysis based on the length of the time series and the amount of missing data.
Several characteristics of erosion-hazardous precipitation were considered: the number of days with
a daily precipitation of more than 12.7 mm, the number of days with a daily precipitation of 12.7 to
40 mm, the number of days with a daily precipitation of more than 40 mm, the maximum one-day
precipitation. In general, it can be stated that even within the southern taiga, mixed forests, and
forest-steppe ecoregion (broad-leaved forests), within which a positive increase in the frequency of
erosion-hazardous precipitation was detected, there was no significant increase in the rate of washout
and linear washout, which is primarily due to a more significant reduction of slope runoff and soil
washout during spring snowmelt. Precipitation, the daily amount of which is more than 40 mm, as
well as the maximum daily amount of precipitation, show an upward trend in the western contact
zone of mixed forests and forest-steppe, on the Black Sea coast, as well as in the northern foothills of
the Caucasus, where their contribution to erosion processes is likely to increase against the decrease
in the number of days with precipitation of a 12.7–40 mm daily amount.

Keywords: rainfalls; precipitation; erosion-hazardous precipitation; erosive precipitation; temporal
trend; soil erosion; ecological regions; spatial pattern

1. Introduction

The current climatic epoch is characterized by a global intensification and redistribu-
tion of the water cycle [1–3]. The greater the amount and the more intense precipitation
results in a greater runoff, which in turn contributes to increased soil erosion in different
regions of the world [4,5]. Showers, which are rainfalls of high intensity, are the leading
factor in soil erosion. Rainfall erosion of soils is mainly due to two processes: the impact
of raindrops on the soil surface and surface runoff, which is formed when the amount
of incoming water exceeds the soil’s infiltration capacity [6–8]. According to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [9] the coming
decades are expected to bring more intense rains. This trend has been traced since the
twentieth century for Europe and the European part of Russia (EPR) [10–17]. Summer
precipitation on EPR increased by 10% for the period 1936–2010 [14,18]. This growth is also
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accompanied by a significant redistribution of the precipitation regime, which is observed
both for the EPR and for Europe as a whole: heavy rainfall becomes more intense and
longer [15]. As indicated in [15], the average daily amount of extreme precipitation for the
EPR has increased by 4–9 mm over the past 60 years. The reason for such a change in the
precipitation regime can be an increase in the water-holding capacity of the air as a result of
an increase in its temperature [19,20]. At the same time, long-term changes in precipitation
are characterized by high spatial-temporal irregularity within the EPR. For example, in the
Middle Volga region (more than 1 million km2), the annual precipitation in the period from
1955 to 1972 decreased on average by 28 mm. This was followed by a sharp increase in
precipitation amounts (by 45 mm over next 17 years), which ended in the late 1980s. After
that time, the amount of precipitation did not change significantly in the Middle Volga
region [21].

Rainfall erosion recently played an important role in the southern half of the European
part of Russia, because it led to soil losses up to 30–40 t ha−1 per extreme rainfall event [22].
As a result, the contribution of extreme events in annual soil losses reached 80–85% from
the total soil losses due to both snowmelt and rainfall erosion in forest-steppe and steppe
ecotone zones of the EPR. At the same time, the main gully headcuts retreat occurs during
the snowmelt period according to the long-term monitoring for growth of agricultural
gullies in the Vyatka–Kama interfluve [23].

Erosive precipitation is defined as rainfall with the daily amount (cumulative rainfall
depth) exceeding 10 mm [24], but according to the results of long-term monitoring of the
rate of soil runoff from plowed slope catchments, more than 75–80% of total soil losses were
due to extreme rainfall, the daily amount of which is more than 40–50 mm [25]. In the 1980s,
a map of the erosion potential of precipitation was compiled for the entire territory of the
USSR based on the processing of pluviograms of 660 meteorological stations over a 20-year
(1961–1980) period [26]. The erosion potential of rains, calculated as the product of the
kinetic energy of rain and the maximum 30-min rain intensity, showed a high correlation
with the amount of precipitation [26], which makes it possible to use data on the frequency
of erosion-hazardous precipitation to assess trends in the intensity of soil runoff.

The objective of this work is to analyze the spatial-temporal features of the trends
in the frequency and amount of erosion-hazardous rainfall on the EPR for the period of
1966–2020, as a reflection of the influence of climatic changes on the formation of surface
runoff from the cultivated slopes during the warm season, to get an insight of possible
present changes in the erosive potential of precipitation compared to the picture established
in 1980, while pluviograms are not publicly available.

2. Materials and Methods
2.1. Territory under Study

Estimates of the trends of erosion-hazardous precipitation were carried out for the
territory of the European part of Russia (EPR). The EPR covers an area of approximately
4 million km2 and contains several ecological regions, from tundra to deserts (Figure 1). The
territory stretches from north to south for more than 2400 km. This territory is inhabited
by the majority of the Russian population (almost 95 million people). The zonal distri-
butions of climatic elements (as well as disproportionate heat and moisture in different
parts) are considered to be the main characteristics of the climate. Atlantic air masses
are transformed as they move inland, and climatic conditions change significantly from
west to east, resulting in long-term landscape differentiation [27]. The distributions of
temperature characteristics can be seen. The average annual temperature changes from
8 ◦C in the north-eastern part of the EPR to 12–14 ◦C on the Black Sea coast and the Caspian
lowland [28]. Annual precipitation has a maximum value in the western plain part of the
EPR and is about 600 mm, with a trend to decrease in the north and, in the south-east, an
extremely heterogeneous distribution of precipitation is typical for different ecoregions.
The maximum annual rainfall is reached in the Caucasus Mountains where the annual
precipitation is 3200 mm.
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Figure 1. Map of the territory under study: (a) Ecoregions (Olson et al., 2001; Dinerstein et al., 2017)
are shown by color filling and reference geographical objects are labelled; (b) Relief of the territory is
shown by color filling, the meteorological stations are shown by dots, the ecoregions are delineated.

It should be noted that the rates of soil water erosion on the slopes of the interfluves in
undisturbed landscapes within the EPR, most of which is in the temperate climatic zone, are
negligible [24]. However, in the case of plowing and any other disruption of the vegetation
cover, which protects the soil from the impact of raindrops and the eroding activity of
surface runoff, the soil erosion rates increase up to 30–50 t ha−1 per event [29]. The average
soil erosion rate on the arable land in the territory studied amounts to 4.04 t ha−1yr−1,
considering the soil-protective coefficients of crops. In the annual soil loss by erosion, storm
runoff erosion prevails at 3.78 t ha−1yr−1 and the erosion by snowmelt is considerably
lower at only 0.26 t ha−1 yr−1 [30,31].

Three groups of ecoregions within the EPR (Figure 1) can be distinguished. The first
group includes territories with a limited proportion of arable land and local but quite
significant anthropogenic disturbances of the vegetation cover, associated mainly with
transport arteries (pipelines, roads) and mining (tundra and taiga). The second group
includes ecoregions with arable farming, which mainly accounts for less than 20–40% of
the total area (Central European mixed forests, high-altitude zones of the Caucasus). In
addition„ in fact, only the third group (the forest-steppe and steppe ecoregions, as well as
the sub-Mediterranean forests of the Black Sea coast and the Caucasus mixed forests) are the
territories where arable land accounts for 30% to 80% of the total area and for which rainfall
soil erosion leads to soil degradation. These territories are particularly in need of assessing
possible changes in the frequency of erosion-hazardous rainfall, especially because intense
rainfalls very rarely are observed outside the area of widespread development of arable
farming. Precipitation in the north of the forest zone (tundra, northern taiga, middle taiga)
is scarce as well as in desert ecoregion.

2.2. Data

Daily precipitation data of the network of meteorological stations are provided by the
Russian Research Institute of Hydrometeorological Information—World Data Center [32].

One hundred and fifty-nine EPR weather stations were selected for the analysis based
on the length of the time series and the amount of missing data. Until 1966, the protocols
for measuring precipitation changed several times. Since 1966, the precipitation data can
be considered homogeneous [33]. We excluded from the data years that encountered more
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than 5% of missing daily observations during the warm period (a slightly stricter criterion
was taken compared to the recommendations of [15]).

Threshold values of erosion-hazardous rainfalls may differ depending on the ecore-
gion, underlying surface, and timing during the season. Nevertheless, a single quantitative
precipitation threshold for every ecoregion, as proposed by Renard [34], was considered
adequate to analyze the precipitation regime as a natural background of erosion processes
and its trends. The cumulative rainfall of an event greater than 12.7 mm is the criteria for
the identification of an erosive event, which is widely used elsewhere [34]. The current
study uses the daily precipitation greater than 12.7 mm as a surrogate of an erosive rainfall
due to the lack of information about individual rainfalls. It should be admitted that such
a daily amount of precipitation does not always characterize intense rainfall, it can also
be erosion-free incessant rains with a relatively large daily amount, but not giving surface
runoff and, consequently, soil washout.

Several characteristics of erosion-hazardous precipitation were considered (Table 1).

Table 1. Indices of erosion-hazardous precipitation.

ID Definition Units

R12.7 The number of days per warm season with a daily precipitation of more than 12.7 mm days

R12.7–40 The number of days per warm season with a daily precipitation of 12.7 to 40 mm days

R40 The number of days with a daily precipitation of more than 40 mm days

R × 1 day The maximum one-day precipitation amount per warm season mm

The value of the total precipitation of the warm season (Rwtot) was also considered,
which, overall, correlates substantially with the erosion index of precipitation for the given
area [35]. The total precipitation of the warm season was used as supplement information
about overall processes accompanying redistribution of the erosion-hazardous precipitation.

Since the study involves a large latitudinal gradient, the start date and the duration
of the warm season associated with liquid precipitation depends on the location of the
meteorological station within EPR. The boundaries of the warm season at each station were
defined in such a way as to minimize the likelihood of solid precipitation. The boundaries
of the warm season at each station were calculated as the dates of the beginning and the end
of the period, during which the number of days with solid precipitation (snow, snow pellets,
sleet, etc.) for all observation years is less than 0.1% in relation to all observation days.

Each station has its own estimated start and end dates for the warm season, which
were set constant throughout the study period.

2.3. Regression Models

Analysis of time trends was carried out for threshold indices of precipitation, for the
total amount of precipitation, and the 1-day precipitation maximum of the warm period.

The precipitation trends at each weather station were estimated using generalized
additive models of location, scale, and shape (GAMLSS) [36], linking the analyzed charac-
teristics of precipitation (dependent variable) with the calendar year (predictor). GAMLSS
allows to evaluate both linear and nonlinear trends, as well as to take into account various
laws of distribution of dependent variables. The link function between the dependent and
predictor variables varied and depended on the distribution of the dependent variable.
The most appropriate distribution of each dependent variable at each weather station
was selected using an optimization algorithm of the GAMLSS package [37]. The variety
of possible configuration of precipitation dynamic was formalized by two trend mod-
els: (1) monotonic (increase, decrease), (2) non-monotonic (unimodal, parabola opening
down or up). Two competitive precipitation trend models were created: monotonic with
first-degree-polynomial predictor and unimodal model based on a second-degree polyno-
mial predictor. The choice of the model that better describes the dynamics of precipitation
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time series was based on the Akaike information criterion (AIC). The trend statistical
significance of the final model was assessed.

To analyze the spatial patterns of changes in the rainfall regime, the estimated precipi-
tation trends were divided into two groups: current growth (monotonic growth or growth
after a decline), current decline (monotonic decline or decline after growth).

A model was used to calculate the following features of the trend: (1) expectation
of the initial state of the variable in 1966; (2) expectation of the variable at the end of the
study in 2020; (3) the difference between expectations of the variable in 2020 and 1966;
(4) the amplitude of variable as the difference between the maximum and minimum model
expectations for the period 1966–2020.

The results are summarized for ecological regions (Figure 1). It should be noted
that the mixed forest and steppe ecoregions having the highest density of meteorological
stations are the most representative.

Calculations, model fitting, statistical tests and visualization were performed in the R
environment [38].

3. Results

The ecoregions of EPR could be divided into three groups according to the precipitation
regime. The first group includes both tundra ecoregions featured by the lowest amount
of precipitation (labelled as 1, 2 in Figure 2). The second group constitutes of forest (taiga,
mixed forest, Ural montane forest) and steppe ecoregions and possesses more precipitation,
with the frequency of the most erosion-hazardous precipitation (>40 mm per day) being less
than one per year (ecoregions labelled 3–8, 11 in Figure 2). The precipitation richest group
of ecoregions comprises sub-Mediterranean and Caucasus forests, having the 1–5 days
with more than 40 mm of precipitation per warm season (labelled as 9, 10 in Figure 2).
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Figure 2. Precipitation regime of ecoregions: (a) histogram of mean sums of warm-season pre-
cipitation (Rwtot), mm. (b) histogram of the mean warm-season one-day maximum precipitation
(R × 1 day), mm. (c) histogram of the mean number of days with daily precipitation from 12.7 to
40 (R12.7–40) mm. (d) histogram of the mean number of days with daily precipitation more than
40 mm (R40); vertical axis is logarithmic. Darkened boxes correspond to ecoregions with arable lands.
Numeration of ecoregions corresponds to Figure 1.
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Most of the precipitation trends are statistically insignificant (Table 2), which is due
to the stochastic nature of the precipitation and its high temporal variability; however, a
spatial consistency of trends can be stated.

Table 2. Trend models per ecoregion. Numbers in cells denote the number of time series (stations)
with model fitted. Numbers in brackets denote number of statistically significant models. Bold font
highlights cells with statistically significant models. Italic font denotes the percent of time series with
the fitted model by the total number of stations.
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(6)
15
(5) 1 (0) 10 (0) 7 (0) 1 (0) 0 (0) 1 (0) 1 (0)

↘↗ 1 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0)

% Curr. incr. 57 33 74 71 50 32 22 33 0 14 40

Curr. decr.
↘ 3 (0) 2 (0) 10

(0) 3 (0) 0 (0) 7 (0) 14 (1) 0 (0) 1 (0) 4 (0) 3 (1)

↗↘ 0 (0) 2 (1) 1 (0) 3 (0) 1 (0) 14 (6) 11 (7) 2 (1) 1 (1) 2 (0) 0 (0)

% Curr. decr. 43 67 26 29 50 68 78 67 100 86 60

R
40

Curr. incr.
↗ 1 (0) 1 (0) 24

(1)
10
(1) 0 (0) 16 (0) 13 (1) 2 (0) 2 (0) 3 (0) 3 (0)

↘↗ 0 (0) 0 (0) 1 (0) 1 (0) 0 (0) 0 (0) 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)

% Curr. incr. 100 50 61 48 0 52 45 67 100 43 60

Curr. decr.
↘ 0 (0) 1 (0) 10

(0) 6 (0) 1 (0) 10 (0) 10 (0) 1 (0) 0 (0) 1 (0) 1 (0)

↗↘ 0 (0) 0 (0) 6 (0) 5 (2) 1 (0) 5 (1) 7 (0) 0 (0) 0 (0) 3 (1) 1 (0)

% Curr. decr. 0 50 39 52 100 48 55 33 0 57 40

R
×

1
da

y

Curr. incr.
↗ 6 (0) 3 (0) 31

(7)
11
(2) 2 (0) 12 (0) 14 (1) 1 (0) 2 (0) 2 (0) 2 (0)

↘↗ 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 2 (0) 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)

% Curr. incr. 86 50 72 57 100 45 47 33 100 29 40

Curr. decr.
↘ 1 1 11 5 0 9 12 (1) 0 0 3 2
↗↘ 0 2 (2) 1 (1) 4 (1) 0 8 (5) 5 (4) 2 (1) 0 2 1

% Curr. decr. 14 50 28 43 0 55 53 67 0 71 60

* Tendency. Abbreviations: Curr.incr.—current increase, Curr. decr.—current decrease, % Curr. incr.—percent
of stations with current increase tendency (by total number of ecoregion’s stations), % Curr. decr.—percent of
stations with current decrease tendency (by total number of ecoregion’s stations). Note that the number of stations
per ecoregion in the table may not sum to 100% because some stations don’t have enough rainfalls to fit the trend
model. ** Trend model. Symbols: ↗—monotonic increase, ↘↗—parabola opening up,↘—monotonic decrease,
↗↘—parabola opening down.

Daily precipitation in the range of 12.7 to 40 mm comprises a substantial part of
precipitation of the warm season, so spatial pattern of their trends is similar (Figure 3A,C).
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Figure 3. Maps of precipitation trends amplitude. The amplitude is estimated as the difference
between the maximum and minimum expectations of the model during the period of 1966–2020.
(a) the amplitude of the total precipitation of the warm season (Rwtot), mm; (b) the amplitude of the
warm season one-day maximum (R × 1 day), mm; (c) the amplitude of the number of days with daily
precipitation from 12.7 to 40 mm (R12.7–40), days; (d) the amplitude of the number of days with daily
precipitation more than 40 mm (R40), days. Legend to the left of the figure: thicker outline of the
circles corresponds to statistically significant trends; the color of the icon indicates the type of model
that characterizes the time series of the erosion index. Legend to the right of the figure: the size of the
icon is proportional to the magnitude of the change.

The taiga ecoregion is characterized by a predominance of tendencies towards an
increase in the total amount of the warm season precipitation, as well as an increase in
the number of days with the amount of daily precipitation ranging from 12.7 to 40 mm
and increase of the one-day maximum precipitation (Table 2, Figures 3A–C and 4). These
trends are typical for the provinces of the northern and central taiga, partly for mixed
forest and tundra ecoregions except the Kola Peninsula. However, the area of arable
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land on this territory until 1991 was less than 20% of the total area [39], and after 1991 it
decreased by more than half [40]. Given the high projective of vegetation cover even on
arable land, due to the significant proportion of perennial grasses in crop rotations, and the
prevailing flat relief (low erosion potential of the relief), such a change in the magnitude
and structure of precipitation does not lead to an increase in the intensity of soil erosion in
given ecoregion [40]. The territory south of the taiga ecoregions, on the contrary, shows
more decreasing precipitation trends in the total amount of the warm season precipitation
and the amount of daily precipitation ranging from 12.7 to 40 mm (Figures 3A,C and 5).

Geosciences 2022, 12, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 4. Examples of current growth trends in the number of days with precipitation from 12.7 to 

40 mm (R12.7–40). The station number (WMO ID) is shown in the figures. The trend models are 

statistically significant at the 0.05 significance level. 

 

Figure 5. Trends of the current decline in the number of days with precipitation from 12.7 to 40 mm 

(R12.7–40). The station number (WMO ID) is shown in the figures. The trend models are statistically 

significant at the 0.05 significance level. 

The model of nonlinear changes “parabola opening upward”, probably is a special 

case of the current increase against the background fluctuations or wave-like changes, an 

example of this trend is the number of days with the amount of precipitation ranging from 

12.7 to 40 mm at the weather station uttermost north of the forest ecoregion (see station 

WMO ID 23114 Mys Konstantinovskiy at the Figure 4). 

  

  
 

WMO ID 22471, Mezen’ 
Scandinavian  
and Russian  
taiga 

WMO ID 22550, Arkhangelsk 
Scandinavian  
and Russian  
taiga 

WMO ID 23114, Mys Konstantinovskij 
Northwest Russian-Novaya Zemlya tundra 

WMO ID 28224, Perm’ 
Sarmatic mixed  
forests 

Figure 4. Examples of current growth trends in the number of days with precipitation from 12.7 to
40 mm (R12.7–40). The station number (WMO ID) is shown in the figures. The trend models are
statistically significant at the 0.05 significance level.
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Figure 5. Trends of the current decline in the number of days with precipitation from 12.7 to 40 mm
(R12.7–40). The station number (WMO ID) is shown in the figures. The trend models are statistically
significant at the 0.05 significance level.
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The model of nonlinear changes “parabola opening upward”, probably is a special
case of the current increase against the background fluctuations or wave-like changes, an
example of this trend is the number of days with the amount of precipitation ranging from
12.7 to 40 mm at the weather station uttermost north of the forest ecoregion (see station
WMO ID 23114 Mys Konstantinovskiy at the Figure 4).

Due to its rarity, precipitation of a daily amount of more than 40 mm demonstrates
statistically significant growing trends at only four meteorological stations per European
Plain (see the blue circles with a thick outline on the map in Figure 3D): east and west
of southern taiga, WMO ID 26477 Velikie Luki and 27485 Yoshkar-Ola; north of steppe
ecoregion, WMO ID 34432 Chertkovo, Black sea coast of sub-Mediterranean ecoregion
WMO ID 37001 Anapa (see time series and trend models in Figure 6). Recently stabilized
growth is observed in the south of the steppe ecoregion WMO ID 37031 Armavir, which
is characterized by a statically significant first-degree polynomial predictor (see Figure 7).
Despite the scarce erosion-potential rainfalls, the rate of changes of days with precipitation
>40 mm is maximal there: the expectation of a number of days with precipitation over
40 mm at the beginning of the studied period in 1966 was zero (WMO ID 27485) or
one (WMO ID 26477, 34432) day per decade (0.1), but by the end of the period in 2020
expectation was around 1 day per year (0.9), which means relative increase of 9 times
(Figure 8(AIII,BIII) and Figure 9). The expectation of rainfall at Armavir 37,031 in 1966 was
0.4 (about 1 rainfall per 2–3 years) and in 2020 was 1.8 (about 2 rainfalls per year), which
means about 4 times relative increase (Figure 8(AIII,BIII) and Figure 9). These weather
stations are featured as well by a positive increase in the maximum one-day precipitation
(Figure 3B), highlighting the centers of the zones where changes take place. At the same
time, there is not any weather station exhibiting a statistically significant monotonically
decreasing trend of rainfall events of more than 40 mm of the daily amount. Oscillating
trends in the number of days with daily precipitation of more than 40 mm are observed
only in the two stations of mixed forests ecoregion, one of forest-steppe ecoregion and one
of Caucasus mixed forest ecoregion. Here the maximums were observed in 1980–2000 and
currently there is a decline (see the red circles with a thick outline on the map in Figure 3D,
see trend models in Figure 7): southern taiga station WMO ID 27459 Nizhny Novgorod,
28418 Sarapul; forest-steppe ecoregion WMO ID 34123 Voronezh.
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significant at the 0.05 significance level.
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Figure 7. Unimodal trends of the current decline in the number of days with precipitation over 40 mm
(R40). The station number (WMO ID) is shown in the figures. The trend models are statistically
significant at the 0.05 significance level. * Exception-trend model for Armavir: model with second
degree polynomial is the best by AIC, but only the first term is statistically significant.

The stations in the foothills of the Caucasus, the Black Sea coast, the northwest of
the steppe ecoregion, and the west of the forest-steppe ecoregion (the periphery of the
Central Russian Upland), demonstrate a divergence in the trends of more and less intense
precipitation. The trends of the number of days with precipitation amounts ranging from
12.7 to 40 mm there are decreasing (Figure 3C), whereas the trends of the number of days
with an amount of precipitation of more than 40 mm are growing (Figure 3D).

One-day precipitation maximum (Figure 3B) is a more informative characteristic of
erosion-hazardous precipitation in comparison with the number of days with precipitation
of more than 40 mm in those ecoregions that are characterized by low seasonal precipitation:
see increasing trend of one-day maximum at weather station 34,579 Verkhniy Baskunchak
in the Caspian lowland plain. An increase in the one-day precipitation maximum can be
seen in most of the EPR weather stations. At the same time two territories with a distinct
modern decrease in this characteristic are clearly distinguished: the belt between 50- and
55-degrees north latitude in forest steppe ecoregion (Trans-Volga region, Oka-Don lowland
and Valley of Polesie in the middle Taiga) and north-west of Caspian sea.

The identified trends estimate the expectation of the days with the most massive
precipitation, but this expectation may be significantly less than the real number of days
with observed extreme precipitation events. The trend direction of the expected number of
days with a certain precipitation amount in most cases coincides with a similar direction
of variance trend. However, some trends featured by a statistically significant model of
monotonic increase or decrease have peak outliers in 1980–2000 (see several examples at
Figure 5, station WMO ID 35026 Zilair; Figure 7, station WMO ID 22471 Mezen and WMO
ID 22550 Arkhangelsk).
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Figure 8. Maps of the expectation of number of days with erosion-hazardous precipitation for 1966,
2020 and the difference in the number of showers in 2020 compared to 1966. The expectation of the
number of days in 1966 and 2020 was estimated by regression models. Column (A): maps of the
number of days with erosion-hazardous precipitation in 1966. Column (B): maps of the number of
days with erosion-hazardous precipitation in 2020. Column (C): the difference in the number of days
with erosion-hazardous precipitation in 2020 compared to 1966. The size and color of the circles
reflect the amount of precipitation that falls during the warm season. The thickened outline of the
circle corresponds to statistically significant monotonic trends, both rising and falling.
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Figure 9. Relative change of number of days with daily precipitation more than 40 mm (R40) in 2020
compared to 1966 (calculated as the difference between the number of days divided by the reference
number of days of 1966). The number of days is computed as regression model prediction. An
asterisk denotes non-defined relative change when no rainfall exceeding 40 mm of the daily amount
is expected by the regression model in 1966, but the difference is positive.

4. Discussion

It is possible to note that increase of a total amount of warm season precipitation
and the number of days with daily precipitation from 12.7 to 40 mm is only observed
in the northern part of the Russian Plain, while the south half of the EPR territory has
probably already passed the peak of the growth of precipitation amount and erosion-
hazardous precipitation that occurred decades ago. Similar increasing trends were found
in studies covering the territory of Russia and neighboring countries, mainly in terms of
annual precipitation and, in part, precipitation in the summer period [10,16,41–44]. Thus,
according to [13], there is an increase in heavy precipitation (95% quantile) in the north
of the European part of Russia (excluding the Kola Peninsula), in the west of the EPR
(border with Belarus); a decrease in the amount of heavy precipitation is observed in the
South Urals, in the Lower Volga region. The spatial patterns identified in this study for the
forest-steppe and steppe ecoregions are also consistent with previous study [33], according
to which, for the period 1977–2006, there is a decrease in the number of days with heavy
precipitation in the south and south-west of the EPR, then as for the period 1951–2006,
no significant linear trend coefficients were noted for summer precipitation (which could
probably be due to the presence of a nonlinear trend). Trends in the southern part of Russia,
in the Black Sea coast, and the foothills of the Caucasus are consistent with the study [45],
which shows an increase in the daily precipitation maxima for summer season.

Despite the presence of the identified trends of the most abundant precipitation, it
should be noted that the overwhelming number of models are not statistically significant,
which may be largely due to the rare periodicity and high spatial unevenness of erosion-
hazardous precipitation, as is observed within other plains of the temperate climatic
zone [46–49].
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In general, even the identified positive trends in the frequency of erosion-hazardous
precipitation noted for the forest ecoregion did not find their reflection, as could be expected,
in an increase in the gully top retreat rates. The results of seasonal monitoring of more
than 45 tops of gullies, which have been carried out in the Udmurtia (the eastern part of
the southern taiga zone) since 1978 to the present, show that in the last 20 years the rate of
summer surface runoff related to heavy rainfall practically did not change in comparison
with the previous period, but at the same time, the linear retreat of gully tops related to
snow melting sharply decreased, especially after 1998, which indicates a corresponding
decrease in surface runoff from arable slopes during spring runoff [23]. A sharp reduction
in the active gully density, the number and length of actively growing gullies over the
past 30-50 years was revealed based on the interpretation of high-resolution aerial and
satellite images for the corresponding periods for the eastern part of the forest (mixed
and broad-leaved forests, southern taiga), forest-steppe ecoregions, eastern part of steppe
ecoregion [50,51]. This is also indicates an overall reduction in surface runoff from arable
slopes. Mal’tsev et al. [52] estimated the rates of soil erosion in four river basins with a
high proportion of arable lands, and it was also shown that the rates of soil erosion have
decreased in the forest and eastern part of the steppe ecoregions and have slightly increased
in the south of the steppe ecoregion.

The revealed tendencies of changes in the frequency of occurrence of erosion-dangerous
showers allow considering the changes in runoff and washout in the most agriculturally
developed ecoregions of the EPR at the current moment compared to 1966 to be small
(Figure 8), although significant fluctuations of indices of erosion hazardous precipitation
were observed throughout the period (Figure 3). At the same time evaluations of sediment
deposition rates in the bottoms of first-order valleys with completely plowed catchments in
the west of the forest-steppe ecoregion (central and north parts of Central Russian Upland),
based on bomb-derived and Chernobyl-derived 137Cs dating, indicate a distinct trend
of erosion decrease in the period after 1986 compared with the previous time window
1963–1986 [31,53,54]. This unambiguously testifies a similar decrease in the rate of soil
washout on arable land after 1986, since, in fact, the main source of accumulated sediments
in the valley bottoms is the soil washed away from arable land. It is likely that the peak
manifestations of erosion-hazardous precipitation observed in the forest-steppe ecoregion
at the turn of the 1980s–1990s could have led to the appearance of new gullies three decades
ago. However, this did not affect the general trend of a decrease in the rate of washout
in the period 1986–2020, due to a sharp decrease in runoff and washout from cultivated
slopes during the snowmelt period, which decreased in recent decades due to an increase
in soil temperatures in winter [55] and reduction in the depth of frozen soil [53]. Secondly,
soil protection coefficients of crop rotations also change over time, depending on the sown
crops and, accordingly, their changes can lead to both an increase and a decrease in total
soil losses due to sheet and rill erosion [4,24].

The analysis makes it possible to refine the estimates and hypotheses about the direc-
tion of the trends of the regime of erosion-hazardous precipitation for the EPR. In general,
insignificant changes in the frequency of precipitation at the beginning of the 21st century
compared to the 1966s to 1980s were identified, which have not led to a significant impact
on the soil erosion rates from the arable lands of EPR. However, further climate changes
may lead to a sharper increase in the erosion potential of rainfall, as it is already observed in
several regions of the world, especially in parts of central and western Europe [5,56]. In this
regard, it is necessary to improve the models used to identify trends in erosion-hazardous
precipitation. A superior model will allow simultaneous modeling of the frequency and
amount of precipitation, as opposed to the orthogonal approach used in this article, where
each parameter is modeled independently of the other. A spatio-temporal model is needed,
which could deal with the parameters of temporal trends in each station, “smoothly”
changing in space, and consider their spatial covariance.

It is possible that the current study underestimates increasing precipitation trends
because the timing of the warm season has been assumed to be constant. Climate change,
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which also affected the EPR, led to an increase in the duration of the warm season and
as a consequence, an extension of the period of erosive rains [57,58]. Climate projections
indicate that the change in the length of the summer season will continue, and therefore a
reassessment of erosion hazards is also required [59].

5. Conclusions

The frequency of warm season precipitation, the daily amount of which is 12.7–40 mm,
is currently increasing in the forest taiga ecoregion (except the Kola Peninsula) of the
EPR. At the same time, the number of days with the daily amount of precipitation of
12.7–40 mm in the central part of the southern taiga, in the steppe ecoregion, in the forest
and alpine altitudinal zones, and in the subtropics of the Black Sea coast reached maximum
values in 1980–2000 and is currently decreasing to the level of 1966. The exception is the
most continental south-eastern part of the steppe zone (Elevated Syrt Trans-Volga region
and South Ural landscape province), where a pronounced monotonic decreasing trend
is observed.

Precipitation, the daily amount of which is more than 40 mm, as well as the maximum
daily amount of precipitation, show an upward trend in the southern periphery of the
Central Russian Upland, on the Black Sea coast, as well as in the northern foothills of the
Caucasus, where their role is likely to increase against the decrease in the number of days
with precipitation of a 12.7–40 mm daily amount. The southern part of the Russian plain is
currently experiencing a decrease in the total amount of precipitation falling during the
warm season. This decrease seems to be due to a decrease in the frequency and amount of
less intense precipitation (daily precipitation from 12.7 to 40 mm), with an increasing role
of the most intense precipitation (increasing daily maximum, increase in days with daily
precipitation over 40 mm).

Decrease in some of the erosion indices does not eliminate the possibility of the
occurrence of individual extreme rain events and pronounced erosion consequences or
even natural disasters, since the variability of precipitation, even against the background
of a decrease in the frequency and amount of precipitation, remains high. The decrease in
the total precipitation of the warm period Rwtot in a large part of the European territory of
Russia is accompanied by an increase in the maximum 1-day precipitation R × 1 day.

In general, it can be stated that even within the southern taiga, broad-leaved forests,
within which a positive increase in the frequency of erosion-hazardous precipitation was
detected, there was no significant increase in the sheet, rill, and gully erosion rates, which is
primarily due to a more significant reduction of slope runoff and soil erosion during spring
snowmelt and due to developed vegetation cover. Probably, this conclusion does not apply
to the southern part of the steppe ecoregion and the foothills of the Caucasus, where the
contribution of snow-melt runoff to the total erosion has been negligible for a long time,
but against the background of a slight decrease in the frequency of daily precipitation less
than 40 mm, a slight increase in the frequency of extreme rainfall was noted.

To quantify the possible contribution of increased storm runoff due to increased
frequency of the most abundant precipitation, additional field studies are needed in those
parts of the ETR where significant changes are stated. Using any erosion models will show
an increase in washout rates in these regions. However, without field verification, such
estimates are not convincing enough. This study can serve as the basis for the selection of
field research sites to assess the washout rate.
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