* water

Article

Long-Term Variability of the Hydrological Regime and Its
Response to Climate Warming in the Zhizdra River Basin of the
Eastern European Plain

Bing Bai 12, Qiwei Huang 12, Ping Wang 1209, Shiqi Liu !, Yichi Zhang "*{%, Tianye Wang 3,
Sergey P. Pozdniakov #(, Natalia L. Frolova 5 and Jingjie Yu !

check for
updates

Citation: Bai, B.; Huang, Q.; Wang, P.;
Liu, S.; Zhang, Y.; Wang, T.;
Pozdniakov, S.P,; Frolova, N.L.; Yu, J.
Long-Term Variability of the
Hydrological Regime and Its
Response to Climate Warming in the
Zhizdra River Basin of the Eastern
European Plain. Water 2023, 15, 2678.
https://doi.org/10.3390/w15152678

Academic Editors: Jianhua Xu and

Zhongsheng Chen

Received: 30 June 2023
Revised: 22 July 2023

Accepted: 23 July 2023
Published: 25 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences, 11A, Datun Road, Chaoyang District,
Beijing 100101, China; baibing22@mails.ucas.ac.cn (B.B.); huangqw.19s@igsnrr.ac.cn (Q.H.);
wangping@igsnrr.ac.cn (P.W.); liusq@igsnrr.ac.cn (S.L.); yujj@igsnrr.ac.cn (J.Y.)

University of Chinese Academy of Sciences, Beijing 100049, China

School of Water Conservancy Engineering, Zhengzhou University, 100 Science Avenue,
Zhengzhou 450001, China; wangtianye@zzu.edu.cn

Department of Hydrogeology, Lomonosov Moscow State University, GSP-1, Leninskie Gory,
Moscow 119899, Russia; sppozd@mail.ru

Department of Land Hydrology, Lomonosov Moscow State University, GSP-1, Leninskie Gory,
Moscow 119991, Russia; frolova_nl@mail.ru

*  Correspondence: zhangych@Ireis.ac.cn

Abstract: Climate warming globally has a profound effect on the hydrological regime, amplifying
evapotranspiration and precipitation and accelerating the processes of snow melt and permafrost
thaw. However, in the context of small river basins—those encompassing less than 10,000 km2—the
response of the hydrological regime to climate change is intricate and has not yet been thoroughly
understood. In this study, the Zhizdra River Basin, a typical small river basin in the eastern European
plain with a total drainage area of 6940 km?, was selected to investigate the long-term variability
of the hydrological regime and its responses to climate warming. Our results show that during the
period of 1958-2016, the average runoff in the Zhizdra River Basin was approximately 170 mm, with
significant fluctuations but no trend. Sensitivity analysis by the Budyko framework revealed that the
runoff was more sensitive to changes in precipitation (P) compared to potential evapotranspiration
(Ep), implying that the Zhizdra River Basin is limited by water availability and has a slightly dry
trend. A comprehensive analysis based on the seasonality of hydrometeorological data revealed that
temperature predominantly affects spring runoff, while P mainly controls autumn runoff. Both factors
make significant contributions to winter runoff. In response to climate change, the nonuniformity
coefficient (Cy) and concentration ratio (C;;) of runoff have noticeably declined, indicating a more
stabilized and evenly distributed runoff within the basin. The insights gleaned from this research
illuminate the complex hydrological responses of small river basins to climate change, underlining
the intricate interrelation among evapotranspiration, precipitation, and runoff. This understand-
ing is pivotal for efficient water resource management and sustainable development in the era of
global warming.

Keywords: hydrological regime; precipitation; evapotranspiration; climate change; Budyko framework

1. Introduction

Runoff is a vital component of the water cycle [1]. Approximately 24% of the world’s
rivers experience significant variations in water flux, with changes in flow determined
by climate factors such as temperature, evapotranspiration, and precipitation [2,3]. The
variability in regional runoff resources due to climate change poses a significant threat
to sustainable development in affected areas [4]. Understanding the trends in runoff
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and comprehending the underlying reasons behind these changes have become crucial
challenges in the face of complex and ever-changing hydroclimatic conditions [5].

While precipitation and evapotranspiration are traditionally considered as key drivers
of runoff changes [6], recent studies have revealed the significant influence of other factors,
such as wildfires [7], seasonal climate variations [8,9], seasonal snowmelt [10], permafrost
degradation [11-13], and human activities [14]. To assess the impact of these driving factors
on changes in runoff, various quantitative methods and models have been developed.

Hydrological models such as SWAT, physically based glacier hydrological models,
and assimilation-based stochastic hydrological simulation systems have been widely
employed to estimate runoff contributions [15-19]. However, these models often face
challenges related to computational costs, parameter estimation, sensitivity, and result
uncertainty [20,21]. Conceptual models such as the Budyko model offer potential advan-
tages in capturing hydrological processes while requiring fewer data [22-24].

It has been documented that more than 30% of the small tributaries that replenished
the Oka River Basin have ceased to exist over the past 60 years [25]. Therefore, the Zhizdra
River Basin, one of the three major tributaries of the Oka River, located in the central part
of the East European Plain in European Russia, were selected in this study. With relatively
low human activity in the basin, it provides an excellent opportunity to investigate the
impact of climate change on runoff. Understanding the current climate change’s effects
on water resources is crucial for effective water management measures in Russia [26,27].
The objectives of this study were to: (1) examine the long-term variability of the hydro-
logical regime in the Zhizdra River Basin from 1958 to 2016; (2) quantify the contribution
of predominant climate factors to runoff changes using the Choudhury-Yang equation
based on the Budyko hypothesis; and (3) assess the effects of precipitation and potential
evapotranspiration on runoff in different seasons. By addressing these objectives, this
research aims to enhance our understanding of the hydrological processes in the Zhizdra
River Basin and provide valuable information for water resource management.

2. Materials and Methods
2.1. Study Area

The Zhizdra River Basin (54.0°-54.2° N, 34.9°-35.6° E) was selected to analyse the
variability in runoff from 1958 to 2016 (Figure 1). With an area of approximately 6940 km?,
the basin qualifies as a small-scale basin [28]. The runoff of the Zhizdra River is composed
of three parts, namely snowmelt, rainfall, and groundwater runoff [29]. The runoff is much
greater in spring and winter than in summer and autumn.
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Figure 1. Geographic location of the Zhizdra River Basin (EEP refers to the East European Plain).
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The Zhizdra River belongs to the central part of the East European Plain, with a
moderately continental climate. In summer and autumn, the evapotranspiration in the
Zhizdra is high. In winter, Zhizdra is covered with layers of snow, and the snow period of
the year lasts 5.7 months, from October to April. The Zhizdra River Basin is characterized by
a low population density, where approximately 50% of the land is dedicated to agricultural
use. Additionally, a substantial portion of the basin is classified as an agricultural geo-
ecological region, with minimal industrial activity [30]. The Zhizdra is subject to minimal
human disturbance, with no large centralized groundwater extraction points or water
management structures regulating river flow within the basin [31]. As such, it represents a
natural setting for analysing the impact of climate change on small watershed runoff. The
downstream area of the Zhizdra River is Ugra National Park. In 2002, it was designated a
biosphere reserve by UNESCO. As such, changes in runoff are closely linked to downstream
ecological conditions.

2.2. Data

The daily runoff data used in this study were obtained from Pozdniakov, et al. [32] and
cover the period from 1958 to 2016. The data were obtained from ground-based hydrological
stations. Runoff measurements are subject to various sources of uncertainty, including
wind effects, ice presence, boundary influences, flow obstructions, improper equipment,
incorrect measuring procedures, and human errors, which can contribute to standard
errors ranging from 3% to 6% [33]. Over the past fifty years, the measurement techniques,
equipment, and flow computation methods in Russia have not undergone significant
changes. Climate data, including temperature, precipitation, potential evapotranspiration,
and total evapotranspiration, were obtained from the ERA5 dataset, specifically the ERA5-
Land monthly averaged data from 1950 to present [34], and cover the period from 1958 to
2016 (URL: https:/ /doi.org/10.24381/cds.68d2bb30 (accessed on 24 September 2022)) [35].
All data were carefully checked for errors and gaps, and no missing values were identified.

2.3. Mann—Kendall Trend Test

The Mann-Kendall trend test is a common method used in the fields of meteorology
and hydrology. It is a nonparametric statistical method, and the data may not be normally
distributed. Therefore, it applies to hydrometeorological data including discharge, temper-
ature, and precipitation series. Suppose X1, X». .., X;; are the time-series variables, and # is
the length of the time series. The M-K test defines the statistic S:

n-1 n
S = Y. sgn (X —X;) 1)
j=1 k=j+1
LXe—X;>0
sgn(Xk—Xj) = O,Xk—X]' =0 (2)
—1, X — X; <0

where X; and X are the values of years j and k, respectively, and k > j.

5.1 g0

v/ Var(S)
Z = 0,5=0 3)
S+1
Vs> <
where Z is a statistic of normal distribution, and Var(S) is variance. At a given a confidence
level, if |Z| > Z;_, />, the null hypothesis is rejected; that is, the time series have an obvious

upwards or downwards trend. Z represents a positive value indicating an upward trend
and a negative value indicating a decreasing trend. The absolute value of Z, when greater



https://doi.org/10.24381/cds.68d2bb30

Water 2023, 15, 2678

40f 15

than 1.645, 1.96, and 2.576, indicates significance at the 90%, 95%, and 99% confidence
levels, respectively.

2.4. Sliding t-Test

The sliding t-test is a statistical method used to assess the significance of the difference
between the average values of two groups of samples. The underlying concept involves
comparing the mean values of two series from the same climate series like comparing the
mean values of two populations. If the observed differences exceeds a predetermined level
of significance, it indicates a change point [36].

p= L 72 4)

1183 + nys3

S = 5)

nyyny — 2

The time series x is divided into two series, x; and x,. 11 and n, are the sample sizes
of x1 and x,. The mean values of the two series are X7 and X5, and the variances are s% and
s5. The t statistic follows a t-distribution with degrees of freedom equal to 117 + 1y — 2. The
reference point is set by sliding (artificially set the step size), and the ¢ statistic is calculated
in turn (Equation (4)). When a significance level of « is given, a mutation occurs if |t;| > f,,
and it can be concluded that there is a significant difference between the means of the two
populations [37].

We set the step size to 5 because a smaller size allows for a more detailed analysis [38]
and provides higher resolution and increased sensitivity in detecting change points [39].

2.5. Nonuniformity Index of Intra-Annual Runoff

Based on daily runoff data, we calculated the nonuniformity coefficient of annual
runoff distribution. A higher C, indicates a greater difference in monthly runoff in a
year and a more nonuniform distribution of runoff in a year [40,41]. C, can be expressed
as follows:

o
Cy = E (6)
[ E(Ri - R)?
7= \/ 12 @)
YRR
R==0— ®)

where R; is the monthly runoff in the year, R is monthly average runoff in the year, i is the
month, and ¢ is the standard deviation.

The runoff concentration ratio (C,) serves as an indicator of the level of concentration
within the intra-annual runoff distribution. A higher C, denotes an elevated degree of
instability and fluctuation in the characteristics of intra-annual runoff distribution [41,42].
We regard the runoff of each month in a year as a vector, the value is the length of the
vector, and the month is the direction of the vector. The azimuth 6 of each month from
January to December is 0°, 30°, 60°, .. ., 360°, decomposing the monthly runoff in the x and
y directions. Then, the vector synthesis in the x and y directions is as follows:

R, = 11i1 Rjcosb; )

12 .
Ry =) " Rysinb; (10)
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The synthesis of runoff is as follows:

C,; can be calculated as given:

Co=R/Y 2R, (12)

C, indicates the ratio of the runoff in the direction of the synthetic vector of monthly
runoff to the annual runoff. Therefore, there is a clear correlation between C,, and the ratio
of flood season runoff to annual runoff.

2.6. Sensitivity of Runoff to Climate Change

Due to its accurate and concise representation of the relationship between annual
evapotranspiration and long-term-average water and energy balance at catchment scales,
the Budyko equation has achieved iconic status in hydrology [43,44]. A frequent application
of parametric models of the Budyko equation has been to estimate the climate elasticity
to predict the effects of changes in precipitation (P) and potential evapotranspiration (Ey)
on catchment evapotranspiration and, therefore, runoff [45]. Evapotranspiration (E) and
runoff (Q) can be calculated as a function of P, Ey, and a parameter that describes basin
properties (n) [23]. We mainly used the Choudhury—Yang equation, also known as the

generalized Budyko equation.
o PR -
(P"+E})
The change in E can be expressed by the change in P, Ey, and n.
OE

UE OE

with the respective partial differentials provided as follows:

O _E( Ey (15)
9P~ P\Pi i Ep
OE E [/ D
19Eo_Eo<Pn+Eg> (16)

m  n

n P”JrEg]1

OE E (ln(P” +EN) (PUInP+ EglnE0)> )
Assume a steady-state water balance for the basin in this study. These equations
express how Q is affected by climate factors and basin properties:

dQ {P(l ﬂE)}dp_{Eo 19E}dE0_{nl9E}dn P dEy  dn
- -

—— || = —_— —— | — =¢e¢P— —eEy— —en— (18
Q |o\""er)| P | Q9K Qon|n ~ L g, e (18)
where ¢ep, e, and ¢, are the sensitivity coefficients of P, Ey, and n to Q, respectively.

3. Results
3.1. Temporal Changes in Climate

From 1958 to 2016, the annual average temperature (T) of the Zhizdra River Basin
was 5.35 °C, with a highest temperature in summer (June to August) of 25 °C and lowest
in winter (December to February) of approximately —17 °C. Over this period, the annual
average temperature has experienced a continuous increase (p < 0.01), rising by 0.3 °C/10a
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(Figure 2a) (10a denotes a period of 10 years). After 2000, temperature fluctuations have
gradually decreased, and the temperature has risen steadily.
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Figure 2. Time series of (a) precipitation (P), (b) temperature (T), (c) potential evapotranspiration
(Ep), and (d) evapotranspiration (E). The time series for (a—d) spans 1958 to 2016. The black solid line
represents the annual average value of meteorological elements. (e) The monthly average temperature
and precipitation in the Zhizdra River Basin from 1958 to 2016.

During the period from 1958 to 2016, the annual average precipitation (P) in the basin
was approximately 618 mm, with the highest amounts recorded during summer (225 mm)
followed by autumn (September to November), with relatively less precipitation (<125 mm)
in spring (March to May) and winter (Figure 2e). The 1990s was the wettest decade in the
Zhizdra River Basin from 1958-2016, with an average precipitation of 663 mm (Figure 2b),
which increased by 19.5 mm /10a.

The annual average potential evapotranspiration (Ep) in the Zhizdra River Basin
was as high as 1094 mm from 1958-2016, with the annual evapotranspiration (E) around
523 mm. There was a significant increase in both Eg and E: by 25.4 mm/10a (p < 0.01) and
11.3 mm/10a (p < 0.01), respectively (Figure 2c,d).

3.2. Temporal Changes in Runoff

The annual runoff within the Zhizdra River Basin has been recorded at approximately
170 mm, exhibiting a considerable fluctuation but without a distinct trend from 1958 to 2016,
as depicted in Figure 3a. The annual runoff reached its peak in 1971, registering 307.8 mm,
while the minimum annual runoff occurred in 2015 (93.8 mm) with the largest annual E. As
shown in Figure 3b, runoff varies seasonally, with higher values during spring and lower
values in the other seasons. The peak runoff occurs in April, with an average runoff depth
of 57 mm. Conversely, the monthly average runoff is relatively low (approximately 9 mm)
spanning from June through February, with August bearing the lowest monthly runoff at
around 7 mm. Both summer and autumn runoff account for 15% each of the annual runoff,
whereas spring and winter constitute 54% and 16%, respectively. The Mann-Kendall (MK)
trend test suggests a significant increase (p < 0.01) in the summer and winter runoff from
1958 to 2016.
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Figure 3. (a) Annual average runoff depth (mm) and 11-year moving average for the Zhizdra River
Basin from 1958 to 2016 and (b) monthly average runoff depth (mm) for 1958-2016 in the Zhizdra
River Basin.

Figure 4 depicts the variations in the nonuniformity coefficient (C,) and concentration
ratio (C,) associated with annual runoff. The maximum value of C, was 2.27 in 1968,
while the minimum was 0.16 in 2015 (Figure 4a). The C, showed a significant decrease
trend (p < 0.01), indicating that the annual runoff distribution tended to be more uniform.
The concentration ratio (C;;), which was predominantly between 20% and 55% from 1958
to 2016, experienced a low of 1.5% in 1991 and a high of 78.1% in 1968 (Figure 4b). A
notable decrease in C,, (p < 0.05) suggests reduced concentration in annual runoff. A strong
correlation of 0.87 (p < 0.01) was found between C,, and C,, as determined by a Pearson two-
tailed test, enhancing the reliability of the concentration assessments. The declining trend
in both C;; and C, implies diminished annual runoff fluctuation and increased stability.
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Figure 4. Nonuniformity index (a) and concentration ratio (b) of the annual runoff distribution.
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To analyse the changing trends and identify the year of abrupt change, we employed
a sliding t-test with a 5-year step size. Significant changes of runoff could be found in
1982 and 1977, with the absolute t-value exceeding 2.306 based on the t-test result of Q
(Figure 5a). The negative t-value for 1977 suggests a notable decrease in Q (p < 0.05).
Notably, T and E significantly dropped in 1976 and 1973, which were values close to those
in 1977 (Figure 5b,c). Conversely, the positive t-value in 1982 implies a substantial rise in
Q (p < 0.05). T increased significantly in 1983 and was close to that in 1982. In 1996, both
T and E decreased significantly (Figure 5d). It is worth noting that P did not display any
significant changes over the 59-year period (Figure 5e).
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Figure 5. Sliding t-test for (a) runoff (Q), (b) temperature (T), (c) potential evapotranspiration (Eyp),
(d) evapotranspiration (E), and (e) precipitation (P). The time series spans 1958 to 2016. The red line
represents 0.05 significance level. The blue line represents the t-value of 0.

3.3. Potential Impact of Climate Changes on Runoff

Assuming that, from 1958 to 2016, the watershed changed from one steady state to
another, where any transient changes in storage were negligible, then the change in Q is
calculated as: dQ = dP — dE. The parameter values required for Equations (15)—(17) can be
found in Table 1. According to Equation (14), changes in E due to changes in climate and
basin properties are calculated as follows:

dE = 0.486dP + 0.133dE, + 186.227dn (19)

Table 1. Climatic Variables and Sensitivity Coefficients in Three Periods.

Period P, mm Ep, mm Q, mm n & EE0 &
1958-2016 618 1102 170 1.232 1.861 —0.861 1.346
1958-1977 573 1066 159 1.197 1.839 —0.839 1.367

1978-2016 642 1158 173 1.263 1.880 —0.880 1.330
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The change in E with respect to P (0.486) is more sensitive than Ej (0.133). This means
that E is controlled by water availability. The change in Q is as given:

aQ apP dEy dn
0" 1.861? - 0.861E—O - 1.346? (20)

Change in Q with respect to P is more sensitive than the corresponding change in Ey,
and a 10% increase in P resulted in an increase in Q of approximately 19%, while a 10%
increase in Ey will lead to a 9% decrease in Q. To further analyse the impact of each factor
on runoff over time, we divided the period into two sequences: 1958-1977 and 1977-2016;
not only did Q have a sudden change in 1977, but T and E also had a sudden change in the
1970s. The sensitivity coefficients are shown in Table 1. From 1958 to 2016, Q was found to
be increasingly sensitive to P, and this sensitivity has become more prominent since 1977.
Specifically, after 1977, P increased by 10%, and Q increased by 0.4% compared to before.
Moreover, the n value exhibited an increasing trend from 1.197 to 1.263 (Table 1).

Under the same aridity ratio (Eg/P), with a decrease in 1, the evapotranspiration ratio
(E/P) also decreases (Figure 6). The value of n increased slightly after 1977, which means
that E/P will increase, and E will increase in the Zhizdra River Basin under the condition of
constant precipitation. Considering the water balance equation (Q = P — E), the runoff will
decrease. This means that after 1977, the water regime was more limited by the availability
of water.

1,

e 08r
=
15
g
2 0671
]
B=
a
=
£ 0.4r
=
="
2]
Q>) 0.2r/ —n=1.197
‘= —n=1.232
n=1.263
0 L L L L |
0 2 4 6 8 10

aridity ratio

Figure 6. Relationships among the aridity ratio, evapotranspiration index, and underlying surface
parameter (n).

In order to further study the influence of precipitation and potential evapotranspiration
on runoff in Zhizdra River Basin in different seasons, according to the methods of Risbey

and Entekhabi [46], Fu, et al. [47], and Wang, et al. [48], we calculated runoff (AQ = QT(SQ)’
precipitation (AP = %), and potential evapotranspiration (AEy = EOE%OET’ ) and plotted the

results on the precipitation-potential evapotranspiration plane (Figure 7).
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Figure 7. Contour plots of seasonal changes as a function of annual variations in precipitation (P)
and potential evapotranspiration (Eg). Qspr is the average spring runoff from 1958 to 2016; Qsum,
Qaut, and Qyi, are the average values of summer, autumn, and winter runoff, respectively. AEy and
std(AEg) are Ey departure from the average annual Ey and its standard deviation; AP and std(AP) are
the relative changes in annual P to the average annual P and its standard deviation; AQ is the relative
changes in seasonal runoff to their average annual values.

Figure 7 presents that the variation in autumn runoff (Qay¢) exhibits high sensitivity to
precipitation (P) changes, yet it demonstrates reduced sensitivity to changes in potential
evapotranspiration (Eg). Contrastingly, the spring runoff (Qspr) changes are highly sensi-
tive to Eg alterations but are not considerably affected by changes in P. Notably, winter
runoff (Qyin) displays sensitivity to both variables, while the response of summer runoff
(Qsum) changes to climatical variables is more complex. The evaluation of the association
between the annual deviation of Ey and the seasonal changes in Q shows that for every 1%
enhancement in Eg, Qspr decreases by 7.3%, Qsum by 11.4%, and Qaut by 4.6%.

4. Discussion
4.1. Climate-Driven Seasonal Runoff Dynamics

Runoff in the basin originates from four primary sources: precipitation, snowmelt,
freeze—thaw processes, and ice layers beneath the frozen ground [49,50]. In recent years, the
thickness of the seasonal thaw layer in frozen ground has increased by several centimetres
or decimetres due to rising temperatures [51]. In small basins, the response of runoff to
changes in climate factors is particularly rapid [52]. The Zhizdra River Basin, located in
the central part of the East European Plain, experiences the temperate continental climate
characteristic of Eastern Europe [53]. The peak runoff occurs in spring, primarily in April,
while lower values are observed in summer, mainly in August. The peak in spring is caused
by snowmelt, while the peak in winter is due to both snowmelt and rainfall in summer and
autumn [9,54].
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The significant decrease in the nonuniformity coefficient is mainly due to changes
in the redistribution of runoff between the flood season and the dry season. On the one
hand, the higher temperatures and increased precipitation result in a greater amount of
snowmelt, leading to increased groundwater recharge and a substantial increase in river
runoff during the dry season [55,56]. On the other hand, the warmer winter conditions
cause a reduction in the freezing depth of the aeration zone, allowing more overland runoff
to be lost through infiltration, thus significantly reducing the spring peak runoff [57].

The climate in Eastern Europe is predominantly characterized as dry or semiarid [58].
Nevertheless, the East European Plain serves as a significant agricultural region reliant on
irrigation. Our analysis of Budyko framework revealed a trend towards slightly drier. This
suggests that the availability of water resources restricts the basin’s hydrological system.
This conclusion aligns with the research conducted by Madsen, et al. [59].

Since the late 1970s, the annual average temperature has shown a significant increase,
nearly double the global temperature rise, particularly during the cold season. Furthermore,
precipitation has exhibited a negative trend in the warm season but a positive trend in
the cold season [60,61]. Consequently, it is evident that evapotranspiration is the primary
influencing factor.

4.2. Warming Enhanced the Runoff during Winter and Summer

From 1958 to 2016, the annual runoff in the Zhizdra River Basin exhibited fluctuations
without a discernible trend. However, when considering seasonal variations, there was a
significant increase in both summer and winter runoff (p < 0.01). In the Central Federal
District (to which the Zhizdra Basin belongs), Volga Federal District (to the east of the
Zhizdra Basin), and Northwestern Federal District (to the northeast of the Zhizdra Basin),
encompassing a substantial portion of the European Russia region, this notable trend has
been observed [62]. Similar increases in winter runoff and its contribution to the overall
annual runoff have been observed in other prominent basins of European Russia, including
the Volga River and the Don River, as well as 43% of rivers in northern Russia [60,63].

The increase in winter runoff is attributed to the rising average temperatures during
the cold season (from November to April), leading to reduced snow accumulation before
the onset of flooding [64]. Elevated soil temperature also contribute to a decrease in the
depth of winter soil freezing, facilitating easier absorption and storage of water in the
soil and subsequently augmenting runoff [65]. In addition, warming could enhance the
infiltration of precipitation into the groundwater during the winter period, which not only
replenishes soil moisture but also elevates the groundwater level [64]. By the early 1990s,
the water level had risen by 50-130 centimetres [66].

Apart from the Zhizdra River Basin, notable increases in minimum summer runoff
have also been observed in the upper reaches of the Oka River, the central part of the Volga
River, and the Ural Basin [67]. The augmentation of summer runoff can be attributed to the
combination of rising winter temperatures and increased precipitation, which contribute to
more frequent snowmelt and reduced depth of rock freezing.

4.3. 1977, a Critical Period for the Changes in Runoff

Research indicates that the average threshold year for flow variability in Eastern Eu-
rope is 1978, which closely aligns with our study’s findings [68]. Furthermore, 1977 marks a
significant turning point delineating a transition between a period of relatively undisturbed
natural conditions in the basin and a time when human activities and climate change
intensity became more pronounced [69]. Regarding human activities, water consumption
and discharge in the Russian Soviet Federative Socialist Republic (RSFSR) reached their
highest levels in the late 1970s and 1980s, suggesting that human utilization and discharge
of water resources had a significant impact on river flow during this period.

Additionally, the study of annual total precipitation for different types (solid, liquid,
and mixed) showed a significant increase in solid and mixed precipitation after 1976. This
increase, particularly in solid precipitation such as snowfall, had a significant impact on
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winter runoff in the region. According to the classification by M.I. Lvovich, rivers in the
European territory of Russia were primarily sourced from snowmelt before the latter half of
the 1970s. However, the classification changed to “mixed supply” or even “mixed supply
dominated by groundwater” after 1977, indicating a shift in the sources contributing to
river flow. This transition highlights the change from snowmelt dominance to a more
diverse influence, including a greater impact from groundwater [70,71].

5. Conclusions

Based on the obtained results, it can be concluded that the Zhizdra River Basin has
experienced significant climate changes. The annual average temperature and evapotran-
spiration have shown a continuous increasing trend, indicating a warming pattern in the
basin. The runoff in the basin exhibited seasonal variations, with higher values during
the spring, predominantly influenced by climate warming. Over time, the distribution
of runoff has become more uniform, evidenced by a decrease in both the nonuniformity
coefficient and concentration ratio. This suggests a more balanced and stable hydrological
cycle in the Zhizdra River Basin throughout the year.

The sensitivity analysis further revealed that the runoff in the Zhizdra River Basin
is more sensitive to changes in precipitation than potential evapotranspiration. Specifi-
cally, a 10% increase in precipitation resulted in a 19% increase in runoff, whereas a 10%
increase in potential evapotranspiration led to a 9% decrease in runoff. These findings un-
derscore that the basin’s hydrology is primarily controlled by water availability rather than
energy considerations.

Higher temperatures coupled with changes in precipitation and evapotranspiration
patterns along with alterations in basin characteristics have intensified the basin’s sensi-
tivity to precipitation. Consequently, a comprehensive understanding of the hydrological
responses of small river basins, particularly those with a total drainage area of less than
10,000 km?, to a rapidly warming climate necessitates further rigorous investigation.
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