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ABSTRACT. The paper presents a study of annual runoff and water availability changes in the Volga-Kama and Angara-
Yenisei reservoir basins under contemporary and mid-21° century scenario global anthropogenic warming. The estimates
of changes are based on a comparison of runoff under global warming and for the reference period, calculated from
observational data and averaged results of its calculation performed with an ensemble of global climate models. During
the period of contemporary global warming, the average long-term annual runoff and water availability per unit area and
per capita increased, especially in the Volga—Kama reservoir basins, with the exception of the Volgograd reservoir basin,
where they decreased sharply. The observed and average model annual runoff in the considered reservoir basins is closely
correlated for contemporary global warming as well as for baseline periods. However, for a fairly significant number of basins,
the model runoff differs significantly from the observed value. The observed and model difference in the runoff of the two
compared periods differs significantly in the Volga—Kama as well as in Angara—Yenisei reservoir basins. Nevertheless, the sign
of the difference is the same in almost all basins. In 2040-2069 the annual runoff under varying intensity warming scenarios
may increase relative to the model reference period runoff in all reservoir basins of the Angara—Yenisei cascade, whereas in
the Volga—Kama reservoir basins the probable runoff changes are likely to have different signs relative to the runoff of the
reference period. In most basins the per capita scenario water availability is likely to increase by varying degrees, partly owing
to the probable population decline.
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INTRODUCTION transforming annual hydrographs of daily water discharges
was also used, based on a linear model describing the
The problem of assessing changes in runoff in reservoir  relationship between water discharges at the inlet and
basins in Russia during the period of modern and scenario outlet of the calculated section of the river, based on the
global warming have received significantly less attention  Kalinin—-Milyukov method (Kalinin and Milyukov 1958;
than changes in river basins. Georgievskii and Moiseenkov 1994; Shiklomanov et al.
In recent years, results have been published relating 2011; Milyukova et al. 2020; Yang and Kane 2021; Georgiadi
to the assessment of changes in runoff formed in reservoir et al. 2023, 2024). Runoff in the Irkutsk Reservoir basin has
basins during the period of modern global warming and  also been estimated using the regression relationship
in the baseline period preceding it. Among them, we note  between the average monthly runoff of the Angara and the
the work carried out at the State Hydrological Institute of ~ average monthly water levels of Lake Baikal, reconstructed
Roshydromet of the Russian Federation (Georgievskii 2017), using the water balance method, for the period after the
in which, based on the summation of observed runoff data commissioning of the Irkutsk Reservoir (Sinyukovich et al.
and the river analogue method, long-term series of annual 2024).
and seasonal runoff were obtained for the catchment A number of studies are devoted to the problem of
areas of the main reservoirs of Russia. For the basins of a  choosing the boundaries of the base period as a basis for
number of reservoirs, for these purposes, the method of  obtaining comparable results of calculations of changes in
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runoff under both modern and scenario global warming
conditions (Georgiadi and Kashutina 2014, 2016; Georgiadi
and Milyukova 2023), as well as the issue of regional binding
of the boundaries of the base period and the period of
modern global warming (Georgiadi and Kashutina 2014,
2016; Frolova et al. 2022; Georgiadi and Milyukova 2023;
Shpakova and Wang 2023). Studies were carried out on
the relationship between the boundaries of these periods
and the boundaries of long-term phases of increased/
decreased runoff, which are among the main features of
its long-term changes (Georgiadi and Milyukova 2023;
Georgiadi et al. 2023).

Considerable attention is paid to the issue of assessing
the quality of simulation of observed hydroclimatic
characteristics in river basins using the data of calculation
performed on an ensemble of global climate models
(Mokhov et al. 2003; Katsov and Govorkova 2013;
Georgievsky and Golovanov 2015, 2019; Hai Guo et al.
2022; Georgiadi et al. 2024).

The main objective of the study was to identify the
features of changes in annual river runoff and specific
water availability for the population and territory under
conditions of modern and scenario global warming in
the basins of the main Volga—Kama and Angara—Yenisei
reservoirs. The study is based on data on annual river runoff
formed in the reservoir basins (the so-called local runoff),
calculated on the basis of observations and calculations
performed on the ensemble of global climate models
of the CMIP6 project. One of the important tasks was to
assess the quality of simulation of the observed runoff by
global climate models.

MATERIALS AND METHODS
Study objects

The objects of the study are the local reservoir basins of
the Volga—Kama and Angara—-Yenisei reservoir cascades, most
of which were constructed between the 1950s and 1980s (Fig.
1) (Barabanova 2004). The local reservoir basins are considered,
the boundaries of which are limited by the dams of neighboring
reservoirs.

According to hydrological zoning (Kuzin 1960; Kuzin and
Babkin 1979), in most of the Volga basin, rivers characterized by
spring snowmelt floods, rain floods during the warm season,
and low-water periods predominate. The ratio of runoff in
the main hydrological seasons of the year changes in the
sublatitudinal direction, as well as from the west to the east.

At the same time, in the Yenisei and Angara basins, the
main source of runoff formation is rain floods, typical for the
entire warm period, the volume of which exceeds the volume
of snowmelt flood runoff, and in the winter season there is a
low runoff, which is formed due to underground recharge.
The Angara runoff, especially at its source, is regulated by Lake
Baikal.

In recent decades, there have been significant changes in
the annual flow of rivers in Northern Eurasia and their intra-
annual distribution (Shiklomanov 2008; Georgiadi et al. 2014;
Georgievskii 2017; Frolova et al. 2022; Georgiadi et al. 2024).

The flow of the Volga and Kama, Yenisei and Angara
rivers, especially before their confluence, is regulated by
large reservoirs. The total volume of the main Volga-Kama
reservoirs is 168 km? and that of the Angara-Yenisei is 393 km?
(Barabanova 2004).

Legend
<@ Reservoir Dam

A\ gauge line Igarka

State boundaries

|:| Boundaries of Volga and Yenisei River Basins

Boundaries of basin water reservoirs

T T T
o e e

Ivan'’kovo (basin area 41x103 km?), (2) Uglich (19x103 km?), (3) Rybinsk (66x103 km?), (4) Gor'ky (77x103 km?),
(5) Cheboksary (374x103 km?), (6) Kama (165103 km?), (7) Votkinsk (16x103 km?), (8) Nizhnekamsk (187x103 km?),
(9) Kuibyshev (234x103 km?), (10) Saratov (78x103 km?), (11) Volgograd (67x103 km?), (12), Sayano-Shushenskoe (185x103 km?),
(13) Krasnoyarsk (106x103 km?), (14) Irkutsk (542x103 km?), (15) Ust-llimsk (49x103 km?), (16) Bratsk (158x103 km?),
(17) Boguchany (44x103 km?)

Fig. 1. Map of catchment areas of the Volga-Kama and Angara-Yenisei reservoirs
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DATA
Period of instrumental observations

Annual runoff calculated based on observation data

The study used data on annual runoff formed in
reservoir catchment areas, averaged over the period of
modern global warming and the baseline period, which
are discussed in more detail in the Methods section.

The results of calculations for the period 1946-2013
were used as the source data on the annual flow (inflow
to reservoirs), which is formed in their local catchment
areas. They are based on the runoff summation method
for rivers flowing into reservoirs and the river analogue
method (Georgievskii 2017). In this approach, for a part of
the territory of the reservoir basin, the available observed
data are calculated by summing up the river discharges
determined at the outlet gages. To calculate the inflow
from the catchment area not covered by hydrometric
observations, the method of hydrological analogy is used,
the essence of which consists of transferring hydrometric
data of the studied rivers (analog rivers) to an area where
observations of river runoff are not carried out.

The average long-term annual runoff calculated in
this way for the period 1978-2013 served as its estimate
for the period of contemporary global warming (PCGW),
and for the period 1946-1977 it was used as the reference
period (RP) runoff. Since in our model runoff calculations
we use the periods of the 1931-1980 and 1981-2010 as
the RP and PCGW, respectively, it was necessary to assess
how significantly the differences in the boundaries and
duration of the above periods affect the average long-
term runoff. Since the Georgievskii (2017) provides runoff
only for 1946-1977 and 1978-2013, we carried out such a
comparison for catchment areas of a number of reservoirs
(Table 1), for which long-term series of reconstructed water
flows were obtained based on the method of transforming
annual hydrographs of daily water discharges (Milyukova et
al. 2020; Georgiadi et al. 2024) and based on the regression
relationship between the average monthly flow of the
Angara and the levels of Lake Baikal, obtained from data
for the period before the filling of the Irkutsk Reservoir.
The water levels of Baikal were reconstructed using the
lake water balance method (Sinyukovich et al. 2024).
Comparison of the runoff of each period with different
boundaries showed that the differences in the average
annual runoff in these periods are insignificant (Table 1)
(Georgievskii 2017; Milyukova et al. 2020; Georgiadi et al.
2024). At the same time, the average runoff for the periods

1946-1977 and 1978-2013 for the basins of the Krasnoyarsk
and Irkutsk reservoirs, determined on the basis of the two
considered methods, may differ from each other. The
difference in this case is several percent, although for the
Krasnoyarsk reservoir basin it reaches 9%.

Annual runoff calculated using an ensemble of global
climate models

The annual runoff data from the IPCC CMIP6 project
were obtained by its calculations in specially developed
blocks of global climate models. The main calculation
schemes of river flow performed on an ensemble of
global climate models are analyzed in (Georgievsky and
Golovanov 2015, 2019). The annual runoff data were
calculated by using the daily water discharges obtained
under the IPCC CMIP6 project’ (Eyring et al. 2016; O'Neill et
al. 2016) for each of the 19 global climate models (GCMs)
for the so-called “historical” period (1850-2014). Data from
a list of global climate models of relatively high spatial
resolution, which are used for scenario forecasts in the
Climate Center of Roshydromet of Russia?), were used. The
initial daily runoff data were averaged for each year and
interpolated using the bilinear interpolation method into
the nodes of a uniform grid of 0.5 degrees in latitude and
longitude. The data were averaged for the periods 1931-
1980 (base period), 1981-2010 (the period of modern
global warming), and for the territory of the reservoir
basins considered.

The period of the mid-21% century global warming
scenario

The initial data were the daily runoff calculated on the
ensemble of global climate models (discussed above),
obtained for the period 2015-2100 under three scenarios:
the least intense warming (SSP 1-2.6), moderate warming
(SSP 2-4.5), and the most intense warming (SSP 5-8.5). The
study used data on annual runoff averaged for the period
2040-2069 and for the territory of the reservoir basins
under consideration.

METHODS
Approach to assessing changes
The approach to assessing changes in runoff during

both the modern and scenario (anthropogenic) global
warming periods is based on the method of comparing

Table 1. Comparison of the average long-term annual runoff (km3), calculated by the method of summing up river runoff
and the method of transforming the annual hydrograph

River flow summation method Method of transformation of annual hydrograph
Reservoir basin
1946-1977 1978-2013 1946-1977 1978-2013 1936-1980 1981-2010
Kama 524 57.2 51 57.8 50.26 5745
Sayano-Shushenskoe 475 485 475 487 476 488
Krasnoyarsk 421 428 459 458 46 47
Irkutsk 614 62.6 64* 65.6* 65.2* 68.3*

*Calculations were carried out based on regression relationships between the average monthly flow of the Angara and the average monthly

levels of Lake Baikal (Sinyukovich et al. 2024).

'ESGF MetaGrid (2025). [online] Available at: https://esgf-metagrid.cloud.dkrz.de/search/cmip6-dkrz/ [Accessed 26 Aug. 2025].

2Roshydromet Climate Center (2025). Official Website. [online] Available at: https://cc.voeikovmgo.ru/ru/ [Accessed 26 Aug. 2025]
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the runoff averaged over these periods with the runoff of
the same base period. Such a comparison for the period
of instrumental observations is carried out on the basis of
runoff estimates for the above periods, calculated both on
the basis of observational data and on the basis of data
obtained on an ensemble of global climate models. In
this case, for the period of instrumental observations, the
results of runoff calculations for each of the periods and
the difference in runoff between them, obtained both on
the basis of observation data and results of calculations
carried out on an ensemble of global climate models, are
compared.

About the base period

Since the late 1970s—early 1980s, a period of global
warming has begun, characterized for the territory of
Russia by a significant increase in air temperature and
less noticeable changes in atmospheric precipitation
compared to the previous multiyear base period. They led
to corresponding changes in the characteristics of river
runoff. The boundary between these periods is somewhat
differentin different regions of Russia (Georgiadi et al. 2014,
2023, 2024, Georgiadi and Kashutina 2014, 2016; Frolova et
al. 2022; Shpakova and Wang 2023). The period from the
1930s5—-1940s to the late 1970s—early 1980s is typically used
as the base period for calculating climatological norms of
river flow in Russia.. The period starting from the above
years and continuing until recent years is considered to
be the period of modern global warming. Other shorter
periods are also used. In this study, the period 1946-1978
served as an estimate of the average long-term runoff
of the base period, and for the period of modern global
warming we use the period 1979-2013 (Georgievskii 2017).
See the Data section for more information.

An important issue of the correct use of the results
of calculations of changes in runoff under conditions of
modern and scenario (anthropogenic) global warming,
performed on an ensemble of global climate models,
consists of assessing the quality of reproduction of runoff
characteristics (in this case, annual runoff in reservoir
catchment areas) based on a comparison of model and
observed values.

To do this, the simulated and observed runoff of the
base period and the period of modern global warming are
compared, as well as the difference in the runoff of these
periods, calculated using an ensemble of global climate
models and based on observation data.

Assessment of specific water availability in reservoir
basins

The availability of water resources of the annual river
flow in reservoir catchment areas is assessed using their
per capita volume (Koronkevich et al. 2014; Georgiadi et al.
2021). The calculations are based on the 1989 population
data (by constituent entities of the Russian Federation)?,
which are attributed to the base period, and the 2021
population census data (by municipalities of the Russian
Federation)?, attributed to the period of modern global
warming. It should be noted that both population and the
character of its spatial distribution in the regions under
consideration in the 1989 and 1979 differed slightly. While

in 2021 the total population has changed slightly, it has
decreased significantly over the most part of territory
under consideration. Data on the constituent entities of the
Russian Federation were used as the scenario population
for 2045°. The above materials served as the basis for
assessing the population by municipalities in the Volga—
Kama and Angara-Yenisei reservoir basins. At the same
time, the population in the basins for 2021 was calculated
based on available data for municipalities. The population
estimates for 1989 and the scenario population for 2045 in
reservoir basins were based on the estimated population
in municipalities. These calculations were based on data on
the difference in population in the constituent entities of
the Russian Federation relative to its populationin 2021 and
its use for municipalities of the corresponding constituent
entity of the Russian Federation. The calculations of the
actual and scenario population for reservoir catchment
areas were carried out using GIS technologies.

Water availability per capita was compared with the
availability of local river runoff resources per unit area of
reservoir basins.

RESULTS
Contemporary global warming

Annual runoffin reservoir catchment areas and its changes
during the period of contemporary global warming based
on observational data Sub-section title

The largest volume of annual runoff, according
to Georgievskii (2017), is formed in the basins of the
Cheboksary, Kama, Kuibyshev, Sayano-Shushenskoe,
Krasnoyarsk, Irkutsk, as well as Nizhnekamsk and Bratsk
reservoirs. Their volume is the smallest in the basins of the
lvan'kovo, Uglich, Votkinsk, Saratov, Volgograd, Ust-llimsk,
and Boguchany reservoirs (Fig. 2).

During the period of modern global warming, the
average long-term annual runoff (see Fig. 2) in the
local basins of the considered reservoirs changed quite
significantly (according to the calculations given in
Georgievskii (2017) relative to the reference period. At the
same time, in the basins of all reservoirs (except for the
Volgograd Reservoir), the runoff increased, but to varying
degrees. In the Volgograd Reservoir basin, there was a
sharp (twofold) decrease. The most noticeable increase in
runoff (from 10 to more than 20%) was observed in the
Volga—Kama reservoir basins, while in the Angara—Yenisei
reservoir basins, its growth was much less noticeable
(except for the Irkutsk Reservoir, where it increased by
about 9%); in the Boguchany Reservoir basin, the runoff
even decreased, albeit by only 0.5%.

Specific water availability in reservoir catchment areas and
its change in the period of modern global warming

The per capita water availability (Fig. 3a) in the Volga-
Kama reservoir basins is considerably lower compared to the
Angara-Yenisei reservoir basins, which is explained mainly by
the significantly higher population densityin the regions of the
European part of Russia. At the same time, the specific water
availability in the territory (Fig. 3b) in all the considered basins
is quite high (with the exception of the Volgograd reservoir
basin, located in the steppe zone with its characteristic low

*Population of the USSR: According to the All-Union Population Census 1989 (1990). Moscow: Fin. Stat. (in Russian)

Federal State Statistics Service (2025). Population of the Russian Federation by municipalities as of January 1, 2021. [online] Available at:
https://web.archive.org/web/20211029094621/https://rosstat.gov.ru/compendium/document/132827print=1 [Accessed 26 Aug. 2025]
Federal State Statistics Service (2025). Estimated Population of the Russian Federation up to 2045 [online] Available at: https://rosstat.gov.ru/

compendium/document/13285 [Accessed 26 Aug. 2025]
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Fig. 2. Average long-term annual runoff in reservoir catchment areas in the base period and its changes during the period
of modern global warming, calculated on the basis of observational data

precipitation). The same factors explain the relatively low
specific water availability in the Saratov and Irkutsk reservoir
basins. The distribution of the volumes of annual runoff and
specific water availability per unit area (km2) by reservoir
basins has very similar features (Figs. 2, 3b). However, the
character of the distribution of water availability per capita
over the basins is significantly influenced by the size of the
population, which is more influenced by socioeconomic and
historical factors (Figs. 2, 3a).

For most of the basins of the Volga—Kama and Angara—
Yenisei reservoirs, a relatively close relationship is revealed
between these two specific indicators (Fig. 4a, b), although
in each of the regions, data for one of the basins (the basins
of the Gor’ky and Sayano-Shushenskoe reservoirs) deviate
significantly from the average line of relationship, which
can be explained by the anomalous combination of these
specific indicators of water availability.
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Fig. 3. Water availability due to annual runoff to (a) the population and (b) territory in reservoir catchment areas (1) in the
base period and (2) its relative changes (in %) during the period of modern global warming
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Volga-Kama and (b) Angara-Yenisei reservoir basins, based on base period data

The above also applies to the peculiarities of changes
in the specific water availability for the population and
territory in the basins of the considered reservoirs during
the period of modern global warming. The character of
changes in the specific water supply of the territory of
reservoir catchment areas is to a certain extent similar to
changes in the annual runoff. On the other hand, the per
capita water supply changes were greatly influenced by
long-term population multidirectional trends in the period
from 1989 to 2021. In the overwhelming majority of basins,
it decreased and, in most of them, significantly (by 20-30%
and more). Only in the Cheboksary Reservoir basin did the
population increase (by 7.5%).

Quality of simulation of annual runoff and its changes
during the period of modern global warming by ensemble-
averaged data of global climate modeling

In this case, the model and observed runoff of the
base period and the period of modern global warming are
compared, as well as the difference in the runoff of these
periods, calculated using an ensemble of global climate
models and based on observation data.

It should be noted that the annual runoff for the
considered basins of the Volga—Kama and Angara—
Yenisei reservoirs, obtained by averaging the results of
calculations carried out on an ensemble of global climate
models and calculated from observation data, correlate
very closely with each other (Fig. 5). At the same time, for
a fairly significant number of the basins of the considered
reservoirs (especially for Volga—Kama reservoir basins), the
model runoff differs significantly from the observed one.

A comparison of the annual runoff calculated based
on observational data and the model runoff calculated
by averaging the results of calculations performed on
an ensemble of global climate models (GCMs) under the
CMIP6 program shows that for both the period of modern
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global warming and the baseline period, the model runoff
overestimates the observed annual local runoff in most
of the Volga-Kama reservoir basins and underestimates
it in most of the Angara—Yenisei reservoir basins (Fig. 6).
Only in two Volga—Kama reservoir basins was it lower
for the baseline period (in the Kama and Nizhnekamsk
reservoirs) and in one (Kama) for the period of modern
global warming. Among the basins of the Angara—Yenisei
reservoirs, only in the basin of the Irkutsk Reservoir and
only during the period of modern global warming did the
model runoff exceed the observed one.

The difference between the model and observed
annual runoff varied in the Volga—Kama reservoir basins
from almost zero values (Gor'ky Reservoir basin) to 3-6
times (Volgograd Reservoir basin). In the Angara—Yenisei
reservoir basins, this difference changes in a narrower
range: from values close to zero (Irkutsk, Bratsk and
Boguchany (for BP) reservoir basins) to 32% (Krasnoyarsk
Reservoir basin). In general, we note that, as a rule, the
difference between the model and observed runoff in
both the Volga—Kama and Angara—Yenisei reservoir basins
during the period of modern global warming is less than
in the baseline period (except for the Kama, Nizhnekamsk,
and Boguchany reservoirs).

Now let us compare the changes in annual runoff in
reservoir catchment areas during the period of modern
global warming relative to the base period calculated using
the CMIP6 GCM ensemble and their observation data.

The direction of relative changes in the model annual
runoff, averaged over the CMIP6 GCM ensemble, during
the period of modern global warming and the observed
annual runoff relative to the baseline period (in percent
of the annual runoff of the baseline period) coincide in
most of the considered basins (Fig. 7). The exception is the
Saratov Reservoir basin, in which, under the conditions
of the PCGW, the model and observed changes occurred
in different directions. Note that in the basins of all other
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Fig. 5. Regression relationships of annual runoff (km3) in (a) RP and in (b) PCGW, calculated from observational data
(ordinate axis) and from global climate models of the CMIP6 project (abscissa axis)
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Fig. 6. Difference (in %) between the model (averaged over the ensemble of global climate models of the CMIP6 project)
and the annual runoff calculated based on observational data in (1) the baseline period and (2) the period of modern
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reservoirs, the model and observed changes in the PCGW
were directed toward a decrease in runoff, except for the
Volgograd Reservoir basin, where the runoff decreased.
The increase in observed runoff was more significant in the
Volga—Kama reservoir basins, as well as in the Boguchany
and Bratsk reservoirs (in which the changes were barely
noticeable).In the basins of other Angara—Yenisei reservairs,
on the contrary, the model increase was greater than the
observed one.

In a single basin (the Volgograd Reservoir), the model
and observed runoff decreased. Note also that the
difference between the model and observed changes was
more significant in the Volga—Kama Reservoir basins.

Scenario global warming

Changes in annual runoff

Several groups of basins are identified by the character
of changes in the average long-term annual runoff in
2040-2069 relative to the model runoff of the base period
under scenario warming of varying intensity (Fig. 8). One
of them includes the basins of Angara—Yenisei reservoirs,
as well as the Kama and Votkinsk reservoirs. In them, the
runoff will probably increase (to varying degrees) under all
the considered scenarios of anthropogenic warming. In the
basins of another large group of the Volga—Kama reservoirs
(lvan'’kovo, Uglich, Rybinsk, Cheboksary, Nizhnekamsk,
Kuibyshev, and Saratov), under conditions of the least
intense warming, the runoff may increase very slightly (by
no more than 5%), whereas under warming of medium and
maximum intensity, the runoff will probably decrease. It is
only in the Volgograd Reservoir basin that the runoff can
decrease under different warming scenarios. In the Gor’ky
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Reservoir basin, the runoff will decrease at a low and high
warming rate and increase at its medium rate. At the same
time, the scale of changes varies within only a few percent.

If we evaluate the changes in runoff in the mid-21+
century relative to the model runoff for the period of
modern global warming, then the direction of its changes
in the Angara-Yenisei reservoir basins and in the Kama
reservoir basin will remain the same (Fig. 9), but their scale
will decrease. The number of reservoir basins in the second
group highlighted above will be reduced to four from
among the Volga-Kama reservoirs. The third large group
of basins (see Fig. 9) of the Volga—Kama reservoirs (which,
when assessing scenario changes in runoff relative to the
base period, included only the Volgograd Reservoir basin),
in which runoff will probably decrease under scenarios of
global warming of varying intensity, may already include
six basins, including the Volgograd Reservoir basin.

We next compare the differences in runoff in the
reservoir basins under the scenario of warming conditions
in 2040-2069 of different intensity with each other. That is,
let us compare the difference in runoff between the base
period and the ssp 1-2.6 scenario for the following pairs of
scenarios: ssp 1-2.6 and ssp 2-4.5, ssp 2-4.5 and ssp 5-8.5
(Fig. 10).

Under the conditions of low-intensity warming, the
runoff may increase in the basins of all reservoirs except
for the Gor'ky and Volgograd reservoirs (which was
already mentioned above). Under conditions of medium-
intensity global warming, the runoff in the basins of most
reservoirs will probably decrease relative to the runoff
under low-intensity warming (except for the Gor'ky and
Kama reservoirs). Under the most intense warming (SSP
5-8.5), relative to the runoff during the period of medium-
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Fig. 7. Difference (in %) between annual runoff in catchment areas of the Volga—-Kama and Angara-Yenisei reservoirs
during the period of modern global warming and in the baseline period, calculated based on (1) observational data and
(2) data averaged over the ensemble of global climate models of the CMIP6 project
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Fig. 8. Changes in annual runoff in 2040-2069 under scenarios (1) SSP 1-2.6, (2) ssp 2-4.5 and (3) ssp 5-8.5 relative to the
base-period model runoff
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Fig. 9. Changes in annual runoff in 2040-2069 under scenarios (1) ssp 1-2.6, (2) ssp 2-4.5 and (3) ssp 5-8.5 relative to
model runoff during modern global warming
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Fig. 10. Changes in the model annual runoff in 2040-2069 under the conditions of: (1) scenario ssp 1-2.6 relative to the
runoff of the base period, (2) scenario ssp 2-4.5 relative to the runoff under the conditions of the scenario ssp 1-2.6, (3)
scenario ssp 5-8.5 relative to runoff under conditions of scenario ssp 2-4.5

intensity warming, it may increase by 4-9% in the basins of
all the Angara-Yenisei reservoirs. In the basins of most of
the Volga—Kama reservoirs, it decreases to varying degrees,
mostly very insignificantly. Only in the basins of the Gorky,
Saratov, and Volgograd reservoirs, the decrease in runoff is
comparable to the scale of the possible increase in runoff
in the basins of the Angara—Yenisei reservairs.

Scenario changes in water availability

The character of the scenario changes in water
availability per unit area and the volumes of annual runoff
in reservoir catchment areas are similar. The character of the
scenario changes in per capita water availability in reservoir
basins is significantly different, since they are determined
not only by changes in annual river flow but also by the
population size. Note that under the conditions of all three
considered scenarios of varying warming intensity in the
basins of most reservoirs, the per capita water availability
increases (Fig. 11) and quite significantly (by 10-70%). It
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decreases only in three basins (from several to 10%). Note
thatin the Uglich Reservoir basin, this can occur only under
scenarios ssp 2-4.5 and ssp 5-8.5.

DISCUSSION

The results obtained in this study make a certain
contribution to improving the understanding of the
features of changes in annual runoff under conditions of
contemporary and probable future global warming based
on observation data and estimates obtained using an
ensemble of global climate models.

The obtained estimates of the quality of model
calculations of the annual runoff formed in reservoir
catchment areas in the period of modern global warming
and the baseline period allow us to conclude that global
climate models for a number of the considered basins of
the Volga—Kama and Angara—Yenisei reservoirs reproduce
the long-term averaged annual runoff in the specified
periods with acceptable accuracy. At the same time, for the
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Fig. 11. Scenario changes in per capita water availability relative to the model baseline period

basins of a number of the considered reservoirs (especially
for the Volga—Kama reservoirs), the model runoff differs
significantly from the observed one, which also is true
for model estimates of the difference in runoff during the
period of modern global warming and in the baseline
period. This is confirmed by other studies (Georgievsky and
Golovanov 2015, 2019). All this suggests that estimates
of the average long-term annual runoff for a number of
regions, obtained by averaging the results of calculations
carried out on an ensemble of global climate models, do
not adequately estimate the average runoff during the
period of modern global warming, the base period, and
trends in modern long-term changes in average annual
runoff.

To improve the results of runoff change calculations
under modern and scenario global warming, itis apparently
possible to develop two lines of research. One of them is
to take into account regional features of runoff formation
to improve the runoff calculation schemes used in global
climate models, discussed in (Georgievsky and Golovanov
2015, 2019). Another line of research can be proposed,
which involves selecting the best models from the entire
available ensemble of global climate models based on a
comparison of model results with observational data. It
should be noted that such an approach is already being
used (Menzhulin et al. 2005; Kislov et al. 2008; Anisimov and
Kokorev 2013; Georgiadi et al. 2014; Babina and Georgiadi
2016), but river runoff is usually not used among the
compared characteristics. Therefore, when selecting global
climate models, it is reasonable to use not only climatic
characteristics but also the observed (and most reliably
determined) and calculated GCM river runoff for the period
of modern global warming and the baseline period and
the difference in runoff between these two periods. Also,
extremely useful for these purposes is a comparison of
observed and calculated long-term runoff series and their
statistical characteristics (Motovilov and Gelfan 2019; Hai
Guo et al. 2022; Kalugin 2023).
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CONCLUSIONS

The study was focused on changes in the annual
runoff in catchment areas of the Volga—Kama and Angara—
Yenisei reservoirs in periods of modern and scenario global
anthropogenic warming in the middle of the 215" century.
The assessments of changes are based on a comparison of
runoff under conditions of global warming and the base
period, calculated on the basis of observational data and
on an ensemble of global climate models.

The obtained results are as follows.

1. Comparison of the annual runoff for the period of
modern global warming and the base period for the basins
of the Kama, Krasnoyarsk, Sayano-Shushenskoe, and Irkutsk
reservoirs, calculated by summation and analogy methods
(Georgievskii 2017) and the method of calculating daily
water discharges for the entire year based on the method
of transforming annual hydrographs (Kalinin and Milyukov
1958; Milyukova et al. 2020; Georgiadi et al. 2023, 2024)
showed that they give close results.

2. During the period of modern global warming, the
average long-term annual runoff (according to calculations
based on the methods of runoff summation and analogy
given in (Georgievskii 2017)) and the specific water
supply for the territory have increased most noticeably
in the Volga—Kama reservoir basins, while in the Angara—
Yenisei reservoir basins their growth was significantly less
noticeable (except for the Irkutsk reservoir).

3. In most basins, the per capita water availability
increased not only due to increased runoff but also due to
a significant decrease in population (by 20-30% or more)
in the period from 1989 to 2021. Only in the Cheboksary
Reservoir basin was there a noticeable (7.5%) reverse trend
in population change, which affected the corresponding
change in the per capita water availability. For most
basins of the Volga—Kama and Angara-Yenisei reservoirs, a
relatively close relationship is revealed between the specific
water availability for the population and the territory.
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4. Comparison of the observed annual runoff in
reservoir basins, its changes during the period of modern
global warming, and its estimates obtained on the basis
of averaging the results of calculations carried out on an
ensemble of global climate models of relatively high spatial
resolution, which are used for scenario forecasts in the
Climate Center of Roshydromet of Russia showed that:

—the observed and average model annual runoff in the
considered reservoir basins are closely correlated (R? >0.9).
However, for a fairly significant number of basins, the model
runoff differs significantly from the observed value;

—for both the period of modern global warming and
the baseline period, the model runoff overestimates the
observed annual runoff in most basins of Volga—Kama
reservoirs and underestimates it for most of the Angara—
Yenisei reservoir basins. At the same time, the difference
between them is significantly greater in the Volga—Kama
reservoir basins;

—in the basins of all reservoirs, both the observed
(except for the Volgograd Reservoir) and model (except
for the Saratov and Volgograd reservoirs) runoff during the
period of modern global warming increased compared to
the baseline period. The increase in the observed runoff was
more significant in the basins of the Volga—Kama reservoirs,
as well as in the basins of the Boguchany and Bratsk
reservoirs (in which the changes were barely noticeable).
In the basins of other Angara-Yenisei reservoirs, on the
contrary, the model increase in runoff was greater than the
observed one. In only one basin (Volgograd Reservoir), both
the model and observed runoff decreased quite noticeably.

REFERENCES

5. According to the character of changes in annual runoff
in 2040-2069 relative to the model runoff of the base period
under conditions of scenario warming of varying intensity,
two main groups of basins are distinguished. In one of them
(which consists of the basins of the Angara—Yenisei, as well
as the Kama and Votkinsk reservoirs), the scenario runoff will
probablyincrease to varying degrees under all the considered
anthropogenic warming scenarios. In the basins of another
group (which includes the Volga—Kama reservoir basins),
under the conditions of the least intense warming, the runoff
may increase very slightly (by no more than 5%), whereas
under warming of medium and maximum intensity, the
runoff may decrease. Only in the Volgograd Reservoir basin,
under the implementation of different warming scenarios,
the runoff will probably decrease quite significantly.

6. The character of scenario changes in the water supply
of the territory of reservoir catchment areas both in the base
period and in the conditions of modern global warming is in
many ways similar to changes in the volumes of annual runoff
in these basins. Scenario changes in water availability per
capita are characterized by regional features of population
change (both in the base period and in the conditions of
modern global warming). Under the conditions of all three
considered scenarios of different warming intensity in the
basins of most reservoirs, water availability per capita may
increase and quite significantly (by 10-70%), including in
connection with the predicted change in the population.
Only in three basins (Uglich, Cheboksary, and Sayano-
Shushenskoe) it will probably decrease (from a few to 10%).

Anisimov O.A. and Kokorev V.A. (2013). The optimal choice of hydrodynamic models to assess the impact of climate change on the
cryosphere, Ice and Snow, 53(1), 83-92 (in Russian with English summary), DOI: 10.15356/2076-6734-2013-1-83-92

Babina E.D. and Georgiadi A.G. (2016). Assessment of the quality of reproduction of air temperature and precipitation amounts in the
Lena River basin by global climate models, Vestn. Mosk. Univ., ser. 5, Geogr, 5, 69-76 (in Russian with English summary)

Barabanova E.A. (2004). Comparison of reservoirs by the complex of their positive and negative impacts on the environment and
economy. |zvestiya Rossiiskoi Akademii Nauk. Seriya Geograficheskaya, 2, 72-82. (In Russian with English summary).

Eyring V., Bony S, Meehl G. A, Senior C. A, Stevens B, Stouffer R. J.and Taylor K. E. (2016). Overview of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) experimental design and organization. Geosci. Model Dev., 9, 1937-1958, DOI: 10.5194/gmd-9-1937-2016, 2016a

Frolova N.L, Magritskii D.V,, Kireeva M.B,, Grigor'ev V.Y, Gelfan AN, Sazonov A.A.and Shevchenko All. (2022). Streamflow of the Russian
rivers under current and forecasted climate changes. A review of publications. 1. Assessment of changes in the water regime of Russian rivers
by observation data. Water Resour,, 49(3), 333-350, DOI: 10.1134/50097807822030046.

Georgiadi A.G.and Kashutina Ye.A. (2014).The Features of Long-term Annual and Seasonal Runoff Changes for Lena Basin Rivers. [zvestiya
Rossiiskoi Akademii Nauk. Seriya Geograficheskaya, (2), 71-83, DOI: 10.15356/0373-2444-2014-2-71-83 (in Russian with English summary).

Georgiadi A.G. and Kashutina E.A. (2016). Long-term changes in the runoff of the largest Siberian rivers. [zvestiya Rossiiskoi Akademii
Nauk. Seriya Geograficheskaya, 5, 70-81, doi: 10.15356/0373-2444-2016-5-70-81 (in Russian with English summary)

Georgiadi A.G. and Milyukova |P. (2023). Volga runoff in the era of global warming. Izvestiya Rossiiskoi Akademii Nauk. Seriya
Geograficheskaya, 87(6), 804-824, DOI: 10.31857/52587556623060079 (in Russian with English summary).

Georgiadi, A.G., Koronkevich N.I, Barabanova E.A. and Melnik K.S. (2021). Water resources and water-ecological stress in the Central
Federal District of Russia. Izvestiya Rossiiskoi Akademii Nauk. Seriya Geograficheskaya, 85(3), 325-340, DOI: 10.31857/52587556621030079 (in

Russian with English summary).

Georgiadi A.G., Milyukova I.P, Borodin O.0. and Barabanova E.A. (2024). Water Flow of the Largest Russian Rivers in Modern and Scenario
Global Warming. Izvestiya Rossiiskoi Akademii Nauk. Seriya Geograficheskaya, 88(6), 855-866, DOI: 10.31857/52587556624060011. (in Russian

with English summary)

Georgiadi A.G., Milyukova |.P, Borodin O.0. and Gusarov AV. (2023). Water flow changes in the Don River (European Russia) during
1891-2019. Geography, Environment, Sustainability, 16(2), 6-17, DOI: 10.24057/2071-9388-2022-083

Georgiadi A.G, Koronkevich N.I, Milyukova I.P, Kashutina E.A. and Barabanova E.A. (2014). Contemporary and Scenario Changes in River
Runoff in the Basins of the Largest Russian Rivers. Part 2. Basins of the Volga and Don. Moscow: Maks Press Publ. (in Russian).

Georgievskii V.Yu. ed. (2017). Scientific and applied reference book: Long-term characteristics of water inflow into the largest reservoirs
of the Russian Federation. Moscow: OO0 «APC Ofort» Publ. (in Russian)

Georgievskii V.Yu. and Moiseenkov A.l. (1984). Restoration of natural hydrographs of the flow of large rivers, regulated by a cascade of
reservoirs (on the example of the Volga River). Proc. SHI, 291, 54-61. (In Russian)

Georgievsky M.V. and Golovanov OF. (2015). Assessment of probable changes in runoff in the Amur River basin for the period up to
2020 and 2050 based on data from atmospheric and ocean general circulation models. In: Georgievskii, V.Yu., ed., Extreme Floods in the Amur
Basin: Hydrological Aspects. St. Petersburg: OO0 EsPeKha Publ,, 153-179. (in Russian).

Georgievsky M.V. and Golovanov O.F. (2019). Forecasting changes in river water resources of Russian Federation based on CMIP5
runoff data. Vestnik of Saint Petersburg University. Earth Sciences, 64 (2), 206-218, DOI: 10.21638/spbu07.2019.203 (In Russian with English

summary)



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 2026

GuoH. Zhan C,Ning L, Li X, Hu S. (2022). Evaluation and comparison of CMIP6 and CMIP5 model performance in simulating the runoff.
Theor. Appl. Climatol,, 149, 1451-1470, DOI: 10.1007/500704-022-04118-0

Kalinin G.P. and Milyukov Pl. (1958). Approximate Calculation of Unsteady Motion of Water Masses. Proceedings of the Central Institute
of Forecasts. Issue 66. Leningrad: Gidrometeoizdat, 72 (In Russian)

Kalugin A. (2023). Climate change effects on river flow in Eastern Europe: Arctic rivers vs. Southern rivers. Climate, 2023, 11 (103), doi:
10.3390/cli1 1050103

Kattsov V.M. and Govorkova V.A. (2013). Expected surface air temperature, precipitation and annual runoff changes over the territory of
Russia: projections with an ensemble of global climate models (cmip5). Trudy GGO, (569), 75-97. (In Russian)

Kislov AV, Evstigneev V.M., Malkhazova S.M,, et al. (2008). Forecast of Climatic Resource Availability of the East European Plain in the
Conditions of Warming of the 21st Century. Moscow: Max Press. (In Russian)

Koronkevich N.I, Barabanova Ye A, Bibikova T.S. and Zaitseva |.S. (2014). Russia on the world map of water use, Izvestiya RAN. Seriya
Geograficheskaya, 1, 7-18 (in Russian with English summary)

Kuzin PS. (1960). Classification of Rivers and Hydrological Zoning of the USSR. Leningrad: Gidrometeoizdat. (In Russian)

Kuzin PS. and Babkin V.I. (1979). Geographical Regularities of the Hydrological Regime of Rivers. Leningrad: Gidrometeoizdat. (In Russian)

Menzhulin GV, Shamshurin VI, and Savvateev S.P. (2005). On the assessment of the accuracy of model climate change scenarios
recommended by the IPCC commission for calculating the consequences of global warming. In: Modern Problems of Environmental
Meteorology and Climatology. St. Petersburg: Nauka Publ., 55-85. (In Russian)

Milyukova I.P, Georgiadi A.G. and Borodin O.0. (2020). Long-term changes in water flow of the Volga basin rivers. E3S Web of Conferences
163, 05008, DOI: 10.1051/e3sconf/202016305008.

Mokhov LI, Semenov V.A. and Khon VK. (2003). Estimates of possible regional hydrologic regime changes in the 21st century based on
global climate models. Izvestiya Rossiiskoi Akademii Nauk. Seriya Atmospheric and Oceanic Physics, (39), 130-144. (In Russian).

Motovilov Yu. G. and Gelfan A. N. (2019). Runoff Formation Models in Challengers of River Basin Hydrology. Moscow: Izdatel'stvo
Rossiiskoi Akademii Nauk (In Russian)

O'Neill B.C, Tebaldi C,, van Vuuren D. P, Eyring V., Friedlingstein P, Hurtt G, Knutti R, Kriegler E., Lamarque J.-F, Lowe J,, Meehl G. A, Moss
R., Riahi K, and Sanderson B. M. (2016). The Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6. Geosci. Model Dev., [online] 9,
3461-3482. Available at: https://doi.org/10.5194/gmd-9-3461-2016 [Accessed 26 Aug. 2025]

Shiklomanov All, Golovanov O, Lammers R.B,, Tretjyakov M. & Yang D. (2011). Dam/Reservoir-Induced Hydrological Changes in Large
Siberian Rivers. Amer. Geophys. Union, Fall Meeting 2011, Abstract C31B-06.

Shiklomanov I.A. ed. (2008). Water Resources of Russia and Their Use. Saint-Petersburg: State Hydrological Institute Publ. (in Russian).

Shpakova RN, and Wang P. (2023). Change in Perennial Runoff Fluctuations of the Rivers in South Yakutia in the Context of Global
Warming. Russian Arctic, 5(1), 33-44, DOI: 10.24412/2658-4255-2023-1-33-44 (In Russian)

Sinyukovich V.N., Georgiadi A.G., Groisman PY., Borodin O.0., and Aslamov I.A. (2024). The Variation in the Water Level of Lake Baikal and
Its Relationship with the Inflow and Outflow. Water, 16, 560. https://doi.org/10.3390/w16040560

Yang D. and Kane D.L. (Eds.) (2021). Arctic Hydrology, Permafrost and Ecosystems. Cham: Springer, DOI: 10.1007/978-3-030-50930-9

244



