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Abstract: Groundwater recharge by precipitation is the main source of groundwater resources, which
are widely used in the European part of Russia (ER). The main goal of the presented studies is to
analyze the effect of observed climate changes on the processes of groundwater recharge. For this
purpose analysis of long-term meteorological data as well as water budget and groundwater recharge
simulation were used. First, meteorological data of 22 weather stations, located from south (Lat 46◦)
to north (Lat 66◦) of ER for historical (1965–1988) and modern (1989–2018) periods were compared to
investigate the observed latitudinal changes in annual and seasonal averages of precipitation, wind
speed, air temperature, and humidity. Second, water budget in critical zone was simulated, using
codes SURFBAL and HYDRUS-1D. SURFBAL generates upper boundary conditions for unsaturated
flow modelling with HYDRUS-1D, taking into account snow accumulation and melting as well as
topsoil freezing, which are important processes that affect runoff generation and the infiltration of
meltwater. Water budget and groundwater recharge simulations based on long-term meteorological
data and soil and vegetation parameters, typical for the investigated region. The simulation results
for the historical and modern periods were compared to find out the impact of climate change on
the average annual and seasonal averages of surface runoff, evapotranspiration, and groundwater
recharge, as well as to assess latitudinal differences in water budget changes. The results of the
simulation showed, that despite a significant increase in air temperature, groundwater recharge in the
southern regions did not change, but even increased up to 50–60 mm/year in the central and northern
regions of ER. There are two main reasons for this. First, the observed increase in air temperature is
compensated by a decrease in wind speed, so there was no significant increase in evapotranspiration
in the modern period. Also, the observed increase in air temperature and precipitation in winter is
the main reason for the increase in groundwater recharge, since these climate changes lead to an
increase in water infiltration into the soil in the cold period, when there is no evapotranspiration.

Keywords: groundwater recharge; climate change; HYDRUS 1D; water budget; European part
of Russia

1. Introduction

Current climate change largely determines the observed variability of surface and
groundwater resources and defines the problems and prospects for their sustainable use
in the 21st century [1,2]. Studies on a regional scale in various natural conditions reveal
nonlinear relationships between water and energy balances and indicate the trace of climate
change in the formation of runoff from watersheds [3].

The climatic transformations observed in recent decades are reflected to varying
degrees both in the general structure of the land’s water balance and in its components,
including the river [4] and subsurface runoff [5]. That is why the impact of global climate
change on water resources is one of the most discussed fundamental problems across
fields of climatology, land hydrology, and hydrogeology. Examples of continental and
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subcontinental analysis of the impact of climate change on river runoff and groundwater
can be found in [2,6,7] and others.

One of the important tasks of climate impact studies on groundwater and surface
water is to analyze regional patterns and assess the regional scale of these changes. For ex-
ample, in the work of a large international team of hydrologists [8] describing 23 unsolved
problems of modern hydrology, problem number 1 formulates as “Is the hydrological cycle
regionally accelerating/decelerating under climate and environmental change, and are
there tipping points (irreversible changes)?” That is, the fundamental scientific task is to
assess the scale of climate change at the regional level in specific catchments [9], located in
different natural conditions.

At present, integrated models of surface water and groundwater at different scales
are widely used for analysis and prediction of water balance and total runoff from the
watershed [4,10]. The development and calibration of such models is a time-consuming task
that requires extensive input information. At the same time, one of the key problems in the
study and simulation of water exchange on a watershed scale is the processes of water and
energy exchange in the so-called “critical zone” from the ground surface to groundwater [7].
The main integral parameter characterizing water exchange in the critical zone seem to be
groundwater diffusive recharge due to infiltration from the earth surface [11]. Therefore,
the analysis of trends in changes in recharge and elements of water balance that form it can
provide an integrated assessment of the impact of observed and expected climatic changes
on runoff without the time-consuming development of a full-scale integrated model of the
drainage basin.

Currently, the approach based on simulation of the unsaturated flow from the earth’s
surface to the groundwater level is widely used to assess the diffuse groundwater recharge
and the HYDRUS-1D model [12] is commonly used for this purpose. The methodology of
the application of HYDRUS-1D for recharge estimation is summarized in Šimůnek [13].
Examples of evaluations of the near-surface water balance and estimations of groundwater
recharge for a specific soil, vegetation, and climatic conditions with HYDRUS-1D can be
found in [11,14–18] and others.

The results of modeling the effect of expected climatic changes on the water bud-
get for runoff basins located in different climatic conditions are analyzed in a review of
40 publications [1]. Generalization of these results by climate types (humid moderate
and arid) showed that in all considered arid conditions climate change leads to recharge
reduction. At the same time in moderate climate the simulated recharge has not changed
approximately in 15% of cases, increased in 30% and decreased in the rest of cases. In other
words, the impact of climate change on processes in critical zone and groundwater in
humid conditions is ambiguous.

Thus, the motivation for this study is to assess the impact of the observed climatic
changes on groundwater resources on a sub-continental scale. For this purpose, dif-
fuse groundwater recharge was chosen as the main indicator of changes in groundwater
resources, and the European part of Russia considered as the study region. Diffuse ground-
water recharge formed by precipitation transformation in a critical zone is the main source
of groundwater natural resources, which are widely used for human needs in the European
part of Russia. The climate conditions there vary from semi-arid in the south to moderate
humid and boreal in the north of the investigated region. The main goal of the presented
studies is to analyze the effect of observed climate changes on the groundwater recharge
formation over the European part of Russia. For this purpose, 22 weather stations, lo-
cated from south to north of the investigated region with representative long-term data
were selected. These long-term meteorological observations were analyzed using a single
methodological approach. Then, using a physically based water balance model, groundwa-
ter recharge was simulated to reveal subcontinental patterns of its transformation under
climatic changes.



Water 2021, 13, 428 3 of 19

2. Study Area and Input Climate Data

The study region, European part of Russia (ER), is located from the south (latitude
46◦) to the north (latitude 66◦) of the western part of the Russian Federation - from the
Black Sea in the south to the White Sea in the north. (Figure 1). Most of the region is
characterized by a temperate continental climate with pronounced latitudinal variability
of annual precipitation and air temperature. Mean annual precipitation (P) varies from
400 mm/year in the south to 600 mm/year in the north with maximum values up to
750 mm/year in the central part of ER. Mean annual air temperature increases southward
from −0.5–0 ◦C to 10–11 ◦C (Table 1). According to the climate classification based on the
aridity index AI = P/ET0, where ET0 is the potential evapotranspiration, [19], most of the
region belongs to the humid climate, but the AI values noticeably decrease southward from
2 to 0.6 and the most southern areas have a dry subhumid climate.
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Table 1. Average long-term values of annual, warm season (April-October) and cold season (November-March) precipitation
and air temperature for the period 1965-2018 according to ER weather stations.

Weather
Station

Nothern
Latitude, Deg.

Eastern
Longitude, Deg.

Precipitation, mm Air Temperature, ◦C

Annual Warm Season Cold Season Annual Warm Season Cold Season

Mezen 65.9 44.2 532.3 371.7 160.6 −0.5 6.7 −10.5
Reboli 63.8 30.8 613.1 414.7 198.4 1.6 8.6 −8.3

Petrozavodsk 61.8 34.3 594.4 412.6 181.8 2.9 9.7 −6.6
S.Petersburg 60.0 30.3 649.1 432.2 216.9 5.5 12.0 −3.6

Tihvin 59.7 33.5 746.7 478.3 268.3 3.9 10.8 −5.9
Belogorka 59.4 30.1 677.5 454.9 222.6 4.2 10.8 −5.0
Vologda 59.3 39.9 559.0 389.6 169.4 2.9 10.5 −7.6
Bologoe 57.9 34.1 659.9 448.7 211.2 4.3 11.2 −5.4

Kostroma 57.8 40.8 616.6 423.0 193.6 3.9 11.6 −6.8
Toropec 56.5 31.6 737.5 473.9 263.6 4.9 11.7 −4.6

Mozhaisk 55.5 36.0 655.5 454.9 200.7 4.8 11.9 −5.3
Smolensk 54.8 32.1 714.6 473.6 241.0 5.1 12.0 −4.4

S-Demensk 54.4 34.0 687.6 469.7 217.8 5.0 12.0 −4.8
Suhinichi 54.1 35.4 616.7 425.5 191.2 5.1 12.3 −5.0
Zhizdra 53.8 34.7 609.9 428.4 181.5 5.1 12.2 −4.9
Poniri 52.3 36.3 628.5 417.1 211.4 5.6 13.0 −4.9

Voronezh 51.8 39.2 577.6 371.6 206.0 6.6 14.4 −4.2
Valuiki 50.2 38.1 571.3 357.5 213.8 7.4 14.9 −3.1

Volgograd 48.7 44.4 398.1 220.5 177.6 8.6 17.2 −3.4
Rostov-Don 47.3 39.8 606.4 343.7 262.8 9.9 17.3 −0.5

Gigant 46.5 41.3 513.8 318.8 194.9 10.2 17.6 −0.3
Akhtarsk 46.0 38.1 580.6 341.0 239.6 11.4 18.4 1.6

For the analysis, the long-term meteorological data from 22 weather stations, located
from south to north of the study region (Figure 1, Table 1) were used from the open site of
the Russian Institute of Hydrological and Meteorological Information – World Data Center
(RIHMI-WDC) meteo.ru. Daily meteorological data includes minimum, maximum and
average air temperature, precipitation, average wind speed and air humidity for 1965–2018,
since the data for this period is the most complete and continuous.

3. Methods
3.1. Analysis of Climate Changes

A detailed analysis of modern changes in climatic characteristics and their latitudinal
patterns is based on a comparison of long-term average annual values for two periods.
The first historical period 1965–1988 is considered to be relatively climatically stable,
while the second modern period 1989–2018 is characterized by directional changes in
meteorological characteristics (as shown in Section 4). The duration of the historical and
modern periods under consideration are comparable (24 and 30 years, respectively), which
makes it correct to compare the average long-term values for them. Thus, the differences
between the long-term average meteorological parameters for the modern (1989–2018) and
historical (1965–1988) periods, which are further denoted as ∆, characterize the observed
climatic changes.

The direction of latitudinal changes in mean long-term meteorological characteristics
was analyzed on the basis of linear trends, the statistical significance of which was assessed
by Student’s t-criteria. When t-criteria are greater than the critical value of 95% probability,
linear trends were considered significant and plotted on the shown on the graphs.

3.2. Groundwater Recharge Model

Groundwater recharge was estimated by point-scale simulation of the surface and
subsurface water balance. Point scale recharge in this approach is the flow from the
unsaturated zone to the groundwater level, averaged throughout interest (decade, month,
year, etc). The methodology of using the world-wide known unsaturated water flow
simulator HYDRUS-1D for recharge estimation was described in [13,16,17] and others.
To simulate recharge with the HYDRUS 1-D in the mentioned publications, the atmospheric
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boundary condition on the surface of topsoil is used [12]. This condition reflects the
water balance, which comes with precipitation and is spent on surface infiltration, soil
evaporation from the soil surface, and the possible surface runoff formation. For recharge
simulation in a boreal climate, the essential effects of snow accumulation and melting, soil
freezing and refreezing on the surface and near-surface water balance should be taken into
account. The code SURFBAL has been developed as a supplement to HYDRUS 1-D for this
purpose [20–22]. This code allows to generate atmospheric boundary conditions on the
top of soil for HYDRUS-1D, calculating ET0 by different methods [23] and considering the
physical processes of surface precipitation transformation, including snow accumulation
and melting, surface and canopy evaporation as well as the generation of surface runoff
taking into account soil freezing [24,25].

SURFBAL integrates the next surface water budget equation with daily time step dt:

dV
dt

= P − ELS − R − vp; V = Vs + Vl ; Els = El + Es (1)

where V is total volume of water accumulated, VL and VS are volumes of water accumulated
on vegetation and in snowpack respectively, P is precipitation rate, ELS is total surface
evaporation including evaporation from leafs (EL) and snow cover (ES), R is surface runoff,
vp is potential infiltration into the soil.

The Soil Conservation Service Curve Number (CSC-CN) method is used to calculate
surface runoff R during the warm period, when the soil is not frozen. During snowmelt,
but when the soil is still frozen, the hydraulic conductivity of frozen soil is used as the
upper limit of vp to separate the melt water into surface runoff R and potential infiltration
vp. To diagnose the thawed or frozen state of the soil, SURFBAL simulates vertical heat
transfer in the soil, taking into account the phase transition of soil moisture as well as the
warming effect of the snow cover.

The HYDRUS 1D code solves equation of vertical variably saturated flow [25]:

∂θ

∂t
=

∂

∂z

(
K(z, hp)

∂H
∂z

)
− S(hp); H = z + hp (2)

where hp is the water pressure head, which is positive in the saturated zone and negative
in the unsaturated zone, θ is the volumetric water content, S is the sink term reflected
root water uptakes, K is the unsaturated hydraulic conductivity, z is the vertical coordi-
nate. Groundwater recharge is a time-dependent flux through the lower boundary of the
simulated soil profile.

As a result, the use of the two codes together allows the consideration of important
processes of cold regions hydrology that affect runoff generation and the infiltration
of meltwater.

Thus, the point scale water budget and recharge simulation process consists of two
stages. In the first stage daily values of precipitation, solar radiation, wind speed, air
temperature and humidity for the whole period of the simulation (1965–2018) are used
by the SURFBAL code as input data. The code SURFBAL calculates the surface water
balance including an interception by a canopy, surface (leaf and snow) evaporation, snow
accumulation, consolidation of snowpack and its melting, surface runoff, as well as initial
potential values of evaporation, transpiration and water inflow to the soil. These results are
the input values for the next stage of the simulation the unsaturated flow with root water
uptake using HYDRUS-1D package with lower boundary conditions of two types. Given
pressure height is used at the lower boundary, when the depth to the groundwater level
is less than 5-10 meters. In case the groundwater level is located deep from the ground
surface, the free drainage condition [12] is used. This condition allows to estimate the
maximum possible recharge, which does not depend on the depth of the groundwater level.

To analyze regional scale differences in climate change influence on water balance in
critical zone and groundwater recharge soil and vegetation averaged parameters typical
for the region [26,27], were used the same for the whole simulation period 1965–2018.
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The long-term annual and seasonal averages of surface runoff (S), actual evapotran-
spiration (ET) and groundwater recharge (W), calculated by daily simulated values were
compared over historical (1965–1988) and modern (1989–2018) periods. This allows to
estimate how climatic changes in annual precipitation (P) and other meteorological charac-
teristics were transformed into changes in annual water balance and soil water storage (V):

∆P = ∆S + ∆ET + ∆W + ∆V, (3)

where ∆ is the difference between long term annual values of the two periods.

3.3. Groundwater Recharge Model Calibration and Verification

The model was calibrated based on a comparison of the observed and simulated long-
term intra-annual and winter averages of snow height and freezing depth for each weather
station. There are two main reasons to use winter season for model calibration. First, there
are long-term daily observations of snow height and soil temperature at 11 points from
the surface to a depth of 3.2 m, which were used to calculate the freezing depth for each
weather station. Secondly, it is winter that is the most important season in humid and
sub-humid boreal climates, when the bulk of surface water infiltrates into the soil. This is
due to the significant accumulation of water in the snow cover, and the close relationship
between the infiltration of melt water and the rate of snow melting and soil thawing [21].

When calibrating, snow melting and compaction coefficients as well as soil thermal
conductivity parameters were fitted. The example of comparing simulated and observed
data for two weather stations located in the south (Voronezh, latitude 51.8◦) and in the
north (Belogorka, latitude 59.4◦) of ER, is shown in Figure 2.
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Figure 2. Observed (lines) and simulated (dashed lines) average intra-annual (a,b) and average winter (c,d) values of
freezing depth (black lines) and snow height (blue lines) for Voronezh (a,c) and Belogorka (b,d) weather stations.

Long-term average water balance simulation results were verified based on the Fu’s
equation, which is widely used to describe the Budyko curve – the dependence of actual
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evapotranspiration ET on energy and water availability, represented by the potential
evapotranspiration ET0 to precipitation P ratio:

ET
P

= 1 +
ET0

P
−

[
1 +

(
ET0

P

)n] 1
n

(4)

where n is landscape parameter [28].
Figure 3a shows that the simulated average annual ET and ET0, calculated by FAO

Penman-Monteith method [23], fit reasonably well (R2 = 0.9–0.97) to curves based on
equation (4) with parameter n, that differs for the four simulated landscapes. In this case,
the fitted n values for forest landscapes and sandy soils are higher, than for meadows and
loamy soils, which is consistent with [28–30]. Such model results verification confirms
a physically correct simulated interplay between climate conditions, vegetation, and the
water balance. The boundary between the energy limited (ET0/P < 1) and water limited
(ET0/P > 1) regions on Figure 3b corresponds to a latitude of about 53–54 degrees.
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4. Analysis of Latitudinal Patterns of Climatic Changes in the ER

Preliminary data analysis shows obvious rising trends in annual air temperature
and declining trends in average wind speed for the entire region since the middle of
1980s (Figure 4). At the same time, there are no obvious trends in the change of annual
precipitation and air humidity, however, the long-term average precipitation in most cases
slightly increases (Figure 4). Given the large area of the studied region, it is necessary to
analyze the latitudinal differences in the observed changes in meteorological characteristics.
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Figure 4. Average annual meteorological characteristics by weather stations at different latitudes for 1965 to 2018. Upper row: air temperature and wind speed with their linear trends;
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4.1. Precipitation

The differences of long-term average annual precipitation ∆P for the historical and
modern periods as well as their latitudinal distribution are shown in Figure 5. Despite
the absence of obvious long-term trends in annual values (Figure 4), an increase in long-
term average annual precipitation up to 80 mm/year prevails in the studied region of ER
(Figure 5a). However, there is no clear latitudinal regularity of ∆P, and the relative changes
in long-term average annual precipitation compared to historical period do not exceed
±5-10%, except for the northernmost weather station Mezen (Figure 5a).

Latitudinal differences in precipitation changes are clearly visible in their mean long-
term seasonal values for all seasons except spring (Figure 5b). The average long-term
amount of winter and summer precipitation in the modern period decreased in the south
(∆P < 0) and increased in the north (∆P > 0) of the ER. The average amount of autumn
precipitation in the modern period, on the contrary, increased in the south and decreased
in the north, while the amount of spring precipitation mainly enlarged in the entire region.
It should be noted that the scale of the seasonal increase and decrease in precipitation is
approximately the same and does not exceed ± 20–30 mm/year (Figure 5b).

4.2. Air Temperature

Comparison of the average annual air temperature for the historical and modern
periods shows that it increased approximately the same by 1.2–1.4 ◦C in the entire region,
except for its southernmost part. (Figure 6a). Long-term mean temperatures also increased
in all seasons, but it is important to note that the maximum rise occurred in winter–up to
3.0 ◦C in the north of ER. Moreover, there is a clear upward trend of winter air temperature
from south to north (Figure 6b). In contrast, summer temperatures in the modern period
have increased more in the south, by 1.1 ◦C, and tend to decrease slightly from south to
north. In other seasons, average temperatures increased more evenly across the region,
averaging from 0.4 ◦C to 1.2 ◦C, with the lowest average temperature rise in autumn
(Figure 6b).

4.3. Wind Speed and Air Humidity

Figure 7a shows a decrease in the average annual wind speed in the modern period
in comparison with historical in the entire region to 1.2 m/s, except for data from several
weather stations. This decrease in wind speed with almost the same values occurred evenly
in all seasons and is consistent with the official hydrometeorological report on climate
change in the Russian Federation, where the same decreasing trends in surface wind speed
were noted [31].

Modern changes in the average annual and seasonal air humidity ∆H compared to
the historical period are relatively small and amount to ± 1–2% (Figure 7b). It can only be
noted that annual air humidity slightly decreased in the southern part of ER (∆H < 0) and
slightly increased (∆H > 0) in the north.

Since significant changes in most meteorological characteristics are observed in the ER
during the modern period, the next stage of the presented study is to analyze the impact
of modern climatic changes on the water balance of the critical zone and groundwater
recharge, as well as latitudinal differences of such impact.
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Figure 5. Latitudinal changes in long-term average annual (a) and seasonal (b)-(e)precipitation ∆P in modern period and
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Figure 8. Latitudinal modern changes in mean annual surface runoff ∆S (a) and its dependence on changes in winter
precipitation ∆Pw (b).

At the same time, both in the north and in the south of ER, simulation results show
a significant transformation of the average intra-annual runoff in winter and spring
(Figure 9a,b). In the modern period the peak of spring flood runoff essentially degrades
while winter runoff, mainly in the northern regions, increases due to thaws caused by win-
ter air temperature rising. An increase in winter air temperature, which is stronger in the
north (Figure 6b), is also the main reason for the degradation of spring floods (Figure 9c),
as it leads to decrease in soil freezing depth and an increase in the seepage of meltwater
into the soil, which is confirmed by Figure 9d. Also, in the south of the ER, the summer
runoff decreases slightly, while in the north it remains almost the same (Figure 9a,b).
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Figure 9. The comparison of simulated intra-annual surface runoff for historical and modern periods in the north (a) and
in the south (b) of ER and correlation between simulated spring surface runoff decreasing on loamy soil and observed
increasing of winter air temperature (c) and decreasing of soil freezing depth (d).

Such modeling results are in good agreement with the observed ‘levelling’ of annual
hydrographs and decreasing of river runoff during the spring months for most river basins
of ER, which is due to the interception of melt water during occasional thaw floods [32].
Also, a decrease in the average long-term spring runoff for the period 1981-2015 compared
to the previous 1951–1980 is noted in the Vistula river basin in Poland with similar climatic
conditions [33].

Thus the results of simulation show that modern changes of surface runoff mainly
caused by changes in precipitation and air temperature in winter, which are most significant
(Figures 5b and 6b).

5.2. Evapotranspiration

According to model studies on a continental scale [6], an increase in actual evapo-
transpiration under conditions of limited energy occurs, as a rule, due to an increase in
potential evapotranspiration caused by an increase in annual temperature. The obtained
model results showed a somewhat different pattern. Despite the general increase in air
temperature in modern period, the model results show irregular changes of mean annual
evapotranspiration ∆ET: its increasing in the north and in the south of ER up to 30 mm/year
and its decreasing in the central part-up to 20 mm/year (Figure 10a).
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Figure 10. Modeled latitudinal modern changes in mean annual evapotranspiration ∆ET (a) and correlations: between
changes in mean annual transpiration ∆TR and precipitation ∆P (b); between changes in average annual evaporation ∆E
and wind speed ∆U (c).

Such an irregular dependence of changes in actual evapotranspiration on latitude can
be explained by the nature of the observed variability of meteorological characteristics.
The increase in actual evapotranspiration in the southern part of the region (Figure 10a)
is apparently associated with the highest increase in summer air temperatures observed
here (Figure 6d). In the north, a pronounced increase in evapotranspiration was obtained
for the northernmost station Mezen (Figure 10a), where the maximum increase in summer
precipitation is observed by almost 40 mm (Figure 5c).

Moreover, simulated changes of ET are caused by the opposite influence of two
different reasons, because total evapotranspiration includes evaporation E and root water
uptake for transpiration TR.

On the one hand results of simulation show a predominant increasing of mean an-
nual plant transpiration in the ER. The best correlation was found between the modeled
∆TR and observed changes in precipitation ∆P (Figure 10b), while there is no correlation
between ∆TR and changes in annual air temperature and wind speed. This is because
plant transpiration is more sensitive to the amount of available moisture, which is directly
depends on precipitation, than to other meteorological characteristics [27].

On the other hand, the observed decrease in wind speed (Figure 7a) leads to a sig-
nificant decrease in surface and soil evaporation, despite of annual air temperature rising
(Figure 6a). Figure 10c shows a clear correlation between decreased evaporation ∆E and
decreased wind speed ∆U, while there is almost no correlation between ∆E and changes in
precipitation and temperature. As shown on Figure 10c, reduction of evaporation (∆E < 0)
corresponds to a decrease of wind speed more than 0.5 m/s, which means that such a
decrease of the wind speed has a greater effect on E, than the air temperature rising.
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Thus, the modeled irregular modern changes in total evapotranspiration are explained
by the multidirectional effect of the observed variations in meteorological characteristics on
plant transpiration and physical evaporation. The different ratio of climatic changes in wind
speed, air temperature and precipitation in each local site (weather station) determines the
different local signs and scales of ∆E and ∆TR, so ∆ET has irregular dependence on latitude.

5.3. Groundwater Recharge and Soil Water Storage

Modern changes in the annual groundwater recharge ∆W according to the simulation
results differ significantly in latitude. In the south of the ER with strongly water limited
conditions (Figure 3b), the groundwater recharge remained almost unchanged (Figure 11a).
This is consistent with the results [1,2] showing that in energy limited regions groundwater
recharge is not sensitive to climate change. Groundwater recharge increased in the center
and north of the ER by 20–60 mm/year with a maximum in the central part of the region
(Figure 11a), where energy-limited conditions are replaced by water-limited conditions
(Figure 3b). These differences in ∆W correlate well with changes in the aridity index
∆(P/ET0), as shown in Figure 11b. The modeled increase in the annual groundwater
recharge in the center and north of the ER in the modern period corresponds to the
observed increase in low-water river runoff in winter and summer [32].

 

 

5.3. Groundwater Recharge and Soil Water Storage 
Modern changes in the annual groundwater recharge ΔW according to the simulation 

results differ significantly in latitude. In the south of the ER with strongly water limited 
conditions (Figure 3b), the groundwater recharge remained almost unchanged (Figure 
11a). This is consistent with the results [1,2] showing that in energy limited regions 
groundwater recharge is not sensitive to climate change. Groundwater recharge increased 
in the center and north of the ER by 20-60 mm/year with a maximum in the central part of 
the region (Figure 11a), where energy-limited conditions are replaced by water-limited 
conditions (Figure 3b). These differences in ΔW correlate well with changes in the aridity 
index Δ(P/ET0), as shown in Figure 11b. The modeled increase in the annual groundwater 
recharge in the center and north of the ER in the modern period corresponds to the 
observed increase in low-water river runoff in winter and summer [32].  

  
Figure 11. Modeled latitudinal changes in mean annual groundwater recharge ΔW in modern 
period (a) and the relationship between ΔW and changes in aridity index Δ(P/ET0) (b) with general 
tendencies for different landscapes (dashed lines). 

An increase in groundwater recharge occurred in all landscapes with maximum 
absolute values of ΔW on sandy soils (Figure 11). However, on loamy soils, the maximum 
relative increase in groundwater recharge reaches 50-70%, and more than on sandy soils, 
where the relative values of ΔW do not exceed 30-40%, compared to the historical period. 

Seasonal ΔW variability is also higher on sandy soils due to their higher permeability 
and maximum groundwater recharge increasing occurs in spring and summer (Figure 12 
a). The reason for this is the fact that in the cold period there is a significant increase in 
moisture infiltration into the soil during frequent thaws associated with an increase in air 
temperature. This volume of melt water reaches the groundwater level faster on more 
permeable sandy soils, expressed as a peak of ΔW in spring and summer, and on loamy 
soil recharge increasing is more stable in a year due to slower unsaturated flow to 
groundwater level. An increase in annual groundwater recharge due to enlarged moisture 
infiltration in the cold period is supported by the good correlation between simulated ΔW 
and observed decrease in soil freezing depth (Figure 12 b). This is in good agreement with 
the results of studies in the Volga River basin, which showed that the average depth of 
soil freezing throughout the basin has decreased by 37% since 1978, which led to an 
increase in infiltration [34]. 

The increase in the average annual groundwater recharge due to winter moisture 
infiltration is maximum in the central part of ER and corresponds to the increase in winter 
soil moisture storage, which is also maximum in the center of the region (Figure 13).  

The simulation results also show that the observed increase in winter air temperature 
and precipitation during the modern period leads to significant changes in seasonal soil 
water storage ΔV, and soils have become wetter in winter and drier in spring in most of 

–20 

0

20

40

60

45 50 55 60 65

ΔW
, m

m
/y

ea
r

Latitude, deg

meadow, loam
meadow, sand
forest, loam
forest, sand

a)

–20 

0

20

40

60

–0.10 –0.05 0.00 0.05 0.10 0.15 0.20

ΔW
, m

m
/y

ea
r

Change of aridity index Δ(P/ET0)

meadow, loam
meadow, sand
forest, loam
forest, sand

b)

Figure 11. Modeled latitudinal changes in mean annual groundwater recharge ∆W in modern period (a) and the relationship
between ∆W and changes in aridity index ∆(P/ET0) (b) with general tendencies for different landscapes (dashed lines).

An increase in groundwater recharge occurred in all landscapes with maximum
absolute values of ∆W on sandy soils (Figure 11). However, on loamy soils, the maximum
relative increase in groundwater recharge reaches 50–70%, and more than on sandy soils,
where the relative values of ∆W do not exceed 30–40%, compared to the historical period.

Seasonal ∆W variability is also higher on sandy soils due to their higher permeability
and maximum groundwater recharge increasing occurs in spring and summer (Figure 12a).
The reason for this is the fact that in the cold period there is a significant increase in
moisture infiltration into the soil during frequent thaws associated with an increase in
air temperature. This volume of melt water reaches the groundwater level faster on
more permeable sandy soils, expressed as a peak of ∆W in spring and summer, and on
loamy soil recharge increasing is more stable in a year due to slower unsaturated flow to
groundwater level. An increase in annual groundwater recharge due to enlarged moisture
infiltration in the cold period is supported by the good correlation between simulated ∆W
and observed decrease in soil freezing depth (Figure 12b). This is in good agreement with
the results of studies in the Volga River basin, which showed that the average depth of soil
freezing throughout the basin has decreased by 37% since 1978, which led to an increase in
infiltration [34].
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Figure 12. Average seasonal changes in groundwater recharge ∆W for the central and northern parts of ER (a) and the
correlation between simulated changes in annual groundwater recharge ∆W and the observed average decrease in the
freezing depth (b).

The increase in the average annual groundwater recharge due to winter moisture
infiltration is maximum in the central part of ER and corresponds to the increase in winter
soil moisture storage, which is also maximum in the center of the region (Figure 13).
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Figure 13. Latitudinal changes in average seasonal soil water storage ∆V in modern period. Black line - average for different
landscapes.

The simulation results also show that the observed increase in winter air temperature
and precipitation during the modern period leads to significant changes in seasonal soil
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water storage ∆V, and soils have become wetter in winter and drier in spring in most of the
region (Figure 13). At the same time, the average annual changes in soil water storage ∆V
in the modern period do not exceed ±10 mm/year and do not have latitudinal dependence.

Simulation results also show that differences in soil type have a stronger effect on
changes in groundwater recharge (Figure 12a) and soil water storage (Figure 13) than
differences in vegetation.

6. Summary and Conclusions

The impact of climate change on processes in critical zone and groundwater in humid
conditions is ambiguous [1]. Thus the main goal of the presented studies is to analyze
the effect of observed climate changes on the groundwater recharge formation over the
European part of Russia, where natural climate conditions are humid and subhumid.
Analysis of long-term meteorological data as well as water budget and groundwater
recharge simulation were used for this purpose.

Analysis of modern climatic changes in ER, based on a comparison of long-term
average annual and seasonal data for the modern (1989–2018) and historical (1965–1988)
periods, shows a predominant increase in average annual precipitation and air temperature
and decrease in the surface wind speed. Also, an increase in air temperature is more
significant in winter, and a decrease in wind speed is almost the same at all seasons.

The results of the water budget and groundwater recharge simulation, based on
long-term meteorological data and the same soil and landscape parameters for the whole
simulation period were compared in average annual and seasonal values for modern and
historical periods to access their climatic changes. This comparison did not show that
the observed climatic changes lead to an explicit latitude-dependent pattern of changes
in groundwater recharge. These changes are more complex and depend on the set of the
observed local variability of meteorological time series and the conditions for the formation
of the water balance in the critical zone. The results of the simulation show that despite a
significant increase in air temperature groundwater recharge in the southern regions did
not change, but even increased in the central and northern regions of ER. There are several
main reasons for this phenomenon.

Firstly, in the modern period, there has been no significant increase in evapotranspi-
ration, since the increase in air temperature is significantly compensated by a decrease in
wind speed. Thus, a change in the surface wind speed is an important factor affecting the
transformation of the water balance, and it should be taken into account when predicting
climatic changes in groundwater recharge.

Second, the observed increase in air temperature and precipitation in winter is the
main reason for the increase in groundwater recharge, as these climate changes lead
to an increase in water infiltration into the soil during the cold season when there is
no evapotranspiration. Moreover, an increase in meltwater infiltration during thaws is
associated with an observed decrease in the freezing depth, and such changes in the water
balance in the cold period lead to significant degradation of the spring flood.

Simulation of modern changes in groundwater recharge shows an increase in recharge
in all typical landscapes of the central and northern regions of the ER, with a maximum
increase in recharge on sandy soils. The increase in the average annual groundwater
recharge in the modern period, obtained from the simulation results, is confirmed by the
observed increase in the minimum river runoff in the ER [32,35].

Thus the above model analysis of the modern climatic changes impact on the processes
of water balance transformation in the critical zone make it possible to predict them more
confidently in the future.
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