
Introduction

Despite continuing scientific debates surrounding climate
change, the issue can not be ignored in current studies. One
of the unresolved key issues of climate change is how the hy-
drological cycle responds to global change in different land-
scapes. The hydrological cycle affects both the terrestrial
and aquatic systems and is intimately coupled with the at-
mospheric system. A number of studies revealing climate
change impact on the hydrological cycle have been under-
taken worldwide (WOO M.-K. et al., 2008, ADAM J.C. et
al., 2009, BONNEL M., 1998) and in Russia as well (KISLOV

et al., 2008, ARZHANOV et al., 2008).
Impacts of climate change on the hydrological cycle may

be reflected not only in frequency and magnitude of ex-
treme hydrological events but also in seasonal change of its

components. Understanding these changes at a small scale
is critical to assessing its impact on ecology, agriculture, in-
frastructure, and whether those changes in hydrological
processes provide any feedback into climate change per se.
Therefore, different processes and components of the hy-
drological cycle should be studied. 

The goal of this research was to assess the possible changes
in soil water/heat dynamics and snow cover processes in dif-
ferent landscapes of European Russia, base on determinis-
tic-stochastic modelling using several IPCC climate change
scenarios. 

The key stages of the research are listed as follows: 
• Generate ensembles of daily meteorological series accord-

ing to selected IPCC climate change scenarios using the
developed stochastic model. 

• Simulate water and energy fluxes at selected sites with

Die Bodenkultur 77 62 (1–4) 2011

Evaluation of climate change impact on soil and snow 
processes in small watersheds of European part of Russia

using various scenarios of climate
L. Lebedeva and O. Semenova

Beurteilung des Klimaänderungseinflusses auf Boden- und Schneeprozesse
kleiner Einzugsgebiete in Russland unter Verwendung verschiedener 

Klimaszenarien

Zusammenfassung
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Summary
The paper presents the results of assessing possible changes in soil water, heat dynamics and snow cover processes in 
different Russian landscapes based on a deterministic-stochastic model using IPCC climate change scenarios. The simu-
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randomly-generated series of meteorological elements as
forcing data using the developed deterministic model of
runoff formation processes. 

• Assess, evaluate and compare changes in soil and snow
state variables within three different sites and according
to different climate change scenarios. 

The approach

For this study, the previously developed Deterministic-
Stochastic Modelling System (DSMS) (VINOGRADOV &
VINOGRADOVA, 2008; SEMENOVA, 2009) was applied. Its
deterministic component (the Hydrograph model) was suc-
cessfully tested for small (SEMENOVA, 2010) and large scale
river basins (SEMENOVA and VINOGRADOVA, 2009; VINO-
GRADOV et al., 2010); the stochastic component (the Sto-
chastic Model of Weather, “SMW”) was verified at the small
watersheds (SEMENOVA, 2009). 

A detailed description of DSMS may be found in VINO-
GRADOV et al. (2010), VINOGRADOV and VINOGRADOVA

(2009, 2010), SEMENOVA (2009).
The Hydrograph model is used to distinguish between

landscapes with different soil and vegetation properties,
while the SMW is used to derive ensembles of meteorolog-
ical forcing data according to future climate scenarios and
ensure a framework linking global climate models in a dy-
namic environment with land surface components. This
provides a quantifiable probabilistic outlook of the impact
of climate change on hydrological processes.

Site description and data

The simulations and climate change impacts analysis were
conducted for three experimental watersheds located in
the European part of Russia (so called water-balance sta-
tions, see Figure 1): Nizhnedevickaya on the river Devica
(Don River tributary, forest-steppe landscape), Valday 
research station (on the upper Volga, taiga) and Pod-
moskovnaya (Volga middle course, mixed and broad-
leaved forest). The climate of the region is relatively tem-
perate.

The Valday water balance station (58 ºN, 33.3 ºE) is sit-
uated in the northwestern part of European Russia in the
southern taiga forest zone. Mean annual air temperature is
4.7 ºC, and for January -9.7 ºC. Mean annual precipita-
tion is about 700 mm, of which 30% is snowfall. We chose

for our study the small forested watershed – Taezgny
Creek (area 0.45 km2). The main part (73%) of its catch-
ment is covered by a mature spruce forest. The remaining
part of the catchment is a marshy area covered by pine
stands.

The Podmoskovnaya water balance station (55.7 ºN,
37.6 ºE) is located in the centre of the European part of
Russia in the mixed, broad-leaf forest zone. The mean an-
nual temperature is almost the same as the Valday station
(4.3 ºC), but the precipitation is less (about 650 mm). The
selected site is the catchment of Progony Creek (area 0.8
km2). Almost half of the area is arable land (44%) or cov-
ered by mixed forest (42%), and the rest of the area is pas-
ture and settlements. 

The Nizhnedevickaya water balance station (51.3 ºN,
38.2 ºE) is situated in the southwest European part of Rus-
sia in the forest-steppe zone. This is the warmest station
within the selection. The mean annual temperature is 
6.2 ºC, precipitation is about 680 mm per year. The simu-
lation was conducted for a small catchment of the Dolgii
Creek (2,57 km2). 44 % area is covered by oak forest, the
rest of territory is arable land.

Daily meteorological data (air temperature, relative hu-
midity and precipitation) for modelling and estimating pa-
rameters of the SMW were available for the following peri-
ods: the Nizhnedevickaya station from 1970 to 1984, the
Valday station from 1973 to 1991, and the Podmoskovnaya
station from 1973 to 1984. 
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Figure 1: Objects of research: 1 – Valday station, 2 – Podmosko-
vnaya station, 3 – Nizhnedevickaya station

Abbildung 1: Forschungsstationen: 1 – Valday station, 2 – Podmosko-
vnaya station, 3 – Nizhnedevickaya station

 



Results

The state variables including snow depth and snow water
equivalent (SWE), soil moisture in the 1-meter layer and
soil temperature at the different depths were simulated at
three sites using available historical meteorological data as
forcing data on the base of the deterministic Hydrograph
model. Some examples are shown at Figure 2–4. 

The simulations of snow formation are quite accurate al-
though the calculated melting period may be shorter than
the observed one (Figure 2). In general the soil temperature
is well-simulated, especially for the summer period (Figure
3). We assume that the discrepancies between observed and
simulated values for the winter period are due to the results
of soil moisture simulations. During the winter period the
observed content of soil moisture in the 1-meter layer often
is higher than the calculated one, but during the rest of the
year they are close to each other. 

The analysis of the results showed that the Hydrograph
model performs reasonably well for most cases. Therefore

the Hydrograph model can be implemented for assessment
of possible climate change impacts on state variables of
snow and soil (Figure 4).

Next the parameters of the Stochastic Model of Weather
were derived using meteorological observations. Within
emission scenarios and existing General Atmospheric-
Ocean Cirlulation Models the A1F1, B1 and ECHAM4/
OPYC3 (Max-Planck Institute for Meteorology, Germany)
were chosen. According to A1F1 scenario the air tempera-
ture and solid precipitation go up 4.491 ºC and 22.74% re-
spectively. It is greater than according to B1 (3.241 ºC and
18.46% respectively). The summer precipitation is project-
ed to be almost invariable. The chosen period of calculation
is 2010–2039. All data in numerical format is available
from the IPCC website.

Parameters of Stochastic Model of Weather for three
water-balance stations were changed according to the cho-
sen climate change projections for the region of European
Russia. The historically derived stochastic model parame-
ters that control precipitation and temperature generation
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Figure 2: Observed and calcu-
lated snow water
equivalent (mm).
Podmoskovnaya 
station, Progony
Creek. 1978–1981

Abbildung 2: Beobachtetes und si-
muliertes Scheewas-
seräquivalent (mm).
Podmoskovnaya sta-
tion, Progony Creek.
1978–1981

Figure 3: Observed and calcu-
lated soil temperature
(°C) at a depth of 
40 cm, Valday stati-
on, Taezhny Creek.
1980–1983

Abbildung 3: Beobachtete und 
simulierte Bodentem-
peratur (°C) in einer
Tiefe von 40 cm,
Valday station, 
Taezhny Creek.
1980–1983
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were modified to reflect each of the scenario projections.
Twenty ensembles of daily meteorological data were gener-
ated for the period 2010–2039 for each scenario and site.
The deterministic Hydrograph model was run using the
generated meteorological series. 

For the assessment of possible changes in the snow and
soil processes, the following characteristics were chosen:
maximum SWE, dates of established snow formation and
melting, minimum soil moisture in 1 meter layer, maxi-
mum soil temperature at a depth of 40 cm and their dates.
The comparison of probabilistic curves derived form his-
torical observations of variable states and those simulated
using the projected ensembles of meteorological data are
shown in the Figure 5–6.

Increased winter precipitation is projected according to
both scenarios, A1F1 and B1. However it does not neces-
sarily mean the increase of projected maximum SWE. Thus
the results of simulations predict growth of maximum SWE
for Podmoskovnaya station but there are no changes pro-
jected at Nizhnedevickaya station. The reason is that the
projected winter temperature rise in the relatively warm
Nizhnedevickaya station can result in snow melting during
winter period, and less snow will not accumulate.

The results of simulations show that there may be a sig-
nificant decrease in projected minimum soil moisture in
Podmoskovnaya station. We attribute it to an increase of
evaporation rates because of increasing temperatures. 

The projected maximum soil temperature at a depth of
40 cm rises in the forest zone (Valday and Podmoskovnaya
stations), but there is no change for this parameter at the
forest steppe site. These results require additional analysis

concerning reasons for different responses from different
landscapes. The possible change in vegetation and its role in
heat dynamics should be investigated.

Conclusions

The deterministic-stochastic modelling performed for
small watersheds with different landscape conditions have
shown ambiguous results. They confirm the necessity of
studies revealing the climate change impacts at small scale.

Validation of the deterministic hydrological model and
the stochastic model were conducted separately for selected
small catchments in three landscape zones using historical
data. They showed a satisfactory coincidence of observed
and simulated variable states of soil and snow cover. There-
fore the deterministic-stochastic approach proposed herein
was applied for the assessment of possible changes in soil
and snow processes according to two climate change sce-
narios for three sites in the European part of Russia. 

The next task would be a detailed investigation into the
reasons for the different responses from different landscapes
and, given the adaptable framework of the DSMS, evalua-
tion of possible land use change impacts on the hydrologi-
cal cycle at a small scale. 

The possible feedback on climate consists of increased soil
evaporation due to soil warming. Furthermore changes in
soil temperature and moisture can be influenced by the soil
type and vegetation composition.
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Figure 4: Observed and calcula-
ted soil moisture in 
1-meter layer (mm
WC). Nizhnedevick-
aya station, Dolgii
Creek. 1978–1983

Abbildung 4: Beobachteter und 
simulierter Bodenwas-
sergehalt in 1-Meter
Schicht (mm WC).
Nizhnedevickaya 
station, Dolgii Creek.
1978–1983
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Figure 5: Probabilistic curves of snow characteristics (observed and
calculated according to A1F1 and B1 scenarios) (%). A –
maximum SWE (mm), Podmoskovnaya station, Progony
Creek; B – date of the last snowless day, Podmoskovnaya
station, Progony Creek; C – maximum SWE (mm), Niz-
hnedevickaya station, Dolgii Creek; D – date of the first
snowless day, Nizhnedevickaya station, Dolgii Creek

Abbildung 5: Auftrittswahrscheinlichkeit (%) von Schneeeigenschaften
gemäß A1F1 und B1 Szenario. A – Maximales SWÄ
(mm), B – Datum des letzten schneefreien Tags, C – Ma-
ximales SWÄ (mm), D – Datum des ersten schneefreien
Tags
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 Historical curve A1F1 B1
Figure 6: Probabilistic curves of soil variable states (observed and cal-

culated according to A1F1 and B1) (%). A – minimum soil
moisture in 1 meter layer (mm WC), Podmoskovnaya stati-
on, Progony Creek; B – maximum soil temperature (°C) at
the depth of 40 cm, Podmoskovnaya station, Progony
Creek, C – maximum soil temperature (0C) at the depth of
40 cm, Nizhnedevickaya station, Dolgii Creek; D – maxi-
mum soil temperature (0C) at the depth of 40 cm, Valday,
Taehznii Creek

Abbildung 6: Auftrittswahrscheinlichkeit (%) von Bodenzustandsgrö -
ßen gemäß A1F1 und B1 Szenario. A – Minimaler Bo den -
wassergehalt (mm WC), B – Maximale Bodentemperatur
(°C) in 40 cm Tiefe, C – Maximale Bodentemperatur (°C)
in 40 cm Tiefe, D – Maximale Bodentemperatur (°C) in
40 cm Tiefe
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