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Abstract

In this study, we analyse possible future climatic changes in three catchments, namely, Pyshma, Vagai and Loktinka located
in the Western Siberian lowland region, and the resulting impact on hydrological regimes. It involved downscaling the GCM
outputs based on the established statistical relationship between large-scale atmospheric variables and station data and
simulating the effects of climate change on hydrological regimes via hydrological modelling. This was done for RCP 2.6,
4.5 and 8.5 based on second-generation Canadian Earth System Model used in the IPCC fifth assessment report. This paper
provides the first climate change projections on a local scale in these catchments. The statistical downscaling showed that
there will be an increase in both maximum and minimum temperature at all stations under all scenarios. The mean annual
daily precipitation increased in Loktinka and Pyshma basins under all scenarios, but there was no clear trend in Vagai basin.
The possible increase in annual precipitation is mostly due to the projected increase in autumn and winter precipitation.
Annual streamflow tends to increase in all catchments under all scenarios.
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Introduction

Climate change has potential serious impacts on human,
society and environment. The Intergovernmental Panel on
Climate Change (IPCC) fifth assessment report has shown
an increase of 0.85 °C in the global mean temperature since
1880 until 2012 (IPCC 2013). These changes in global tem-
perature have been accompanied by changes in climate in
different ways (Feng et al. 2014). Many regions have expe-
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rienced changes in precipitation leading to frequent occur-
rence of floods (Min et al. 2008, 2011) and droughts (Dai
2011, 2012). These changes in climate system have a strong
impact on local and regional hydrological regimes in many
regions of the world (Dibike and Coulibaly 2005; Hu et al.
2013: Kiesel et al. 2019). The impacts of climate change
to society and natural resources depend on the response of
the hydrological cycle to global warming (Marvel and Bon-
fils 2013). So, while discussing climate change impacts on
hydrological regimes, it is extremely important to under-
stand the hydrological cycle. The hydrological cycle com-
prises processes such as precipitation, infiltration, percola-
tion, runoff, storage and evapotranspiration, through which
water fluxes are continuously exchanged between the atmos-
phere, the land surface and sub-surfaces and the oceans.
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While precipitation is considered as a driver of the hydro-
logical cycle (Htut 2014), increase in temperature leads to an
intensification of this cycle (Marvel and Bonfils 2013). Thus,
changes in climate affect the processes of the hydrological
cycle, making climate change one of the significant causes
of hydrological change (Bhuvandas et al. 2014).

The oceans and glaciers have experienced considerable
changes (Feng et al. 2014). The Arctic Sea ice has been
continuously decreasing and recorded its lowest extent in
2012 (Vidnas 2014), while the snow caps and glaciers in
the Himalayas have been continuously melting (Yao et al.
2012). The continuous shrinkage of glaciers and thawing
of permafrost affect runoff and water resources downstream
(IPCC 2013). If these changes continue and become even
more pronounced in the future, they will likely have serious
implications on the ecosystem, environment and the whole
society. In these regards, it is extremely important to con-
duct research on the potential impacts of climate change on
hydrological regimes so that people and society can fore-
see and respond to the tentative future challenges, either by
mitigating the worst condition that are likely to happen in
future or at least be well prepared and resilient to face the
possible challenges.

Though there are several studies on climate change and
hydrological impacts, these cover large spatial scale (Yang
et al. 2002, 2004; Peterson et al. 2002; Kabanov and Lyko-
sov 2006; Bulygina et al. 2011; Rawlins et al. 2010; Khon
and Mokhov 2012; Shiklomanov et al. 2013; Groisman et al.
2013) and there are merely few studies that focus on the
southern part of Western Siberia (Degefie et al. 2014). The
limited studies again do not cover forecasting the possible
shift in the hydrological components. Additionally, most of
the management plans are tailored to specific ecoregions
(Omernik and Bailey 1997), which makes watershed-scale
studies essential (Kiesel et al. 2018). On top of that, West-
ern Siberian lowlands (WSL) are characterized by highly
variable hydrological conditions and the region has limited
strategies to adapt to the impacts of climate change and miti-
gate the problem (SASCHA 2014), which certainly will have
implications on the socio-economy of the area, making this
region highly vulnerable to the change in climate. This study
on the potential impacts of climate change on the hydrol-
ogy of the Western Siberian lowland catchment is a small
endeavour towards increasing the climatic and hydrological
information of the area and filling the prevailing research
gap. In this study, we try to explore: (1) how the future tem-
perature and precipitation of the study sites will be and (2)
how the changes in the climatic condition will affect the
hydrological regime of the area.
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Study area and data
Location and general characteristics

This study is focussed on three river catchments, namely,
Pyshma (56°57'34.72"N; 65°49'33.01"E; gauge Bogand-
inskoye), Vagai (56°29'44.70"N; 68°4'32.09"E; gauge Ust-
Lamenka) and Loktinka (56°3'52.99"N; 69°15'34.13"E; gauge
Bykova), which are located in the southern part of the Western
Siberian lowland region where permafrost is absent. The three
rivers are tributaries of Irtysh River, which joins the Ob River,
one of the longest rivers in the Northern Hemisphere, before
draining into the Arctic Ocean. The selected three catchments
collectively occupy the three ecoregions, West Siberian Taiga,
Pre-Taiga and forest-steppe zones. Among these catchments,
the Pyshma is the largest, covering an area of 16,762 km? fol-
lowed by the Vagai (3348 km?) and the Loktinka (373 km?).
The topography of the WSL region is generally plain. The
elevation of the Pyshma basin ranges from about — 90 m below
mean sea level (due to mining activities) to 326 m above mean
sea level (amsl), whereas the altitude of the Vagai and the
Loktinka catchment ranges from 85 to 158 m and 80 to 143 m
amsl, respectively (Jarvis et al. 2008). The relative size, loca-
tion and respective ecoregions of these three catchments are
shown in Fig. 1.

The climate in the WSL is primarily determined by cold air
masses originating from the Arctic Ocean and Asian continent,
and dry winds blowing from Kazakhstan and Middle Asia
resulting in sudden changes in weather and hence also lead-
ing to change in climate. In general, the climate is continental
in this area. The current annual mean temperature for Pyshma,
Vagai and Loktinka basin is 2.4 °C, 1.5 °C and 1.4 °C, respec-
tively (NOAA 2013). Precipitation constantly decreases from
west to east: For the Pyshma basin, the annual mean precipita-
tion is 470 mm, 514 mm and 509 mm in Tyumen, Kamyshlov
and Ekaterinburg stations, respectively, whereas the annual
mean precipitation in Vagai is 478 mm in Yalutorovsk sta-
tion. Ishim station (Loktinka catchment) receives the lowest
(396 mm) mean annual precipitation compared to the other
two catchments (NOAA 2013).

The hydrology of all three basins is characterized by high
seasonal variability as snowmelt in April and May causes very
high river water levels. The daily mean streamflow in Pyshma
River is 55 m%/s (102 mm/year). While the Vagai River has a
daily mean streamflow of 4.3 m%s (39.9 mm/year), Loktinka
River has 0.5 m%/s (41.7 mm/year) (MDHS 1961-1988).

Data collection
The hydro-meteorological station data were provided by the

hydrology sub-project of SASCHA (Sustainable land man-
agement and adaptation strategies to climate change for the
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Fig. 1 Location of the three catchments, Pyshma, Vagai and Loktinka, within three different ecoregions (WWF 2014). Black arrow on inset
shows the location within Russia, and numbers on map show latitude and longitude

Western Siberian grain belt) by the Department of Hydrol-
ogy and Water Resources Management, University of Kiel,
Germany, where data from multiple sources were collected
(Kiesel et al. 2018). The temperature and precipitation data
from 1961 to 2005 was used from climate station Ishim for
Loktinka basin, Yalutorovsk station for Vagai basin, and
Tyumen, Ekaterinburg and Kamyshlov stations for Pyshma
basin. The proxy of observed and modelled large-scale
atmospheric variables (predictor variables) is available from
the National Centre for Environmental Prediction (NCEP)
reanalysis project (Kalnay et al. 1996) and the second-gen-
eration Canadian Earth-System Model (CanESM2). The pri-
mary reason behind using NCEP is because they have cre-
ated the global data sets for a long time period for different
atmospheric parameters using the model similar to the one
used for weather forecast (Kalnay et al. 1996). The data set
is considered as a proxy to observed data and is available at
temporal coverage of four times daily, daily and monthly val-
ues (Kalnay et al. 1996). CanESM2 is used, as it is the only
model that supplied daily predictor variables available to be
used in SDSM. Both the proxy of the observed and mod-
elled large-scale atmospheric variables were extracted for
the grid-point that contains the climate stations (Fig. 1) from
the Canadian Climate Data and Scenarios website (http://
ccds-dscc.ec.ge.ca/). CanESM2 employed T63 triangular
truncation with spatial resolution of 128 x 64 and 35 verti-
cal layers, whereas the Ocean component has 40 vertical lay-
ers with approximately 10 m resolution in the upper ocean
and 1.41° (longitude) X 0.94° (1atitude) horizontal resolution
(Arora and Boer 2014). A total of four grid points were used,
one for each station except for Ekaterinburg and Kamyshlov

stations, which share the same grid point. The grid cell size
is uniform along the longitude with horizontal resolution of
2.8° and nearly uniform along the latitude of roughly 2.8°
(Radojevic 2014). The 26 predictor variables used in this
study are given in Table 1.

Methodology
Statistical downscaling model (SDSM)

The statistical downscaling requires development of quan-
titative relationships between large-scale atmospheric vari-
ables/GCM outputs (predictors) and local-scale observed
variables (predictands) (Wilby et al. 2004). Daily maximum
and minimum temperature and daily precipitation data were
used as predictand. Mathematically, the relationship between
predictors and predictands can be written as (von Storch
et al. 2000): Y=f (X), where Y =predictand, X = predictor
and f'=stochastic and/or deterministic function which has
to be determined empirically from historical observations.
Generally, three important assumptions are made while
using this type of downscaling technique (von Storch et al.
2000): (1) the predictors are variables of relevance and are
realistically modelled by the GCM, (2) the used predictors
fully represent the climate change signal, and (3) the rela-
tionship is valid also under altered climate condition.

The SDSM (Ver. 4.2.9) was used in this study to down-
scale and project the future climate data. It is a downs-
caling tool developed by Wilby et al. (2002) for deriving
local climate change impacts using statistical downscaling

@ Springer
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Table 1 List of predictor variables

S.N. Predictor variables Description of predictor variables S.N. Predictor variables Description of predictor variables
1 mslpgl Mean sea-level pressure 14 p5zhgl 500 hPa divergence of true wind
2 pl_fgl 1000 hPa wind speed 15 p850¢g! 850 hPa geopotential

3 pl_ugl 1000 hPa zonal wind component 16 p8_fgl 850 hPa wind speed

4 pl_vgl 1000 hPa meridional wind component 17 p8_ugl 850 hPa zonal wind component

5 pl_zgl 1000 hPa relative vorticity of wind 18 p8_vgl 850 hPa meridional wind component
6 plthgl 1000hPa wind direction 19 p8_zgl 850 hPa relative vorticity of wind
7 plzhgl 1000 hPa divergence of true wind 20 p8thg! 850 hPa wind direction

8 p500g! 500 hPa geopotential 21 p8zhgl 850 hPa divergence of true wind
9 p5_fgl 500 hPa wind speed 22 prepgl Total precipitation

10 pS5_ugl 500 hPa zonal wind component 23 s500g! 500 hPa specific humidity

11 p5_vgl 500 hPa meridional wind component 24 s850g! 850 hPa specific humidity

12 p5_zgl 500 hPa relative vorticity of wind 25 shumg/ 1000 hPa specific humidity

13 pSthgl 500 hPa wind direction 26 tempg! Air temperature at 2 m

technique and is a hybrid of the stochastic weather generator
and regression-based methods (Liu et al. 2011). The model
has four main parts; identification of predictors, model cali-
bration, weather generator and generation of future series of
climate variables.

Selection of predictor variables

The selection of the predictor variables is the most signifi-
cant step in the statistical downscaling procedure. The better
output of SDSM depends on the selection of appropriate pre-
dictor variables while developing the predictor—predictand
relationship, because the choice of predictors determines the
character of the downscaled climate scenario. The process
of selecting appropriate predictor variables in this study is
based on Dibike and Coulibaly (2005), Hu et al. (2013) and
Hassan et al. (2014): Therefore, the observed daily data of
large-scale predictor variables representing the current cli-
matic condition (1961-2005), derived from NCEP reanaly-
sis data set, was used to investigate the explained variance
by each predictor—predictand pairs. The predictor variables
with high explained variance were selected for partial cor-
relation to understand the level of association among them-
selves. It was done because there might be such kind of
predictor variables which have high explained variance, but
significantly correlated with other predictor variables. As
such variables do not add much value in the decision-making
process, these variables were neglected and only those not
having significant correlation with other predictor variables
were selected for the scatter plot. These were selected based
on the significance level (P) and correlation coefficient (7).
The association of each selected predictor variable with the
predictand was visualized via the scatter plot and the deci-
sion was made accordingly to select the most appropriate set
of predictor variables. Let us take an example of maximum

@ Springer

temperature for station Kamyshlov. Among the available
26 predictor variables from the NCEP reanalysis project,
the 5 potential predictor variables, namely, p500gl, p850gl,
$850gl, shumgl and tempgl, which have high explained vari-
ances were selected. These were then put forward for partial
correlation analysis to identify the correlation among each
other and it was found that p850gl was significantly asso-
ciated with other predictor variables. Hence, this variable
was discarded from selection. The remaining four predictor
variables were then checked individually in the scatter plot
and it was revealed that all of them had good association
with the predictand and thus all four of them were selected
as the final set of predictor variables. The same procedure
was followed for all the predictands and stations to select the
most appropriate predictor variable.

Calibration and validation of the model

The 45 years observed historical data from 1961 to 2005
were split into 30 years (1961-1990) calibration and
15 years (1991-2005) validation period. During calibra-
tion, the model type was set to monthly which means that
12 regression equations were developed for 12 months for
each station. The selected predictor variables were used to
derive a parameter file which was then used for generating
new synthetic data for 15 years (1991-2005). An iterative
process was used to adjust variance inflation and bias cor-
rection until the synthesized data approached or resembled
the observed data in terms of monthly mean and variance
for maximum temperature (7,,,,) and minimum temperature
(T\in)> and monthly mean, variance, mean dry-spell length
and mean wet-spell length for precipitation for all stations.

Among the variety of model evaluation techniques avail-
able (Moriasi et al. 2007), the performance of the SDSM
was evaluated based on the correlation coefficient (R),
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coefficient of determination (R?) and root mean square error
(RMSE). R is the measure of the linear relationship between
the observed and simulated data, whereas R? compares the
explained variance of the modeled data with the total vari-
ance of the observed data (Liu et al. 2011). Similarly, the
RMSE is an error index used to measure the difference
between the observed and simulated values (Moriasi et al.
2007).

After validation of the model, the derived parameter file
containing the regression weights was used for downscaling
the future data based on the Canadian climate model output
CanESM2, which supplies large-scale atmospheric predictor
variables. For each of the representative concentration path-
way (RCPs) 8.5, 4.5 and 2.6, 20 ensembles of synthetic daily
time series data were generated for the period of 2006-2099
for #,,,«» tmin @nd precipitation for all stations. The mean of
these 20 ensembles was then used as final daily weather data
for the specified period. The analysis of future climatic vari-
ables was done by classifying the future data into three time
windows (2011-2040, 2041-2070 and 2071-2100), which
are denoted as the 2020s, 2050s and 2080s, respectively. The
baseline period was defined from 1981 to 2010 to assess the
anomaly of the future climate variables.

Soil and water assessment tool (SWAT)

SWAT is an ecohydrological, process-based model which
can be run on the basin scale and for continuous time peri-
ods. It was developed in the early 1990s by the Agriculture
Research Service of the United States Department of Agri-
culture (ARS-USDA) (Arnold and Fohrer 2005; Arnold
et al. 1998). SWAT has been used in evaluating hydrologi-
cal processes (Pfannerstill et al. 2015) and in studying the
impacts of climate change on hydrological regimes (Guse
et al. 2015; Zuo et al. 2015), as it has proven to be effec-
tive for assessing water resources at various scales and it
is also computationally efficient and capable of continu-
ous simulation over long periods (Gassman et al. 2007).
SWAT divides a river basin into sub-basins and then into
multiple units of unique slope, soil and land use charac-
teristics called hydrological response units (HRUs). The
water movements and losses are considered individually
for each HRU and aggregated in sub-basin scale and then
routed to basin outlets through the channel network (Zuo
et al. 2015). SWAT simulates snowmelt and groundwater
processes (percolation and groundwater contribution to
streamflow). The baseline model used in this study was set
up, calibrated and validated on a daily time step by Kie-
sel et al. (2018) and is optimized for lowland conditions
considering depressional storages (Kiesel et al. 2010) and
a complex groundwater concept (Pfannerstill et al. 2014)
and is called SWAT-3s. Optimization of the models was

carried out using multi-objective performance criteria
that include the RSR (ratio of the root mean square error
to the standard deviation of measured data, Moriasi et al.
2007) of four sections of the flow duration curve and the
overall Kling—Gupta efficiency (KGE, Gupta et al. 2009).
Model performances reached KGE values of 0.70-0.81 for
calibration and 0.1-0.56 for validation (1 =ideal value).
Considering that validation needed to be carried out
against severely outdated discharge rating curves and a
few years of data, the model results are considered accept-
able (Kiesel et al. 2018). The baseline run was based on
the measured data, whereas the downscaled future climate
scenarios (T, Tmin and precipitation for the three RCPs)
from SDSM were run in SWAT for the period 2005-2099.

Results
Selection of predictor variables

The dominant predictor variables selected for both T, ,,
and T, for all stations were 1000 hPa specific humidity
and temperature at 2 m. Similarly, for precipitation, total
precipitation, relative vorticity of wind at 850 hPa and
geopotential height at 850 hPa were the most common
predictor variables selected at all the stations. Predictor
variables for T,,,, and T,;, have correlation coefficients
ranging from 0.760 to 0.874, while these are below 0.35
for precipitation. The list of selected predictor variables,
their correlation coefficient and significance level for all

the climatic variables and stations are given in Table 2.

Evaluation of the performance of SDSM

The performance of the SDSM model was evaluated based
on calculating RMSE, NSE, R and R? value (Table 3). The
results obtained from these evaluation criteria revealed
that the SDSM performed well for downscaling T,
and T,,;,. The lower RMSE value (2.7-3.6), and higher
R (>0.97) and R? (0.73-0.97) value for both calibration
(1961-1990) and validation (1991-2005) period clearly
demonstrate the better suitability of SDSM in simulating
daily temperatures. Unlike temperature, the performance
for simulating precipitation was less accurate, as the R
(0.43-0.59) and R? (0.23-0.38) values were constantly
smaller for both the calibration and validation period. The
results, however, can be considered as satisfactory, given
the fact that precipitation downscaling is generally more
problematic than temperature (Dibike et al. 2008; Chen
et al. 2012; Fiseha et al. 2012; Hassan et al. 2014).

@ Springer
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Table 2 Selected set of

: . . Predictand Predictors ~ Partial » P value  Predictand Predictors ~ Partial » P value
predictor variables concerning
the five weather stations (note: Tyumen Kamyshlov
?FZEEVI‘E)‘“OHS are same as in T, p3500g] 0257 0.000 T, p3500g] 0092 0.000
s850g! -0.326  0.000 s850g! -0.292  0.000
shumgl 0.303  0.000 shumgl 0.284  0.000
tempg/ 0.852  0.000 tempg/ 0.813  0.000
T in p500g! —-0.046  0.000 Tin shumgl 0.048  0.000
s850g! -0.042  0.000 tempg/ 0.771  0.000
shumg/ 0.108  0.000 Precipitation  p8_zg/ 0.075 0.000
tempg/ 0.760  0.000 p850g! 0.067  0.000
Precipitation mslpgl —-0.099  0.000 prepgl 0.288  0.000
p8_zgl 0.141 0.000 Yalutorovsk
p850g! 0.112  0.000 T ax p500g! 0.273  0.000
prepgl 0.311  0.000 s850g! -0.282  0.000
Ekaterinburg shumgl 0.202  0.000
Thax p500g! 0.39 0.000 tempg/ 0.874  0.000
s850¢! —0.346  0.000 Trin shumgl 0.067  0.000
shumg/ 0.328 0.000 tempgl 0.805 0.000
tempg!/ 0.815 0.000 Precipitation  mslpgl —-0.129  0.000
plzhgl -0.032  0.013
Trin p500g! 0.133  0.000 p8_zgl 0.078  0.000
s850g! 0.034  0.000 P850g! 0.140  0.000
shumg/ 0.082  0.000 prepg! 0.254  0.000
tempgl 0.773 0.000 Ishim
Precipitation ~ mslpgl —-0.037  0.026 T nax shumgl 0.075  0.000
p8_zgl 0.152  0.000 tempg!/ 0.868  0.000
p850g! 0.079  0.000 Tin shumgl 0.086  0.000
prepg! 0.34 0.000 tempg/ 0.786  0.000
Precipitation  p500g! 0.168  0.000
p8_zgl 0.081  0.000
p850g! -0.072  0.000
prepgl 0.251  0.000

Projected change in climate variables

The downscaled temperature projections clearly show an
increasing trend in mean annual Tmax in all future time hori-
zons and all scenarios compared to baseline (1981-2010)
period. In Vagai basin (Yalutorovsk station), mean annual
Tmax under the RCP 2.6 scenario will increase by 2.6 °C in
the 2020s and 3.3 °C in the 2050s, which will then decrease
to 3.1 °C by the 2080s. It is projected to increase further
under RCP 4.5, and RCP 8.5 shows the highest increase for
all time windows reaching an increase of 8.6 °C by the end
of the century. The projection revealed a similar trend for
Loktinka basin (Ishim station) as well. The lowest increase
(2.4 °C by the 2080s) will be under RCP 2.6 and the highest
(7.4 °C by the 2080s) under RCP 8.5. The values for Tyu-
men, Kamyshlov and Ekaterinburg station, located in the
Pyshma basin, were averaged for the interpretation. The pro-
jection for Pyshma basin was similar to that of other basins,

@ Springer

showing the possibility of maximum increase by 9.3 °C by
the end of the century. In general, the projection illustrated
that the increase in annual average maximum temperature
will range from 2.4 to 9.3 °C by the end of the century in the
selected three catchments.

The monthly deviations in Tmax of the future climate
conditions from the baseline period (1981-2010) are shown
in Fig. 2. It can be seen that the increase in Tmax will be
more prominent in cold seasons, especially from Novem-
ber to February and the smallest increase will occur during
spring with slight increases in March and May and even
slightly decreasing temperatures in April.

Similar to T,,,,,. the projection shows an increasing trend
of T, for all stations. In Vagai, the annual average increase
will be 2.9 °C, 3.3 °C and 5 °C under the RCP 2.6, 4.5 and
8.5 by the 2050s, which will increase to 2.9 °C, 4.5 °C and
8 °C by the end of the century. Loktinka will be subject

to smaller increases in T,,;, compared to Vagai under all
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Table 3 Statistical evaluation of SDSM performance for calibration (1961-1990) and validation (1991-2005)

Station RMSE Nash—Sutcliffe efficiency R R?
1961-1990 1991-2005 1961-1990 1991-2005 1961-1990 1991-2005 1961-1990 1991-2005
Minimum temperature
Tyumen 3.347 3.435 0.939 0.93 0.969 0.966 0.943 0.931
Kamyshlov 3.139 3.22 0.939 0.94 0.969 0.968 0.944 0.882
Ekaterinburg 2.678 2.738 0.952 0.95 0.975 0.973 0.956 0.966
Yalutorovsk 3.274 3.391 0.945 0.94 0.972 0.97 0.949 0.925
Ishim 3.588 3.539 0.938 0.94 0.968 0.969 0.946 0.922
Maximum temperature
Tyumen 2.743 2.792 0.963 0.97 0.981 0.984 0.966 0.76
Kamyshlov 2.76 2.812 0.961 0.97 0.981 0.984 0.966 0.746
Ekaterinburg 2.694 2.728 0.96 0.97 0.979 0.984 0.965 0.732
Yalutorovsk 2.796 2.881 0.964 0.97 0.982 0.984 0.968 0.821
Ishim 3.182 3.06 0.955 0.96 0.977 0.982 0.959 0.806
Precipitation
Tyumen 3.076 3.228 0.263 0.3 0.516 0.558 0.325 0.295
Kamyshlov 3.597 3.258 0.184 0.32 0.432 0.566 0.226 0.247
Ekaterinburg 3.22 3.565 0.261 0.34 0.52 0.587 0.373 0.288
Yalutorovsk 3 3.35 0.246 0.31 0.5 0.556 0.28 0.232
Ishim 2.932 2.829 0.229 0.29 0.48 0.54 0.262 0.25

scenarios in all future time slices: mean annual 7,;, will rise
by 2.6 °C, 4.1 °C and 7.7 °C under RCP 2.6, 4.5 and 8.5,
respectively, by the end of the century. The highest increase
will occur in the Pyshma: by the end of the century, the
increment may reach 9 °C under RCP 8.5. Comparable to
T,..x> the relative change in T, ;, will be different in differ-
ent months (Fig. 3). While the highest increase in 7T, will
be experienced during November to February, there will be
consistent decrease in the month of April and May especially
in the 2020s, across all stations and under all scenarios.
Changes of T,;, are most pronounced in winter in the 2080s
and under RCP 8.5.

Unlike temperature variables, the projection of precipi-
tation did not manifest a consistent increase or decrease in
all future time slices. In Vagai basin, the model projected a
possible decrease in mean daily precipitation in the 2020s
under the RCP 4.5 and 8.5, and in the 2050s under RCP 2.6,
whereas there will be an increase in precipitation during
2080s under all the scenarios ranging from 0.04 to 0.1 mm/
day. In contrast, there will be an increase in precipitation
ranging from 0.2 to 0.3 mm/day in the 2020s and the 2050s
and 0.3 to 0.4 mm/day by the end of the century in Loktinka
basin. Similarly, the mean daily precipitation is projected
to increase by 0.2 mm/day in the 2020s, 0.2-0.3 mm/day
in the 2050s and 0.3-0.4 mm/day in the 2080s in Pyshma
basin as well.

Though the annual mean daily precipitation for these
three time slices are projected to increase compared to
the baseline period, some months will have increased

precipitation and others will experience a decline (Fig. 4).
In Vagai basin, all scenarios showed declining precipitation
from March till September in all time horizons except for a
few months in the 2020s and the 2080s, and an increase is
expected from October to February. In contrast, there will
be consistent increase in precipitation all year round except
in May and September at Loktinka basin. Similar to Vagai,
in Pyshma basin, in all scenarios, a consistent decrease is
projected from May to August and a significant increase is
expected during the remaining cold months leading to an
overall increase in precipitation in the basin.

Simulated changes in the hydrological regime

The described changes in temperature and precipitation will
lead to changes in streamflow. Figure 5 shows the simulated
monthly streamflow at the outlet of the three catchments.
In all basins, scenarios and time periods, higher monthly
mean streamflow is simulated. In Loktinka, the mean annual
streamflow is likely to attain 2.8 m>/s, 2.4 m3/s and 2.8 m3/s
under the RCP 2.6, 4.5 and 8.5, respectively, by the 2080s
which is 812%, 688% and 804% higher as compared to
0.3 m?/s in the baseline period. The highest increase in mean
monthly streamflow during the 2080s is likely to occur in
April with 6.2 m*s and 4.3 m*/s increase under RCP 2.6 and
RCP 4.5, respectively, while the lowest increase will occur in
January with 0.9 m*/s and 1.1 m*/s under RCP 2.6 and RCP
4.5, respectively. Under RCP 8.5, the increment will range
from 0.6 m*/s in May to 4.9 m*/s in November by the 2080s.
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Fig.2 Projected changes in monthly mean maximum temperature across five stations and under three scenarios in three different time slices

compared to baseline

Mean annual streamflow is expected to be 27.7 m?/s,
26.3 m*/s and 27.3 m*/s by the 2080s under RCP 2.6, 4.5
and 8.5, respectively, in Vagai which is about 83-111%
higher compared to 13.4 m*/s during the baseline period.
Under RCP 2.6, the highest (31 m?/s) increment is simu-
lated to occur in October during 2020s, whereas the lowest
(4 m%/s) increase will occur during July in the 2050s and
2080s. Under the RCP 4.5 scenario, March is subject to the
highest increase (29 m?/s each in the 2020s and 2050s, and
33 m*/s in the 2080s) in mean streamflow, whereas there will
be a small decrease (2%) in April by the end of the century.
Similarly, RCP 8.5 also shows that there will be a decrease
of streamflow in April by 21% and 38% in the 2050s and
2080s, respectively, and in May by 7% in the 2080s. The
highest increase will be in March with 24 m>/s, 44 m3/s and
42 m%/s in the 2020s, 2050s and 2080s, respectively under
RCP 8.5.

In Pyshma, the mean annual streamflow will increase
by 54%, 54% and 57% (107 m>®/s, 106 m*/s and 113 m?/s)
in the 2020s, 2050s and 2080s, respectively, under RCP

@ Springer

2.6 compared to the baseline flow of 92 m>/s. The high-
est (195 m>/s) and lowest (34 m¥/s) increase will be seen
in March and August of the 2050s, respectively. Similarly,
the simulation based on RCP 4.5 also shows the high-
est (236 m?/s) and the lowest (24 m?/s) increase in March
and August, respectively, during the 2080s. In general, the
mean annual streamflow under this scenario will increase
by 106 m*/s, 94 m*/s and 105 m>/s (54%, 48% and 53%)
in the 2020s, 2050s and 2080s, respectively, compared to
baseline flow. RCP 8.5 also follows this increasing pat-
tern, being subject to the highest (274 m*/s) and the lowest
(8.3 m%/s) increase in March and August, respectively, dur-
ing the 2080s. However, this scenario also shows decreas-
ing streamflow by 47 m*/s (15%) in April of the 2080s, and
14 m%/s (5%) and 107 m*/s (39%) in May of the 2050s and
2080s, respectively.

In general, streamflow is expected to be remarkably
higher compared to the baseline period (1981-2010) for all
time periods and under all scenarios in Loktinka. Though
streamflow is expected to be higher in Vagai and Pyshma
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Fig.3 Projected changes in minimum temperature across five stations and under three scenarios in three different time slices

basin as well, the increase will not be as pronounced as in
the Loktinka. Nevertheless, the changes in annual average
discharge in future time slices will always be positive com-
pared to baseline in all basins and during all time windows.
From the temporal distribution of flow changes (Fig. 5), it
can be seen that the changes in streamflow are mostly due
to (1) an earlier snowmelt, which was less intense, but over
a longer time period and (2) with a higher groundwater/
baseflow contribution over the remaining year.

Discussion

Due to climate change, Siberia has already experienced a
significant warming process which is higher than over the
average Northern Hemisphere (Groisman et al. 2013) and
this change is spatially non-uniform (Shulgina et al. 2011).
This increase in temperature is even higher in Western Sibe-
ria (Kabanov and Lykosov 2006). Unlike temperature, no
significant pattern of change in precipitation has been con-
firmed. Some researchers found increasing (Serreze et al.

2000; Aizen et al. 2001; Yang et al. 2002; Frey and Smith
2003; Rawlins et al. 2010) and others found decreasing
trends (Fallot et al. 1997; Shulgina et al. 2011; Degefie et al.
2014). In these circumstances, what might be the possible
future hydrological regimes in Western Siberia? To project
the plausible streamflow in the three selected catchments,
namely, Loktinka, Vagai and Pyshma, SDSM and SWAT
models were used. SDSM was used for projecting the local
temperature and precipitation conditions and SWAT was
used to project the hydrological components based on the
result of SDSM.

Selection of predictor variables

In general, the correlation between the selected predictor
variables and daily precipitation was quite low in compari-
son to daily T,,,, and T,;,. This was also found by Dibike
and Coulibaly (2005), Gagnon et al. (2005), Dibike et al.
(2008) and Hessami et al. (2008). The predictor variables
selected in this study for temperature and precipitation are

similar to other studies except for relative vorticity of wind
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Fig.4 Projected changes in precipitation across five stations and under three scenarios in three different time slices compared to baseline

selected for precipitation. This may be because of the unique
climatic conditions of Western Siberia, where climate is
strongly influenced by high-pressure weather systems that
bring cold air masses from the Arctic. This predictor is sta-
tistically strong as it has always higher explained variance
for most months and also Wilby et al. (2002) have selected
this predictor (vorticity) based on a high correlation coef-
ficient in their study in Toronto, Canada.

The plausibility of SDSM providing satisfactory down-
scaled temperature and precipitation data depends on the
model calibration which can be described based on the
percentage of the explained variance. In this study, the
explained variance ranged from 75% to 82% for T,,,,, 67%
to 79% for T,;, and 19% to 26% for precipitation, which is
quite comparable with other similar studies. Previous studies
showed that the explained variance ranged from 52 to 59% in
Northern Canada to 68-90% in Nagano, Japan, for tempera-
ture variables and 16% in Jilin Province, China, to 29-48%
in Quebec, Canada, for precipitation (Zhang et al. 2012;
Dibike et al. 2008; Hessami et al. 2008; Gagnon et al. 2005;
Wilby et al. 1998, 2002). Wilby et al. (2002) stated that
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obtaining explained that variance above 70% for temperature
and below 40% for precipitation is common, as temperature
is more spatially homogenous than precipitation and further
stated that it is not possible to specify an acceptance level as
it varies geographically even for common sets of predictors.

Evaluating the SDSM performance

The results obtained from the statistical analysis are compa-
rable to previous studies dealing with statistical downscal-
ing. Fiseha et al. (2012) obtained R? values ranging from
0.13 to 0.3 and 0.4 to 0.7 for calibration of precipitation
and temperature, respectively, for three stations in Italy.
Similarly, Hassan et al. (2014) got R values less than 0.3
and 0.6 for daily precipitation and daily temperature vari-
ables during the validation period. Likewise, for daily tem-
perature variables and daily precipitation, Liu et al. (2011)
obtained R values of 0.9 and 0.3 and R? value 0.9 and 0.07
respectively, during validation period. Compared to these
findings, the statistical results obtained in this study can be
considered as statistically sound. Similarly, based on the
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visual representations (not shown here), simulated 7,,,, and
T,,in show good agreement with the observed data, and the
variances are also well preserved in simulations. Similarly,
simulated mean monthly precipitation also shows good
agreement with observed data but it could not capture well
the rainfall characteristics such as mean wet and dry spell
length. However, the result can be assessed as satisfactory
considering that several other studies have already pointed
out these discrepancies and still have moved forward using
the model for downscaling future climate change data
(Dibike et al. 2008; Chen et al. 2012; Fiseha et al. 2012;
Hassan et al. 2014).

Projection of climatic variables

The climate projections of this study were based on the
GCM model CanESM?2 from which the three scenarios RCP
2.6, 4.5 and 8.5 were used. The projected increase in mean
temperature found in this study (3 °C, 4.6 °C and 8.3 °C
under RCP 2.6, 4.5 and 8.5, respectively, by the end of the
century) is comparable to previous studies in Western Sibe-
ria. The studies by Kabanov and Lykosov (2006) and Frey
and Smith (2003) found an increase by 0.5 °C per decade
in Western Siberia since the second half of the twentieth
century, while Shulgina et al. (2011) found increasing tem-
peratures as high as 0.8—-1.6 °C per decade from 1991 to

2007. Due to this increasing trend, Frey and Smith (2003)
denote Western Siberia as a region of amplified warming.
The projected increasing temperature can be contributed pri-
marily to the winter temperature changes from November
to February which matches with findings by Shulgina et al.
(2011). Groisman et al. (2013) found that the annual mean
surface air temperature of Siberia may increase by 3-5 °C
by the end of the century and it is likely to increase even
further to 7-9 °C in the polar regions, similar to our study,
also due to strong increases of winter temperatures. Miao
et al. (2014) also used the RCP 2.6, RCP 4.5 and RCP 8.5
scenarios and found an increase of surface air temperature
of 1.0 °C, 3.1 °C and 7.1 °C, respectively, by the end of the
century, which is in agreement with our study. They also
found an accelerated warming trend with increasing latitude
which is also true based on our findings; however, we can-
not confirm if it is due to latitudinal differences or it is just
a coincidence. It is of note here that Pyshma is located in
a higher latitude, followed by Vagai and Loktinka and the
projections showed the possibility of the highest increase
of temperature in Pyshma followed by Vagai and Loktinka.

The projected precipitation change over Siberia is spa-
tially non-uniform and has no significant spatial pattern.
Some researchers have found an increasing trend (Serreze
et al. 2000; Aizen et al. 2001; Yang et al. 2002; Groisman
et al. 2013) and others a decreasing trend (Shulgina et al.
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2011), where changes are temporally non-uniform and dif-
ferent in different seasons and months depending on the
methods adopted, data used and spatial scale of the study.
This study revealed that in the Vagai basin, autumn and
winter precipitation is expected to increase, whereas spring
and summer precipitation will decrease. Loktinka basin
will receive overall higher precipitation in all future time
periods and under all scenarios. In contrast, Pyshma basin
will receive significantly less precipitation during summer
and more during the other seasons. Similar to the find-
ings in the Vagai basin, Serreze et al. (2000) also found an
increase in autumn and winter precipitation in the region
where the selected sites of this study are located. Similarly,
Frey and Smith (2003) and Rawlins et al. (2010) also found
an increase in cold season precipitation over most of Sibe-
ria. Other studies which also found an increasing trend of
precipitation in the study region are those by Aizen et al.
(2001); Yang et al. (2002) and Groisman et al. (2013). How-
ever, Shulgina et al. (2011) did not find any pronounced
changes of winter precipitation in Siberia, but their finding
of decreasing summer precipitation in Western Siberia is in
agreement with the result of our study. Degefie et al. (2014)
concluded that there is no significant trend of precipitation
that is consistent across the Western Siberian lowlands, in
line with our study which revealed different patterns of pre-
cipitation change in different catchments. The most impor-
tant finding of Groisman et al. (2013) regarding the projec-
tion of precipitation is that the precipitation increase during
winter will be intensified by the end of the century. Though
not as strong as in winter, this increase will also be seen in
the other seasons, which is also one of the findings of our
study.

The inconsistencies in variation of precipitation over time
and space may be due to the inherent characteristics of the
CanESM2 model used in this study. A study by Liu et al.
(2014) on seasonal and regional biases in CMIP5 precipita-
tion simulations revealed that most of the CMIP5 models
underestimate summer precipitation and overestimate winter
precipitation, especially in Siberia and central Europe. Simi-
larly, Mehran et al. (2014) also found that though most of the
CMIPS5 simulations are in good agreement with data from
the Global Precipitation Climatological Project in many
regions, they have problems in Northern Eurasia including
some other regions.

Projection of hydrological regime

Snowmelt and precipitation play a major role in river dis-
charge in this region. The characteristic features of river flow
in this region are spring high flow period, summer—autumn
low flow period interrupted by rainfall-induced flood events
and very low winter flow period when rivers are mostly
frozen or fed by groundwater flow (Zemtsov et al. 2014).
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Most of the studies (Peterson et al. 2002; Yang et al. 2004;
Smith et al. 2007; Shiklomanov et al. 2013) on hydrologi-
cal change in the Siberian region show increasing trends of
river discharge. This study also showed a projected increase
in mean annual streamflow. However, the change in monthly
mean will be different for different months and also different
for different catchments. Also Zemtsov et al. (2014) found
spatial and temporal heterogeneity of projected changes in
the hydrology of the region. Peterson et al. (2002), Yang
et al. (2004) and Dai et al. (2009) have pointed out that this
increase in streamflow is associated with climate change.
The study by Dai et al. (2009) revealed that the increase in
temperature causes melting of snow, contributing to increase
in runoff and thus a decrease in surface snow cover espe-
cially over Siberia, which is true based on the result of our
study as well. If snowmelt occurs faster due to higher tem-
peratures, less water infiltrates into the soil and less water
can be stored there. This will reduce evaporation from the
soil, causing higher runoff volumes. Generally, the contribu-
tion of surface runoff is significant only during late winter
and spring during snowmelt. Though the spring snowmelt
will decrease compared to the baseline period at all the
basins due to the decrease in snowfall itself, there will be
consistent increase in winter snowmelt when there is suf-
ficient snow cover to melt; however, a decrease in snowfall
(Serreze et al. 2000; Bulygina et al. 2011) has also been
reported by several researchers in Western Siberia. Khon and
Mokhov (2012) and Shiklomanov et al. (2013) also found a
possible increase in mean annual runoff of Siberian rivers
by the end of the twenty-first century due to an increase in
winter precipitation and spring snowmelt.

Conclusion and recommendation

Climate change is an indispensible issue to be dealt with.
The global mean temperatures have been increasing rapidly
and the change in precipitation has become more irregular
and unpredictable. These changes and the resulting impacts
are more pronounced in the northern high latitudes. Thus,
these changes have critical implications on Siberia, as men-
tioned in Sect. “Introduction” above. The selected three river
catchments which belong to the southern part of the West-
ern Siberian lowland (WSL) region are not excluded from
these challenges and hence this study aims to understand
the possible future hydrological regime shift in the region.
The study area is an important region for grain production in
Siberia and the entire Russian Federation, so any changes in
temperature, precipitation and water availability may result
in significant stress on agricultural production, impacting
adversely on the food security and economic development.

The statistical downscaling model projected a sig-
nificant increasing trend of temperature variables. The
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precipitation is projected to be different in different sea-
sons, different time slices and under different scenarios
in the Pyshma and Vagai basin. The Loktinka basin will
experience increased mean annual precipitation and mean
seasonal precipitation under all scenarios and during all
future time horizons. Hydrological simulations showed a
likely increase in streamflow compared to baseline in all
basins and during all time windows, with high relative
streamflow increase in Loktinka basin, followed by Vagai
and Pyshma basin. The reason is that the reduction in pre-
cipitation that is predicted for some stations in the summer
will not impact streamflow, because the high evaporation
pressure, high water storage capacity of the soils and low
hydraulic gradients hamper streamflow. Therefore, the
increase in streamflow can be attributed to the higher pre-
cipitation in autumn and winter, when evaporation is low
and soil and groundwater storages are replenished. This
leads to more snow and groundwater storage and contri-
bution of groundwater flow to the streams during spring
and summer.

In general, the results obtained in this study show good
agreement with the findings of other research studies. The
presented simulations of future hydrological regime do not
incorporate the effects of land use and land cover change
and, hence, if data may become available, it is suggested
to incorporate both land use land cover change and climate
change in future studies to obtain more robust predictions.
In addition, it is highly recommended to use multiple down-
scaling techniques and multiple GCMs outputs to enhance
the plausibility of the downscaling and climate change pro-
jection results. Due to different algorithms and boundary
conditions used, applying multiple GCM offers the change
to assess the uncertainty involved in climate change projec-
tions. The results of this study, hence, represent one pos-
sible climate change pathway, which projected the possible
changes in temperature and precipitation, and hydrological
regime shift, based on the three latest climate scenarios
adopted by the IPCC fifth assessment report. The results
can be used as broad figures for further planning and inves-
tigation of local level climate change impacts.
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