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Abstract: The scenario forecasting technique for assessing changes of water balance components of the northern river 
basins due to possible climate change was developed. Three IPCC global emission scenarios corresponding to different 
possible scenarios for economic, technological, political and demographic development of the human civilization in the 
21st century were chosen for generating climate change projections by an ensemble of 16 General Circulation Models 
with a high spatial resolution. The projections representing increments of monthly values of meteorological 
characteristics were used for creating 3-hour meteorological time series up to 2063 for the Northern Dvina River basin, 
which belongs to the pan-Arctic basin and locates at the north of the European part of Russia. The obtained time series 
were applied as forcing data to drive the land surface model SWAP to simulate possible changes in the water balance 
components due to different scenarios of climate change for the Northern Dvina River basin.  
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INTRODUCTION 
 

The influx of fresh water to the Arctic Ocean by means of 
runoff from the drainage area of the pan-Arctic basin represents 
about 50% of its net flux (Barry and Serreze, 2000). At the 
same time, the results from climate models generally show that 
the predicted global warming will be more significant in high 
northern latitudes, resulting in an increase of precipitation and 
snowmelt. Due to these factors, changes in the hydrological 
regime of the pan-Arctic basin may have a significant impact on 
both water-salt balance of the Arctic Ocean and on water bal-
ance of its drainage area, affecting the ecosystems in the region. 
This, in turn, can determine the rate of the positive feedback 
between climate change and the evolution of surrounding eco-
systems. As to the impact of possible climate change on the 
hydrological regime of the territory, it was shown that, along 
with an annual volume of discharge, both the shape and timing 
of hydrographs of river runoff from pan-Arctic basin may 
change significantly. Nevertheless, investigation of the impact 
of global warming on the hydrological cycle and the dynamics 
of its components in the Arctic region has just been started. The 
obtained preliminary results are ambiguous and require further 
research, including development of more accurate techniques 
for hydrological projections. 

Arora and Boer (2001) distinguish four approaches that are 
used for studying the potential impact of climate change on the 
hydrology and water resources of catchments and river basins: 
(1) application of arbitrary changes in climate inputs to hydro-
logical models that can be considered as sensitivity studies, 
(2) spatial analogue techniques, (3) temporal analogue tech-
niques, and (4) application of results from general circulation 
models (GCMs), either directly or by downscaling to the 
catchment scale. All these approaches can be applied for north-
ern river basins. 

Nowadays atmosphere-ocean global climate models 
(AOGCMs) represent the main tool for physically based 
assessment of future climate change. Besides that modern 
AOGCMs can be coupled with land surface parameterization 
schemes of different complexity and river routing models for 

generating runoff at each calculational grid cell and then routing 
it through a river network by a flow routing model to obtain 
streamflow at a river basin outlet. This is widely used for 
evaluating the performance of GCMs and for studying the 
impact of climate change on water resources of large river 
basins (e.g., Arora and Boer, 2001; Liston et al., 1994; Miller et 
al., 1992). Comparison of runoff hydrographs simulated by 
GCMs with observed ones (see, for example, Arora et al., 2001; 
Nohara et al., 2006) shows a poor agreement. The major reasons 
seem to be large errors in modelling precipitation and 
partitioning precipitation between evapotranspiration and 
runoff. To reduce biases and uncertainties of any individual 
GSM, a weighted ensemble mean is suggested to use for 
multimodel projections (Nohara et al., 2006).  

Another problem is that GCMs usually operate at much larg-
er spatial scales than hydrological applications require. To solve 
this problem downscaling procedure is often applied to span the 
gap between large-scale output generated by GCMs and region-
al or local scale of hydrological simulations. Downscaling tech-
niques are generally divided into statistical and dynamical, 
spatial and temporal, for a review see e.g. Wilby and Wigley 
(1997). Each of the above technique has its own advantages and 
shortcomings and is more or less costly. Also, different tech-
niques result in different spatial/temporal patterns of 
downscaled data that may necessitate the investigation of a 
number of different downscaling techniques before a suitable 
methodology is identified. 

The alternative approach to direct application of GCMs for 
runoff predictions is application of their meteorological outputs 
as forcing data to drive hydrological models (HMs) or land 
surface models (LSMs). For a large river basin, which size 
exceeds the spatial resolution of GCMs, meteorological outputs 
can be used directly, while for smaller basins and catchments 
spatial downscaling and disaggregation techniques are used to 
transfer climate data from GCM scales to catchments scales 
(Arora and Boer, 2001). Since HMs and LSMs also contribute 
to uncertainty in river runoff projections, it is important that 
these models should adequately reproduce hydrological pro-
cesses occurring in high latitudes to be applied for hydrological 



Yeugeniy M.Gusev, Olga N. Nasonova 

198 
 

projections for northern river basins. 
The objective of the present work is to describe a technique 

for scenario forecasting of changes in water balance compo-
nents for northern river basins. Here, this problem is solved by 
means of application of climate change projections generated by 
an ensemble of 16 GCMs with a high spatial resolution on the 
basis of projected changes in the emission of greenhouse gases 
and aerosols in the atmosphere in accordance with different 
scenarios of social and economic development of the human 
civilization. The projections, representing increments of month-
ly values of meteorological characteristics, are used for creating 
3-hour meteorological time series (this can be considered as 
temporal downscaling) which are applied as forcing data to 
drive the LSM SWAP (Soil Water - Atmosphere – Plants) 
(Gusev and Nasonova, 2011a) to simulate possible changes in 
the water balance components for the Northern Dvina River 
basin due to different climate change scenarios. The main ad-
vantages of the suggested technique are application of multi-
model climate change projections and the advanced LSM 
SWAP which was widely applied for streamflow simulations in 
high latitudes and showed good results. 

For the first time the suggested technique was described in 
(Gusev and Nasonova, 2013). It was applied for estimating 
possible changes of the water balance components (by 2063) for 
the Northern Dvina River basin located on the north of the 
European part of Russia. Four alternative scenarios of the Inter-
governmental Panel on Climate Change (IPCC), belonging to 
the family of Special Report on Emission Scenarios (SRES) 
(Nebojsa et al., 2000) were used. Here, three alternative climate 
change scenarios of IPCC are used: IS92a, IS92c, and IS92e, 
which were considered as the main reference scenarios family 
in many publications. Hydrological projections obtained for the 
SRES and IS92 families are compared. 
 
METHODOLOGY  
 

In this section, the following issues will be described: the 
river basin under study, the model, the forcing data and model 
parameters and creation of prognostic meteorological time 
series for hydrological projections. 
 
The Northern Dvina River basin and its schematization 
 

The Northern Dvina River is one of the largest rivers of the 
European part of Russia belonging to the pan-Arctic basin. The 
area of its basin equals to 357000 km2; the average annual river 
runoff at the basin outlet is 309 mm. Mean annual discharge of 
the Northern Dvina River is 110 km3. The Northern Dvina 
River starts from the merger of the Sukhona River with the Yug 
River (Figure 1a). The largest of its right branchs are the 
Vychegda River and the Pinega River, the largest left branches 
are the Vaga River and the Yemtsa River. 

The climate in the area of the Northern Dvina River basin 
(59–65°N, 38–56°E) is severe. The average air temperature in 
January equals to –13–15°C (while daily temperature some-
times reaches –45°С); mean air temperature in July is 14–17°C. 

The territory of the basin is characterized by excessive wet-
ness (mean annual precipitation varies from 650 mm in the 
north to 800 mm in the south-west), low solar radiation, the 
impact of northern seas and relatively homogeneous natural 
conditions. Air masses from the Atlantic Ocean slightly moder-
ate the climate. Combination of these factors causes a short 
(three-four months) cool summer and long (five-six months) 
cold winter with stable snow cover, which lies from six months 

in the southern part of the basin up to seven months in the north 
of it. 

 

 
 
                                              
                (b) 

 
 
Fig. 1. (a) The Northern Dvina River basin and (b) its schemati-
zation. (1) The Ust-Pinega streamflow gage station, (2) meteoro-
logical stations. 
 

Nearly 65–70% of annual precipitation take place during the 
warm period of a year. In winter, precipitation is much less, 
however rather large snowpack is accumulated by the beginning 
of spring snowmelt. Maximum snow water equivalent (SWE) is 
characterized by significant interannual variability. Thus, in the 
vicinity of Kholmogory village SWE varies from 78 to 201 mm. 

The soil within the basin is podzolic, sod-podzol and 
swampy-podzol, and somewhere karst occurs. Most of the basin 
(~ 80%) is covered with forest (mainly composed by pine). 

The Northern Dvina River has mixed feeding with the pre-
dominance of snowmelt component. The northern rivers, where 
the main source of feeding is melt water, are characterized by 
nonuniform distribution of discharge during a year. Thus, more 
than a half of annual discharge occurs during the three spring 
months, while during the four winter months the discharge is 
only 2–9% of its annual volume. Rain floods are usually insig-
nificant. 

Mean annual evaporation varies from 400 mm in the north to 
550 mm in the south of the basin.  

For model runs the Northern Dvina River basin (up to the 
Ust-Pinega streamflow gage station) was represented by 62 
calculational grid cells with a spatial resolution of 1°×1° (Figure 
1b). 

E 
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The land surface model SWAP 
 
The model SWAP was described in details in a number of 

publications, in particular, in (Gusev and Nasonova, 2000, 
2003, 2004, 2011a). The model is based on mathematical de-
scription of the physical processes of heat and water exchange 
taking place in a ground water - soil - vegetation / snow cover – 
atmosphere system, as well as on description of runoff trans-
formation in each calculational grid cell of a basin and in a river 
network to obtain hydrographs at the river basin outlet. The 
model allows the simulation of the components of the water and 
heat balances of terrestrial ecosystems and river basins at differ-
ent spatial scales and under different natural conditions.  

The main distinctive feature of SWAP is the combination of 
physically-based treatment of the main processes and the ra-
tionality of used modelling technique. The latter is provided by 
application of analytical methods (contrary to the usual practice 
of using the numerical ones) to solve the systems of equations 
and by a relatively small number of model parameters. This 
allows us to avoid many problems associated with solving the 
numerical equations (such as instability, great consumption of 
computer resources and computational time, and so on) and 
parameter estimation.  

Application of analytical methods has resulted in non-
traditional structure of the SWAP model. Thus, in SWAP, a 
calendar year is divided into the warm and cold seasons, two 
separate submodels were developed for each season, and then 
the submodels were linked into one general model, named 
SWAP. The cold-season submodel is used only in the case of 
one of the following conditions: (1) the mean daily air tempera-
ture is below 0°C continuously during several days (here, not 
less than 7 days); (2) the land surface is covered with snow; (3) 
the soil freezing depth is greater than zero. Otherwise, the 
warm-season submodel is used. 

The model includes the following hydrological processes (1) 
interception of rainfall/snowfall by the canopy; (2) evapotran-
spiration (including transpiration by plants, soil/snow evapora-
tion, evaporation of intercepted precipitation); (3) formation of 
snowpack on the ground and on the trees’ crowns (including 
snow accumulation, snow evaporation, snowmelt, water yield of 
snow cover, refreezing of melt water); (4) formation of surface 
runoff; (5) formation of drainage; (6) water infiltration into a 
soil; (7) water exchange between soil layers; (8) interaction 
between soil water and groundwater. 

The SWAP model treats formation of surface runoff on the 
basis of both the Hortonian mechanism, according to which the 
surface runoff occurs when precipitation rate exceeds infiltra-
tion rate, and the Dunne mechanism. In the latter case, the sur-
face runoff forms as a result of raising a water table depth up to 
the surface of the earth. The concept of saturation excess is used 
for parameterization of subsurface runoff. Total runoff (includ-
ing surface and subsurface components) is simulated for each 
calculational grid cell. The next problem is a transformation of 
the total runoff to simulate streamflow at a catchment outlet. 
This is performed by a two-step approach to route the simulated 
runoff (1) through a calculational grid cell and (2) through a 
river network. In the former case, the concept of the two dimen-
sional kinematic wave is used, while in the latter case, a river 
routing model is applied. 

The SWAP model also treats formation of energy balance 
and formation of the dynamics of soil freezing and thawing 
depths.  

The input data for SWAP include meteorological infor-
mation with a temporal resolution of less than a day (usually 3 

hours) and land surface parameters: soil, vegetation and topo-
graphic characteristics.  

Preliminary results of simulating the hydrographs for north-
ern rivers by the SWAP model are presented in (Gusev and 
Nasonova, 2011a, 2011b; Gusev et al., 2008, 2011a, 2011b). 
 
Historical meteorological data  
 

Meteorological data defining the upper boundary conditions 
for model simulations are based on 3-hour standard observa-
tions (air temperature and humidity, air pressure, wind speed, 
precipitation, and cloudiness), which were taken from meteoro-
logical stations located in the Northern Dvina River basin 
(Gusev et al., 2011b).  

The required 3-hour incoming shortwave radiation was cal-
culated using technique developed by Shmakin (1998). Applica-
tion of this technique requires information on geographical 
latitude, solar declination, horizon closure, latitudinal and longi-
tudinal slopes of the underlying surface (the last three quantities 
can be derived from topographic characteristics of grid cells of 
a basin) and atmospheric transparency to obtain incoming 
shortwave radiation for clear sky. Mean monthly transparency 
can be taken from (Pivovarova, 1977). Then the obtained clear 
sky radiation is adjusted for the total cloudiness (Gusev and 
Nasonova, 2011a). Incoming longwave radiation was estimated 
by empirical relations using observed data on air temperature at 
a height of 2 m and cloudiness (Gusev et al., 2006a). 

Interpolation of meteorological data to the center of each riv-
er basin cell was performed using the kriging procedure (Gusev 
et al., 2008). 
 
Land surface parameters for the SWAP model 
 

Most of vegetation, soil and topography parameters for the 
Northern Dvina River basin were taken from the global data 
sets provided within a framework of the Second Global Soil 
Wetness Project (GSWP-2) (Zhao and Dirmeyer, 2003). Here, 
the International Geosphere-Biosphere Programme (IGBP) 
classification for the land surface containing 17 land surface 
classes was used. On the basis of information on the distribution 
of these classes over the basin grid cells the model specific 
vegetation parameters were estimated. The provided vegetation 
data sets were corrected to eliminate serious discrepancies and 
errors. Details of the correction, along with the list of vegetation 
parameters used in the SWAP model can be found in (Gusev et 
al., 2006b).  

Soil parameters taken from the International Satellite Land-
Surface Climatology Project Initiative II (ISLSCP-II) / GSWP-2 
global data sets, which, in turn, were taken from the Data In-
formation System (IGBP-DIS). The parameters were adapted 
for the SWAP model and corrected to some extent to eliminate 
implausible values and to meet the agreement among them-
selves and with vegetation parameters (Gusev et al., 2006b).  

Topographic characteristics, needed for the SWAP model to 
rout runoff through a computational grid cell, include mean 
altitude of grid cells and their slopes in longitudinal and latitu-
dinal directions. The former were taken from the Earth Re-
sources Observation Systems Data Center (EDC) database, the 
latter were calculated using the mean altitudes of the neighbor-
ing cells.  

The obtained data differ in the accuracy, reliability and valid-
ity. To ensure a sufficiently high (according to hydrological 
requirements) quality of calculations some of the most im-
portant model parameters should be optimized. 
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Optimization of model parameters 
 

In the present work, in contrast to a number of other works 
(Gusev and Nasonova, 2011a; Gusev et al., 2008, 2011a) only 
the land surface parameters (without application of adjustment 
factors to precipitation and radiation) were optimized. A set of 
calibrated parameters for northern river basins was determined 
and proved in (Gusev et al., 2008). 

Eight land surface parameters were calibrated: hydraulic 
conductivity at saturation K0, soil column thickness h0 (here, the 
depth from the soil surface to the upper impermeable layer), the 
snow-free vegetation albedo albsum, the vegetation albedo in 
winter period (with snow on tree crowns) albwin, the root layer 
depth hr, albedo of fresh snow albwin, and parameters controlling 
the transformation of runoff both within a grid cell (the Man-
ning roughness coefficient n) and in a river channel network 
(effective velocity of water movement in a channel ue). To 
reduce the number of calibrated parameters and increase their 
stability, instead of K0, hr, albsum and albwin for each grid cell, 
the adjustment factors (taken to be constant for the entire basin) 
to a priori values of these parameters (kK0, khr, kalbsum and kalbwin, 
respectively) were calibrated. Besides that h0 was represented as 
kh0hr for each grid cell, where kh0 is also an adjustment factor 
taken to be constant for the basin.  

Optimization of the parameter values was performed against 
daily streamflow of the Northern Dvina River measured at the 
Ust - Pinega gage station during the period of 1986–1990. The 
global optimization algorithm, known as the Shuffled Complex 
Evolution method developed by the University of Arizona 
(SCE-UA), was applied for the automated search of the global 
optimum of an objective function (Duan et al., 1992). The ob-
jective function represented the standard deviation of calculated 
daily streamflow from observed one. The search of the mini-
mum of the objective function was carried out among the calcu-
lated streamflow, for which bias did not exceed 5%. 
 
Development of prognostic meteorological time series for 
the period till 2063  
 

Three alternative scenarios of the Intergovernmental Panel 
on Climate Change (IPCC) were used: the IS92a, IS92c, and 
IS92e. They include a wide range of assumptions relating to the 
intensity of greenhouse gas emissions in dependence of special 
policy, carried out by mankind in the field of climate impacts. 
The assumptions for these scenarios are mainly taken from 
published forecasts of the leading international organizations or 
from IPCC expert’s analysis (Leggett et al., 1992; Nebojsa et 
al., 2000; Pepper et al., 1992). Most of them have been the 
subject of extensive scientific review. 

The IS92a scenario was used as a base scenario for estimat-
ing the consequences of climate change. According to this sce-
nario, it is supposed that the population of the Earth will reach 
11.3 billion people by 2100; the planet-average economic 
growth from 1990 through 2100, with the use of both traditional 
and renewable energy sources, will be 2.3% per year. The S92e 
scenario is characterized by, among other assumptions, higher 
greenhouse gases emission, moderate population growth, high 
rates of economic growth, large intensity of fossil fuels usage 
and the gradual phasing out of nuclear energy. And finally, the 
IS92c scenario is characterized by CO2 emission dynamics, 
which results in decreasing the emission of greenhouse gases by 
the end of 21st century below the level of 1990. This scenario 
assumes the population of the Earth first to increase and then to 
decrease by the middle of the 21st century, the economic growth 
is low, and there are strong restrictions on the use of fossil fuels. 

It should be emphasized, that the present work is of method-
ological character and, instead of IS92 climate scenarios, any 
other scenarios can be used, e.g. SRES, RCT and so on.  

To obtain the dynamics of meteorological and actinometrical 
characteristics in the 21st century for SWAP model runs, the 
MAGICC/SCENGEN (Model for the Assessment of Green-
house-Gas Induced Climate Change / Global and Regional 
Climate Scenario Generator) computer code (Model…, 2000) 
was used. It represents a generator of climatic scenarios de-
signed for estimation of the vulnerability or adaptation of vari-
ous ecosystems or biomes of the planet to climate changes. 

Global projections (obtained from the implementation of a 
certain scenario of the social and economic development of the 
human population) of the evolution of the annual values of (i) 
carbon emission into the atmosphere, (ii) carbon dioxide con-
centration in the atmosphere, (iii) changes in the incoming 
radiation components in accordance with the increment of each 
constituent of greenhouse gases and aerosols in the atmosphere, 
and (iv) changes in the surface temperature and the ocean level 
for the period from 1990 to 2100 are the MAGICC output char-
acteristics.  

At the next stage the global projections should be converted 
into regional ones. This can be performed by different ways. 
Here, the aforementioned SCENGEN program complex was 
applied. It uses, first, the MAGICC’s outputs and, second, glob-
al distributions of major meteorological elements obtained with 
the help of atmospheric general circulation models (GCMs) 
with a high spatial resolution. 

As a result of the SCENGEN application to the Northern 
Dvina River basin, the projections of increments (relative to 
1990) for mean monthly values of air temperature and humidity, 
precipitation, cloudiness and wind velocity corresponding to the 
IS92a, IS92c, and IS92e scenarios were obtained for each com-
putational grid cell for the period of 2000-2100. It should be 
noted that the increments of these meteorological characteristics 
have quite pronounced seasonal course. It is also important that 
application of the SCENGEN code, allowed us to use the results 
from an ensemble of GCMs listed in Table 1. As it was noted in 
(Meleshko et al., 2003, 2004), the simulations of historical 
climate and seasonal climatic predictions are more successful if 
they are averaged over an ensemble of independent models. 

Since the SWAP model runs are carried out with 3-hour time 
step (to take into account a diurnal course of physical process-
es), it is necessary to transform mean monthly values of mete-
orological characteristics into 3-hour values. For this purpose, 
calculation formulas approximating the annual course of incre-
ments of meteorological elements on the basis of information on 
their mean monthly increments were derived. The formulas 
have the following form: 

 
)()(),( iFnTiny yglΔ=Δ , (1) 

 
where ∆y(n, i) is the change in meteorological characteristic y 
(in absolute units for air temperature and in relative units for 
precipitation, wind speed, air humidity, and cloudiness) for the 
i-th 3-hour time step and the n-th year (measured from 1990); 
∆Tgl is the change of the global mean annual temperature for the 
n-th year (compared to the temperature in 1990); and Fy(i) is the 
approximating polynomial, whose coefficients were obtained 
from the estimates (with the use of the SCENGEN) of mean 
monthly changes in the corresponding characteristic, normal-
ized by ∆Tgl. Figure 2 shows some examples of evolution 
of changes (compared to 1990) in near-surface air temperature 
and precipitation in the Northern Dvina River basin calculated 
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Table 1. Atmospheric general circulation models of a high resolution from the SCENGEN. 
 

Brief model 
title 

Full model title, country 

HadCM2 Hadley Centre Unified Model 2 Transient Ensemble-mean (UK) 
UKTR UK Met Office / Hadley Centre Transient (UK) 
CSIRO-TR Commonwealth Scientific and Industrial Research Organization, Transient (Australia) 
ECHAM4 European Centre / Gamburg Model 4 Transient (Germany) 
UKHI-EQ UK Met. Office High Resolution (UK) 
CSIRO2-EQ Commonwealth Scientific and Industrial Research Organization, Mark 2 (Australia) 
ECHAM3 European Centre / Gamburg Model 3 Transient (Germany) 
UIUC-EQ University of Illinois at Urbana Champaign (USA) 
ECHAM1 European Centre/Gamburg Model 1 Transient (Germany) 
CSIRO1-EQ Commonwealth Scientific and Ind. Research Org., Mark 1 (Australia) 
CCC-EQ Canadian Climate Centre (Canada) 
GFDL-TR Geophysical Fluid Dynamics Laboratory Transient (USA) 
BMRC-EQ Bureau of Meteorology Research Centre (Australia) 
CGCM1-TR Canadian Climate Centre for Modelling and Analysis 1 Transient (Canada) 
NCAR-DOE National Centre for Atmospheric Research (DoE) Transient (USA) 
CCSR / NIES Centre for Climate Research Studies / NIES (Japan) 

 

 
 

Fig. 2. Changes (as compared to 1990) of near-surface air temperature and precipitation in the Northern Dvina River basin from 
2000 to 2070, in accordance with the IPCC IS92a climatic scenario. 
 
by eq. (1) for the period from 2000 to 2070 for the IS92a sce-
nario. Here, oscillations of changes in temperature and precipi-
tation can be explained by that GCM-generated changes of 
these characteristics are sufficiently greater during the winter as 
compared to summer.  

The above formulas make it possible to estimate long-term 
changes in meteorological characteristics and can be used for 
modelling these characteristics for the entire 21st century in 
accordance with the IPCC IS92 scenarios, provided that histori-
cal time series of meteorological information (with a 3-h step) 
for a fairly long period (let's call it the T0-period) are available. 
Here, the T0-period corresponds to the period of 1968–1999. 
Meteorological time series for T0-period were used to obtain a 
realization of the stationary component for each meteorological 
characteristic from its temporal variation (through the elimina-
tion of the temporal trend calculated for the specified period 
also with the use of the MAGICC/SCENGEN code). Further, 
for each meteorological element, the stationary component 
(which reflects intra-annual, synoptic, and diurnal variabilities) 

was "transferred" to the projected years of the 21st century and 
combined with the long-term trend of this element in the 21st 
century calculated from eq. (1) for each computational cell. At 
each time step i, the combination was performed either by addi-
tion of the absolute values of ),( inyΔ  to the stationary compo-
nent y (for air temperature) or by multiplication of y by the 
quantity [1+ ),( inyΔ ] (for precipitation, wind speed, air humidi-
ty, and cloudiness). Such a technique allowed us to obtain one 
of the possible realizations of evolution of meteorological char-
acteristics over the period of 2000–2063 in accordance with the 
IS92 scenarios. 

As to incoming longwave radiation RLW, its relative changes 
were calculated by Kirchhoff's equation (Matveev, 1979) with 
accounting for both contemporary air temperature and its 
changes in 21st century in the region under study. Changes in 
incoming shortwave radiation RSW were derived from the global 
data on its decrease (due to increase of aerosol concentration in 
the troposphere) corrected proportionally to the ratio of local 
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mean annual RSW in the region under consideration to the global 
mean annual RSW. It should be noted that the accuracy of estima-
tion of the impact (both direct and indirect, i.e., associated with 
changes in cloudiness and water-droplet sizes in clouds) of 
anthropogenic aerosol concentration in the troposphere on the 
incoming radiation is not high compared to the accuracy of 
estimation of the impact of other factors on the climatic system 
(Houghton et al., 2001), however, this will not greatly influence 
the final results due to smaller contribution of anthropogenic 
aerosols to changes in the climate system characteristics com-
pared to other factors. 

Note that, in the present work, the widespread weather gen-
erators could not be applied to obtain prognostic meteorological 
elements, because the number of output variables in these gen-
erators is much less than that required for LSMs (including the 
SWAP model). 

One more issue should be considered briefly, namely, the 
dependence of stomatal conductance gс and potential transpira-
tion of vegetation EP on the carbon dioxide concentration in the 
ambient air са. In the SWAP version presented in (Gusev et al., 
2011b), this dependence was not taken into account due to small 
changes in the concentration of atmospheric CO2 over the peri-
od under study; however, if CO2 concentration changes are 
substantial they should be taken into account. In SWAP, this 
can be done by incorporation of the dependences gс(са) and 
EP(са). 

Analysis of experimental data for a number of crops (see, for 
example, Maherali et al., 2002; Polley et al., 1997) shows that 
within the range of са from 200 to 900 ppm, the dependence 
gс(са) can be approximated by the exponential function  
 

)](exp[ / 00 aaicc ccgg −−= μ , (2) 
 
where gc0 is the stomatal conductance (m s–1) of phytoelements 
of a certain vegetation type corresponding to the present-day 
CO2 content in the atmosphere, which is assumed to be equal to 
350 ppm, and µi is an empirical parameter depending on the 
vegetation type (specified by the index i) and controlling the 
rate of gc-changes due to са-changes. The review of investiga-
tions for 23 species of woody vegetation, presented in (Field et 
al., 1995), show that the doubling of the CO2 concentration in 
the atmosphere decreases the stomatal conductance by 23% on 
average, while for coniferous species (Pinus radiata, Pinus 
taeda, Picea abies), such a decrease is only 10 ± 2% on aver-
age. Since coniferous forests are the dominant vegetation in the 
Northern Dvina River basin, the latter value was accepted here 
for evaluation of µi. 

Changes in the stomatal conductance resulted from changes 
in the atmospheric CO2 affect the transpiration rate of vegeta-
tion. This effect was taken into account using the semiempirical 
theory for the description of evapotranspiration proposed by 
Budagovskii (Budagovskii 1981, 1989; Lozinskaya, 1988). This 
allowed us to derive an expression for the dependence of the 
potential transpiration EPi of the i-th type of vegetation on са 
(under the same meteorological conditions) in the following 
form: 
 

)]}( exp[25.00.2{ 25.2 00 aaiii ccEPEP −+= μ , (3) 
 
where EP0i is the potential transpiration of the i-th vegetation 
type at the present-day CO2 content in the atmosphere. Equation 
(3) was incorporated into the transpiration block of SWAP. 

 

It should be also noted that the land surface parameters were 
not changed when model simulations were performed for the 
21st century. The authors proceeded from the fact that in this 
predominantly forest and cold region, significant agricultural 
activity is not expected and values of soil hydrophysical param-
eters will remain the same. As to the vegetation, its morpholog-
ical characteristics for the specified period will not change 
significantly, even with the increase of carbon sinks in this area. 
This can be explained by the following. As it was shown in a 
number of publications, including (Gusev and Nasonova, 2007), 
under more or less steady state of forest ecosystems (as it is in 
the Northern Dvina River basin) carbon sequestration occurs 
mainly in a soil, while carbon accumulation in living biomass is 
small and practically doesn’t change the model parameters of 
vegetation. Significant succession also is not expected during 
the selected time interval. Therefore, the vegetation parameters 
for the Northern Dvina River basin can be assumed to be the 
same as in the modern period. 
 
RESULTS 
 

Simulations of the water balance components of the Northern 
Dvina River basin were carried out for the period of 1967–2063 
for the three selected climate change scenarios. First of all let us 
consider the historical simulations. 
 
Evaluation of the quality of the Northern Dvina River 
streamflow simulation for the historical period (1967–1998) 

 
The quality of simulations was evaluated by means of the 

following goodness-of-fit statistics commonly used in hydrolo-
gy (and used by the authors in (Gusev and Nasonova, 2011b; 
Gusev et al., 2008, 2010, 2011a, 2011b): the systematic error 
Bias equaled to the difference between the calculated and ob-
served mean streamflow, the coefficient of correlation between 
calculated and observed values Corr, and the efficiency of 
simulation Eff according to (Nash and Sutcliffe, 1970). 

It is commonly assumed that when Eff > 0.5, the model ade-
quately simulates the dynamics of the examined characteristic х 
(when Eff = 1, the simulation is perfect), while when Eff < 0, the 
simulation of time variations in х is poor (in such a case, even 
simple averaging of the observed values will be better than 
simulation). According to (Appolov et al., 1974), the accuracy 
of runoff forecasts can be evaluated using the following scale: 
the accuracy is considered to be “good” when Eff ≥ 0.75, “satis-
factory” when 0.36 ≤ Eff < 0.75 and “poor” when Eff < 0.36. As 
to the value of |Bias|, estimating the quality of streamflow simu-
lation with making use of this criterion can be based on the 
assumption that the systematic error in daily, monthly, and 
annual values of observed river streamflow is within the range 
of ±5% (WMO, 1994) (for flood peaks, the error of measure-
ment can be much higher). In this situation, the quality of 
streamflow simulation with |Bias| ≤ 5% can be considered as 
good. 

Figure 3 illustrates the hydrographs of the modeled and 
measured daily streamflow for the Northern Dvina River at the 
Ust-Pinega streamflow gage station for 1967–1998. The mod-
eled hydrographs were obtained using the optimal values for the 
land surface parameters. As can be seen, the agreement between 
simulations and observations is good. This is confirmed by the 
goodness-of-fit statistics: Bias = 3%, Eff = 0.83, and Corr = 
0.91. 
 
  
 
 
 
 



                           Application of a technique for scenario prediction of climate change impact on the water balance components of northern river basins 

203 
 

 

 
Fig. 3. Measured (1) and simulated (2) daily streamflow R from the Northern Dvina River basin at the Ust- Pinega streamflow gage 
station in 1967–1998. Parameter calibration was carried out for 1986–1990.  
 

The obtained results have shown that application of the LSM 
SWAP in conjunction with the information support, based on 
the global data sets of the land surface parameters (with the 
optimization of some parameters) and on the meteorological 
information measured at meteorological stations, provides a 
high quality simulations of daily hydrographs for the Northern 
Dvina River for quite a long period (i.e., for a wide range of 
meteorological conditions). 

A large experience of working with the SWAP model has 
shown, that if one of the characteristics of water regime is simu-
lated with a high accuracy, the rest characteristics are also re-
produced quite adequately (Gusev and Nasonova, 2011a). This 
testifies that the quality of the model is fairly good. This con-
clusion gives the possibility to use the SWAP model (with 
optimized land surface parameters) for projections of the water 
balance component dynamics for the Northern Dvina River 
basin for the 21st century.  
 
Projections of the evolution of the water balance 
components for the Northern Dvina River basin based on 
the IPCC IS92 climate change scenarios 

 
Before the analysis of the obtained results, the following two 

circumstances should be emphasized. First, as it was expected, 
according to our estimations the impact of the dynamics of 
anthropogenic aerosols on the dynamics of the water balance 
components up to the middle of the 21st century is very low (the 
first fractions of a percent that is within the accuracy of simula-
tion). Second, the same can be said about negligible impact of 
changes in the stomatal resistance caused by the change in the 
concentration of CO2 in the atmosphere. This is largely ex-
plained by the fact that the dominant vegetation in this area is a 
coniferous forest, for which an increase in the stomatal re-
sistance due to increasing concentration of carbon dioxide, as it 

was aforementioned, is very low. In addition, when the transpi-
ration is calculated, the stomatal resistance represents only one 
of the contributers into the total resistance to vapor transport on 
its way from a mesophyll of a leaf (or a needle) to a stomata, 
then to an intravegetation space and to the atmosphere (the last 
two resistances do not depend on the content of CO2 in the 
atmosphere). In its turn, the transpiration is only one of the 
components of evapotranspiration, which also consists of evap-
oration of intercepted precipitation, evaporation from bare soil, 
and evaporation from snow (both on tree crowns and at the 
forest floor). Evidently, changes in the concentration of CO2 in 
the atmosphere do not influence the last three components of 
the evapotranspiration. That is why the accounting for the ef-
fects of stomatal resistance change due to increase of CO2 in the 
atmosphere is also within the accuracy of simulation of the 
water balance components for the Northern Dvina River basin 
during the period under study. 

The obtained results are presented in Figures 4–8. In Figure 4, 
the climatic dynamics of the water balance components for the 
Northern Dvina River basin from 1967 to 2063 and for the three 
IS92 scenarios are presented. The climatic averaging was per-
formed over four periods: 1967–1990, 1991–2014, 2015–2038 
and 2039–2063. As can be seen from the results, all three cli-
mate scenarios increase rainfall and evapotranspiration and 
reduce streamflow. The largest changes are observed for the 
IS92e scenario, while the lowest for the IS92c scenario. At the 
beginning of 2060s, precipitation increases by 10, 12, and 12 
% (61, 72, and 72 mm/year), while evapotranspiration in-
creases by 43, 39, and 32 % (92, 113, 124 mm/year), com-
pared to the end of the 1960s, for climate scenarios IS92c, 
IS92a, and IS92e, respectively. On the contrary, the streamflow 
from the basin reduces by 11, 14 and 18 % (31, 41, 52 
mm/year) for the scenarios IS92c, IS92a, and IS92e, respective-
ly. 
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                      Years 

Fig. 4. Evolution of climatic values of precipitation P, evapo-
transpiration ET and streamflow R in the Northern Dvina River 
basin for three IPCC IS92 climate change scenarios. 

 

 
 
Fig. 5. Change in climatic streamflow hydrographs of the 
Northern Dvina River for three IPCC IS92 climate change sce-
narios. 
 
 

 

 
           Years 

 
Fig. 6. Evolution of maximum (spring) snow water equivalent 
(MSWE) over the Northern Dvina River basin for three IPCC 
IS92 climate change scenarios. 
 

 
 
Fig. 7. Climatic (averaged on 24 years) annual dynamics of 
snow water equivalent accumulation during the base 
(1967−1990) and the forecast (2039−2063) periods for the 
IPCC IS92a climate change scenario. 
 

Climate change results in changes of streamflow hydro-
graphs. Figure 5 summarizes the climatic hydrographs for three 
climate change scenarios and for different periods of averaging. 
It is seen that the peaks of spring floods reduces, the beginning 
of the spring flood slightly shifts to earlier dates, the shape of 
hydrograph becomes more gentle. At the same time winter low 
flow increases (this is especially noticeable for IS92e scenario). 
All these phenomena have logical physical explanation. The 
increase in winter low flow is associated with an increase in the 
number and the rate of winter thawing caused by increase in the 
intensity of incoming radiation and, consequently, air tempera-
ture. Higher air temperature leads to earlier spring snowmelt. 
Lowering peaks (and volumes) of spring floods is caused by 
decrease in maximum (spring) snowpack accumulated during 
the winter. Figure 6 shows evolution of maximum snow water 
equivalent (MSWE) up to 2063. By the beginning of 2060s 
MSWE reduces by 44, 62, and 78 mm for the scenarios IS92c, 
IS92a, and IS92e, respectively, as compared to the end of 1960s. 
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 (a) 

 
 
 
 
 (b) 

 
 
 

Fig. 8. Spatial distribution of climatic annual values of precipitation (a), evapotranspiration (b) and runoff (c), mm/year, over the 
Northern Dvina River basin in 1967–1990 and 2039–2063 in accordance with the IPCC IS92a climate change scenario. 
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(c) 

 
 
Fig. 8. Continuation. 

 
There are several reasons for such decrease in MSWE. It could 
be expected that some increase in winter precipitation should 
result in increase in accumulation of snow, however, the main 
role is played by the other factors and as a result of their joint 
influence snow accumulation decreases. These factors are con-
nected with increase in air temperature by 2060 and include a 
shortening of the cold season duration (thus, transition of air 
temperature from positive to negative values in autumn will be 
7–10 days later, while back transition in spring will be earlier 
with nearly the same shift), a larger rate of snow evaporation 
and more frequent winter thaw. All these circumstances result 
in decrease in accumulation of snowpack within the basin (Fig-
ure 7). 

Finally, the spatial distribution of climatic values of the wa-
ter balance components for different periods and climate sce-
narios was mapped. For example, Figure 8 illustrates changes 
in spatial patterns of simulated water balance components: 
precipitation, evapotranspiration, and streamflow (averaged 
over the two periods of 1967–1990 and 2039–2063) within the 
Northern Dvina River basin for the "average" (basic) IS92a 
climate scenario. The obtained spatial patterns, firstly, con-
firm previous conclusions of the work, secondly, provide an 
opportunity to evaluate the intensity of changes in the water 
balance components more locally. 

As it was mentioned above, the proposed methodology for 
projection of changes in the water balance components of the 
Northern Dvina River basin was also applied to the family of 
four SRES climate change scenarios (A1, A2, B1, B2) (Nebojsa 
et al., 2000), used in the third report of the IPCC on assessment 
of climate change (at its Seventh Conference of Parties of the 
UN framework Convention, Marrakech, Morocco, November 7, 
2001). The obtained results are in a good agreement with those 
obtained in the present paper using the IS92 family scenarios 
(compare, for example, Figure 4 of the present paper and Figure 
9, taken from (Gusev and Nasonova, 2013)). As seen from 
Figures 4 and 9, on the average, the modeled evolution of the 

water balance components of the Northern Dvina River basin in 
the first half of the 21st century is similar for IS92 and SRES 
scenarios. The only difference is a larger scatter in projections 
of the water balance components in the case of IS92 scenarios, 
as compared to SRES ones. 
 
 

 
                            Years 

 
Fig. 9. Evolution of climatic values of precipitation P, evapo-
transpiration ET and streamflow R in the Northern Dvina River 
basin for the four different scenarios of global climate change 
according to the IPCC SRES family (Gusev and Nasonova, 
2013). 
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CONCLUSION 
 

1. A methodology for scenario projection of changes in the 
water balance components for northern river basins, caused by 
possible climate change, is developed. The methodology is 
based on application of the land surface model SWAP and 
IPCC climate change scenarios. 

2. For three IPCC climate change scenarios: IS92a, IS92с 
and IS92е, corresponding to different scenarios of economic, 
technological, political and demographic development of the 
human civilization, the projected time series (till 2063) of 3-
hour meteorological characteristics for each calculational grid 
cell of the Northern Dvina River basin were obtained. 

3. On the basis of the obtained scenarios of the dynamics of 
meteorological characteristics the dynamics of the water bal-
ance components of the Northern Dvina River basin up to 2063 
was calculated. The values of these components were averaged 
over 24–25 years to illustrate changes in the components on the 
climatic scale. It is shown that climatic precipitation and evapo-
transpiration will increase, while river runoff decrease in ac-
cordance with each of the three climate change scenarios. The 
largest changes are associated with the IS92e scenario, while 
the lowest with the IS92c scenario. Comparison of the modeled 
evolution of the water balance components for the Northern 
Dvina River basin for the family of IS92 climate change scenar-
ios with analogical results obtained for the SRES family (Gusev 
and Nasonova, 2013) shows that, on the average, the results are 
very similar. 

4. The spatial patterns of changes in the water balance com-
ponents (precipitation, evapotranspiration, and streamflow) 
over the Northern Dvina River basin for different climatic 
periods and climate change scenarios were constructed. 
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