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1 INTRODUCTION

The Arctic plays an important role in the Earth’s
climate system. In particular, this is true for the hydro�
logical component of climatic processes in the Arctic
and the Arctic Ocean (AO). The interest in these pro�
cesses has been rapidly growing in the recent decades.
The Arctic Ocean accounts for about 11% of the fresh�
water in the World Ocean [1, 2]. The freshwater con�
tent of the AO, evaluated based on estimates in [3–
10], is given in [11, 12]. The total freshwater amount,
evaluated with respect to the mean salinity value of
34.8 pro mille, is estimated at 80000 m3 [12] or 74 ±
7.4 thousand km3 [11].

According to [11], freshwater inflow into the AO
can be divided into the following components: the
excess of precipitation over evaporation, averaging
about 2222 ± 200 km3 per year [11]; according to most
recent estimates, freshwater inflow through the Bering
Strait is about 2500 km3 per year [7, 8]; a decrease in
the arctic ice and melting of the Greenland Ice Sheet,
caused by climate changes and warming in the Arctic
[9]; and river runoff. Pioneer estimates of river�
water inflow into the Arctic were given in [4, 13].
Current estimates [11, 12] yield values of about
3200 km3 per year.

The major rivers of the Russian North discharge
about 2240 km3 per year, which is about 70% of the
entire river runoff [12]. The largest contribution is due
to the Yenisei, Lena, and Ob [14]. According to data of
Hydrometeoservice [15, 16], total annual discharges

1 The paper is dedicated to the memory of Academician
G.I. Marchuk.

over the measurement periods show considerable
year�to�year variations because of changes in the
within�year hydrograph. Freshwater discharge takes
place through the Fram Strait and the straits of the
Canadian Archipelago. Discharged from the AO into
northern Atlantic seas as ice, icebergs, or low�salinity
water, freshwater is an important regulator in the for�
mation of the thermohaline structure and meridional
circulation of both the North Atlantic and the entire
World Ocean [17, 18]. An example of this is the forma�
tion of the Great Salinity Anomaly in the 1960s and
1970s [19].

The year�to�year variations of river runoff amount
to ±25–35% of its mean values. As follows from [20–
22], the variability of atmospheric circulation, the
temperature regime, and the surface characteristics
play a significant role in those year�to�year variations.

Variations of freshwater propagation in the Arctic
Ocean–North Atlantic system were studied in [23]
based on a model developed at the Institute of Com�
putational Mathematics and Mathematical Geophys�
ics, Siberian Branch, Russian Academy of Sciences
(ICMMG SB RAS).

In addition to year�to�year variations, the hydro�
logical characteristics of Siberian rivers show positive
trends which have attracted the attention of climatol�
ogists in recent years as they reflect the trends in the
general climate system. Thus, river runoff in the Arctic
has increased in recent decades [24–27]. According to
data in [28], the runoff of the six major Siberian rivers
increased by 7% from 1936 to 1999. This increase cor�
relates well with an increase in NAO index [28]. This
also can be associated with the positive trend in
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NAM (North Annular Mode), which is a part of the
Arctic Oscillation [29]. In this context, an important
question is whether this process will extend further to
the 21st century, producing feedbacks in the climate
system. All these facts suggest that the effect of varia�
tions of freshwater balance in the Arctic on the climate
system in the following century can be considerable,
so this effect should be studied based on climate mod�
els of river runoff [30–33], circulation models of indi�
vidual oceans [34–36], and joint models of the climate
system of CMIP�5 Project (see, e.g., [37]). The
method of mathematical modeling for studying pro�
cesses in the atmosphere and the ocean, developed by
Gurii Ivanovich Marchuk [38], is among the most
effective instruments for studying the Earth’s climate
system. This article considers the results of a simula�
tion of year�to�year changes in freshwater balance,
which can take place in the Arctic Ocean in the 21st
century against the background of runoff variations of
Siberian rivers calculated using a model of ICMMG
SB RAS based on the results of simulation by the ICM
RAS model for the scenario RCP 8.5, CMIP�5
project.

1. RIVER RUNOFF CALCULATIONS 
FOR SIBERIAN REGION

1.1. Climate Model of River Runoff

The model being developed is a linear reservoir
model. It consists of linear reservoirs or a chain of res�
ervoirs in grid cells. The rate of changes in discharge
from a cell in the simplest version of Kalinin–Mily�
ukov model [24, 30] is determined based on the solu�
tion of convolution integral (Duhamel).

This specific implementation of the model uses a
structure proposed at the Max Planck Institute, Ham�
burg University [30]. Under this approach, water flow
on the land is divided into three components: surface
runoff, subsurface runoff, and river runoff. The values
of delay factors for surface and river runoffs are deter�
mined by formulas reflecting their dependence on cell
slope or elevation differential between the cells divided
by the distance between their centers. The surface and
subsurface runoffs are calculated for individual reser�
voirs, while the river runoff is calculated for a chain of
reservoirs. The number of such chains in river chan�
nels is evaluated using a second�order regression poly�
nomial, determined by the delay factor. The value of
the delay factor for subsurface runoff in a cell is
assumed constant. Water infiltration into the soil was
simulated in each cell based on surface characteristics
and the percent of the mean soil moisture content
derived from hydrological data for each basin. The
percent area of wetlands and lakes was taken into
account in each cell.

1.2. Data for river Runoff Simulation 
and Experimental Setup

The domain under consideration covers the area
40° N–80° N, 50° E–170° E. The resolution of the
model in numerical experiments with the climate
model of river runoff was taken equal to 1/3 degree
over both latitude and longitude.

The chosen runoff model option requires the fol�
lowing input parameters to be specified: precipitation,
evaporation, transitions from the liquid into the solid
phase and vice versa, and infiltration into the soil.
During model verification, these data were taken from
MERRA reanalysis data for period 1980–2011. The
calculation results were compared with the observa�
tional data from hydrological gauges of Hydrometeo�
service [15, 16] and data of R�ArcticNET [http://
www.r�arcticnet.sr.unh.edu/v4.0/index.html]. For
calculations in the 21st century, the results of calcula�
tions by the ICM RAS model for scenario RCP 8.5,
project CMIP�5 IPCC were used.

Calculations with river runoff models comprised
two experiments. The first was intended to verify the
runoff model. With this in view, numerical experi�
ments with runoff simulation in Siberian rivers were
carried out based on MERRA reanalysis data, result�
ing in the construction of mean climatic annual
hydrographs, which were compared with measure�
ment data. The second experiment involved river run�
off simulation in the 21st century based on calcula�
tions using the ICM RAS model [39].

1.3. Results of River Runoff Simulation

At the first stage, river runoff values were calculated
based on MERRA reanalysis data for 1980–2011 with
a time step of 6 h. In the presentation of results, the
annual climatic runoff hydrographs were divided in
accordance with the basins of AO seas into which the
river discharges. Thus, the annual hydrograph of the
Ob plus the Yenisei accounts for the flow inflow into
the Kara Sea. Water inflow into the eastern seas of the
AO is the sum of hydrographs of Siberian rivers dis�
charging into the Laptev and East Siberian seas. The
Lena hydrograph is represented separately.

The simulated mean climatic annual runoff
hydrograph is compared with the annual hydrographs
of the Ob and Yenisei rivers in Fig. 1. The difference
between the maximal amplitudes is –0.2%. Figure 2
gives a simulated annual hydrograph for the Lena
River. The difference between the maximal amplitudes
is 6.4%. Figure 3 gives the summarized results of cli�
mate hydrograph simulation for eastern rivers. The
difference in the maximal amplitude is –5.9%. Spring
flood periods coincided in all three cases. The results
show the model to be acceptable for calculating the
climate runoff of Siberian rivers.

The second stage was a numerical experiment for
the 21st century (2006–2100) using data obtained
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from calculations based on the ICM RAS model [39].
The total runoff yields positive inflow values relative to
the climatic value of 1798 km3 per year for the entire
period. An analysis of the results for the runoff into
different water areas of the AO shows appreciable dif�
ferences between inflows into the Kara Sea and eastern
Arctic seas. In the former case, a deficiency in water
input into AO relative to the climatic value of 995 km3

per year is observed (Fig. 5). After that, the runoff val�
ues increase to exceed the climatic values. For rivers
flowing into the Laptev and East Siberian seas, the
runoff exceeds the climatic value for the entire period
(Fig. 6). The runoff here shows a positive linear trend
toward its increase in both cases. This trend is more
pronounced in eastern rivers. The calculated runoffs
were used as data for simulating the dynamics of fresh�
water balance in the Arctic Ocean by a circulation
model.

2. SIMULATION OF HYDROPHYSICAL 
PROCESSES IN THE ARCTIC OCEAN 

AND NORTH ATLANTIC

The problem is solved with the use of a regional
model of the Arctic and North Atlantic developed in
ICMMG SB RAS [36]. The model was developed by
improving and localizing a more recent model of the
World Ocean [40, 41]. It is based on conventional
equations of ocean thermodynamics in curvilinear
orthogonal coordinates with the use of hydrostatic and
Boussinesq approximations. The model utilizes the
method of splitting by physical processes proposed
and developed by G.I. Marchuk [42]. The boundary
conditions on the surface are specified with the use of
a solid lid approximation. In this version of the numer�
ical model, the advection–diffusion operator is split
into two operators describing the advection and diffu�
sion processes separately. The horizontal and vertical
advection is approximated by the QUICKEST numer�
ical scheme proposed in [43]. The parameterization of

vertical turbulence is based on Richardson criterion
and a vertical�mixing procedure with the formation of
a layer of vertically homogeneous distribution of
hydrodynamic characteristics [41]. No salinity resto�
ration is applied on the surface.

The oceanic module is integrated together with the
model of elastic viscous�plastic ice CICE 3.14 [44],
which is a modification of an earlier Hibler’s viscous�
plastic model [45]. The ambient characteristics that
determine the conditions of ice development included
wind velocity, flow velocity of the top oceanic layer,
specific moisture content, surface air density and tem�
perature, incoming shortwave and long�wave radia�
tion, the rate of precipitation in the form of rain and
snow, ocean surface temperature and salinity, and
ocean surface slope. The ice model calculates the fol�
lowing boundary conditions at the ice–water inter�
face: penetrating shortwave radiation; the fluxes of
heat, salt, and freshwater; and the friction stress
between water and ice.

The characteristics of the lower atmosphere,
required to calculate the fluxes of heat and moisture,
wind friction stress, and the descending radiation
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Fig. 1. Mean climatic values of hydrographs for the total
runoff of the Ob and Yenisei rivers. The vertical lines show
the amplitudes of year�to�year variations in measure�
ment data.
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Fig. 2. Climatic values of Lena runoff hydrographs.

200

100

1211109870 654321

km3

Month

Данные измерений Реанализ MERRAMERRA reanalysisMeasurement data

Fig. 3. Climatic values of total runoff hydrographs of east�
ern rivers.
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fluxes, were taken from data in CMIP�5 portal,
obtained using INMCM4 model ICM RAS for sce�
nario experiment RCP 8.5 covering the period from
2006 to 2100 [39]. The initial distributions of the fields
of temperature, salinity, ice thickness, etc., were taken
from the results of previous experiments with this
model [46] for January 1, 2006.

The numerical grid in the North Atlantic coincides
with parallels and meridians with a resolution of 1° × 1°.
At a latitude of 65° N, this grid turns into a grid for the
polar domain, constructed by turning the spherical
coordinate system and reprojecting its hemisphere
onto the domain above 65° N [47]. The horizontal res�
olution of the polar grid varies from 14 to 55 km. In the
vertical direction, the grid consists of 38 levels with a
maximal resolution of 5 m in the top 20�m layer. The
minimal depth at the shelf is 20 m. The position of the

coastal line is approximated with the maximal accu�
racy with horizontal resolution taken into account.

The model domain incorporates the Arctic basin
and the North Atlantic starting from 20° S. Water tem�
perature and salinity near the Gibraltar Strait is calcu�
lated basing on seasonal distributions [48]. The model
takes into account the inflow of 52 major rivers in the
regions, the most important being the equatorial Ama�
zon and Congo rivers, as well as the largest Siberian
Yenisei, Lena, and Ob rivers. Data on the mean sea�
sonal runoff of those rivers were derived from hydro�
logical gauge observations [49]. Moreover, as was
noted, according to estimates [11], the total inflow of
continental waters in the Arctic amounts to about
3200 km3/year (about 0.1 Sv), while the major rivers
discharge as little as 2456 km3/year. Therefore, to
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Fig. 4. Year�to�year variations of the total runoff of Siberian rivers into the AO in the 21st century. The full line shows the linear
trend in runoff; the dashed line shows the climatic value.
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Fig. 5. Total runoff of the Ob and Yenisei into the Kara Sea.

1100

900
800

2100209020802070206020502000

km3

Year
2040203020202010

700

1000

1200

Fig. 6. Total river runoff into the Laptev and East Siberian seas.
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obtain the full runoff, the discharge of all rivers
involved was multiplied by a factor of 1.3.

The boundary conditions on the bed and solid side
boundaries specify zero heat and salt fluxes through
those boundaries. The bottom friction is proportional
to the bottom flow velocity squared; the no�slip condi�
tion is introduced on the side boundaries. The south�
ern boundary at the latitude of 20° S is liquid, implying
free advection when the velocity is directed southward,
i.e., out of the model domain; otherwise, we have
transport from beyond the domain, where the temper�
ature and salinity are determined based on mean
monthly data [48]. The boundary condition at river
mouths specifies zero�salinity water inflow. The
boundary condition for the stream function is assumed
constant along the coastal line with increments when
crossing the Bering Strait or a river mouth, corre�
sponding to the discharge of the strait or the river. The
condition on the southern boundary specifies the dis�
charge compensating for the total inflow of all rivers in
the rest of the domain and water input through the
Bering Strait. The barotropic velocity of water outflow
is assumed constant along the entire boundary, corre�
sponding to a linear distribution of the stream func�
tion. Since the southern boundary of the domain is
inaccessible for ice, no additional conditions are spec�
ified on the liquid boundary. The Bering Strait is
assumed closed for ice motion.

2.1. Numerical Experiments and Results

Two calculations were carried out with the above
regional model to evaluate the future contribution of
year�to�year runoff variations of Siberian rivers. In the
first case, climatic discharge, based on data of [12, 49],
was specified for all rivers in the region of the Arctic
and North Atlantic; in the second case, in addition to
those data, a discharge derived from the results of the
second experiment of river runoff calculation was
specified for Siberian rivers separately. The compari�
son of the results of those two calculations yields an
estimate of the contribution of the year�to�year varia�
tions of the runoff of Siberian rivers to the overall
freshwater balance of the Arctic. A description of those
calculations should begin with the general pattern of
circulation in the Arctic Ocean.

2.2. Characteristic of the General Circulation

The previous experience in simulating circulation
in the 20th century shows that the major features of
this circulation are associated with the atmospheric
effect, which is external with respect to the ocean–ice
system. The specific features of the atmospheric
motion can be expressed in terms of the values of
atmospheric oscillation indices. Commonly, the appli�
cations associated with the Arctic region consider two
indices, i.e., the index of North Atlantic Oscillation
(NAO) and the index of Arctic oscillation (AO). For
the 20th century, both indices were evaluated based on

data of instrumental measurements; however, their
evaluation in the 21th century requires the use of
results of scenario�based calculations. Basing on an
analysis of the pressure field at the sea level from the
ICM RAS model [39] obtained under scenario
RCP 8.5 of IPCC project, the time variations of the
deviation of the pressure difference between the
Azores high and Icelandic low from its mean value
yields a forecast of the time variation of NAO index
(Fig. 7a). In the period of 2006–2100, the index is
generally positive in its first half (up to 2060) with
maximums in periods 2015–2030 and 2040–2060 and
negative in period 2070–2095 with an appreciable
increase in the last 5 years of the 21st century. The AO
index, unlike the NAO index, is not directly associated
with two observation points; it expresses the maximal
difference between the anomalous value of the same
sign near the Northern Pole and anomalous values of
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Fig. 7. Oscillation indices: (a) North Atlantic (NAO) and
(b) Arctic (AO), according to a forecast of ICM RAS
model for 2006–2100 for scenario RCP 8.5, calculated for
December–January–February–March and averaged over
5�year time intervals.
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the opposite sign within the latitude range 37°–45° of
the Northern Hemisphere. The time variations of the
index thus constructed are given in Fig. 7b. Its values
are generally positive in the first half of the 21st cen�
tury and negative in its second part. The correlation
between the NAO and AO indices is about 73%, which
confirms numerous signs of their interchangeability
(see, e.g., [50]).

The response of oceanic circulation to a direct
atmospheric impact can be expressed in terms of
stream function variations. A singular expansion of the
time variations of the vector of state of barotropic

ocean shows that the time variations of the expansion
coefficients for the first four expansion modes corre�
late with the time variations of NAO and AO indices
according to the table, from which it follows that the
first expansion mode is the most sensitive to variations
of the indices. Figure 8a shows the spatial distribution
of the mean value of the stream function over 2006–
2100, and Fig. 8b gives the eigenfunction of the first
mode of singular expansion. The spatial distribution of
the stream function, corresponding to ±90% of the
maximal contribution of the first mode, is given in
Figs. 8c and 8d. The former (Fig. 8c) shows the pattern

–2 0 2 4–4 –0.02 0 0.02 0.04–0.04

–2 0 2 4–4 –2 0 2 4–4

(а) (b)

(c) (d)

Fig. 8. Stream function (Sv): (a) mean for the experiment, (b) the first mode of singular expansion, (c) the sum of the mean for
the experiment and the first mode of singular expansion taken with a coefficient equal to –90% of the maximum for experiment,
(d) sum of the mean for the experiment and the first mode of singular expansion taken with a coefficient equal to +90% of the
maximal for experiment.
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of the stream function corresponding to a period of
positive NAO (AO) index, while the latter (Fig. 8d)
shows that to a period of negative index. The contribu�
tion of the following modes is less than 40% of varia�
tions of the stream function.

When the index is positive, the cyclonic circulation
of Atlantic water dominates only in the Amundsen
basin, and the Lomonosov ridge separates the cyclonic
and anticyclonic circulations in the Arctic. At a nega�
tive index, the domain of cyclonic circulation is con�
centrated in the European part of the Amundsen basin
and within the American part of the Canadian basin
and the Beaufort Sea. At the same time, the Atlantic
water, part of which spread through the Barents Sea
and another part through the Fram Strait and along
the continental slope, does not move along the slope
toward the Laptev Sea but turns aside from the slope
and move toward the Canadian Basin immediately
after the St. Anna trough.

This pattern of circulation is somewhat different
from those we found before in the analysis of variations
in the second half of the 20th century [23, 46]. The
distinction mostly consists in the different character of
circulation at negative atmospheric indices. This is
because, in the case of scenario forcing, the period of
negative indices coincides with a period when there is
no perennial ice, i.e., starting from about 2050, the ice
field becomes seasonal and disappears almost com�
pletely during the summer season. Thus, the atmo�
spheric effect, which in the 20th century manifested
itself through the ice and snow cover, will reach the
ocean directly in the second half of the 21st century.

The second half of the 21st century differs from its
first half also in that the freshwater anomalies that
form here in the first half of the century have different
signs in the first and second calculations in the first
half (plus in the eastern seas and minus in the Kara
Sea), while both anomalies are positive in the second
half of the century.

2.3. Propagation of Freshwater Anomaly

The most rapid changes caused by anomalous run�
off of Siberian rivers propagate with a velocity of baro�
tropic waves [51], which in our case, with a solid�lid
approximation and the representation of barotropic
motions in terms of stream function, implies instanta�
neous propagation. However, the advective propaga�
tion of the anomaly and the consequences it has is the
most interesting.

According to the two schemes of water circulation
in AO, the propagation of a freshwater anomaly can
also take place in two ways. The difference of freshwa�
ter concentration between the second and first calcu�
lation can be expressed in terms of the excess of fresh�
water concentration Δ. This is the thickness of the
freshwater layer that is to be removed for the distribu�
tion of one salinity value to become equivalent to the
distribution of the other. In the case of freshwater defi�
ciency, the value of Δ is negative.

Figure 9a gives an anomaly of 2027, when a phase
of positive circulation indices took place. The export
of deviations of freshwater concentration from the
perturbation region (the Kara and the Laptev seas)

–2 0 2 4–4 –2 0 2 4–4

(а) (b)

Fig. 9. Pattern of propagation of freshwater anomalies: (a) in the period of positive NAO (AO), year of 2027, and (b) in the period
of negative NAO (AO), year of 2073, according to a forecast by ICM RAS model for period 2006–2100, according to scenario
RCP 8.5. The full contours correspond to positive values of the anomaly; the dashed contours correspond to negative values.
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toward the Fram Strait takes place nearly along the
straight line connecting those two regions, because of
transpolar drift and propagates further along the
southern Greenland coast into the Atlantic. In 2073,
the phase of circulation indices was negative, so the
trajectory of freshwater anomalies corresponds to
stream function contour lines for this period (Fig. 9b).

Figure 10a gives the export of Arctic freshwater
through the Bering Strait, the straits of the Canadian
Arctic Archipelago, the Fram Strait, and through the
Barents Sea. The export through the Bering Strait is
negative, thus corresponding to a reverse process, i.e.,
the import of freshened Pacific water. The freshwater
inflow is specified constant, equal to 12.8 km3 per day
with the complete absence of the input of the solid
fraction, i.e., ice. This is because this strait is a bound�
ary of a domain where total inflow with a mean annual
discharge of 0.8 Sv is specified and a rigid boundary
exists for ice. The largest is the export through the
Fram Strait, most of it (about 2/3) being the liquid
fraction. Part of this export returns through the Bar�
ents Sea because of winds and wind currents. The
export through Canadian straits is also mostly in the
form of liquid fraction, since the passage of ice
through narrow straits is limited.

Figure 10b shows the difference between the calcu�
lation results with the use of obtained discharges of
Siberian rivers and the results based on climatic values
of discharges. The positive deviations of discharge in
the Fram Strait, showed in the figure by triangles, take
place in the first years of abrupt changes in atmo�
spheric circulation indices from maximal positive to
negative values. Those bursts are followed by periods
of negative deviations of discharges, shown in the fig�
ure by horizontal strips. Similar deviations occur in
discharges through Canadian straits, though their
amplitude is much less and the period of the negative
anomaly is longer. This implies that, according to the
results of these calculations, the appearance of a posi�
tive anomaly of freshwater export through the Fram
Strait is compensated for by the subsequent negative
anomaly, as well as a deceleration or even reverse of
freshwater export through Canadian straits.

Coefficients of correlation of the time variations of NAO
and AO indices with time variations of the amplitudes of the
first four modes in the singular expansion of the barotrophic
circulation of the Arctic Ocean

Mode NAO AO
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Fig. 10. (a) Mean annual rate of freshwater export from the
Arctic in liquid and solid fraction: the solid line corre�
sponds to the first calculation and the dashed line corre�
spond to the second calculation; (b) the difference
between the second and first calculation. The panels are
arranged in the vertical direction in the following order:
the top panel corresponds to discharges through the Bering
Strait and the next panel corresponds to discharges
through Canadian straits, further are discharges through
the Fram Strait, and the bottom panel is for discharges
through the Barents Sea.
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CONCLUSIONS

The climate changes that have been taking place on
the Earth in the recent decades have the most signifi�
cant effect in the high latitudes of the Northern Hemi�
sphere. To describe such changes is a very complicated
problem, requiring many factors to be taken into
account, including ice formation and melting, the
inflow of Atlantic and Pacific waters, the formation of
deep�sea waters, and northern river runoff.

The developed model of climatic river runoff was
used to carry out experiments for simulating river run�
off based on MERRA reanalysis data and calculations
with the use of ICM RAS model with scenario
RCP 8.5, IPCC Program [39]. The comparison of the
simulated total values of annual hydrograph with data
of measurements at hydrological gauges on Siberian
rivers shows a good agreement in terms of the ampli�
tudes and occurrence phases of spring and summer
floods. While showing common positive trends, the
simulated year�to�year variations in the 21st century
feature considerable differences between inflows into
the Kara Sea and the eastern Arctic seas. The model
runoff increases in accordance with precipitation,
which can be a response to climate changes in Siberia
leading to an increase in the runoff of Siberian rivers in
recent decades. In the 21st century, the inflow into the
Kara Sea up to 2040 is less than the climatic value,
while freshwater inflow into eastern seas is in excess of
the climatic value for the 20st century, leading to a dif�
ference between the anomalies in freshwater distribu�
tion in AO.

An analysis of the results of numerical simulation
of freshwater propagation in the Arctic shows that the
role of freshwater anomalies becomes most significant
in the periods of rapid changes in atmospheric circula�
tion. According to the results obtained with the model
of ICM RAS, such changes take place in 2030, 2042,
2057, and 2070, resulting in an increase in freshwater
export through the Fram Strait with the subsequent
compensating decrease. Similar, albeit much lesser,
changes take place in the freshwater export through
Canadian straits.
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