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Numerical simulation of the North Atlantic — Arctic Ocean
— Bering Sea circulation in the 20th century
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Abstract — A model of the joint circulation of the North Atlantic, the Arctic Ocean, and the Bering
Sea is presented with the resolution of 0.25° in latitude and longitude. The numerical technique of
solving this problem and the organization of numerical experiments are described. Numerical calcu-
lations have been performed using this model for the period of 1958-2006. The results are compared
with observation data and with the results of simulation by other models. Model estimates of the evo-
lution of the Atlantic water incoming into the Arctic basin through the Fram Strait and the Barents
Sea are presented. A positive trend of Atlantic water incoming into the Arctic basin through the Fram
Strait is revealed. The evolution of the fresh water layer thickness in the Beaufort Gyre is considered.
Three periods of increased thickness correlated with increased anticyclonic vorticity are pointed out:
1960s, 1980s, and the period from 1999 until now. The evolution of the anticyclonic vorticity is ahead
of the changes in the fresh water layer thickness by 1.75 years. Long-term positive trends of fresh
water layer thickness and the anticyclonic field vorticity in the Beaufort Gyre have been observed
from the middle of 1970s. This period is characterized by a negative model trend of the ice area in the
Arctic, which corresponds to observation data.

An important issue in the simulation of the global ocean circulation is the reproduc-
tion and analysis of its structure and variability in the Northern Hemisphere. The
joint circulation and interaction of water of the three oceans: Atlantic, Arctic, and
Pacific is significant from the viewpoint of the Earth climate variability.

The inflow of Atlantic water into the Arctic Ocean (AQ) is part of the global
oceanic conveyor linking the oceans by heat, salt, and fresh water transport. Atlantic
water arrives from the North Atlantic (NA), spreads in the area of the Norwegian,
Greenland, and Barents Seas and penetrates into the Arctic basin, where it occupies
the intermediate layer. Atlantic water is an important source of heat and salt in
the Arctic basin. The presence of Atlantic water stimulates mixing, including deep
convection and formation of new water mass. One of the criteria for models of
ocean circulation and sea ice evolufion in the Arctic Ocean is the reproduction of
the Atlantic water spread and its inter-annual and decennial variability [19].

Another criterion 1s the ability to reproduce the characteristics of the upper layer,
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in particular, the change of the fresh water concentration in AQ [2]. The content of
fresh water in AQ changes in the course of years and depends on water exchange
between the oceans, on the water inflow due to the river runoff, on precipitation, and
on ice formation and breakup; this content is distributed over the water area quite
nonuniformly [17]. Such circulation phenomenon as the Beaufort Gyre (BG) plays
a significant role in the fresh water dynamics in AO and accumulates a considerable
mass of such water.

A number of models of ocean circulation and sea ice evolution have been de-
veloped. These models differ in their physical parameterizations, the use of different
vertical coordinates, numerical techniques, etc. Calculations performed with these
models show noticeable distinctions in the reproduction of the ocean and ice cir-
culation structure. The cause of those distinctions and the way of removing them
were not clear, which initiated a special project for comparison of the models of the
AQ (AOMIP). The ultimate goal of this project is to clarify the ability of models
to reproduce seasonal, inter-annual, and decennial changes in the fields of the AQ
and to understand the dependence of a model solution on the variation of boundary
conditions.

Below we describe the mathematical model developed at the Institute of Numer-
ical Mathematics (INM) of the RAS for the reproduction of the joint thermohaline
circulation of the NA and AQO water. The numerical solution technique and also the
statement and results of the numerical experiment are described. The aim of this
work is to represent the penetration of NA water into A(), the propagation of fresh
water over the area of the AQO, and the change of fresh water content in the BG us-
ing this model. The results of calculations are compared with observation data and
simulation results obtained from other models.

1. Mathematical model of the circulation of the
North Atlantic —Arctic Ocean — Barents Sea
in the ¢-system of coordinates

Let us write the equations of the large-scale ocean circulation in the o-system of
coordinates with the normalized depth 6 = (z — {)/(H — ). We have [1, 23]
du Zs
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Here (x,y) is a bipolar orthogonal system of coordinates on a sphere with arbitrary
positions of the polar points, Z is the ordinary vertical coordinate, u,v,w are the
components of the velocity vector, p is the pressure, p is the density deviation from
the given distribution along the vertical direction, p (T +T,8+8, p) is the given
function of the sea water state, " is the deviation of the potential temperature from
the given value T, S is the salinity deviation from the given value S, py is the ref-
erence density, po =~ 1, D,, Dy, Dy, Dg, Rr are the terms describing the turbulent
exchange and the penetrating solar radiation, [ 1s the Coriolis parameter, 7y, r, are
the metric coefficients depending on the choice of the coordinate system, g is the
acceleration of gravity. In addition,

i_i+i%+1%+2% o w— aiz+ﬂaiz+laiz (12)
dt  dt rox 1 dy Zgdo' N dt  rodx 1y dy '

_dZ
°7 do’
Additional notations and definitions including the forms of the state equation and
turbulent exchange operators can be found in [3, 23]. Here are some remarks con-
cerning physical parameterizations and boundary and initial conditions.

We take a bipolar orthogonal system as a new coordinate system instead of the
ordinary geographic one. The poles of the new system are positioned beyond the
calculation domain on the geographic equator at the points with the coordinates
120°W and 60°E.

The horizontal turbulent momentum exchange is described by diffusion opera-
tors of the second and fourth orders for the horizontal velocity components along
the surfaces o =const. Two methods can be used for the parameterization of the
heat and salt turbulent exchange in the model. The first method consists in the ap-
plication of a second-order operator with mixed derivatives [3, 23]. In this case
the exchange is described by a diffusion process along the ‘geopotential’ surfaces
Z =const. The second method consists in the application of the diffusion operator
along the isopycnic surfaces p = const.

The vertical momentum, heat, and salt turbulent exchange is described by a
second-order operator. The vertical turbulence coefficients are calculated according
to the chosen parameterization [15, 16]. The process of deep convection under un-
stable stratification of the potential density is parameterized by the increase in the
vertical exchange coefficients by several orders [3, 23].

Z=H-{)o+{, Z (13)
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If the turbulent exchange (of the momentum, heat, and salt) is described by a
second-order operator, then the boundary conditions for system of equations (1.1)
have the following form.

On the free ocean surface & = {} we have

du 0 v 0

i I e =0, p=7pum (1.4)
Moo o 1)
On the bottom ¢ = 1 we have
R L (16)
oo Poo (L7)

Condition (1.7) describes the absence of heat and salt flow on the bottom. In the
o-system of coordinates it has the form of a skew derivative [23].

The conditions of nonpercolation and the absence of heat and salt flows are
posed on the rigid shore boundary. On the liquid boundary, the values of the velocity,
temperature, and salinity are given.

The initial conditions for (1.1) are the following:

w=u’, v=2" =0 T=71° §=8° (1.8)

2. Numerical method of solving the problem

The numerical solution of problem (1.1}-(1.8) is performed by the method of multi-
component splitting [12, 13, 24]. Let us describe the scheme of splitting with respect
to physical processes we use here.

Suppose we have to solve equations (1.1} in the time interval ¢; < ¢ < £;,1 with
the corresponding boundary conditions.

Divide the operator of system (1.1} into two subsystems: the transport—diffusion
of substances and the adaptation of the flow and density fields. We have

the subsystem of transport—diffusion

du
GE:DHM
dv
ZGE:D,,V 2.1
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Solution of the transport—diffusion subsystem. In order to solve the momen-
tum transport—diffusion equations (the first two equations in (2.1)) we once again
apply the method of splitting. We perform splitting with respect to separate spatial
coordinates. We linearize the transfer operator and represent it in a symmetric form
[23]. The system of split equations in particular coordinates has the following form:

- 2o {g (Zcufryqo) +Zcufryg} —Dyp=0
J7. 1 [a : 0
vFx
dZsp 1] 0

a2
where @ is either u or v. Equations (2.3) with the corresponding boundary conditions
are approximated on a staggered grid proposed by V.I. Lebedev [11]. They are
linearized in the time step mterval ¢; < # <{#;; 1 and are solved by an implicit scheme.
In order to solve the transport—diffusion equations for temperature and salinity
(the last two equations in (2.1)), we apply the method of splitting of another type.
We linearize the problem i the mterval #; < f < ¢#;11 and represent 1ts operator as a
sum of ‘n’ equal parts. For the sake of brevity, assume R = 0. We have

: .
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where ¢ is either 7" or S.

Equations (2.4} are approximated in spatial coordinates on a staggered grid of
V. 1. Lebedev [11] and are solved by an implicit scheme. The splitting scheme of
equations (2.4} is reduced to the solution of the following chain of identical equa-
tions in the interval 7; <7 < #;,1:

0ZsQ dZs¢
a; +(Co—Dy) =0, - a; +(Cp— Do) 9 =0 (2.5)

t
f1=—.
n
It can be seen that each equation of (2.5) is solved in an n-time reduced time interval.
This technique allows us to improve the stability of calculations.

Solution of the subsystem of adaptation of the flow and density fields. We
linearize equations of adaptation of the flow and density fields (2.2) in the interval
t; <t <tjy1. We geta problem for determination of the velocity vector and the sea
level from the known density field. It is solved in the following way [24]. The field
of the horizontal flows is represented there as the mean over the vertical direction
and the deviation from the mean:

1
wu=i+u, v=v+v, a:fadcr. (2.6)
0

Using this decomposition and taking into account that the vertical velocity @ equals
zero on the upper and lower boundaries, system (2.2) can be split into two subsys-
tems. The first subsystem describes the contribution of metric summands

au av

The second one corresponds to the calculation of the flow field from the known
density field

a
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The functions sought for here are the components of the velocity vector u, v,
@ and the sea level {. The sea level { (x,y,¢) is a function not dependent on the
vertical coordinate . This allows us to separate the problem of the calculation of the
level and the mean in the vertical direction velocity components as an independent

module
dai g d{
o T 2 ox
av . g df g 1 [d . d N
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Equations (2.9) with the nonpercolation condition on the rigid boundary are approx-
imated on a staggered grid [11]. An implicit scheme is used in the time direction,

the corresponding system of algebraic equations is solved by a direct algorithm in
terms of (v, ().

3. Statement of numerical experiment

The calculation domain includes the North Atlantic from 20°S (including the Medi-
terranean and Baltic Seas), the Arctic Ocean (A(}), and the north part of the Pacific
QOcean, 1.e., the Bering Sea. In the Pacific Ocean the liquid boundary goes over the
straits of the Aleutian Islands. The model has the spatial resolution of (1/4)° in
the longitude and latitude. This resolution admits the simulation of synoptic ocean
dynamics in mid-latitudes [6].

The ocean bottom topography is taken from the ETOPOS data. The model depth
is bounded by the minimal value of 5 m. The vertical direction is divided into 27
o-levels with a finer resolution in the upper ocean layer. Monthly climatic values of
temperature and salinity are posed on the liquid boundaries from the surface to the
bottom for each integration step according to the data of [22].

The runoff of the main rivers influencing the salinity distribution is taken into
account similar to the precipitation near the river outfalls [7]. In this series of exper-
iments the river runoff into the Arctic Ocean i1s given by the mean annual climatic
value, i.e., by a single value for each river.

The coefficients of large-scale lateral diffusion for temperature and salinity are
taken equal to each other (as the functions of the depth and latitude) in the numer-
ical experiments; their maximal value is equal to 2 x 10° cm?/s and is attained on
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the physical equator; these functions smoothly decrease by half with the depth and
toward higher latitudes. A fourth-order operator is used as the operator of lateral
Viscosity.

The vertical viscosity and diffusion coefficients are chosen according to the pa-
rameterization of Monin-Obukhov [9]. The convective instability is parameterized
by setting the large value of 500 cm?/s for the vertical coefficients of viscosity and
diffusion. The ocean circulation model includes an adapted model of sea ice dy-
namics and thermodynamics [8].

The main purpose of the numerical experiments was to study the ability of the
model to reproduce the structure of mean monthly ocean fields. These are the fields
of temperature, salinity, flow velocity, sea level, and some other characteristics. The
boundary conditions on the ocean surface were posed as the flows of momentum,
heat, and moisture. They were calculated using atmospheric characteristics from the
CORE data. The CORE array was especially prepared for experiments with models
of ocean and ice evolution within the CLIVAR Programme [10]. The array presents
flows of long- and short-wave radiation on the sea level with the discreteness of one
day. The air humidity, pressure, and temperature on the sea level are given with the
discreteness of six hours. The wind velocity components at the level of 10 meters
above the ocean level are also given with the discreteness of six hours. The intensity
of atmospheric precipitation is given with the discreteness of one month. The river
runoff in the CORE array in given by its mean annual climatic value. The wind
friction and the flows of explicit and hidden heat are calculated by bulk-formulas
[10]. The calculation of explicit and hidden heat flows uses the model temperature
of the ocean surface.

In the equations for heat and salt, the total flows of heat and moisture are used as
the boundary condition on the surface. The moisture budget consists of precipitation
minus evaporation. The heat budget is the sum of the radiation budget plus the flows
of the explicit and hidden heat. The radiation budget for short-wave radiation takes
into account ifs penetration power.

The following additional relaxation term is introduced in the calculation of fresh
water flows:

Fr = —y5(So—81)/51 (3.1)

where y5 = 2.0 x 1073 em/s; Sy is the salinity on the first model horizon, Sy is the
given salinity [22].

The experiments with the boundary conditions described above were performed
in two stages. At the first stage, the climatic three-dimensional winter fields of the
ocean temperature and salinity and the state of rest were given as the initial condi-
tions [22]. Then we performed the calculation with the step of one hour for 20 an-
nual cycles with the boundary conditions calculated from the CORE data for 1958.
As the result, a state close to equilibrium was formed for all model characteristics
representing the seasonal course of 1958.

At the second stage, we performed calculations for the period from 1959 to
2006. The fields corresponding to the final calculation step of December 31, 1958
were taken as the initial conditions. The atmosphere forcing was given according
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to the CORE data for the period from 1959 to 2006. The time step at the first and
second stages was equal to one hour.

4. Comparison of results of numerical experiments
with observation data and calculations by other models

Figure 1 shows the circulation field of the Greenland, Norwegian, and Barents Seas
reproduced in the numerical experiment. Figure 2 demonstrates the circulation field
in the Arctic Ocean. The model circulation of the upper layer of the Arctic basin
has such well-known elements as the Transpolar Drift and the anticyclonic Beaufort
Gyre (Fig. 2).

We compared flow fields obtained from our model with circulation fields repro-
duced in the model with a higher resolution 1,/12° » 1/12° x 45 [14]. A high degree
of similarity was observed. There is a correspondence in the structure of the West
Spitsbergen Current and its recirculation in the region of the Fram Strait; of the East

~==] | | [
1 2 3 5 10 15 20 30 35 40 45 50
Figure 1. Current field streamlines averaged for the layer of 0—500 m in period of 2000-2006 in
the Greenland, Norwegian, and Barents Seas. The coordinates are model. The absolute value of the
velocity is shown by the intensity of the background.




170 S. N. Moshonkin, G. V. Alekseev et al.

Mean (2000-2006) depth—averaged 0—30m model velocity (cm/s).
Every second vector is shown for x—direction.
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Figure 2. Current field in the Arctic basin (vectors, averaging in the layer of 0— 30 m for the period of

2000 —2006). The coordinates are model. The absolute value of the velocity is shown by the intensity
of the background.

Greenland and Nordkap Currents; intensive water outflow from the Barents Sea info
the Arctic basin in the region of the St. Anna Trough. A good agreement is observed
in the reproduction of quasistationary large-scale eddies.

Figure 3 shows the transport of Atlantic water between the Spitsbergen and the
Norway (Barents Sea Opening} and through the Fram Strait. The transport of At-
lantic water is characterized by a seasonal process with its maximal values in winter
and spring months (in Fig. 3 the seasonal process is removed). The inter-annual
variability is very high. The long-period quasidecade variability is also visible.

We do not reveal significant long-term trends in the water transport from the
Norwegian Sea into the Barents Sea. The mean Atlantic water transport amount
at the cross-section at 20° E for the period of 1958 — 2006 equals 4.41 Sv (1 Sv=
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Mass Tronsport{Sverdrups} into the Barents Sea
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Figure 3. Evolution of water transport in Sverdrups (1 Sv=10%m?>/s): () from the Norwegian Sea
into the Barents Sea; (b) from the Greenland Sea to the Arctic basin through the Fram Strait. The
annual process is filtered. Horizontal lines indicate the mean and the mean plus/minus MSD for the
period of 1.1958-X11.2006. Fragment (b) shows the transport velocity growth trend in time.
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10° m3/s) (Fig. 3a). This value is close to the estimate presented in [14]. The mean
square deviation of the water transport is equal to 2.27 Sv.

There exist representative observation data for the flow velocity, temperature,
and salinity in the Fram Strait for the period from September 1997 until August
1999 [5]. The comparison of the calculation results with these data shows their qual-
itative and quantitative coincidence. Thus, similar to the data, the barotropic compo-
nent dominates in the West Spitshergen Current, but in the FEast Greenland Current
the baroclinic and barotropic components have comparable magnitdes. The mean
biannual velocity of the West Spitsbergen Current is close to the observation data.
In particular, the velocity on the Spitsbergen continental slope in the layer of 1000—
2000 m reaches 8—10 cm/fs both in the model and in the observation data. In the
core of the East Greenland Current positioned in the layer of 300 m from the sur-
face, the velocities are equal to 7 cm/s according to the observation data and to
11 cm/s according to the model. The time trends of water transport directed north-
ward and southward appear to be cophasal in the model and in the observation. The
main difference of the calculation results from the observation data is registered near
the Greenland continental slope. In this region, the model demonstrates a core of the
near-bottom current from the AQ in the layer of 1 —2 kim with the maximum velocity
of 10-11 em/s. According to the observation data, the velocity here monotonically
decreases with the depth and is about 3 —4 cm/s [5].

A detailed review of the field and model estimates of water transport from the
Greenland Sea into AQ through the Fram Strait region was given in [14]. These
estimates vary within the range of 3—8 Sv. It was emphasized that the recirculation
of the West Spitsbergen Current in the Fram Strait complicates the determination of
the Atlantic water transport into AQO. In order to obtain a model estimate of water
transport just into the Arctic basin, we choose a cross-section near the Spitsbergen,
two degrees to the north from the Fram Strait. A convergence of the currents going
after the recirculation into the Arctic basin is seen here.

Figure 3b shows the time variability of water transport from the Greenland Sea
into AQ) in the region of the Fram Strait after recirculation. Note the big magnitudes
of the Atlantic water transport in 1990s and in the period of 2004 —2006. The mean
transport in the period of 1958 —2006 is 5.16 Sv and the mean square deviation is
3.29 Sv. The well expressed positive trend equal to 0.061 Sv/year (I'ig. 3a) is the
peculiarity representing the evolution of the Atlantic water transport into AQ during
the last half a centry. In average, the transport of Atlantic water into AQ by the
north branch of the West Spitsbergen Current has increased from 1960s to 2000s by
nearly 3 Sv.

5. Evolution of fresh water and vorticity in the Beaufort Gyre

As was said above, one of principal problems of the AO dynamics is the process
of accumulation of fresh water in the Beaufort Gyre (BG). The content of fresh
water in the upper ocean layer from the surface to the isohaline level S = 34.8%,
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Figure 4. Distribution of the fresh water layer thickness in meters (with respect to 34.8 per mille) in
the Arctic basin according to the results of model experiments (mean for years 2000 — 2006).

is calculated in the following way:

h

348—8

where # is the depth (in m) of the isohaline 34.8%p, S is the salinity in %/n.

Figure 4 presents the map of the fresh water layer thickness according to the
model for the period of 2000s. The corresponding map obtained by generalization
of observation data was presented in [2]. A nearly monotone increase of the fresh
water layer thickness from 2 m in the Barents and Kara Seas to 25 m and more in BG
is observed both in the observation data and in the model. The main difference is the
fact that the model essentially overestimates the fresh water thickness in the Laptev
Sea (18- 20 m in the model and 6 — 8 m according to the data of [2]). However, as a
whole, we can point out that the model satisfactory reproduces the spatial structure
of the fresh water content in AQ and BG.

Consider the long-term joint evolution of fresh water and the vorticity of cur-
rents in the central region of the BG. Unfortunately, it is impossible to do that with
observation data. Therefore, we consider the results of processing of the numerical
experiments.
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— fresh water loyer{m), ... rot of currents (10*7 1/s)

24185

1960 1985 1870 1975 1980 1985 1890 1585 2000 2005

Figure 5. Evolution of the fresh water layer thickness for the period of 1958 — 2006 (from the surface
to the depth of ischaline 34.80%; solid line, left axis, meters) and anticyclonic vorticity of the
velocity on the horizon of 10 m (dotted line, right axis, 10_75_1). The characteristics are averaged over
the central part of the Beaufort Gyre. Time scales exceeding five yvears are emphasized by filtration in
realizations. The positive trend (6 cm/year) of the fresh water layer thickness is shown for the period

of 1976 - 2006.

Sea lce Extent , 1979-2006, Septembers

. 1 3 i i : i
1980 1945 1880 1995 2000 2005

Figure 6. Evolution of the total sea ice extent (millions of square km) in September according to
observation data [21] (dashed line) and the model (solid line). Monthly data.
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According to one of hypotheses, the main cause of the fresh water accumulation
in BG is the Ekman wind pumping under the anticyclonic atmospheric forcing [20].
Here we consider the complete current field including the barotropic and baroclinic
wind components. Take a subdomain £} in the central part of the Beaufort Gyre
(10° % 10° in the model coordinates, see Figs. 2 and 4). Calculate the mean with
respect to €2 characteristics of the fresh water content:

Py = é / PydQ (52)
Q
and the mean anticyclonic vorticity of the current field
1 dv  du
W, = — dQ === 53
CDZ Q !wz ? CDZ ax ay ( )

where (u,v) is the velocity vector on the horizon of 10 m.

Figure 5 shows the time variability of the fresh water thickness and the mean
anticyclonic vorticity in the central part of BG. The correlation of these two param-
eters is clearly seen. The function of correlation between the anticyclonic vorticity
of flows and the thickness of the fresh water layer in BG shows that the maximal
and reliable correlation (0.68} is attained when the anticyclonic vorticity outruns
the fresh water content by a year and nine months (1.75 year). Thus, the model re-
produces the positive feedback of the circulation and the fresh water budget in BG
at least during the last fifty years. The intensification of anticyclonic circulation in
BG, including the thermohaline and wind components, leads to the accumulation of
fresh water with the indicated time lag.

The time variability of the Atlantic water transport into AQ), the thickness of
the fresh water layer, and the vorticity of the currents of BG demonstrate the pre-
sence of a quasidecade variability of these characteristics. The results of numerical
experiments show the presence of three periods of increase in the fresh water layer
thickness and the anticyclonic flow vorticity in BG. These are 1960s, 1980s, and the
period from 1999 until now (Fig. 5). Note that the thickness of the fresh water layer
had been growing in BG in the period from 1970s to 2000s according to the model
results (Fig. 5), this was also pointed out in the observation data [2].

A hypothesis was proposed in [4, 18] that the quasidecade changes are self-
oscillations in the ocean-atmosphere system leading to a change of modes in
the dominant anticyclonic and cyclonic atmospheric circulation in the Arctic. The
change of modes is regulated by the evolution of the gradients of dynamic altitudes
and temperatures between the Arctic basin and the Greenland/Norwegian Seas. In
particular, the process is marked by the growth or decrease of the Atlantic water
mflow mto AO [4]. Therefore, 1n order to estimate the mean statistical time scale
of the quasidecade model variability, we calculate the function of the mutual cor-
relation between the Atlantic water inflow through the Fram Strait and the mean
vorticity of currents in the upper layer of BG.
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Ordering the events according to the principle of advancing in time, we get the
following picture. The inflow of Atlantic water outruns the evolution of the vorticity
of currents in the BG by 5.58 vears (the maximal reliable correlation is (.71). Taking
the scale of 9 months (the advance of the North Atlantic oscillation over the Atlantic
water transport) and of 1.75 years (the advance of the anticyclonic vorticity of flows
in BG over the fresh water content in B3}, we can speak about the time scale of
8 vears. The total time scale of such cycle is estimated as 16 years. This estimate
is close to the estimates of the corresponding time scales presented in [4]. Thus,
according to the results of numerical experiments, the dynamic accumulation of
water in BG proceeded for 8 years in average during the last half a century. In the
reverse phase, there was a decrease in the anticyclonic vorticity of flows in BG and
the outflow of fresh water first from BG and then from AQ. This process ought to
be accompanied by the formation of salinity anomalies in the sub-Arctic circulation
in the North Atlantic.

Above we have given the characteristics of the positive trend of the Atlantic
water inflow into AO (Fig. 3b). Similar and reliable trends are revealed for other
characteristics. Thus, according to the results of numerical experiments, positive
trends both of the fresh water thickness layer (Fig. 5) and of the anticyclonic vortic-
ity of flows in BG have been observed from the middle of 197{s until now. Starting
with the second half of 1970s and until now, a steady negative trend of the sea ice
extent in the Arctic and sub-Arctic has been marked according to the data of satellite
observations [21]. Figure 6 demonstrates the ability of the model to reproduce the
total sea ice extent in September. This trend is practically the same in the model and
in the observation data. Note here that the sea ice extent has decreased in the whole
Arctic by 26.6 % and by 63 % for the Siberian seas in the total period of satellite ob-
servations [2]. Thus, the model satisfactory represents the complex of interrelated
events in the time scales of several decades.

Conclusion

Using the numerical model of the INM RAS, we have performed the calculations
of the joint circulation of the Arctic Ocean, North Atlantic, and Bering Sea for the
period from January 1958 to December 2006. A comparison with observation data
was performed demonstrating a satisfactory quality of the model reproduction of
the flows in the Fram Strait, the distribution of the fresh water thickness in 2000s
in the Arctic basin, the time variability of the fresh water thickness in the Beaufort
Gyre, and the contemporary evolution of the ice extent.

An analysis of the Atlantic water inflow into the Arctic Ocean was given. It was
pointed that the positive trend of 0.061 Sv/year is the characteristic of the long-term
evolution of Atlantic water inflow into the Arctic Ocean (during the last half century
through the Fram Strait). The model estimations of the amounts of the Atlantic water
inflow into the Barents Sea and Arctic basin through the Fram Strait are 4.41 £ 2.27
and 5.16 = 3.29, respectively.

The model reproduces the positive feedback of the ocean circulation and the
fresh water content in the BG. The intensification of anticyclonic circulation in BG
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leads to the accumulation of fresh water there with the mean statistical time lag of
1.75 years. Three periods of higher values of the fresh water layer thickness and the
anticyclonic current vorticity in the Beaufort Gyre are pointed out. These are the
periods of 1960s, 1980s, and from 1999 until now. The mean statistical time scale
of the growth and decrease cycles of these interrelated processes is estimated as 16
years, which is close to the existing estimates.

According to the results of numerical experiments, positive trends of the fresh
water layer thickness and of the anticyclonic vorticity of currents in the Beaufort
Gyre have been observed since mid-1970s until now. Starting from the second half
of 1970s and until now, a steady negative trend of the sea ice extent in the Arctic
has been observed according to the observation data and to the model.
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