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ABSTRACT

A numerical simulation of the general circulation of the Arctic Ocean is presented using
Oberhuber’s (1993a) coupled sea ice, mixed layer, isopycnal general circulation model (OPYC).
The model’s novel feature is that the ocean component uses density surfaces as the vertical coor-
dinate. The model domain includes the Arctic Ocean, the Greenland-Iceland-Norwegian (GIN)
Sea, and the North Atlantic Ocean. The horizontal resolution is 1.0° in a spherical coordinate
system that is rotated with respect to geographical coordinates. The vertical is resolved into
eleven isopycnal layers of which the uppermost layer is a turbulent mixed layer. The sea ice is
modelled using the dynamic-thermodynamic model of Oberhuber which incorporates the Hibler
viscous-plastic rheology. A restriction of the coupled model used here is the artificial placement
of solid walls across the Bering Strait and at the equator in the Atlantic Ocean. Monthly
climatological atmospheric forcing is used to spin the model into a cyclo-stationary equilibrium.
Model results are presented and discussed with respect to observational and previous modelling
studies. The simulated water mass properties and circulation are in reasonable agreement with
observations. Based on the simulation results, new circulation patterns are suggested for the deep
flow within the Arctic Ocean. In particular, it is proposed that for the Atlantic layer and deeper
waters there exists a multi-gyre circulation pattern consisting of cyclonic gyres that essentially

follow contours of bottom topography.

1. Introduction

This paper investigates the general circulation of
the Arctic Ocean using the coupled sea ice, mixed
layer, isopycnal ocean general circulation model
(OPYC) developed by Oberhuber (1993a). Recent
research in physical oceanography and climate in
the Arctic has focused on understanding the nature
and variability of the sea-ice cover in the ocean
and also on determining the general circulation of
the subsurface waters (Mysak and Power, 1992;
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Aagaard, 1989). Although simulation results of the
sea-ice and mixed layer are briefly presented here,
this paper focuses on the simulation of the circula-
tion and water-mass properties below the mixed
layer. The reader is referred to Holland et al.
(1995) for a detailed discussion of the mixed-layer
circulation and its sensitivity to model parameters
and parameterizations. Some of the observational
and modelling studies that have been carried out
are briefly reviewed below.

1.1. Observed features

A review of the large-scale physical oceano-
graphy of the Arctic Ocean has been presented by
Carmack (1990). He discusses in detail the bathy-
metry, hydrology, ice cover, water masses, and
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current systems. The most salient features are
highlighted below.

The Arctic Basin (hereafter simply referred to as
the basin) is deep, with an average depth of about
4000 m (Fig. 1a). It consists of two basins, the
Canadian and the Eurasian Basins, which are
separated by the Lomonosov Ridge. The ridge is at
a depth of 1500 m below the surface and extends
across the basin from Siberia to Greenland. In the
data set used to create the basin bathymetry, there
is a slight break in the ridge near the pole (Fig. 1a).
The Arctic communicates with the Atlantic Ocean
via the relatively wide (460 km) and deep (2500 m)
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Fig. 1. The model’s horizontal and vertical space.
(a) Bathymetry (m) of the entire model domain. The
black areas represent land. The coordinates labelled
along the axes are in rotated model coordinates. The thin
lines superimposed on the figure are the geographical
latitudes and longitudes. Contour interval is 400 m.
(b) An example of the model’s vertical Lagrangian coor-
dinate system. See text for details.
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Fram Strait; by contrast, communication with the
Pacific Ocean occurs through the much narrower
(65km) and shallower (45m) Bering Strait.
Exchanges also occur with the Canadian Arctic
Archipelago and the Barents Sea.

The waters entering via Bering Strait are much
fresher (30 psu) than those entering through Fram
Strait (35 psu). Since the typical surface waters of
the Arctic Ocean have a salinity of 32 psu, the
Bering Strait flow contributes substantially to the
freshwater influx to the basin (2000 km3/yr). An
even greater influx of freshwater is produced by the
numerous rivers located along the periphery of
the basin (3500 km?®/yr) (Aagaard and Carmack,
1989).

The net transport of sea water into the basin via
Bering Strait is estimated to be 0.8 Sv (Aagaard
and Carmack, 1989). This is considerably smaller
than the Fram Strait flows which are composed
of an influx of about 7 Sv of warm, saline water
(the West Spitsbergen Current) and an outflow of
about 7 Sv of relatively cool, fresh water (the East
Greenland Current). The water column is con-
sidered to be composed of three main layers: a
cold-fresh surface layer (0 to 200 m depth) which is
influenced by the sea-ice formation and river
runoff, a warm, saline intermediate layer (200 m to
900 m) due to an influx from the Atlantic via the
West Spitsbergen Current, and a deep (900 m to
the bottom) cold, saline layer formed by convec-
tion. The water column in the Canadian basin is
much more stably stratified than in the Eurasian
basin. The salinity distribution in the surface layer
clearly reflects the influx of saline Atlantic water
through Fram Strait. Similarly, the temperature
distribution in the core of the Atlantic layer shows
a tongue of warm water which indicates the
penetration of warm Atlantic water through Fram
Strait.

Inside the basin, the surface flow is believed to
consist of the anticyclonic Beaufort gyre in the
Canadian basin and the transpolar drift stream,
directed towards Fram Strait, in the Eurasian
basin. The flow of sea ice follows this pattern as
well. According to Carmack (1990), the Atlantic
layer flow consists of a cyclonic circulation in each
of the Canadian and Eurasian basins. The deeper
flow is generally believed to be similar to that of
the Atlantic layer. However, recent results inferred
from tracer measurements suggest that the subsur-
face circulation may in fact consist of several
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cyclonic gyres (Rudels et al,, 1993; E. P. Jones
personal communication, 1992).

1.2. Previous modelling results

Galt (1973) carried out the first large-scale
modelling study of the Arctic Ocean. He solved a
barotropic vorticity equation forced by the curl of
the wind stress. The resulting flow consisted of an
anticyclonic Beaufort gyre and a transpolar drift
stream directed towards Fram Strait (Fig. 14).
This was a wind-driven flow which ignored the
thermohaline circulation and the exchange of
water masses through various straits.

Semtner (1976) used a baroclinic ice-free model
which simulated the anticyclonic surface flow of
the Beaufort gyre (Fig. 7). He obtained a stable
stratification characterized by a halocline. The
Eurasian basin received both an intermediate layer
of warm Atlantic water and bottom water from
the west Spitsbergen current, and it exported
surface water of low salinity into an intense east
Greenland current. However, the sense of circula-
tion in the Atlantic layer (Fig. 10) in the central
Arctic was opposite to that inferred from water-
mass properties.

The first coupled sea ice, ocean model was
presented by Hibler and Bryan (1987). Although
they emphasized the sea-ice simulation, some
results were presented for the ocean surface
circulation. The modelled flow showed an anti-
cyclonic Beaufort gyre and a transpolar drift
stream (Fig. 11). Results for the deeper circulation
were not presented since the model was diagnosti-
cally constrained below the surface layer.

Semtner (1987) presented a coupled sea, ice
ocean model in which the diagnostic constraint of
Hibler and Bryan was removed and a simpler ice
rheology was employed. The ocean circulation in
the Canadian basin was anticyclonic at all depths,
but changed to cyclonic in the Eurasian basin
below 200 m. He was able to simulate the inflow
of warm Atlantic water into the Arctic basin
(Fig. 12); however, the spatial distribution of
temperature across the basin did not mimic the
observed pattern.

Further modelling efforts to study the Arctic
Ocean climatology have been carried out using
coupled sea ice, ocean models, e.g., Ranelli and
Hibler (1991), Ries and Hibler (1991), Warn-
Varnas et al. (1991); however, the focus has been
on the sea-ice simulation and not on the ocean

D. M. HOLLAND ET AL.

circulation and water-mass properties. To date,
almost all modelling studies have been based on a
variant of the Bryan—Cox ocean model (Cox,
1984). Part of the motivation for the present work
is the availability of a new ocean general circula-
tion model (OPYC) that has been developed by
Oberhuber (1993a). This new mode! differs from
the Bryan—Cox model in that it uses isopycnal sur-
faces as the vertical coordinate. The vertical coor-
dinate is thus Lagrangian rather than Eulerian.
The flow in the horizontal plane is then naturally
directed along isopycnal surfaces. This new model
is applied to the Arctic basin with the goal of
obtaining an improved simulation of the water
mass and circulation properties, most of which
have not been correctly simulated in previous
studies.

The remainder of this paper is organized as
follows. Section 2 briefly describes the coupled sea
ice, mixed layer, isopycnal ocean model. The
simulation results for the sea-ice, mixed-layer, and
deep-ocean isopycnal-layer models are presented
in Section 3. Section 4 highlights the key results of
the paper.

2. The model

The application of the Oberhuber (1993a)
model in the present work is distinct from that
of Oberhuber (1993b). In that latter paper,
Oberhuber discussed principally the circulation of
the North Atlantic and not that of the Arctic,
which is the focus of this paper. It is worth noting
that the OPYC model has recently been success-
fully applied to a study of the GIN Sea (Aukrust
and Oberhuber, 1994), thus lending some con-
fidence to its application to the Arctic.

The OPYC model consists of three coupled sub-
models. The sea-ice is represented by a dynamic-
thermodynamic model with viscous-plastic rheol-
ogy (Oberhuber et al., 1993), the mixed layer by a
turbulent kinetic energy model (similar to models
due to Niiler and Kraus (1977), and Garwood
etal. (1985)), but with Ekman-depth dependent
dissipation terms), and the deep ocean by an
isopycnal-layer model. The models interact via the
exchange of momentum, mass, heat and salt.
Forcing occurs via the specification of monthly
climatological atmospheric fields, and realistic
topography is employed. The equations describing
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each model are fully described by Oberhuber
(1993a). They are briefly presented here to high-
light the physical processes that are represented.
This section ends by describing the physical layout
of the model.

2.1. Sea ice

For the momentum balance, the ice is con-
sidered to move in a two-dimensional spherical
plane with forcing fields operating on the ice via
simple planetary boundary layers. The nonlinear
inertial terms are neglected. The equation is

duh
é&:vvwvw—fmm—yvr

ph f T (1)

Pi Pi Pi
where u = (u, v) is the horizontal velocity vector, 4
the ice thickness, 4™ the horizontal diffusion coef-
ficient for momentum, f the Coriolis vector, g the
acceleration due to gravity, I" the sea surface
dynamic height, p, the ice density, t, the ice surface
wind stress, t, the ice bottom current stress, and I
the internal ice stress which is based on a viscous-
plastic ice rheology (Hibler, 1979).

The snow-cover thickness s and the ice-cover
thickness 4 are modelled as continuous non-
negative variables. The presence of leads in the
ice is modelled using a variable called the ice com-
pactness g and is defined as the fraction of a grid
cell area covered by ice; the rest of the cell is covered
by open water. The spatial and temporal variations
in snow and ice thickness and ice compactness are
modelled by the continuity equations

gz_v4mﬂwufw+a—&, (2)
oh
5=~V (W) +V A VR Fy+F,, (3)
o9
5=~V (ug)+V A Vg +F,, (4)

where F,, F,, F,, and F, are thermodynamic
forcing or source terms (Oberhuber et al., 1993;
Holland, 1993, for a discussion of these terms).
The numerical diffusion terms for these scalar
equations have the same coefficient 4°.
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2.2. Mixed layer

The sea-ice and deep-ocean models are coupled
through an ocean mixed-layer model. The mixed
layer has vertically uniform velocity, density, tem-
perature and salinity. This uniformity is produced
by both wind-stirring and surface buoyancy fluxes.
The mixed-layer depth is controlled by both local
mixing and the horizontal convergence of mass
and heat. The mixed layer is in fact the uppermost
layer of the deep-ocean model and it always has a
nonzero thickness and a temporally and spatially
varying potential density. This is in contrast to all
deeper layers which may have a zero thickness and
always have a prescribed potential density.

The mixed layer differs from the deeper layers in
that it is directly forced by a surface buoyancy flux
due to heat and freshwater fluxes. As a result, the
mixed layer depth, 4,, changes through the
processes of entrainment and detrainment. The
equation for the entrainment rate w is

wg'h, — w Ri(Au? + Av?) = au’, + bB, (5)
where g’ is the reduced gravity, Ri, the critical
Richardson number, Au? and Av? the square of
the difference in velocity component between the
mixed layer and the layer below it, a and &
weighting coefficients, u,, the friction velocity, and
B the surface buoyancy flux. The first term on the
left hand side of eq. (5) describes the production of
mean potential energy due to the vertical displace-
ment of isopycnals; the second term describes the
production of mean kinetic energy due to vertical
velocity shear. On the right-hand side, the first
term stands for the production of turbulent kinetic
energy due to wind stirring; the second term is the
buoyancy flux which is induced by heat and fresh
water fluxes.

In ice-covered regions, there are modifica-
tions to the mixed-layer entrainment/detrainment
processes (ie., eq.(5)) which are discussed in
Oberhuber (1993a).

2.3. Deep ocean

The representation of the oceanic flow along
isopycnal layers is motivated by the assumed
adiabatic nature of the subsurface ocean. In the
Arctic, isopycnal coordinates are particularly
appropriate because of the high stability of the
water column. The use of isopycnal coordinates
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allows flow to occur naturally along isopycnal sur-
faces. At the same time, the model poses certain
challenges in trying to represent such phenomenon
as the intersection of isopycnal surfaces either with
the sea surface or with the bathymetry, cross-
isopycnal mixing and convection.

As mentioned earlier, the model discretizes the
water column (below the mixed layer) into layers
of prescribed potential density. Both the depth of
a layer beneath the surface and its thickness
vary temporally and spatially due to mass flux
divergence, entrainment, and cross-isopycnal
mixing. A layer is permitted to migrate vertically
up or down, increase or decrease its thickness, and
intersect with the mixed layer or bathymetry.
This freedom of movement allows the model to
optimally represent a highly stratified water
column by having many thin isopycnal layers near
the pycnocline. At the same time, the model can
represent a well mixed water column by a few
relatively thick layers. The benefit of isopycnal
coordinates is that as the water column changes
its stratification either spatially or temporally, the
coordinate system adjusts to adequately represent
it.

Within each layer (of depth 4 say) the mass
flux, the mass content, the heat content, and the
salt content are prognostically computed. The
basic equations are formulated in flux form and
represent conservation equations for the vertically
averaged mass flux (uph), mass content (ph), heat
content (8ph), and salt content (Sph):

O(uph) _
a

— X (uph)+ V- A" V(uph) + Q[ pul +,

—V(u(uph))—h Vp

(6)

@: —V (uph)+Q[p] + RFE+ R (7
%= —V - (u(Oph)) + V - 4° V(Oph)
+Qrop] +CQ, (8)
P
a(?jh) = — V- (u(Sph)) +V - A° V(Sph)
+Q[Sp]+ R, (9)
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where u = (u, v) is the horizontal layer velocity, /4
the thickness, @ the potential temperature, S the
salinity, p the potential density, p the in situ
pressure, f the Coriolis vector, A™ the diffusion
coefficient for momentum, A4° the diffusion coef-
ficient for heat and salt, Q[y] the cross-isopycnal
transfer of a quantity y, t the stress between
neighbouring layers, Q the heat flux into a layer, ¢,
the specific heat capacity, R” ~£* X the fresh water
flux due to precipitation minus evaporation plus
river runoff, and R the fresh water flux due to the
sea ice, ocean coupling.

The omega terms in egs. (6)—(9) are unique to
the isopycnal formulation of the present model.
These terms represents the cross-isopycnal transfer
of quantities due to convection. They also repre-
sent the cross-isopycnal transfer of those quantities
required for the model to maintain its vertical
coordinate system. As an example, if water in a
given layer converges at a grid point, then it may
be that this water mass is too light (heavy) to
remain in its present isopycnal layer. This situation
may arise either due to the real physical process of
cabbeling or due to numerical roundoff errors.
This water is then pumped into the layer above
(below) with an appropriate isopycnal density.
This is fundamentally how an isopycnal model
maintains its coordinate system.

2.4. Model layout

The domain chosen for this study includes the
Arctic Ocean, the Greenland-Iceland-Norwegian
(GIN) Sea, and the North Atlantic. The motiva-
tion for including the North Atlantic is the need to
simulate the influx of warm, saline water into
the GIN Sea from the North Atlantic as well as the
outflow of cold, fresh water from the Arctic. The
model places a solid wall across the southernmost
boundary of the domain, which is located near the
equator at 10°N in the Atlantic Ocean. A realistic
simulation of the interhemispheric thermohaline
circulation is thus not possible as cross-equatorial
flow is a priori blocked. However, a single hemi-
sphere thermohaline circulation is simulated in the
model. Possibly of greater consequence to the
Arctic circulation is the artificial boundary placed
across the Bering Strait; thus the model does not
allow for the inflow of warm, fresh Pacific water
via Bering Strait. The magnitude of the missing
flux is of order 0.8 Sv. The Canadian Arctic

Tellus 48A (1996), 1



INVESTIGATION OF THE CIRCULATION OF THE ARCTIC OCEAN

archipelago is open and does permit the flow of
cold, fresh Arctic Surface water into Baffin Bay.

The model’s bathymetry is obtained by inter-
polating a high resolution (5 min) topographic
data set onto the model’s grid. The main bathy-
metric features of the Arctic basin are identified in
Fig. 1a, ie., the Canadian and Eurasian Basins,
and the Lomonosov Ridge. Since the focus of this
paper is the Arctic, simulation results will focus on
the Arctic portion of the total model domain.

A problem with numerical models written in
spherical coordinates for the Arctic Ocean is the
convergence of the east-west grid spacing near the
North Pole. The non-uniformly varying grid
spacing near the Pole implies artificially reduced
signal-speed (e.g., for transports) when an implicit
numerical technique, as is done here, is employed.
This is overcome by rotating the model coor-
dinates by Fulerian angles such that the model
coordinates converge to a point in Siberia, which is
outside the defined model domain. All figures
presented in this paper indicate the rotated
latitude and rotated longitude coordinates along
their axes.

The model resolves the water column using
eleven vertical layers of prescribed potential den-
sity. An example of the vertical coordinate is
shown in Fig. 1b as a vertical transect running
across the domain from west to east at a rotated
latitude of 61°N (see Fig. la for orientation). The
upper most layer is the first isopycnal layer with a
reference potential density of 1024.07 kg/m*. The
water column beneath this first layer is resolved
using up to ten isopycnal layers with successively
deeper layers having density values of 1024.48,
1024.88, 1025.28, 1025.69, 1026.09, 1026.49,
1026.90, 1027.30, 1027.70, and 1028.11 kg/m>.

The initially prescribed density and thickness of
each layer are obtained via interpolation of the
temperature and salinity data of Levitus (1982).
Densities are computed using the fully nonlinear
UNESCO equation of state. As the model
integrates in time, the layer thicknesses vary in
time and space; however, the densities do not. The
first layer, which is the mixed layer, is allowed to
change its potential density in response to entrain-
ment and surface buoyancy fluxes. At any instant
all layers may be present, or one or more may be
absent as the result of mass flux divergence or of
detrainment from that layer into neighbouring
layers. At a later time, a layer may reappear as the
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result of mass flux convergence or entrainment
into that layer. In this manner the layers both
migrate in the vertical coordinate direction as well
as change their thickness. Where the water column
is highly stratified, more layers are required to
resolve the vertical structure than when the water
column is well mixed. The vertical coordinate
scheme adopted automatically satisfies this
demand.

The model uses spherical coordinates in the
horizontal with a resolution of 1.0° in latitude and
longitude. Since the model coordinates are rotated
by Eulerian angles with respect to geographical
coordinates, the spatial resolution is about 80 km
in the Arctic. Thus, the grid spacing resolves
the flow through Fram and Denmark Straits;
however, the spacing is substantially larger than
the internal Rossby radius (~10km). The
horizontal resolution can be inferred from Fig. 2
which shows the wind stress forcing.

The model is forced using monthly climatologi-
cal fields of wind stress, radiation, air temperature,
humidity, rainfall and cloud cover. These fields are
described by Oberhuber (1988), Wright (1988),
Trenberth et al. (1989), and Legates and Willmott
(1990). The model derives the forcing at a par-
ticular time step by linearly interpolating between
climatological fields of neighbouring months.
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Fig. 2. Observed wind stress (mN/m?) on 1 April.
A large-scale anticyclonic gyre is evident over the Arctic
basin. Also, there is a strong flow directed across the
Eurasian basin towards Fram Strait.
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The model is spun up using a multi-grid
approach in an effort to minimize computational
cost. The model is integrated on a 2.0° latitude/
longitude grid for a period of 50 years using the
Levitus (1982) data as initial conditions. The
model resolution is then increased to a 1.0°
latitude/longitude grid for a final integration of an
additional 20 years. This is an adequate time for
the sea-ice and mixed-layer models to reach an
equilibrium; however, the deep-ocean circulation
almost certainly is not in complete equilibrium
after such a short period, that is, there may still be
a residual drift in the properties of the deeper
waters. One simulated year requires two hours of
CPU time on a Cray-YMP; consequently, integra-
tions for thousands of years are not feasible.

The salinity structure of the surface waters is the
result of the processes of advection, diffusion,
vertical mixing, ice growth/melt, precipitation
(generally snow), evaporation, and river runoff.
These terms can be identified on the right-hand-
side of egs. (7) and (9). For the Arctic, the ice
growth/melt contribution is prognostically com-
puted from the sea-ice model; however, the river
runoff is diagnostically specified using the nine
Arctic rivers as described in Aagaard and Carmack
(1989, their Fig. 3). The river inflow is specified in
such a way that the vast majority of the river
water enters the Arctic during the summer. The
precipitation is handled in such a way that snow
(diagnostically) falls on the ice, is then transported
by the ice, and finally melts when the ice melts or
the surface energy budget forces it to melt
(summer). The current state of ocean modelling is
such that it is necessary to add a relaxation term
(towards the observed salinity) in order to achieve
an accurate simulation. The relaxation to the
observed monthly salinity field corrects for errors
in the model’s treatment of advection, diffusion,
vertical mixing, ice growth/melt, precipitation,
evaporation and river runoff. The time constant
with which the actual salinity relaxes to the
observed salinity is one month.

The model, as adapted for this study, ignores the
inflow of mass and momentum from the Bering
Strait. However, in terms of salt transport, the
effect of the Bering Strait is in essence modelled
because we relax the surface salinity to the
observed salinity. This results in a realistic sea
surface salinity field near Bering Strait.

The temperature is not directly relaxed to the
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observed ocean values; instead, sea surface tem-
perature is essentially relaxed to an apparent sur-
face temperature that is obtained from a complete
surface energy balance that includes longwave,
shortwave, sensible and latent heat terms (see
Oberhuber, 1993a, for details).

Prior to analyzing the model’s simulation of the
general circulation, it must be established that the
model has reached a cyclo-stationary equilibrium.
Time-depth diagrams of temperature and salinity
for the 20 years of integration performed on the
1.0° grid are constructed for locations in both the
central Canadian and Eurasian Basins. As men-
tioned above, the model is first integrated on a 2.0°
grid, starting from Levitus data, for 50 years. The
time-depth diagrams (not shown) for temperature
and salinity indicate that the model is not satisfied
with the Levitus data and evolves substantially
away from these during the initial 50 year integra-
tion period. At the end of the 50 year period, the
deeper (below 1000 m) temperature and salinity
fields are still evolving. At 50 years, the model grid
is then switched to a 1.0° grid and integrated, start-
ing from the model state at the end of the 50 years
on the 2.0° grid, for an additional 20 years (see
Fig. 3). During this final 20 year period, the deeper
temperature and salinity do tend towards equi-
librium values, although there is a small drift at
depth.

It is apparent (Fig. 3a, b) that the temperature
of the Atlantic Layer (i.e., between 300 and 900 m
depth) is too warm (by about 1.0°C) in both the
Canadian and Eurasian Basins. Apparently, the
model does not at present have the correct process
that in allows the Atlantic Layer to lose heat suf-
ficient heat. The most likely improvement to the
model will come in the treatment of convection
processes on the continental shelf that would allow
the detrainment of cold, saline shelf water out of
the mixed layer and down into the Atlantic layer.
Although the temperature of the Atlantic layer
water is too high, it is encouraging to see the
Atlantic layer water occurring at approximately
the correct depth interval (i.e., 300 to 900 m) as
well as the fact that it is simulated to be thinner in
the Canadian basin (Fig. 3a) than in the Eurasian
basin (Fig. 3b). A previous model run had used
nine isopycnal layers and simulated the Atlantic
layer at a depth too far down in the water column.
The depth-time diagram for the Canadian basin
(Fig. 3a) shows that equilibrium is reached after
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Fig. 3. Time-depth diagrams of both temperature and salinity for points both in the Canadian and Eurasian basins.
(a) Time-depth diagram of temperature for a location in the central Canadian basin (rotated latitude 28° W, rotated
longitude 57°N, refer to Fig. 1a for orientation). (b) As for (a) except for a location in the central Eurasian basin
(rotated latitude 8°E, rotated longitude 55°N). (¢) Time-depth diagram of salinity for a location in the central
Canadian basin (rotated latitude 28°W, rotated longitude 55°N). (d) As for (c) except for a location in the central
Eurasian basin (rotated latitude 8°E, rotated longitude 55°N). Contour interval for temperature is 0.50 and the units

are °C; contour interval for salinity is 0.50 and the units are psu.

about 15 years of the 1.0° run; by contrast the
Eurasian basin (Fig. 3b) reaches equilibrium after
about 10 years. This is to be expected as the source
for the Atlantic layer water (ie., Fram Strait) is
geographically closer to the Eurasian basin.

The time-depth diagrams for salinity (Fig. 3c, d)
show that equilibrium in salinity is also established
after 20 years of the 1.0° run. The variations in
salinity are confined to the upper 500 m of the
water column. The pycnocline in the Canadian
basin (Fig. 3¢) is much stronger than in the
Eurasian basin (Fig. 3d) as is indeed observed in
reality (Carmack, 1990). In the simulation, the sur-
face salinity is relaxed to the observed salinity of
Levitus (1982), thus it is not surprising that the
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stratification is stronger in the Canadian basin
compared to the Eurasian.

3. Simulation results

The purpose of this section is to give a snapshot
of the model’s simulation of the sea-ice and ocean
circulation of the Arctic Ocean. Results are
generally only shown for one particular day, i.e., 1
April, this being representative of conditions at the
end of winter. The sea-ice and the mixed-layer do
undergo considerable variation over an annual
cycle, and these seasonal variations are discussed
in related studies by Holland et al. (1993, 1995)
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and Oberhuber et al. (1993). Here we focus on the
deeper circulation, which is quite steady.

3.1. Sea ice

The sea-ice velocity field (Fig. 4a) and thickness
field (Fig. 4b) represent reasonable simulations as
compared to observations. The sea-ice module of
OPYC has recently been modified. In particular,
improvements have been made in the treatment of
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Fig. 4. (a) Sea-ice velocity (cm/s) for 1 April. (b) Sea-ice
thickness (m) for 1 April. A surrogate for the ice-edge
position is given by the 0.4 m thickness contour. Contour
interval is 0.4 m.
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the important sea-ice rheology terms. Essentially,
these terms are now treated implicitly in a single
step; previously a two-step predictor-corrector
technique was employed. The result is that the
new formulation can use more realistic values for
certain ice rheology parameters than was possible
earlier; the strength parameter used is P*=
30,000 N/m?, while the minimum strain rate used
is £, =10"% s~!. This modified code is being used
in the simulations presented in this paper.

The velocity field of Fig. 4a indicates a large
anticyclonic gyre which spans the entire Arctic
basin; this is in agreement with observations by
Colony et al. (1991). This sea-ice circulation pat-
tern mimics the pattern of the wind stress (Fig. 2)
used to force the model. Thus, the winds are
evidently dominating the sea-ice motion. The ice
exits the basin at a relatively high-speed (ie.,
10 cm/s) flow southward through Fram Strait. The
thickness field of Fig. 4b indicates that the thickest
ice occurs along the northern coast of Greenland
and along the Canadian Arctic archipelago, which
is consistent with what is observed (Bourke and
Garrett, 1987).

3.2. Mixed layer

The sea-surface velocity pattern is representative
of the subtropical and subpolar gyres in the North
Atlantic (not shown). The dominant northward
currents are the Gulf Stream and its extension as
the North Atlantic current, which ultimately
becomes the Norwegian Sea current. The domi-
nant southward currents are the east Greenland
current and the Labrador current. Fig. 5 shows
that there is a flow from the Western Arctic, into
the Canadian Arctic archipelago, and on into
Baffin Bay. In the Arctic basin, the dominant flow
feature is a large anticylonic gyre whose northern
branch extends from the Bering Strait along the
continental shelf break of the Chukchi and East
Siberian Seas. Part of the flow turns right and
flows parallel to the Lomonosov Ridge as the
Transpolar Drift Stream, and finally exits the
Arctic basin through Fram Strait. Another part of
this flow continues along the continental shelf
break in the East Siberian Sea and into the Laptev
Sea where it then follows the continental shelf
break of the Barents Sea until it finally makes its
way towards Fram Strait.

In the lower left-hand part of Fig. 5, the general
southward flow of water from the Arctic basin into

Tellus 48A (1996), 1
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Fig. 5. Sea-surface velocity (cm/s) for 1 April.

the Archipelago (and ultimately into Baffin Bay)
can be seen. Near the 20°W and 60°N (rotated
coordinates) there is an anticyclonic gyre posi-
tioned over the Beaufort Sea. Furthermore, the
gyre is not symmetric in shape, but is intensified
towards the southwest (ie., towards the Bering
Strait). The dynamic height distribution of
Coachman and Aagaard (1974) shows that it is in
the southwestern Beaufort Sea (i.e., towards the
direction of the Bering Strait) that the strongest
gradient in the dynamic height occurs. From
geostrophy, this is equivalent to saying that the
largest velocities should occur in that part of the
gyre, and indeed, the currents simulated in Fig. 5
reach maximum values in the southwestern part of
the gyre. The maximum velocities in the gyre reach
magnitudes of only 3 cm/s, which are in agreement
with estimates from the dynamic height field as
well as measurements taken with current meters
during the AIDJEX experiment (Newton and
Coachman, 1973).

To date, simulations of the surface circulation in
the Arctic have shown that it exactly mimics that
of the ice motion (e.g., see Fig. 11a of Hibler and
Bryan, 1987). In using OPYC with a coarse resolu-
tion (ie., a 2.0° spacing), similar results are
obtained as in Hibler and Bryan (1987). That is,
the surface circulation basically consists of one
large anticyclonic gyre that spans the Arctic basin
(Holland et al. 1995). However, even at the modest
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1.0° resolution employed in this study, the mixed-
layer velocity pattern (Fig. 5) deviates significantly
from that of the sea-ice velocity (Fig.4a). This
single gyre concept for the surface circulation
(which exactly mimics the flow of the sea-ice) is
inconsistent with the observed dynamic height
field, which suggests that there is a distinct anti-
cyclonic gyre located only over the Beaufort Sea
(ie., not over the entire Canadian basin).

An important validation of the model’s simu-
lation of the surface currents is obtained by
examining the surface currents in the vicinity of
Fram Strait where the circulation is reasonably well
observed. The bottom right-hand corner of Fig. 5
shows that the northward flowing Norwegian
current splits into two branches as it meets the
Barents Sea continental shelf break. One branch
flows eastward into the Barents Sea, along the
coast of the Barents Sea, then along the western
coast of Novaya Zemlya, and finally into the
Eurasian basin via the St. Anna Trough. The
second branch of the Norwegian current flows
towards Spitsbergen and joins up with the cyclonic
Greenland Sea gyre. The surface flow through
Fram Strait is southward and forms the East
Greenland current, which itself appears to be
intensified along the break of the east Greenland
shelf. Consistent with the sea-surface velocity field
is the sea-surface elevation field (Fig. 6). There is
an elevation of about 60 cm over the Gulf Stream
(not shown), and a sea-surface depression of about
55 cm in the GIN Sea. Over the Arctic basin, the
sea-surface elevation implies the existence of an
anticyclonic flow there. This is consistent with
Fig. 5 because the sea-surface elevation reflects
the pressure gradient which is forcing the mixed-
layer flow. By contrast, dynamic heights do
not absolutely specify the surface flow. Thus,
the observed dynamic heights (Coachman and
Aagaard, 1974) gives the flow at the surface
relative to the flow at 1200 db. Since sea-surface
elevation has never been accurately measured over
the Arctic, one cannot use the dynamic heights to
determine the surface circulation with absolute
certainty. With this caveat in mind, we note that
Fig. 6 gives a relative change of sea surface eleva-
tion of about 50 cm from the centre of the Beaufort
gyre to Fram Strait. This relative change in sea-
surface elevation is in agreement with the relative
change in the observed dynamic heights between
the same two locations (Coachman and Aagaard,
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Fig. 6. Sea-surface elevation (cm) for 1 April. The
highest elevation actually occurs over the Gulf Stream
and is not shown in this limited domain figure. The
lowest occurs in the Norwegian Sea (—55 cm) while over
the Canadian basin there is a slight elevation ( +5 cm) in
the sea surface. Contour interval is 4 cm.

1974). Again, the accuracy of this comparison of
relative changes in observed dynamic heights and
modelled sea-surface elevation is valid only if there
exists a level of no motion at 1200 db.

The mixed-layer depth distribution in the Arctic
(Fig. 7) shows that the greatest depths occur
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Fig. 7. Mixed-layer depths (m) for 1 April. The mixed-
layer depth is greatest in the GIN Seas. In the Arctic, the
greatest mixed-layer depths occur in the Barents Sea, the
Laptev Sea, and the vicinity of the Bering Strait passage.
Contour interval is 9 m.
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in the GIN Sea and along the border between
the Barents Sea and the Norwegian Sea. It was
anticipated that the greatest values in the model
should occur in the Greenland Sea since it is there
that the greatest convective overturning takes
place in reality. It is noted that the mixed-layer
depth is extremely shallow everywhere else in the
Arctic, except for a nominal deepening in the
Laptev Sea and in the vicinity of the Bering Strait.

Associated with the mixed-layer depth distribu-
tion is the pattern of surface convection (Fig. 8).In
the domain shown, the convection in the GIN Sea
is the most intense (i.e., 130 m). There is also
substantial convection occurring in the Barents
Sea (i.e., >100 m). The convective waters formed
on the shallow continental shelf of the Barents Sea
may channel into the waters of the Eurasian basin
via the St. Anna Trough and thus play a role in the
formation of the subsurface waters (Coachman,
1962). It is also noted from Fig. 8 that convection
occurs in the vicinity of the Bering Strait and in the
Chukchi Sea, where sea ice is continually being
formed and advected offshore. Consequently, this
region may be an important contributor to the
ventilation of the deeper waters in the Canadian
basin. By contrast, convection does not occur over
the Siberian shelves in this simulation as the water
column is far too stable in that region. The convec-
tion in the vicinity of the North Pole is believed to
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Fig. 8. Average depth of surface convection (m) for the
month of March. The dominant area for convection in
the Arctic basin is along the Barents Sea; however, some
convection also occurs in the Beaufort, Chukchi and
Laptev Seas. Contour interval is 10 m.
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be an artifact of the surface salinity field used to
force the model. The Levitus (1982) salinity data
are generated on a Mercator grid and are in
general not filtered to remove distortions that
occur for values near the pole.

3.3. North—south transports

The exchange of ocean mass between the Arctic
Ocean and the North Atlantic occurs in this model
through three passages, namely, the Canadian
Arctic Archipelago, Fram Strait, and the Barents
Sea. We monitored the seasonal cycle of the
exchange of ocean mass through these passages by
taking transects across them throughout the
seasonal cycle (Fig.9a). The Arctic has a loss
of about 0.7 Sv through the Canadian Arctic
Archipelago, and a bigger loss of about 1.7 Sv
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Fig. 9. (a) Ocean throughflows (Sv) in the Canadian
Arctic Archipelago, the Fram Strait and the Barents Sea.
(b) Ice throughflows (Sv) in the Canadian Arctic
Archipelago, the Fram Strait and the Barents Sea.
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through Fram Strait. At the same time the Arctic
gains about 2.5 Sv through the Barents Sea. Thus
there is rough balance of mass for this domain.
There is some seasonal variation in the Barents
Sea and Fram Strait flows, but not in the outflow
of the Canadian Arctic Archipelago.

Analogous to the exchange of ocean mass, the
exchange of ice mass (Fig. 9b) was also monitored
across the three passages that connect the Arctic
with the rest of the model domain. The Canadian
Arctic Archipelago shows an outflow with an
average of 0.5 Sv, Fram Strait shows an outflow of
average 1.1 Sv, and the Barents Sea shows an
export of only 0.1 Sv. The seasonal cycle of outflow
through the Canadian Arctic Archipelago is such
that it peaks during summer, which is presumably
because the ice has a greater freedom to flow
during summer than in winter. By contrast, the
outflow through Fram Strait is largest in winter.

3.4. Atlantic layer

Warm, saline Atlantic water penetrates into the
Arctic Ocean via Fram Strait. This water is heavier
than the surface Arctic waters and subducts as it
travels north of Fram Strait, where it occupies the
water column between 300 and 900 m below the
surface. The simulation of the velocities, tem-
peratures and salinities at the 500 m level are
shown in Fig. 10. The velocity pattern at 500 m
depth indicates that the waters at that depth are
basically constrained to follow the bathymetry (see
Fig. 1a). The modelled circulation in Fig. 10a con-
sists of two cyclonic gyres which simply mimic the
pattern of ocean subbasins (again, see Fig. la).
The flow in the Eurasian basin consists of a large
single-cell cyclonic gyre. Near the continental shelf
break of the Laptev Sea, the Eurasian basin water
is seen to flow on into the Canadian basin by flow-
ing over the Lomonosov ridge. This circulation
can be compared with the circulation inferred from
temperature and salinity measurements which
shows only a single basin-wide gyre. The modelled
circulation pattern of a separate cyclonic gyre for
each the Eurasian and Canadian basin is sup-
ported by observations taken during the Oden 91
North Pole Expedition (E. P. Jones, Bedford Insti-
tute of Oceanography, personal communication,
1992). During that expedition the concentration of
various chemical tracers were measured at various
locations over the Eurasian basin.

The modelled fields of temperature (Fig. 10b)
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Fig. 10. (a) Velocity {cm/s) at 500 m depth on 1 April.
(b) Temperature (°C) at 500m depth on 1 April

Contour interval is 0.1°C. (c) Salinity (psu) at 500 m
depth on 1 April. Contour interval is 0.030 psu.
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and salinity (10c) show patterns that are consistent
with the circulation pattern (Fig. 10a). The tem-
perature field shows the warm, saline Atlantic
water entering via Fram Strait. The temperature
decreases as the water circulates cyclonically in the
Eurasian basin. In this simulation, the warmest
Atlantic layer waters are confined to the region of
the continental shelf break of the Barents Sea (i.e.,
the Atlantic layer waters flow with the shelf break
on their right hand side as they enter and circulate
around the Furasian basin). The simulated
temperature is different from Semtner (1987, his
Fig. 12) principally because although his Eurasian
basin circulation had a cyclonic sense of flow as in
the present study, his Canadian basin had a flow in
the opposite sense to the cyclonic flow presented
here. This difference in flow patterns explains the
difference in the present study compared to that of
Semtner (1987) in the simulation of the Atlantic
layer waters as they are brought into the Arctic
and circulated about.

A pool of relatively cold water is located in the
centre of the Eurasian basin and another in the
centre of the Canadian basin. The explanation for
this pattern is believed to be due to the advec-
tion of the warm Atlantic water which occurs
predominantly along the periphery of a basin. The
temperature field (Fig. 10b) is credible in its spatial
structure; however, the temperatures are too warm
in the Canadian basin by about 1.0°C. Possible
explanations for this excess heat have been dis-
cussed in Section 2.4.

The salinity pattern at 500 m depth shows the
gradual freshening of the Atlantic layer water as it
moves cyclonically from Fram Strait (34.83 psu)
around the Eurasian basin and into the Canadian
basin. In the centre of the Canadian basin there is
a pool of relatively fresh water (34.57 psu). The
nature of the equation of state for sea water is such
that, at the low temperatures found throughout
the Arctic basin, the density is completely con-
trolled by the salinity. Consequently, Fig. 10c is in
essence a horizontal slice of the isopycnals. Since
the salinity shows low values in the centre of the
Canada basin and the Eurasian basin, we can con-
clude that the isopycnal surfaces in each of these
basins has a concave (facing upward) shape. This
in turn implies a convex shape for the dynamic
height at the surface of each of the basins, which is
certainly in agreement with the observations, at
least in the Beaufort Sea.

Tellus 48A (1996), 1
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3.5. Deep layer

Below the top 500 m, the Arctic Ocean has little
stratification. Consequently, the ocean response is
expected to be basically barotropic in the deep
ocean. The model simulations of velocity, tem-
perature and salinity (Fig. 11) indicate patterns
similar to that at 500 m (see Fig. 10). In the
Eurasian basin the circulation has now become
more complex, essentially because of the topo-
graphic impact of the Nansen-Gakel ridge (which
subdivides the Eurasian basin into two subbasins).
In the Canadian basin there is a single cyclonic
flow comsisting of a relatively fast and narrow
equatorward flow and a broader and slower return
flow towards the North Pole. There were measure-
ments of the deep circulation in the Canadian
basin taken by Hunkins et al. (1969). They used a
photographic nephelometer to infer currents from
light scattering. Their observations suggested a
cyclonic deep circulation in the Canadian basin
with speeds of 4 to 6 cm/s, with the currents
primarily confined to the sloping margins of the
basin. Furthermore, this pattern of deep circula-
tion in the Canadian basin is in agreement with
ideas and experiments on deep circulation with a
concentrated source and distributed surface sink
(Stommel et al., 1958).

The deep temperature (Fig. 11b) and salinity
(Fig. 11c) fields show similar horizontal structure,
in that they have patterns which mimic the
bathymetry beneath them, in both the Canadian
and Eurasian basins. The horizontal variations in
temperature and salinity at a depth of 2500 m are
such that there is relatively warm, fresh water in
the centre of these basins relative to the colder,
saltier water found around the periphery of the
basins.

Of concern, with regards to the temperature and
salinity patterns of Figs. 11b, c, is that the patterns
are more or less terrain-following. This may be
partly due to the interpolations scheme in going
from the model’s Lagrangian coordinates to the
Eulerian coordinates of Figs. 11b, c. Also of con-
cern is that the model’s vertical resolution (see
Fig. 1b) is poor for the deep waters. This will
be improved in future work by using a higher
resolution.

3.6. Two-dimensional transects
An alternate view of the simulated fields of tem-
perature and salinity is offered by taking two-
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Fig. 11. (a) Velocity (cm/s) at 2500 m depth on 1 April.
(b) Temperature (°C) at 2500 m depth on 1 April
Contour interval is 0.10°C. (c) Salinity (psu) field at
2500 m depth on 1 April. Contour interval is 0.010 psu.
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Fig. 12. (a) North—south transect (rotated coordinates)
showing the distributions of temperature (°C) on 1 April.
The black area represents ocean bottom topography.
The transect is taken at a rotated longitude of 7°W (refer
to Fig. 1a for orientation). Contour interval is 0.30°C.
(b) As in figure (a) but showing the distributions of
salinity (psu) on 1 April. Contour interval is 0.200 psu.

dimensional transects of the model output. All the
geographical headings referenced below refer to
that of the model domain coordinates (which are
rotated with respect to geographical coordinates).
The rotated model domain coordinates are
labelled along the axes of all plots. First, from a
vertical slice in a rotated north-south direction
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positioned at 7°W (see Fig. la for orientation),
one can see how the warm, saline Atlantic layer
water has positioned itself at an average depth of
about 500 m, and that it is warmest near 65°N,
which is consistent with the advection of the Atlan-
tic layer water from the Eurasian basin into the
Canadian basin along the Siberian shelf. Secondly,
from a vertical slice in a rotated east-west direc-
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Fig. 13. (a) East-west transect (rotated coordinates)
showing the distribution of temperature (°C) on 1 April.
The black area represents ocean bottom topography.
The transect is taken at a rotated latitude of 61°N (refer
to Fig. 1a for orientation). Contour interval is 0.30°C.
(b) As in figure (a) but showing the distribution of
salinity (psu) on 1 April. Contour interval is 0.200 psu.
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tion positioned at 61°N (again, see Fig. la for
orientation), one can see that the warmest and
saltiest of the Atlantic layer water has spread all
the way into the Canadian basin (see Fig. 13).

3.7. Barotropic stream function

The barotropic stream function represents the
vertically averaged flow. This stream function
indicates anticyclonic flow for the subtropical gyre
(not shown) and cyclonic flow (up to 15 Sv) for the
GIN Sea (Fig. 14). For the Arctic basin, the depth
averaged transport is cyclonic for both the
Canadian and Eurasian basins (Fig. 14), it being
more intense for the Eurasian basin (10 Sv) than
for the Canadian basin (6 Sv). In this model
simulation, the generally anticyclonic transport
of the surface waters in the Canadian basin
is dominated by the cyclonic deeper transports
producing an overall net cyclonic transport in that
basin. This is exactly opposite to the results of
Hibler and Bryan (1987) and Semtner (1987).

In the past many have believed that the depth-
averaged flow over the Canadian basin is generally
of an anticyclonic sense, consistent with it being
forced by the wind (via the ice). Indeed, the wind
stress curl into the Canadian basin is anticyclonic
(as evident from Fig. 3). The surface waters of the
Canadian basin, as simulated in this study (Fig. 5),
also have an anticyclonic flow; however, the
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Fig. 14. Barotropic stream function (Sv) on 1 January.
Contour interval is 1 Sv.
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deeper waters have a cyclonic sense (Fig. 11a). In
this model, the deeper cyclonic waters have a
greater net transport than the upper anticyclonic
waters. As the pycnocline occurs at a relatively
shallow depth of about 300 m over the Canadian
basin, it is possible that the slower, deeper cyclonic
flow dominates the net transport simply because it
has a much greater depth over which it flows com-
pared to the faster moving but relatively thinner
water column above the pycnocline.

It is possible that the Canadian basin has a net
cyclonic flow despite the fact that the surface
forcing imparts an anticylonic torque on the water
column. This apparent inconsistency between the
sense of the surface forcing field (the wind being
anticyclonic) and that of the total response field
(the vertically-averaged ocean going cyclonic) may
be resolved if one considers the role of the haline
driven circulation. Generally, the water of the GIN
Sea is more saline than that of the Arctic. This den-
ser GIN Sea water thus flows into the Arctic and
flushes the Arctic water back out into the GIN Sea.
Under geostrophic balance, it would be plausible
for the GIN sea water to flow into the Arctic in
such a manner that it flows in a cyclonic sense, that
is with the continental shelves on its right. This
conceptual picture of the Furasian and Canadian
basin flows being driven by the denser water of the
GIN Sea is at least consistent with the Eurasian
basin having a stronger flow (—10 Sv, Fig. 14)
than that of the Canadian basin ( —6 Sv, Fig. 14).
If the basic forcing for the flow in the Arctic comes
from the density contrast between the various
basins, then certainly the Eurasian basin is subject
to a greater forcing than that of the Canadian
basin. The above mechanism is speculative, but its
outline does serve to highlight a profitable area for
future research. A rigorous answer will require a
diagnostic analysis of the various torques on the
water column and that is beyond the scope of this
preliminary investigation.

The picture suggested is that the Arctic is a
haline driven ocean and that the wind forcing is
only of secondary importance. To better under-
stand what drives the flow, a complete diagnostic
budget was performed on all the terms of eq. (6)
for the momentum balance. Of all the terms in
eq. (6), the pressure gradient term is the dominant
one. Of course, the Coriolis term is roughly equal
in magnitude (and opposite in sign) to the pressure
term, but it is just a response to forcing and does
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not force motion of its own accord. Referring back
to Fig. 1b, which shows an example of the model’s
vertical coordinate system at a particular instant in
time, one can see the location of the mixed layer
(1st layer) and the bottom layer (11th layer). The
pressure gradient term for the mixed layer
(Fig. 15a) and the bottom layer (Fig. 15b) shows
that the pressure gradient points everywhere
towards the centre of the GIN Sea in both the

T T
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Fig. 15. (a) Diagnosed pressure gradient term of the
momentum equation for the mixed-layer (Ist layer) of
the isopycnal model. (b) As in (a) but for the bottom-
layer (11th layer) of the isopycnal model.
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mixed layer and the bottom layer. By contrast the
pressure gradient over the Canadian basin
switches its sense when going from the mixed layer
to the bottom layer.The pressure gradient patterns
(which drive the motion) are then consistent with
the GIN Sea not having a strong pycnocline and
not being able to reverse its flow sense with depth
(i.e., no baroclinicity ) whereas the Canadian basin
has a strong pycnocline and has the ability
to change its flow pattern with depth (ie., baro-
clinicity). The pressure gradient fields of Fig. 15
exist in this model because of the salinity. In a
sensitivity experiment (Holland et al, 1995) in
which the wind-driven component of the flow was
eliminated (by turning off the wind stress), the
barotropic’ stream function (Fig. 14) was not
greatly affected in the Arctic. To reiterate, the
pressure gradient field of the deeper waters
(Fig. 15b) arises from the salinity contrasts
between the various basins and this is of first-order
importance to the general circulation of the Arctic.
Further studies are required to elucidate the pro-
cesses and mechanisms that determine the set up of
the pressure field throughout the Arctic Ocean.

4. Conclusions

The key results of the study are now highlighted.
The sea-ice thickness simulation (Fig. 4) is satis-
factory in that it did reproduce the climatologically
distribution of both thickness and velocity field.

The mixed-layer circulation indicated the
presence of an anticyclonic gyre (Fig. 5) centred
over the Beaufort Sea in the Canadian basin. The
mixed-layer depths (Fig. 7) were relatively shallow
in the Arctic, and deep over the Barents Sea. They
were also relatively deep in the Laptev Sea and
in the vicinity of the Bering Strait. The model
indicated convection (Fig. 8) of surface waters to
great depths over the Barents Sea, and again to a
lesser but substantial depths over the Laptev Sea,
the Chukchi Sea, and in the vicinity of the Bering
Strait. Indeed these regions three regions may be of
key importance in ventilating the Atlantic layer
and deeper waters of the Arctic Ocean; however,
based on the excessively warm Atlantic layer tem-
peratures simulated, it would seem that insufficient
convection occurred in the present simulation.

The horizontal exchange of the Arctic waters
with the North Atlantic via the Canadian Arctic
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Archipelago, Fram Strait, and the Barents Sea
indicated that on an annual average, there was
a rough balance of the outflow through the
Canadian Arctic Archipelago and Fram Strait
with that of the inflow through the Barents Sea.
By contrast, the model simulated a net flow of ice
out of the Arctic basin.

The penetration and subduction of warm, salty
water into the Arctic Ocean from the North
Atlantic via Fram Strait is clearly evident throug-
hout the Arctic (Figs. 12 and 13). This water forms
the Atlantic layer and is the dominant feature at a
depth of 500 m. The flow is everywhere cyclonic
(Fig. 10a) in the basin and thus is, in many places,
reversed in its sense of direction as compared to
the surface circulation. Thus, for example, the
Beaufort Sea has a surface anticyclonic gyre over-
lying a deeper cyclonic flow, which implies strong
vertical shears below the mixed layer. The
simulated water temperatures were in general too
high by about 1.0°C (Fig. 10b). This excessive heat
may be the result of a poor parameterization of
convection, or alternatively of poor vertical reso-
lution (see Fig. 1b). The simulated salinities
indicated lower values in the centre of the cyclonic
gyres. This is consistent with the requirement
that the isopycnals slope in a manner to give flow
reversal of the Atlantic layer waters with respect to
the mixed layer.

The deeper flow at 2500 m is also everywhere
cyclonic. The most notable feature of the deeper
flow is that it more closely followed along
bathymetric contours (Fig. 11a) than the Atlantic
layer flow. It was also seen that the deeper flow was
intensified along certain boundaries. The simula-
tion of the temperature (Fig. 11b) and salinity
(Fig. 11c) at these depths produced patterns that
mimicked the bathymetric patterns.

One must exercise caution in the interpretation
of the simulation results presented here because of
the artificial boundaries and the relatively short
integration time. A further limitation was the use
of only 11 discrete isopycnal layers in the vertical
and 1.0° spacing in the horizontal. This choice was
dictated by the limited computing resources
available. Future studies will involve an increased
number of vertical layers, increased horizontal
resolution, and an increased model domain to
include part of the northern Pacific so as to include
the exchange through Bering Strait. As an alter-
native to an increased model domain, open bound-
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ary conditions may be employed. This model will
be used to study the interannual and interdecadal
variability of the Arctic with respect to wind forc-
ing and river runoff (Mysak and Power, 1992, for
a motivation of this work).

The application of the OPYC coupled sea ice,
mixed layer, isopycnal ocean general circulation
model to the Arctic Ocean has proved useful in
simulating many of the known circulation and
water-mass properties. The OPYC model is
presently used in global climate studies (coupled to
an atmospheric model, see Lunkeit, 1993), and it is
the purpose of studies such as the present one
to describe in detail the performance of the
Oberhuber model in a particular region (the Arctic
Ocean). The numerous parameters used in this
study were chosen to be the same as those used in
global domain studies. This was done for two
reasons. First, it does not seem reasonable to tune
the model parameters to obtain an optimal simula-
tion for the Arctic Ocean, while at the same time
knowing that a different set of parameter values
are used when the model is run in a global domain.
Secondly, the present generation of supercom-
puters are still inadequate in terms of computa-
tional speed to be able to perform a sensitivity
study of the model to its large number of
parameters and parameterizations.
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