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ABSTRACT

The circulation of the Arctic Ocean and Greenland Sea is simulated using the 1969 numerical model of
Bryan and Cox. The coastline and bottom topography of the region are resolved by a 110 km horizontal grid
spacing and by 14 vertical levels. The transfers of mass, heat and momentum at the ocean surface and at open
lateral boundaries are specified from observations. In particular, the pattern of wind stress is obtained using
a map of mean annual atmospheric pressure; and a scalar multiplier is applied to account for the nonlinear
dependence of stress on wind speed. Three experiments with different values of this scalar multiplier are run
to simulate the effect of high, medium and low wind stress. The first experiment is carried out for the com-
bined Arctic Ocean and Greenland Sea, while the other two experiments are run for the Arctic Ocean only.

Many of the observed features of the Arctic circulation are reproduced by the simulations. The Greenland
Sea exhibits cyclonic flow at all levels and deep convection in its central region. The Beaufort Sea shows anti-
cyclonic flow at the surface and a stable stratification maintained by a halocline. The Arctic Ocean receives
bottom water and an intermediate layer of warm Atlantic water through the Greenland-Spitsbergen Passage,
and it exports surface water of low salinity into an intense East Greenland Current. The sense of circulation
of the Atlantic layer in the central Arctic Ocean, although opposite to that usually inferred from water mass
properties, seems to be in reasonable agreement with existing direct current measurements.

For computational reasons, an excessively large eddy viscosity is required in the experiments. As a result,
predicted currents are too weak unless a large wind stress is used, but. then an excessive Ekman pumping
makes the halocline too deep and erodes the temperature maximum in the Atlantic layer. These results indi-
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cate that simulations with finer resolution and reduced viscosity should be more realistic.

1. Introduction

The Arctic Ocean and Greenland Sea are important
areas of the world ocean. The Greenland Sea is thought
to produce most of the bottom water which drives the
North Atlantic thermohaline circulation, whereas the
Arctic Ocean strongly influences the heat budget of the
Northern Hemisphere by providing stably stratified
surface water on which sea ice can form. Both regions
may be sensitive to climatic variations on account of
positive feedback mechanisms associated with the
formation of sea ice. Together, they constitute a natural
sub-portion of the world ocean, whose exchanges with
the remainder of the ocean can be monitored across
relatively narrow and shallow ridges. Thus both the
potential climatic importance and the relatively closed
geometry of the Arctic Ocean and Greenland Sea pro-
vide good reasons to single out the area for dynamical
study.

One method of understanding oceanic dynamics is to
simulate the circulation with a numerical model. Such
an approach is especially valuable for polar regions,
where oceanic observations are hindered by bad weather
and by the presence of sea ice. Given a perfect ocean
model and perfect boundary conditions, one could

numerically simulate the circulation and then analyze
the dynamical processes.

Unfortunately, neither a perfect ocean model nor a
perfect set of observed boundary data are available at
this time. The principal limitation on modeling is that
of low spatial resolution which must be used in long-
term integrations. This forces the use of unrealistically
large eddy viscosity to suppress computational noise
in poorly resolved wavenumbers. Observations of
atmospheric forcing are also limited, especially in polar
regions. Only mean annual forcing and regional budget
values are known with some degree of certainty. But
even with these limitations, an improved understanding
of the three-dimensional Arctic circulation may still be
gained by numerical simulations.

Previous studies on Arctic circulation have been
mainly two-dimensional. Numerical studies have been
made by Campbell (1965) and Galt (1973). Recently,
a two-layer analytical study has been carried out by
Hart (1975). The present work is, to the author’s
knowledge, the first three-dimensional long-term simu-
lation of Arctic circulation, as driven by observed atmo-
spheric forcing. A detailed description of the predicted
fields and analysis of the governing dynamics is avail-
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able in the author’s Ph.D. dissertation (Semtner, 1973).
This paper presents the most important predicted fields
from that study.

2. Description of the model

The basic tool used in this study is the numerical
ocean model of Bryan and Cox (cf. Bryan, 1969). The
governing equations are
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In the above, the variables v, w, ¢, T, S, p represent
horizontal velocity, vertical velocity, pressure, potential
temperature, salinity and density, respectively. The
horizontal momentum equations are retained in rela-
tively complete form, with subgrid processes parameter-
ized via a constant vertical eddy viscosity K=0.3
cm? s and a constant horizontal eddy viscosity
Ay=4X10® cm? s71. (Although the former constant is
of a physically realistic magnitude, the latter is un-
realistically high, but is chosen as such for computa-
tional reasons.) The vertical momentum equation is
approximated by the hydrostatic equation, and the
ocean is taken to be incompressible. Heat and salt are
transported by the large-scale currents and assumed to
diffuse by subgrid-scale eddy diffusion, using 4y=107
cm? s7% (The value for 4y is also chosen to supress
computational noise, and may be physically too large.)
Density is computed from an empirical equation of
state (cf. Bryan and Cox, 1972). Finally, because
hydrostatic balance is assumed, convective adjustment
is employed in the model whenever the vertical density
structure would be gravitationally unstable.

The vertical exchange coefficient K=0.3 cm? s™! was
able to be specified freely, without regard for the sup-
pression of computational noise. In previous numerical
experiments a value K = 1.0 cm? s~ has often been used,
in accordance with early observational evidence on the
vertical distribution of trace substances. Typically,
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the numerically predicted thermocline depths have been
larger than in the real ocean. This indicates that a
reduced value of K may be more realistic; and, in fact,
observational evidence by Rooth and Ostland (1972)
suggests a value closer to 0.2 cm? s~

The use of a small K may underestimate vertical
exchanges in those oceanic regions where baroclinic
eddies provide additional mixing over that due to small-
scale turbulence. In a model having sufficiently high
resolution, such eddies would be explicitly resolved. In
this study, such eddies are suppressed, and thus vertical
mixing in certain regions may be misrepresented. The
value of K may also seem unrealistically small for
mixing processes near the ocean surface; but this is not
a serious problem, because the finite-difference budget
equations treat the uppermost model layer as a de facto
mixed layer of constant depth within which K may be
considered very large. '

The governing equations are solved in finite-difference
form for an ocean of arbitrary geometry. Readers inter-
ested in the details may consult Bryan (1969) or
Semtner (1974). It suffices here to note that (i) an
energetically consistent scheme with second-order ac-
curacy is used; (ii) a rigid-lid approximation is used to
suppress external gravity waves and thereby allow a
longer timestep; and (iii) other transient motions are
filtered by a method of Bryan et al. (1975), which speeds
adjustment of density and velocity to a steady state.
In order to study a polar basin without encountering
coordinate singularities, an unusual spherical coordinate
system is chosen, with its equator and prime meridian
running through the earth’s rotational pole. The vertical
component f of the Coriolis acceleration then becomes
a function of both longitude A and latitude ¢ in the
new coordinate system, i.e.,

f=2%Q cos\ cose.

Fig. 1 shows the horizontal layout of the grid. Incre-
ments of 1° in X\ and ¢ give a horizontal grid spacing
of approximately 110 km. Centers of grid points on land
are denoted by small squares. Some geographical names
are indicated, and circles of the geographical latitude
are also shown. Spitsbergen and Iceland are included
as true islands in the model, while several island groups
offshore from Russia are treated as extensions of the
mainland. Fig. 2 shows a contour map of the bottom
topography, as represented by the 14 levels of the model.
Grid-box thicknesses increase from 15 m near the sur-
face to 600 m near the abyssal plains. The prominent
Lomonosov Ridge separating the Canadian and
Eurasian portions of the deep Arctic Basin is explicitly
resolved, as is the sill between the Eurasian and
Greenland basins. Bathymetric data of Smith et al.
(1965) were used to construct the model topography.

Lateral boundary conditions are needed for the
computation. At solid walls, no-slip conditions for
momentum and no-flux conditions for heat and salt
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are used. At the open boundaries of the region, observed
values of temperature, salinity and velocity are speci-
fied. Data on temperature and salinity are obtained (i)
for the Bering Strait from Coachman and Aagaard
(1966), (ii) for McClure Strait and Robeson Channel
using Beaufort Sea values from Coachman and Aagaard
(1974), (iii) for the Denmark Strait from Dietrich
(1960), and (iv) for the Faeroe-Shetland Channel from
Worthington (personal communication). At open
boundaries the vertical shear of velocity is computed
from specified densities using the thermal wind relation,
whereas the vertical mean velocity is specified on the
basis of estimated mass transports. A volume transport
of 108 m® s! inward through the Bering Strait is as-
sumed, with 0.5X10®° m?® s out through both the
McClure Strait and the Robeson Channel. [ These are
minimum transport estimates of Aagaard (personal
communication).] An inflow of 7X10% m?® s™! is pre-
scribed for the Faeroe-Shetland Channel, with an equal
amount of outflow through the Denmark Strait.
[Worthington (1970) estimates 8 X 10% m® s for each. ]

Case I is a simulation of the circulation in the com-
bined Arctic Ocean and Greenland Sea. For Cases 11
and III, only the central Arctic Basin is treated. In
those two cases, the temperature, salinity and velocity
are specified along a section from Russia to Spitsbergen
using the results of Case I, and specified across the
Greenland-Spitsbergen Passage using data from Palfrey
(1967) and the National Oceanographic Data Center.
Table 1 shows the values used across the last passage.
Tabulated values for the other passages are given in
Semtner (1973).

Momentum flux must be specified at the surface of
the ocean. In the central Arctic Basin, momentum is
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F16. 1. Geographical features represented in the numerical grid.
Small squares indicate centers of grid points on land. Latitude
circles every 2° are shown.
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F1c. 2. Prominent bathymetric features, as resolved by depths
specified in the model. The contour interval is 500 m.

transmitted to the ocean primarily by the motion of the
overlying sea ice. If an observed field of long-term drift
velocities of ice were available, one could specify the
stress on the ocean as a function of the difference be-

Tasie 1. 7, § and v for the Greenland-Spitsbergen Passage.
Temperature (°C) and salinity (%) are given in each grid box,
Normal velocity (cm s71) is shown on the common edge between
two boxes. The section is viewed from the south, with positive
velocities denoting flow into the Arctic Basin. Grid-point depths
are shown at the left.

Depth
(m)
—0.90 —1.13 +200 | +499
7.5 ~10.0 —~8.58 +3.50
30.60 | 30.40 33.87 34.65
—1.03 —1.25 +1.60 +5.25
20 —9.93 —7.32 +3.62
31.13 31.65 34.25 34.83
—1.60 —1.60 +1.35 +5.26
44 —9.60 —5.76 +3.60
32.80 33.05 34.55 34.83
—1.66 —1.57 +1.20 +4.70
90 —9.34 —123 +3.31
33.95 34,03 34.80 35.04
—0.30 +0.10 +1.91 +3.35
175 —9.16 —2.96 +2.92
34.50 3457 | 34.99 35.07
+1.20 | +1.62 +2.32
325 —2.08 +2.55
34.91 35.03 35.50
+0.30 +0.88 +1.30
565 —1.40 +2.12
34.88 35.02 35.02
~0.13 —0.21 —0.50
910 —~0.49 +2.02
34.89 34.95 34.95
~0.47 —0.71
1350 +0.45
34.90 34,93
—0.71 —0.87
1860 +1.45
3491 | 34.95
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Fic. 3. Wind stress computed from mean annual atmospheric
pressure maps. The distance between grid points gives a scale of
0.13 dyn ¢cm™2 Stresses due to enhanced winds paralleling the
eastern margin of the Greenland ice cap are not shown.

tween observed ice velocity and predicted water
velocity, using an empirically determined drag coeffi-
cient. However, only the major features of ice drift are
known; and it seems necessary to fall back on a field
with better spatial definition—the wind stress itself.
Several investigators have recently expressed the opin-
ion that the long-term forcing of wind on sea ice is
transmitted to the water beneath the ice with little
modification (Coachman and Aagaard, 1974; Galt,
1973). We assume that is the case for this study, since
a full description of the ice motion or an understanding
of how ice modifies the wind stress may nof be gained
for a number of years. Thus, the wind stress is taken to
act directly on the ocean, regardless of ice cover.

Even the determination of wind stress poses problems
in polar regions. Direct measurements of surface winds
are too sparse to be used, and one must infer winds from
atmospheric pressure maps. Synoptic pressure maps
may have large errors associated with insufficient data
in the central Arctic Basin, and these errors could be
magnified by a nonlinear drag law. We use an indirect
approach, therefore, involving long-term averages of
atmospheric pressure.

To obtain a field of wind stress, mean geostrophic
wind velocities ¥, (where a bar denotes a time average)
are first obtained from available maps of mean annual
atmospheric pressure. Stresses due to the average wind
are computed using a drag law

|=] =puir(2X1079) |, [

and assuming a turning angle of 19° in the atmospheric
boundary layer. The drag coefficient is a compromise
between a value appropriate for ice-covered regions
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[2.6X10~2 according to Smith (1970)] and a value
appropriate for the open ocean [1.3X107? according to
Kraus (1972)]. The drag coefficient 1s applied directly
to the geostrophic wind, since anemometer and geo-
strophic wind speeds have been observed to be nearly
equal over the Greenland Sea (Aagaard, 1969).

A pattern of wind stress due to mean annual winds
is shown in Fig. 3. The winds are obtained by smoothly
joining together the pressure maps of Fel’zenbaum
(1961) for the central Arctic, Dunbar and Wittman
(1963) for the Barents and Kara Seas, and Aagaard
(1970) for the Greenland Sea. The computed stresses
are unrealistically small as they stand, because the
mean stress should really be obtained from | |v,|v,|
rather than |¥,|2% However, a study by Welch (1972)
has shown that these quantities can be approximately
related by means of a scalar constant «, dependent
mainly on the averaging time, i.e.,

Hva|va|=al;’a|2-

Welch computed wind-driven ocean transports in the
North Pacific using both synoptic pressure maps and

monthly average pressure maps; and his results (see

Fig. 4) indicate that a factor a=4 would work reason-
ably well with monthly average maps. When mean
annual pressure maps are employed, « should be even
larger. In this study, we treat « as a parameter, and use
values of 15, 8 and 1.5 for Cases I, II and III, respec-
tively. In this way, we also explore the response of the
Arctic Ocean to different relative amounts of wind
forcing and thermohaline forcing.

A surface boundary condition is needed for the heat
equation. The ocean surface temperature is often
specified in numerical experiments. This would seem
appropriate for the ice-covered regions of the central
Arctic, where temperatures remain near the freezing
point throughout the year and seasonal variations in
heat flux are buffered by relatively small (~50 cm)
changes in ice thickness. However, in the predominantly
ice-free Greenland and Norwegian Seas, a specification
of ocean surface temperature could cause excessive heat

_ losses from the ocean due to unrealistically large con-

vective overturning (cf. Holland, 1971). In these
regions, a flux condition would be better from a physical
standpoint.

In this experiment, a boundary condition is used
which seems appropriate for both the central Arctic
and the Greenland Sea. Large negative heat flux values,
appropriate to an ice-free polar area, are applied when-
ever the surface temperature in the model ocean is
above —2°C. However, if the temperature drops below
—2°C at any grid point, a very small heat loss, ap-
propriate for ice-covered regions, is used there. This
simulates the formation of an insulating ice cover and
tends to keep the temperature near the freezing point.
In this way, the exact region covered by ice is not
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Fi1c. 4. Patterns of wind-driven (Sverdrup) transport in the North Pacific, as computed from synoptic
maps of surface atmospheric pressure (top) and as computed from a monthly average map of atmo-
spheric pressure (bottom), according to Welch (1972).

specified in advance, but emerges as part of the
prediction. ’

Estimates of oceanic heat flux based on the heat
budget of sea ice in the central Arctic have been sum-
marized by Maykut and Untersteiner (1969). A typical
estimate is 1.6 kcal cm™ year~, This value for negative
heat flux is used in the model whenever the ocean sur-
face temperature is —2°C or lower.

Several estimates of oceanic heat flux are available
for the Norwegian and Greenland Seas. Budyko (1963)
charts the residual of radiative and turbulent energy
fluxes and shows an average heat loss of about 60 kcal
cm~? year—. Worthington (1970) estimates a surface
loss of 75 kcal cm—2 year™, based on a residual of lateral
heat transport by ocean currents. Worthington’s value
would drop to 64, however, if the warm inflow through
the Faeroe-Shetland Channel were 7X 108 m?® s rather
than 8X10°, To be consistent with a prescribed inflow
of 7X 108 m® s~ in the model, we take the heat loss over
water above —2°C in temperature to be 64 kcal cm™2
year~L

One problem with the use of mean annual heat fluxes
is that the temperature of bottom water formed by
deep convection will be too high. Convection is a non-
linear process, in that it tends to transmit minimum

rather than average surface temperature values to the
deep ocean. In Case I only, a fluctuating component
of heat flux is added to the mean annual component.
Based on estimates of monthly turbulent fluxes in the
Greenland Sea (Vowinckel and Taylor, 1964) and of
net radiative fluxes in an ice-free polar ocean (Fletcher,
1965), the fluctuating component is taken to have a
negative cosine dependence on yearly phase angle and
twice the amplitude of the mean component. This
fluctuation is applied only in the Greenland, Norwegian
and Barents Seas for Case I. The fluctuation is not ap-
plied in the central Arctic, where sea ice inhibits
seasonal variability at the ocean surface itself. If a
simple thermodynamic sea-ice model were included in
the numerical model, seasonal variations in heat flux
from the atmosphere could be prescribed over the entire
area. A simple sea-ice model has been developed sub-
sequent to these simulations (cf. Semtner, 1976), and
could be included in future studies.

A surface boundary condition is needed for the salt
equation. Because the present ocean model is of the
“rigid-lid” type and does not allow water mass to be
added directly at the surface by precipitation or runof,
prescribed fluxes of salt are specified instead. A small
amount of water transport (~0.2X10® m® s7!) is
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Tasre 2. Configuration of the experiments.

Region studied Arctic Ocean and Greenland Sea in Case I

Arctic Ocean only in Cases II and III

110 km in the horizontal
15 m-600 m in the vertical

K =0.3 cm? st
Apg =107 cm? s™1
Apm =4X108 cm? 57}

Grid-point spacing

Eddy parameters

Magnitude of wind
stress High for Case I
Medium for Case 11

Low for Case III

Therr;lal forcing at
surface —64 kcal em~2 year™1 if T > —2°C
Heat flux Of{ —1.6 kcal cm—2year! if 77 —2°C
plus additional seasonal variation in marginal
seas for Case I

Surface hydrological
forcing Runoff from major rivers; additional coastal run-

off ; 20 em yearly precipitation less evaporation

Latgral boundary con-
ditions Exchanges of mass, heat, and salt specified from
observations

Integration time Case 1: 107 years
Case IL: 36 years

Case I1I: 80 years

neglected, but the dominant effect of fresh water
exchange on surface density is retained. Fresh water
transfer is converted to salt flux at an assumed salt
concentration of 35%,.

River runoff into the Arctic Ocean is specified in the
following way. Outflow from each of eight major rivers
is deposited in the grid box nearest the mouth of the
river, Values for runoff (10° m® s7!) are taken from
Lvovitch and Ovtchinnikov (1964):

Mackenzie 7.9 Kolyma 3.8
Ob 12.4 Lena 15.4
Yenisel 17.3 Pechora 4.1
Dvina 3.5 Mezen 0.8

An additional runoff of 74.3X10° m® s is distributed
uniformly around the perimeter of the Arctic Ocean
and Greenland Sea. This amount can be regarded as
coastal runoff from numerous minor rivers, and it
brings the total amount of runoff to 139.5X10* m? s,

0 M|
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the net amount estimated by Antonov (cf. Timofeyev,
1963).

The excess of precipitation over evaporation in the
polar oceans is relatively small. Sverdrup e/ al. (1942)
estimate a yearly value of 12 cm for the Arctic Ocean
and 50 cm for the Greenland Sea. In the model, a
uniform value of 20 cm is prescribed. This contribution
is relatively small compared to river runoff, since the
yearly runoff would cover the central Arctic with fresh
water to a depth of about 100 c¢m if spread uniformly
over that area.

The pertinent features of the three numerical experi-
ments are summarized in Table 2. The most important
distinctions to remember are that (i) wind stress
magnitudes differ in the three experiments and (ii)
Case I includes the Greenland Sea and has a seasonally
varying heat flux in that region.

3. Spinup to quasi-equilibrium

Each of the three experiments achieves quasi-equi-
librium by long-term integration from a simple initial
state. Except at open boundaries, temperature and
salinity are initially specified only as functions of depth.
Profiles representative of conditions in the mid-Arctic
are used. The extent to which these profiles remain
unchanged in the mid-Arctic will then be some measure
of the accuracy of the prediction. However the initial
profiles should not bias the final state, since the experi-
ments are run for many decades. During this time the
effect of initial conditions in all but the deepest layers
should be erased.

Case I is run for 107 years, but does not fully adjust
in the depths of the Canadian and Eurasian Basins.
The initial density there is higher than that of the
predicted bottomn water which is produced in the
Greenland Sea and transported through the Greenland- -
Spitsbergen Passage. The additional time required for

33%o. 34%0 35%o0

-

CASE It \
500 M 1
wm—e—— 0.0 yrs
167 .
27.8, 36.2 34.2—80.0
1000 M A Ty A
000 33% 34%0 35%0

F16. 5. Time development of vertical salinity profiles in the Eurasian Basin for
Cases IT and III. The lower scale is for Case II and the upper scale is for Case ITL.
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1000 M

2000 M

0.0 yrs
14.6
34.2
52.6
69.1
80.0

—10

vertical diffusion to destroy the slightly stable deep
stratification is on the order of a century, so integration
to full equilibrium is not attempted. However, in
Cases II and I11, deep water of somewhat lower density
is specified at the beginning, and the deep basins are
then flushed out by denser water masses produced at
intermediate depths. In these cases, even the deep
water attains near-equilibrium.

Figs. 5 and 6 illustrate the time evolution of salinity

00
F16. 6. As in Fig. 5 except for vertical temperature profiles.

and temperature for Cases II and 111, as monitored in
the Eurasian Basin near the North Pole. After 30 years,
no significant changes occur in vertical salinity struc-
ture. The scale depth of the halocline, which seems to
be established in about 15 years, is too large in Case II
but just about right in Case ITI. The thermal adjust-
ment time appears to be about 40 years, so that some
slight changes in Case II may still be occurring at the
end of the 36-year integration. Case III seems to be

Fic. 7. Predicted pressure fields at 20 m. The contour interval in dynamic meters is shown
at the upper left of each frame.
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157 DYNAMIC TOPOGRAPHY, dyn.m.
5" 0s1200 db.

MEASURED CURRENT VECTORS
* (FROM ICE ISLAND DRIFTS)

0 5
L‘—L—J—l—]
cm/sec?

== ESTIMATED CIRCULATION
(NOT SCALED)

F16. 8. Observed surface circulation, dynamic topography, and long-term mean station
drifts, from Coachman and Aagaard (1974).

quite well adjusted after its 80-year integration and
shows a well-defined subsurface temperature maximum
consistent with that of the real ocean.

4. Predicted fields of motion

Horizontal flow patterns at a depth of 20 m are shown
in Fig. 7. Fields of absolute pressure serve as stream-
functions for the highly geostrophic flow. These can be
compared with the observed surface circulation, shown
in Fig. 8. A number of common features can be noted:
1) a closed circulation in the Canadian Basin, with
somewhat intensified flow near the Alaskan Coast; 2) a
stagnation point north of Greenland; 3) a Transpolar
Drift from the Siberian Shelf toward the Greenland-

Spitsbergen Passage; and 4) intense flow in an East
Greenland Current. Also, the cyclonic sense of circula-
tion in the Norwegian-Greenland Sea and in the Barents
Sea agrees with known surface drift (for example, see
U. S. Navy Hydrographic Office, 1958).

The location of the Beaufort Gyre and its general
shape for Case I (high wind stress) appear to match
those of the observed field best. However velocities
are too high by about 50%,. Although Case II shows
somewhat better current speeds, both it and the notice-
ably sluggish Case III predict less realistic patterns of
flow. These discrepancies are caused mainly by excessive
friction, as will be discussed in the last section.

Fig. 9 gives an idea of the circulation at intermediate
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F16. 9. Predicted velocities normal to a vertical section across
the Arctic Basin. The section runs along the 140°W meridian to
the pole and continues along the 40°E meridian. Contour interval
is 1 cm s™! (except near the top of the Lomonosov Ridge, where
0.5 and 1.5 cm s~ dashed lines are added).

and deep levels in the Arctic Ocean. The normal com-
ponent of velocity is shown for a vertical section running
left to right from Alaska through the North Pole into
the Barents Sea. The sense of circulation in the
Canadian Basin is anticylonic at all levels and in all
experiments. Changes in wind stress mainly affect the
strength of the flow. In the Eurasian Basin, the direc-
tion of flow near the Barents Shelf seems to be sensitive
to whether an interaction with the Greenland Sea is
predicted (as in Case I) or prescribed (as in Cases II
and IIT). Near the Lomonosov Ridge, however, similar
flows occur in all three cases. The most notable feature
is a relatively strong and organized current above the
Lomonosov Ridge, moving opposite to the surface
current. The depth of current reversal becomes some-
what shallower as wind stress decreases; in Case III,
especially, this favors the transport of Atlantic layer
water into the Arctic Basin,

A schematic view of the flow in the Atlantic layer
(565 m) for Case III is shown in Fig. 10. Anticyclonic
gyres exist in the Canadian Basin and in a portion of
the Eurasian Basin. A small cyclonic gyre is set up near
the Greenland-Spitsbergen Passage. This is a more
complicated pattern than that of one large cyclonic
gyre, as proposed by Coachman and Barnes (1963) on
the basis of water-mass analysis. Some direct current
measurements are also shown in Fig. 10 (Coachman
and Aagaard, 1974). Reasonable agreement exists be-
tween the observed circulation and that of the model.
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However additional current measurements will be
needed in the areas adjacent to the Chukchi Rise, the
Canadian Archipelago, and the Barents Shelf, in order
to be certain of the actual circulation in the Atlantic
layer.

The predicted velocity component normal to a section
across the Greenland Sea is shown in Fig. 21 (top).
Near the surface, Case I predicts both a northward-
flowing Norwegian Current with an offshore maximum
and an intense southward-flowing East Greenland
Current concentrated near the coast. At deeper levels,
the sense of circulation remains the same as at the
surface. In fact, a single gyre tends to fill the area of the
Greenland and Norwegian Basins. All of these features
are in reasonable agreement with existing observations
(Coachman and Aagaard, 1974).

Streamfunctions of vertically integrated volume
transport are shown in Fig. 11. Most of the water
transport is confined to the deep basins. A cyclonic
gyre in the Greenland Sea and an anticyclonic gyre in
the Canadian Basin have the same sense as the driving
wind stress. As wind stress decreases, there is a tendency
for an additional gyre to develop in the Eurasian Basin.

Vertical velocities at the base of the uppermost layer
(15 m) are shown in Fig. 12. In the interior, the effect
of wind curl dominates through Ekman pumping or
suction. Near lateral boundaries, strong flow of opposite
sign usually occurs to compensate the interior mass flux.

As we shall see later, the vertical velocity at the base

[EParera A}
cm/sec

F16. 10. Schematic view of Atlantic layer circulation (dashed
arrows) predicted by Case III of the model, with direct current
measurements (solid arrows) compiled by Coachman and Aagaard
(1974). The velocity scale at the lower right is for the observed
currents.
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in units of 10® m3 s™! is shown.

Fi6. 12. Vertical velocity at 15 m with contours at 0, =1, £10, ... cm day™.
Downward motion is predicted in the shaded area.
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of the Ekman layer is very important in determining
the predicted density structure of the upper Arctic
Ocean. In the present model the induced vertical
velocity depends primarily on local wind stress curl.
This situation may or may not change very much when
a realistic ice model is eventually included in Arctic
Ocean studies. For example, if ice motion is similar to
the steady two-dimensional motion of an incompres-
sible, inviscid fluid [a possibility suggested by Rothrock
(1973)], then the induced vertical velocity will still be
proportional to local wind stress curl. On the other
hand, if ice motion approximates that of a rigid body
[as assumed in Hart’s (1975) study], then a uniform
vertical velocity will be induced in the water under the
ice, dependent on the net torque exerted on the ice by
a field of wind stress. In this latter case, considerably
different predictions of density structure in the upper
ocean might occur.

Vertical velocities take on a more complicated pattern
in the deep water, as a result of the irregular topogra-
phy. Insight into the overall vertical motion and its
relation to the horizontal velocity field can be obtained
by looking at trajectories of particles inserted into the
three-dimensional flow field. Fig. 13 shows a typical
path of a particle starting in the Norwegian Sea. After
traveling poleward in the Norwegian Current and rising
in the Barents Sea, the particle crosses the Eurasian
Basin by riding a strong component of Ekman transport
in the top layer. It then becomes trapped in the domi-
nant circulation of the Beaufort Gyre, spiraling down-
ward and outward.

Particles which start their downward spiral near the
center of the Beaufort Gyre go very deep before they

A

Fi16. 13. A particle trajectory for Case I. Particle depth in meters
is shown at representative points along the path. Time in years is
shown in parentheses.
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Fic. 14. A particle trajectory for Case I.
Notation is as in Fig. 13.

eventually break free of the closed circulation. Others
which start near the periphery may only make a few
revolutions., Fig. 14 shows an example of the latter
situation. The tendency for the particle to rise eventu-
ally along the Siberian shelf and break loose from the
gyre is typical. In the example shown, the particle rides
the Transpolar Drift into the East Greenland Current,
circles downward in the Greenland Sea, returns above
the Lomonosov Ridge for a circuit of the Eurasian
Basin, and finally leaves the region via the East Green-
land Current.

5. Predicted salinity and temperature

Surface salinity maps for the three cases are shown
in Fig. 15. These may be compared with the observed
field in Fig. 16. In the Greenland Sea, a predicted tongue
of high-salinity water, extending northward along the
Norwegian coastline and splitting into two segments
near Spitshergen, agrees well with the observed pattern.
Along the Greenland coast, low salinities are predicted,
but they are not as low as the values observed. Advec-
tion of salty water from the North Atlantic and fresher
water from the mid-Arctic are evidently responsible
for the patterns, as has been verified by looking at the
dominant terms in the salt equation.

In the Arctic Ocean, many Siberian marginal seas
have very low predicted salinity as a result of river
runoff. Along the Alaskan coast, where there is little
runoff, an alternating series of high- and low-salinity
regions appear in Cases I and II; and these may be
somewhat unrealistic. High wind stress in the area and
a jagged coastline produce alternations in vertical
velocity and set up salinity patterns of small scale.
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F16. 15. Predicted surface salinity. The contour interval is 0.4%0. Contour lines are omitted from some
regions of high or low salinity near coasts (denoted by H and L symbols).

Case III appears to give more reasonable results, con-
sistent with MacKenzie River runoff and higher salinity
Pacific inflow. A slight salinity maximum in Case I near
Severnaya Zemlya may be a realistic response to a
maximum in the wind curl nearby (see Fig. 12). High
observed salinities in this portion of the Eurasian Basin
have been attributed to special dynamical processes in
adjacent submarine canyons by Coachman and Barnes
(1962), but an explanation in terms of wind-induced
vertical advection seems more straightforward.

Tongues of high and low salinity spiral inward toward
the mid-Arctic in a manner consistent with the surface
currents. Case III shows the best pattern relative to
observations, in spite of low predicted geostrophic
velocities. Transport of salt toward the center of the
gyre is accomplished mainly by an Ekman drift com-
ponent in the surface layer, and this component, unlike
the geostrophic current, is not significantly affected by
lateral friction. Mid-ocean values of surface salinity
decrease as the wind stress does, probably because
coastal maxima near Alaska have a reduced input into
the surface water,

Predicted surface temperatures (not shown) are
within 0.5°C of the freezing point (—2°C) over most
of the Arctic Ocean and in the East Greenland Current.
In contrast, temperatures in the Greenland and Nor-
wegian Seas are always above —1°C, except near the
Greenland coast. A warm Norwegian Current main-
tains temperatures above 1°C year-around all the way
to Spitsbergen and the northern tip of Norway. These
phenomena are consistent with observations, and indi-
cate that the simple heat-flux boundary condition works

reasonably well. In Case I, the major area of seasonal
transition between temperatures near freezing and
temperatures above 0°C is the Barents Sea, and this is
consistent with known seasonal fluctuations in pack-ice
limits.

Figs. 17 and 18 are vertical sections of predicted
salinity and temperature in the Arctic Basin. The sec-
tions cross the numerical grid from left to right and pass
within 55 km of the North Pole. For making an approxi-
mate comparison, Fig. 19 (from Coachman and
Aagaard, 1974) shows the observed fields along a line
from the Bering Strait to the Greenland Sea.

Both the observations and the predictions show the
existence of an Arctic halocline. The observed depth is
about 300 m, whereas Cases I, IT and III give 800, 500
and 300 m. To give some idea of how the predicted
halocline in Case III is maintained, Fig. 20 shows a
breakdown of the horizontal surface at 175 m depth
into different subregions, determined by the dominant
balance in the salt equation. The regions are rather
irregular on account of the complicated vertical motions
associated with the rough topography. However, it is
apparent that vertical advection dominates over most
of the Canadian Basin. This shows the effect of down-
welling of relatively fresh surface water (which itself is
supplied by lateral transport of runoff toward the center
of the Basin in a convergent Ekman layer). At 175 m,
the central pool of fresher water receives salt by lateral
diffusion from marginal areas of higher salinity. Since
the diffusion coefficient 4 z= 107 cm? s™! may be some-
what high, horizontal diffusion may be taking over
some of the role that might normally be played by
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horizontal advection. At the margins of the Canadian
Basin, a primary balance of horizontal and vertical
advective terms is associated with relatively strong
upwelling of deep salty water along continental slopes.
Finally, in the Eurasian Basin, horizontal advective
effects are more evident, particularly in the portion of
the Basin near the Siberian Shelf. There, horizontal
transport of fresher water from the Canadian Basin is
offset by horizontal diffusion of saltier water which
rises along the Barents continental slope.

The observed temperature structure in Fig. 19 shows
an “Atlantic layer,” with a temperature maximum at
about 500 m depth, extending across the entire Arctic
Basin. The three experiments are only partially suc-
cessful in reproducing this feature. In Case I, where
exchanges with the Greenland Sea are predicted, the
model does not deliver distinct water masses at the
intermediate level and at the sill depth into the Arctic
Basin. Instead, a homogenized version of the two types
enters in a thick wedge. A warm layer spreads across
the basin at much too great a depth. This water would
eventually fill the deep basins, given sufficient time for
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vertical diffusion to erode the slightly stable stratifica-
tion. In Cases 1I and III, entry of two water masses is
prescribed, and the situation improves somewhat.
Case III has a circulation pattern at a depth of 565 m
which favors spreading of the Atlantic layer, and gives
a better simulation. Both cases show a deep-water
temperature discontinuity of about 0.3°C across the
Lomonosov Ridge (but not across the Alpha Ridge),
and this is consistent with observations.

The Atlantic layer may be an especially difhcult
feature to simulate correctly. The temperature of this
layer is nearly a passive tracer, because density gradi-
ents at low temperature are primarily due to salinity
variation. Rather than seeking a certain level deter-
mined by its temperature within a fairly stable stratifi-
cation and then spreading out there, the layer is in a
fairly neutral environment and moves at the mercy of
currents determined by other processes.

Finally, Fig. 21 shows vertical sections of salinity
and temperature across the Greenland Sea. Warm, salty
water in the Norwegian Current and cold, relatively
fresh water in the East Greenland Current reflect the

Fic. 16. Observed summer surface salinity (%o), from Coachman and Aagaard (1974).
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Fi6. 17. Vertical sections of salinity for the three cases with con-
tours at 31, 32, 33, 34 and 34.8%,.

respective mid-latitude and polar origins of these cur-
rents. Deep convection in the central Greenland Sea
makes the entire vertical water column nearly iso-
thermal there. Return flow from the Norwegian Current
exists below the East Greenland surface flow and still
shows salinity and temperature maxima, although they
are considerably weakened. The latter features are too
deep compared to observations, but are qualitatively
correct.
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Fic. 18. Vertical sections of temperature for the three cases.
The contour interval is 0.2°C, and the heavy line is for 0°C. Con-
tour lines near the surface are left out.

6. Discussion

The numerical experiments just described are fairly
successful in simulating many of the observed features
of Arctic Ocean circulation. However, certain deficien-
cies have been noted. In particular, horizontal currents
are too weak unless fairly large wind stresses are applied,
but then the predicted salinity and temperature fields
become less realistic. The reason for this lies in the
large value used for horizontal viscosity, which was

NANSEN SitL

Fi6. 19. Longitudinal sections of temperature and salinity across the Arctic Ocean,
from Coachman and Aagaard (1974).
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Region J vertical advection & horizontal diffusion %
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Region K ﬂ]]]]]]] pure diffusion 1
Region L horizontal advection & horizontal diffusion ;

Region M horizontal advection & vertical advection
Region N DN horizontal advection & vertical diffusion ’
2

Fic. 20. Regions determined by the dominant terms in the salt equation at 175 m for Case III.
(The margins of the deep basins are indicated by the heavy line.)

chosen sufficiently large to suppress computational
noise.

The density field near the surface in the Arctic Basin
is very sensitive to the magnitude of the vertical
velocity, which depends primarily on the curl of the
wind stress; and since the halocline is too deep in Cases I
and II, the wind stress must be too high in those cases.
For one thing, the chosen drag coefficient of 2X107%,
which is admittedly somewhat high in the Greenland
Sea, may also be excessive in the Arctic Basin. Stable
atmospheric conditions often occur over ice-covered
regions, inhibiting vertical momentum transfer and
making the winds at anemometer level noticeably
smaller than geostrophic winds. Also, the value of the
multiplier @, which compensates for the nonlinearity
of the drag law when averaged winds are used, may be

too large in Cases I and II. The wind forcing on Case I1I
is probably the most realistic.

The pattern and magnitude of horizontal currents
are unrealistic unless wind stress is fairly strong, be-
cause frictional effects are too large over most of the
Arctic Basin. This can be seen from Fig. 22, which
shows the four largest terms in the vertically integrated

" vorticity equation for Case I. In this section through

the center of the Beaufort Gyre, diffusion of vorticity is
just as important as any of the other terms. Effects of
lateral boundaries, bottom topography, and a signifi-
cantly reduced 8 value are all noticeable. Unlike nu-
merical experiments for mid-latitude oceans, no domi-
nant Sverdrup balance of wind curl and planetary
vorticity advection (with a resulting independence of
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- F16. 21. Vertical sections of velocity, salinity and temperature
across the Greenland Sea for Case I. The sections run along the
ridge separating the deep Norwegian and Greenland Basins. Con-
tour intervals are 2 cm s, 0.2% and 0.2°C.

predicted velocities from lateral viscous effects) occurs
in the interior.

The velocities in Case III are perhaps one-half as
large as the observed velocities. This indicates that,
although the eddy viscosity 4 y is too large, it may not
be absurdly large. It seems unlikely that A4 4 needs to
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FiG. 22. The four largest terms in the vertically integrated vortic-
ity equation for Case I. Values are in units of 107t g m—2s72,
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be reduced by more than an order of magnitude to get
realistic velocities. By reducing the horizontal grid-
point spacing to 50 km, a value 4 =4X107 could be
accommodated. Given sufficient computer time, such a
study could be expected to give more realistic simula-
tions of Arctic circulation. Whether the flow pattern in
the Atlantic layer would change significantly is not
clear. At the very least one would expect the enhanced
velocities in the Atlantic layer and the improved resolu-
tion near the Greenland-Spitsbergen Passage to make
the thermal structure more realistic.
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