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The large-scale time-mean ocean circulation in the Nordic
Seas and Arctic Ocean estimated from simplified dynamics

by Ole Anders Ngst' and Pal Erik Isachsen’

ABSTRACT

A simplified diagnostic model of the time-mean, large-scale ocean circulation in the Nordic Seas
and Arctic Ocean is presented. Divergencesin the surface Ekman layer are extracted from observed
climatological wind stress fields. Similarly, divergences caused by the meridional thermal wind
transport (relative to the bottom) are calculated from an observed climatological density field. These
known quantities are then used to “force” the model’s bottom geostrophic velocities.

Both scaling arguments and direct observations show that for long time scales the bottom currents
are closely aligned with contours of f/H, (where f is the Coriolis parameter and H is the depth of the
seabed). Due to the weak planetary vorticity gradient at high latitudes, the f/H field is dominated by
topography and is characterized by multiple regions of closed isolines. The only frictional effect
included in the model is bottom stress. By then integrating the depth-integrated vorticity equation
over the area spanned by a closed f/H contour, and assuming that the same contour is a streamline of
the bottom geostrophic flow, we derive an analytical expression for the bottom geostrophic velocity
on this f/H contour. For the few contours that are not closed, current measurements are used as
boundary conditions.

Model results are compared with near-bottom current measurements in both the Nordic Seas and
the Arctic Ocean. In addition comparison is made with observations from surface drifters in the
Nordic Seas by adding the observed thermal wind shear to the modeled bottom flow. The agreement
is surprisingly good, suggesting that the simple model is capturing some of the most important
processes responsible for the large-scale circulation field. Features like the subgyre recirculations in
the Nordic Seas, the gyres in the Canadian and Eurasian Basins, the East Greenland Current, the
Norwegian Atlantic Current and the Arctic Circumpolar Boundary Current are all well reproducedby
the model. The simplicity of the model makes it well suited as a dynamical framework for
interpreting the large-scale circulation pattern in the Nordic Seas and Arctic Ocean.

1. Introduction

One of the more striking features of the large-scale ocean circulation within the Nordic
Seas and Arctic Ocean is undoubtedly the way the currents trace out the shape of the
underlying ocean basins. As observed and reported nearly a hundred years ago by
Helland-Hansen and Nansen (1909), even the surface flow follows the topographic features
that form sub-basins, ridges and plateaus hundreds or even thousands of meters below.
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More recent studies using surface drifters have given additional evidence (Poulain et al.,
1996; Orvik and Niiler, 2002; Jakobsen et al., 2003). This observed behavior tells us that
bottom currents in the Nordic Seas and Arctic Ocean must be nonzero. The surface flow
would not know about the shape of the ocean basin below if the lower layer were at rest.
And indeed, nearly all direct observations from the Nordic Seas and Arctic Ocean show
currents near the bottom that are as large as anywhere else in the water column (Aagaard,
1989; Fahrbach et al., 2001; Newton and Sotirin, 1997; Orvik et al., 2001; Woodgate et al.,
1999,2001).

For the Nordic Seas and Arctic Ocean there exist as of yet relatively few dynamical
models of low to intermediate complexity, created for the purpose of isolating the
lowest-order dynamical balances that govern the large-scale flow. Aagaard (1970), and
later Jonsson (1991) and Woodgate et al. (1999), have applied flat-bottom Sverdrup
dynamics to the Nordic Seas, with a proposed return western boundary current along the
East-Greenland continental slope. Their predictions agree with the observed transports in
the East Greenland Current (about 30 Sv, see Woodgate et al.,, 1999), but flat-bottom
Sverdrup dynamics is not able to reproduce the circulation patterns seen in the drifter
studies mentioned above. Both Jonsson (1991) and Woodgate et al. (1999) recognized the
neglected effect of topography and suggested that a topographic Sverdrup balance might be
more appropriate for the interior regions. In a topographic Sverdrup balance the diver-
gences set up by a wind stress curl are balanced by a net transport perpendicular to isolines
of f/H ( f being the Coriolis parameter and H the water depth). However, since the f/H field
in the Nordic Seas and Arctic Ocean is dominated by the topography, most of these
contours close on themselves within the domain north of the Greenland-Scotland Ridge
(Fig. 1). In this case of closed f/H contours the topographic Sverdrup balance breaks down;
it will violate conservation of mass whenever the net surface forcing within a closed
contour is nonzero (Welander, 1968; Hasselmann, 1982).

To our knowledge, the first to consider the dynamical implications of closed f/H
contours in the Nordic Seas was Legutke (1991). She found trapping of fluctuations within
closed f/H contours to be an important effect in her primitive equation model of the Nordic
Seas. Recently, a lowest-order theory for the temporal variability of the recirculating flow
within the Nordic Seas and Arctic Ocean has been presented (Isachsen et al., 2003). They
looked at the depth-averaged response to temporal anomalies in surface Ekman conver-
gences, assuming that resulting anomalies in depth-integrated transport are aligned with
contours of constant f/H. Surface Ekman convergences then spin up gyres contained
within regions enclosed by contours of f/H. The spin up continues until finally the
divergence in bottom Ekman transport balances the anomalous mass flux convergence of
the surface Ekman layer. As such the model results in gyres that spin up cyclonically for
cyclonic wind stress anomalies and vice versa. This simple barotropic model turns out to
describe sea level fluctuations at monthly to yearly time scales within the Nordic Seas
observed by satellite altimetry remarkably well. However, as the time scale increases, one
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Figure 1. f/H contours and seabed topography for the Nordic Seas and Arctic Ocean. The deepest
areas (down to about 4000 m) are colored blue while the shallowest areas are colored green. The
major basins are marked with their initials. CB—Canada Basin, MB—Makarov Basin, EB—
Eurasian Basin, GS—Greenland Sea, LB—Lofoten Basin, NS—Norwegian Sea, IP—Island
Plateau. The numbers indicate the location of areas mentioned in the text. 1.—Chuchi Plateau,
2.—Lomonosov Ridge, 3.—Lincoln Sea, 4.—Fram Strait, 5.—Knipovich Ridge, 6.—Mohn
Ridge, 7.—Vgring Plateau, 8.—Jan Mayen Ridge, 9.—Jan Mayen.
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expects baroclinic pressure fluctuations to eventually gain importance, and a homogeneous
model to lose relevance.

The time-mean wind-driven circulation was studied by Welander (1968) in both
homogeneous and two-layer oceans. In the homogeneous case, closed f/H contours set up
strong gyres. In the two-layer case, the gyres were weak as the surface Ekman pumping
was largely balanced by the baroclinic pressure terms. Welander’s steady two-layer
solution was essentially a Sverdrup balance with a western boundary current in the upper
layer. Although interfacial stresses were allowed, the lower layer flow remained weak.

Dewar (1998) also developed an analytical theory for the time-mean circulation in the
presence of closed f/H contours. An important element in Dewar’s model is an eddy
parameterization based on down-gradient diffusion of potential vorticity. In regions of
closed f/H contours, this parameterization sets up strong gyres in the lower layers. As such,
his model is actually more sensitive to eddy driving than to direct wind forcing, resulting in
a gyre circulation whose direction is determined by the topography and not by the sign of
the surface forcing. The circulation is cyclonic over topographic lows and anticyclonic
over topographic highs. As such, the theory is successful in reproducing the strong
anticyclonic circulation over the Zapiola Drift in the South Atlantic, as observed by
Saunders and King (1995) and simulated with a primitive equation model by de Miranda et
al. (1999).

Eddy-topography interaction has also been used as a theoretical explanation for the
narrow cyclonic boundary current around the Arctic Ocean. Recent simulations by
Nazarenko et al. (1998), Nazarenko and Tausnev (2001) and Polyakov (2001) have shown
that the parameterization of eddy-topography interaction developed by Holloway (1987,
1992, the “Neptune effect”) leads to improved representation of topographically steered
boundary currents. Holloway’s parameterization acts to drive flow along topography,
cyclonic over topographic lows and anticyclonic over topographic highs, similar to that of
Dewar (1998). Therefore, gyres driven by the eddy-topography interaction will mainly be
cyclonic within the Nordic Seas and Arctic Ocean.

However, the mean wind forcing over much of the Nordic Seas and Arctic Ocean will
also tend to set up a cyclonic circulation. The requirement is that a significant part of the
surface Ekman pumping is not balanced by divergences in the upper layer but instead
transmitted to the bottom layers. Building on these ideas, we will in the next section
develop a simple diagnostic model describing the dynamics of the time-mean deep
circulation in the Nordic Seas and Arctic Ocean (Section 2). The model is based on
potential vorticity budgets within closed contours of f/H. The circulation on the few open
Jf/H contours is determined using available current measurements. The model results are
then presented and compared to the circulation picture emerging from available observa-
tions (Section 3). Finally, the validity of the model as a lowest-order description of the
large-scale time-mean ocean circulation in the Nordic Seas and Arctic Ocean is discussed
(Section 4). In general, we conclude that the simple dynamics contained in the model
nicely reproduces most features of the large-scale circulation and offers an alternative
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explanation for the narrow cyclonic boundary current around the Arctic Ocean and for the
deep circulations within the different sub-basins.

2. The model
a. The depth integrated vorticity equation

We start off with the horizontal component of the full equation of motion:

v 1
—+y - VwH+kXfr=——Vp+F (1)
ot Po

where v is the horizontal velocity vector, f is the coriolis parameter, p, is a reference
density, p is pressure (the horizontal gradient operator is used), k is the vertical unit vector
and F is a term containing horizontal and vertical frictional stresses. We continue by
splitting the horizontal velocity vector into geostrophic and ageostrophic components:

v=v,tv, 2)

where the geostrophic velocity is given by:

1
v, = ka X Vp. 3)

The terms containing accelerations, nonlinearities and friction may now be represented
by v,

av
k><fva=—5—v~Vv+F, (@)
and the horizontal momentum equation may now be written in the form:
1
kXfyv=——Vp+kXj, (5)
Po
Note that no assumptions or simplifications, other than the Boussinesq approximation, are

made at this point.
The depth-integrated transport (per unit horizontal distance) is defined by

0
V= J vdz, (6)

where H is the water depth. The contribution from the sea surface elevation above the zero
level has been neglected. Following Bogden et al. (1993) we split V into three components:

V=V, +V,+ Hy,, @)

where V is the transport from the integrated geostrophic shear relative to the bottom,
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0 1 0
V,= J (v, —w)dz=—k X J (Vp—Vp
-H -H

p()f Z:—H)dz’ (8)

V, is the depth-integrated transport due to ageostrophic processes,
0
V,= J v,dz, 9
—H

and finally v,, is the bottom geostrophic velocity

1 1
v, =—kXV{,=—k XYV,
b Po W pof P

- (10)

Here s, is the streamfunction for pfv,,
It can be shown that the divergences of Hv,, and V are

_ H? f
V~(Hv,,)———f v”'VFI’ an
Vf
V.v.=-V,.—.
| Vi 7 (12)

We now average over sufficiently long time scales, which implies zero transport diver-
gence. Using (7), (11), (12) and setting V -+ V = 0, we arrive at a useful form of the
depth-integrated vorticity equation:
H f Vf

TV,,-VFI——VV~7+V~V“ (13)
By the geostrophic relation (10) and repeated use of Gauss’ theorem, it can be shown that
the left hand side of (13) will vanish when integrated over the area A enclosed by an f/H
contour. The resulting integral expression is

Vf
JJ(—VS~7+V-VadA=O. (14)

A

Thus, integrated over the area enclosed by an f/H contour, the divergence of the total
ageostrophic transport must be balanced by the divergence caused by a meridional thermal
wind transport (relative to the bottom flow). Note that near the geographic north pole a
vanishingly small planetary vorticity gradient requires that the ageostrophic transport out
of the enclosed region (by Gauss’ theorem) more or less balance.

Although illustrative, (14) is only an integral balance. To solve for the flow everywhere
we either need more information or we must make assumptions about the bottom
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geostrophic velocity, the thermal wind shear and the ageostrophic transport. To proceed,
we will consider the thermal wind transport as a known quantity (estimated from
hydrographic data) and make assumptions about the geostrophic bottom velocity and about
the processes responsible for the ageostrophic transports.

b. Scalings and simplifications

We consider the time-mean flow in which the only ageostrophic transports are within the
surface and bottom Ekman layers. In addition to keeping the model simple, it is quite
conceivable that the bottom Ekman layer plays an important role considering the large
bottom flows observed. The divergence of the ageostrophic transport becomes:

V. —VX——VX— 1
Va pof pof’ (15

where T, is the stress at the surface and T, is the stress at the bottom. With these
assumptions, the depth-integrated vorticity equation (13) now takes the form

H2 f V7
f V= +VX7—VXQ—V f (16)

The “unknown” terms consisting of the divergence of Hv, and the divergence in the bottom
Ekman layer are placed on the left-hand side. The right-hand side consists of quantities
extracted from data, and we will repeatedly be calling these the “forcing” terms for the
bottom flow. They consist of the divergences set up by the surface Ekman layer and the
meridional component of the thermal wind transport relative to the bottom.

It is these two forcing terms that would mutually cancel in a Sverdrup balance
with no motion in the lower layers. Estimates of their sizes in the Nordic Seas and
Arctic Ocean are shown in Figure 2. The divergence of the surface Ekman layer (Fig.
2a) was calculated using wind stress data from the NCEP/NCAR reanalysis project
(Kalnay et al., 1996) averaged over the period from 1950-2000. The divergence of the
meridional component of the thermal wind transport relative to the bottom (Fig. 2b)
was derived by merging seasonal average hydrographic fields from the EWG Arctic
Atlas (Timokhov and Tanis, 1997, 1998) (north of 65N) and the World Ocean Atlas
1998 (Conkright et al., 1998) (south of 65N). These two terms have quite different
spatial distributions and in general do not cancel (Fig. 3). A pure Sverdrup balance
therefore does not seem to have any relevance to the dynamics in the Nordic Seas and
Arctic Ocean. Nonzero bottom velocities and, in the context of this particular model,
bottom frictional layers are required.

Expecting nonzero bottom flows, the area-integrated balance (14) may now be written
(applying Stoke’s theorem to the bottom Ekman transport):
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Figure2. (a) Ekman pumping velocitiesgivenby V X =, /p f calculated from NCEP wind stress data
and (b) hydrographic forcing given by —V, - Vf/f calculated from EWG Arctic Atlas and World
Ocean Atlas 98. The units are 10" * m s

T il = (Vxl—v V—f)dA 17
bof 1T ot VT {17

where C is the f/H contour enclosing the area A, and ¢ is the tangent unity vector to C in a
counter-clockwise direction.
To represent the bottom stress we use a quadratic bottom friction law

7, = PoCp \/ui + VZ Vi, (18)



2003] Ngst & Isachsen: Ocean circulation in the Nordic Seas & Arctic Ocean 183

Figure 2. (Continued)

where C,, is a drag coefficient, with typical values of order 10> (Haidvogel and
Beckmann, 1999). Alternatively we may also use a linear friction law:

T, = poRv,, (19)

where values of the linear friction parameter R should be of order 10~ *m s~ ' (Haidvogel
and Beckmann, 1999).

To proceed, we start by finding representative scales for the bottom geostrophic
velocities. The forcing field shown in Figure 3 may be looked upon as the part of the
surface forcing which is not balanced by baroclinic terms, and we assume that this part is
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Figure 3. The sum of Ekman pumping (Fig. 2a) and hydrographicforcing (Fig. 2b) given by the right
hand side of (16). The unitsare 10" ®* m s~ '.

directly forcing the deep circulation. The area-integrated budget (17) tells us that, within
the areas enclosed by each closed f/H contour, the mean bottom Ekman pumping equals
the mean forcing. Therefore, we make the assumption that the divergence of the bottom
Ekman layer is the same order of magnitude as the forcing.

From Figure 3, we see that vertical velocities associated with the forcing are of order
107 °m s~ '. From this we can now estimate an approximate scale for the bottom
geostrophic velocity. The topographically steered currents have transverse length scales
approximately equal to the widths of continental slopes and ridges, typically a few hundred
kilometers. Assuming a transverse length scale L of order 10° m, Coriolis parameter f of
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order 10~ *s™ ! and drag coefficient C, of order 10~ 7, we get (using a quadratic bottom
friction law)

Ty CD(vb)2 CDU2
VX—=Vx ~ ~10"% ms™'
pof f L e
U (20)
U=10"ms "

Bottom velocities of these magnitudes are frequently observed (Newton and Sotirin, 1997;
Woodgate et al., 1999; Fahrbach et al., 2001; Orvik et al., 2001; Woodgate et al., 2001),
and we take this as a first indication that a model using bottom friction may give reasonable
results.

The term in the depth-integrated vorticity equation (16) involving the flow perpendicular
to the f/H contours has to be of the same order of magnitude or smaller than the other
terms. We will assume that it is of the same order of magnitude as the divergence in the
bottom Ekman layer, and we may then estimate the scale of the bottom velocity
perpendicularto the f/H contours. As can be seen in Figure 4, most of the Nordic Seas and
Arctic Ocean, except for the basin centers and shelf areas, have topographic gradients of
order 10~ 7 or larger. Using 10~ > as a typical value for the topographic slope, together with
the fact that the gradient of the f/H field in these ocean regions is dominated by the
topographic effect, we get

H? Cyl?
7v,,~V£~—UL|VH|~ })L ~10°ms™'
\ 2D
ﬂxix 10—2’
U fL|VH|

where U | is a scale for the geostrophic velocity perpendicular to the f/H contours. In slope
regions where topographic gradients are typically larger than 10~ the ratio between the
total velocity and the component perpendicular to the f/H contours are probably smaller
than the above estimate. The bottom geostrophic velocity is therefore directed nearly
parallel to the f/H contours.

It is practical to introduce a new coordinate, ¢ = f/H and another coordinate, s, which
has isolines everywhere perpendicular to those of g. In terms of ¢ and s the bottom
geostrophic velocity (10) may be written:

(22)
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Figure 4. The topographic gradient (log 10 logarithmic scale) as calculated from the TerrainBase
(5" X 5") dataset.

i.e., in terms of the geostrophic velocity components parallel (with scale U)) and
perpendicular (with scale U | ) to the g contours. Since U is much larger than U, we may
represent the bottom velocity with U only:

y,=——k X Vq. (23)

The problem is now reduced to finding d{s,/dq, which is related to the transport between
two neighboring g contours.
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The simplest way to proceed is to assume that s, (and hence 0{s,/dq) is a function of g
only, being equivalent to assuming that contours of s, and contours of g are parallel. This
assumptions has been frequently used by other investigators in the case of closed contours
of potential vorticity (Rhines and Young, 1982; Dewar, 1998; Isachsen et al., 2003).
Additional scaling arguments (see Appendix A) suggest that the assumptionis a reasonable
one, also in our region of interest, and we proceed to the simple final expressions it allows
us to form.

c. Estimating bottom velocities on closed f/H contours

Inserting the approximate expression for the bottom geostrophic velocity (23) into the
quadratic bottom friction (18) gives:

= puColily, =2
Tp = Polp|Vs|Vs pof2

sy

dq

o,
dq

Vq‘k X Vgq. (24)

Substitution of this into the area-integrated potential vorticity balance (17), treating 0¢s,/0gq
as constant for any given f/H contour enables us to solve for ds,/dq:

(VXL—V V—f)dA
pof O f

| @ o 4
agl aqg Cp Vg
f_3 (k X Vg) - tdl
C
Finally, back-substitutioninto (24) gives us the bottom velocity:

1 T vf \Z
V| == VX——V, . —|dA| ———| , 26
=7 ” i T Vo 2o

N Cp f_3 dl

where the direction is given by the sign of the area-integral. By repeating the same
procedure using the linear friction law (19) we would end up with:

(VXL—V V—f)dA
pof O f

dg R (kX Vgq) -t ’
——dI

f2
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and

_1 (VXL_V E)dAﬂt -
Yo T Rf pof f <ﬁ Vg (28)
N f_zdl

C

The derivations using linear and quadratic friction gives qualitatively the same results. The
average bottom velocity around an f/H contour is controlled by the area-integral of the
forcing, while the distribution of the velocity around a contour is given by the local
gradient divided by the mean gradient of f/H. The sense of circulation around a contour is
always given by the sign of the area-integrated forcing.

To illustrate the essentials of the dynamics we consider an asymmetrically shaped gyre
forced with an Ekman pumping velocity which is constant in space and equal to
107 °m s~ . The resulting bottom geostrophic velocities, estimated from (28), are shown
in Figure 5a. The role of the bottom Ekman layer is to balance the potential vorticity budget
within a closed f/H contour, in an averaged sense. Therefore, the average bottom Ekman
pumping within each contour will equal the constant forcing. However, the bottom Ekman
layer is incapable of achieving a point-wise balance because the bottom geostrophic
velocity is forced to vary according to the gradient of the f/H field. In Figure 5b we clearly
see that the strongest bottom Ekman pumping is found in the area with strongest gradients
of the f/H field. To achieve a point-wise balance of the potential vorticity budget, vertical
velocities resulting from bottom geostrophic velocities perpendicular to the f/H contours
will be needed. This term is calculated from (16), where it balances out the difference
between the forcing and the bottom Ekman pumping, and is shown in Figure Sc. In the area
with large positive bottom Ekman pumping the “cross-f/H term” is negative, as the bottom
Ekman pumping is larger than the forcing, leading to geostrophic velocities towards
increasing depth. In the areas with weak bottom Ekman pumping the geostrophic velocities
will be towards decreasing depth. However, as shown by the preceding scaling arguments,
the geostrophic velocity component perpendicular to the f/H contours that is creating the
vertical velocities shown in Figure 5Sc is much smaller than the velocity parallel to the f/H
contours. Therefore, (26) and (28) give good estimates of the total velocity. Another
example of flow in an idealized basin where an analytical solution based on (28) is
compared to a numerical solution of (16) is presented in Appendix B.

d. Estimating bottom velocities on open f/H contours

From (23), it is clear that if we know d{s,/dg at any point on an f/H contour, we will
know the bottom flow everywhere on that same contour. However, on open contours we
cannot use the integral constraint given by (17). For the Nordic Seas and Arctic Ocean, the
upper parts of the continental slope consist of contours that cross the Greenland-Scotland
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Figure 5. The circulation given by (28) in an idealized gyre. The forcing is constant in space and
equal to 10" ®*ms™'. (a) The f/H contours and bottom geostrophic velocities. (b) The bottom
Ekman pumping term calculated from the curl of the bottom geostrophic velocity. (c) The vertical
velocities resulting from a geostrophic velocity component perpendicular to the f/H contours,
calculated from (16) when forcing and bottom Ekman pumping is known. In (b) and (c¢) the units of
the contour labels are 107 ¢ ms™'.

Ridge into the North Atlantic. We treat these as open contours and, to avoid having to deal
with dynamics at lower latitudes, we will instead estimate the value of d{s,/dg from direct
observations. We assume that d{s,/0g may be treated as a function of g also on the open
f/H contours. As the bottom currents observed on these contours often exceed 0.1 m s~ !
(Aagaard, 1989; Fahrbach et al., 2001; Newton and Sotirin, 1997; Orvik et al., 2001), and
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Figure 6. A log-logplotof f/H versus dys,/dq, where d{s,/dq is calculated for the open f/H contours
using current meter observations from Fram Strait (O) (Fahrbach et al., 2001), from 75N in the
Greenland Sea (*) (Woodgate et al., 1999) and from the Svingy section (+) (Orvik et al., 2001).

the topographic slope along these contours is larger than 10~ 2, this should be a reasonable
assumption.

We use direct current measurements from the Norwegian continental slope (Orvik et al.,
2001), from the Fram Strait (Fahrbach et al., 2001), and from the Greenland continental
slope (Woodgate et al., 1999), together with bathymetric data, to estimate the value of
dy,/0g on three open contours. The estimate is based on the approximate expression for
the bottom geostrophic velocity (23), where all the terms except 95,/0q are estimated from
the data. The data and resulting estimates are shown in Figure 6.

Note that when the f/H gradientis dominated by topography, the magnitude of d{s,/dq is
approximately given by:

e
dq

YA
= (E) (29)

I

Roughly then, a log-log plot of dys,/dq vs. f/H should scatter the data around a straight line
with slope —0.5. Such a line has been added to Figure 6 and generally confirms this
relationship.
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This method of obtaining bottom velocities everywhere on open f/H contours probably
has large uncertainties. However, it is the best way of initializing the flow on the open
contours that we can think of and, as shown below, the flow field predicted by the model on
other segments of the same contours is quite close to that observed.

3. Model results and comparison with observations

To estimate the large-scale bottom flow of the Nordic Seas and Arctic Ocean with this
simplified model, we need a set of f/H contours, a surface wind stress field and a density
field for the Nordic Seas and Arctic Ocean. The f/H field (Fig. 1) was generated with
bathymetry extracted from the TerrainBase (5' X 5') topographic data set (National
Geophysical Data Center, 1995). As we are interested in large-scale circulation features,
smoothing was applied to remove scales smaller than roughly 30 km. As mentioned in the
above, surface stresses were extracted from NCEP/NCAR Reanalysis and hydrography
from a combination of the EWG Arctic Atlas and the World Ocean Atlas 98. Finally the
drag coefficient C, for a quadratic bottom friction law was set equal to 10~ >,

Bottom geostrophic velocities were calculated from (26) for closed contours, and by
(23) and (29) for open contours. These calculations were made for a number of points on
each of these contours and finally interpolated onto a regular grid for presentation (Fig. 7).
The large-scale bottom flow is characterized by the narrow Arctic Circumpolar Boundary
Current (ACBC; Aagaard, 1989; Rudels et al., 1999) flowing counter-clockwise along the
perimeter of the entire domain, and by smaller gyres associated with the different
sub-basins of the Nordic Seas and Arctic Ocean. This first impression is encouraging, and
we move on to a closer look at details, first in the Nordic Seas and then in the Arctic Ocean.

a. Nordic Seas

Figure 8 shows the modeled bottom currents in the Nordic Seas together with direct
observations of near-bottom currents at several locations. The fit is generally good, but
notable exceptions exist.

At the continental slope north of the Faeroe Islands the magnitudes of the modeled
currents are in good agreement with an observation from that region. But the directions do
not agree very well. A closeup of this region (Fig. 9) leads us to speculate that finer details
of the local topography is to blame. The local isobaths at the mooring, at the resolution of
the original topographic dataset, are directed north—south, and the observed current is
aligned in this direction. In contrast, the modeled currents follow the smoothed isobaths.
This is but one example of a difficulty we will repeatedly encounter in comparing point
measurements with predictions from a theory meant to represent spatially averaged
currents. Eularian current measurements are suitable for forming rigorous temporal
statistics but typically suffer from an extreme spatial undersampling.

In the Svingy section which crosses the Norwegian continental slope, the model
generally does well, but underestimates the strongest currents near the coast by more than a
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Figure 7. Modeled bottom geostrophic velocities in the Nordic Seas and Arctic Ocean.

factor of two. The reported direction of near-bottom currents at one location, near the
1000 m isobath, is also radically different from the model predictions. Farther north, two
isolated observations from the slope of the Vgring Plateau each agree well with modeled
currents.
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Figure 8. Modeled bottom geostrophic velocities (black arrows) and observed near-bottom currents
(red arrows) for the Nordic Seas. The sources of the observed near-bottom currents are from
S. @sterhus (pers com.) (the slope of the Vgring Plateau and on the slope north of the Faeroe
Islands), Orvik et al. (2001) (Svingy section near the coast of Norway), Woodgate et al. (1999)
(Greenland Sea), and Fahrbach et al. (2001) (Fram Strait).

In the Fram Strait there is more data to work with. On both eastern and western flanks the
agreement is quite good, except perhaps for a slight tendency by the model to underesti-
mate the magnitudes in the east while overestimating them in the west. In the central areas
of the Fram Strait the agreement again appears more random. This may very well in part be
due to local fine-scale topographic effects. Finally, along the Greenland continental slope
near 75N the agreement appears to be good.

The use of Lagrangian surface drifters in the Nordic Seas has resulted in surface flow
field estimates that we can use with some statistical confidence. Early results were
presented by Poulain et al. (1996) and recently Jakobsen et al. (2003) have improved these
estimates by adding additional years of observations. The most recent dataset is based on
114 individual satellite tracked drifters in the time period from June 1991 to May 1995.
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Figure 9. The effect of local topography. A blow up of the area around the current meter
measurements on the slope north of the Faeroe Islands. The modeled currents (black arrows)

follow the smoothed f/H field (not shown), while the observed current (gray arrow) follow the
non-smoothed topographic contours which is shown in the figure.

The southern and eastern parts of the Nordic Seas were well covered with drifters, while in
the northern and western parts the coverage was more sparse. We thus attach higher
confidence to their estimates for the southern and eastern parts than to those for the
northern and western parts. The time-mean surface field, as reported by Jakobsen et al,, is
shown in Figure 10.

The present model gives an estimate for the bottom geostrophic flow. To compare with
observed surface currents we add the observed thermal wind shear from the bottom to the
surface. Note that this shear (as recorded in the hydrography) may also be interpreted as a
solution to the depth-integrated vorticity equation in the case of complete “compensation”
at depth such that lower layers are at rest (zero left hand side in 16). To see if the model
represents an improvement from this other theoretically possible solution, Figure 11 shows
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Figure 10. Mean surface flow in the Nordic Seas from Lagrangian drifters (Jakobsenet al., 2003).

both the thermal wind shear alone in (a) and the sum with the modeled bottom currents in
(b). The first impression is that the model does a very good job in describing the main
features of the surface circulation in the Nordic Seas. Much of the information about
surface currents is certainly contained in the density field, e.g. the cyclonic gyration in the
Greenland Sea and around the Island Plateau as well as the re-circulation in the northern
parts of the Fram Strait. However, closer comparison with the observed currents (Fig. 10)
reveals a number of features in the surface circulation that do require nonzero bottom
flows.

The surface currents on the slope of the Vgring Plateau is a case in point. The
observations reveal considerable topographic steering and in particular a splitting of the
currents at the topographic saddle point near OE, 68N. This splitting is not reproduced by
the thermal wind shear alone (Fig. 11a), but rather well by the simplified model (Fig. 11b).
A second observed splitting of the western branch at Jan Mayen into a northward flow
along the Mohn ridge and a southward flow along the Jan Mayen ridge also appears to
imply non-zero bottom flows. The latter branch takes part in a general cyclonic circulation
around the Norwegian basin.
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Figure 11. (a) Surface flow in the Nordic Seas given zero geostrophic velocity at the bottom. This
field is calculated from the density field by integrating through the thermal wind balance from the
bottom. (b) Modeled surface flow obtained by adding the observed thermal wind shear to the
modeled bottom currents (Fig. 8).

The simplified model suggests the presence of an interesting feature on the northwestern
slope of the Lofoten Basin (near 71N and OE): The surface flow there is in opposite
direction to the bottom flow, implying a considerable vertical shear. A good correspon-
dence with observed surface currents indicates that this is a robust feature.

b. Arctic Ocean

Surface drifter data from the Arctic Ocean are nonexistent and we are again left with
moored current observations for direct comparison. The modeled near-bottom geostrophic
circulation in the Arctic Ocean is shown in Figure 12 together with near-bottom currents
observed from moored instruments as reported by various investigators. The overall
picture is in agreement with the conclusions drawn by Aagaard (1989) regarding the
sub-surface circulation in the Arctic Ocean. These consist of the pronounced counter-
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Figure 11. (Continued)

clockwise Arctic Circumpolar Boundary Current along the perimeter of the entire region
and weaker flows within the individual sub basins.

In the interior of the Canadian Basin the modeled bottom flow is anticyclonic, in the
opposite direction to the ACBC in this region. Citing current measurements from the
continental slope north of Alaska and the results of Newton and Coachman (1974) and
Aagaard (1984), Aagaard (1989) draws a picture of the sub-surface circulation in the
Canadian Basin which is almost identical to our results (see his Fig. 11). Observations from
the internal Beaufort Gyre are sparse. However, basing their analysis on a few direct
current measurements, dynamic height calculations and water mass retention analysis,
Newton and Coachman (1974) concluded that there is an anticyclonic circulation of
Atlantic Water in the inner gyre coexisting with a narrow cyclonic boundary current along
the continental slope. Generally, this circulation picture is in agreement with our model
results, although the strong currents along the slope east of the Chuchi Plateau does not
agree with the current measurements by Newton and Coachman (1974) shown in
Figure 12.
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Figure 12. Modeled bottom geostrophic velocities (black arrows) and observed near bottom currents
(red arrows) for the Arctic Ocean. The sources of the observed near bottom currents are Newton
and Coachman (1974) (Canada Basin), Newton and Sotirin (1997) (Lincoln Sea), Aagaard (1981)
(Lomonosov Ridge near the North Pole), Woodgate et al. (2001) (the three current meter moorings
near 140W, 80N).

The Eurasian Basin bottom flow is cyclonic from the outer rims, defined by the ACBC,
to its center. Woodgate et al. (2001) presented recent results of three current meter
moorings near 80N, 150E. The model predictions are in good agreement with their
findings: The ACBC splits in this region, into one branch following the continental slope
toward the Canadian Basin and another branch flowing toward the North Pole along the
Lomonosov Ridge. Near the North Pole there is a gap in the Lomonosov Ridge and the
model predicts a bottom flow into the Makarov Basin following the f/H contours. This flow
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into the Makarov Basin might be a model artifact, as it strongly depends on a correct
representation of the opening in the Lomonosov Ridge by the topographic dataset. A
current meter on the slope of the Lomonosov Ridge (Aagaard, 1981) seems to confirm this
flow, but whether the direction of this measured current is a result of local topography or
the large scale circulation field is unknown. Finally, in the Lincoln Sea, where the
Lomonosov Ridge runs into Greenland, bottom currents turn eastward and join the branch
of the ACBC which has taken the long way around the Arctic. The comparison of modeled
bottom flows from this region with direct observations reported by Newton and Sotirin
(1997) is good.

4. Summary and discussion

We have presented a simplified model of the large-scale circulation within the Nordic
Seas and Arctic Ocean. The model relies heavily on the fact that the f/H field forms closed
contours over much of these high-latitude regions and on observational evidence that
bottom currents are strong. Dynamically it is similar to a steady version of the model used
by Isachsen et al. (2003) to look at time variability of the recirculating flow. The notable
difference is that in the present model the depth-averaged currents need not follow isolines
of f/H; bottom currents do, but currents higher up in the water column may turn according
to observed horizontal density gradients. The model is thus a diagnostic one, designed for
the purpose of examining possible lowest-order balances governing the dynamics of the
large-scale flow in these regions.

The model solves for bottom geostrophic velocities, and these are “forced” by surface
Ekman pumping derived from climatological wind stresses and by divergences due to
meridional thermal wind transport relative to the bottom, these also extracted from
climatologies. Bottom stress is the only mechanism included to dissipate energy. Scaling
arguments show that the bottom geostrophic flow must then be nearly parallel to f/H
contours. This is also supported by a number of observations (Aagaard, 1989; Fahrbach et
al., 2001; Newton and Sotirin, 1997; Orvik et al., 2001; Woodgate et al., 1999; Woodgate
et al., 2001). We thus write the total velocity only in terms of the along-contour
component. For closed f/H contours, all the dynamics is contained within the simple
expressions for the bottom velocities, (26) for a quadratic stress law and (28) for a linear
stress law.

The modeled flow is sensitive to the quality of the applied forcing. By using the wind
stress from NCEP/NCAR reanalysis as forcing on the sea surface, we are ignoring the
effect of the sea ice cover. Steele et al. (1997) have shown that on an annual average the
force balance of the sea ice motion is mainly between air drag, water drag and internal
stress gradient. However, the water drag on the ice is mainly oppositely directed to the air
drag, even if the internal stress gradients in the ice are not negligible. This means that the
curl of the ice-water drag is distributed similarly to the curl of the air-ice drag, but the
ice-water drag will have a smaller magnitude than the air-ice drag due to the effect of
internal stress gradients in the ice. This is especially important in the areas north of
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Greenland and the Canadian Archipelago where the air-ice drag seems to be mainly
balanced by internal ice stress gradients (Steele et al., 1997). Therefore, using wind stress
from the NCEP/NCAR reanalysis project as forcing for the ocean circulation will generally
lead to an overestimate of the magnitude of the wind stress curl acting on the ocean,
especially in the coastal regions north of Greenland and the Canadian Archipelago. The
wind forcing in the Nordic Seas, which is mainly ice free, will be less affected by this than
in the Arctic Ocean. The main picture of strong forcing in the Nordic Seas and weaker
forcing in the Arctic, which is clearly seen in Figure 3, may therefore be even more
pronounced if the effect of sea ice is included.

The EWG Arctic Atlas is a gridded field with 50 km resolution, and therefore, narrow
features like the Arctic Circumpolar Boundary Current are probably not very well
resolved. The actual data which the EWG Arctic Atlas is based upon also have quite coarse
resolution in the Arctic Ocean and along the eastern and northern coasts of Greenland.
However, in the time-mean dynamics presented in this paper the forcing is integrated over
areas enclosed by f/H contours. When integrating over large areas the narrow features not
resolved by the hydrographic data is likely to play a minor role. We therefore believe that
the hydrographic forcing is quite realistic. On open contours the solutions are given by data
from current meters and does not depend on the hydrographic forcing derived from the
EWG Arctic Atlas.

Neglected processes, like eddy-topography interactions and horizontal diffusion of
momentum, doubtlessly also play important roles in the governing dynamics in the ocean.
The eddy-topography rectification mechanism suggested by Holloway (1987, 1992) acts to
drive mean cyclonic currents over topographic lows. In the eastern slope of the Chuchi
Plateau our model predicts a strong eastward current while observations (Newton and
Coachman, 1974) and high-resolution primitive equation simulations (Aksenov and
Coward, 2001) suggests a weaker westward motion. This is an eddy rich area (D’ Asaro,
1988; Muench et al., 2000), and the possible failure by our simple model to reproduce
currents here may very well be due to an ignored contribution from eddy-topography
interaction. But there are other alternative explanations. Lateral momentum exchange
(possibly also caused by eddies) between the cyclonic boundary current and the anticy-
clonic interior might also lead to a westward flow in this area. Also, the sea ice cover may
act to weaken the anticyclonic forcing over the Canadian Basin. This would lead to a
weaker anticyclonic gyre with resulting weaker eastward flow on the eastern slope of the
Chuchi Plateau.

Considering its extreme simplicity, the model nonetheless produces results in surprising
agreement with observations. What does it tell us? Essentially, the bottom velocity at any
point on a closed f/H contour, as given by (26) or (28), is a product of two factors: (1) the
integrated forcing within that contour divided by the length of the contour and (2) the local
slope of the f/H field relative to the mean slope around the contour. For open f/H contours
that extend into the North Atlantic, the mean strength and direction of the circulation are



2003] Ngst & Isachsen: Ocean circulation in the Nordic Seas & Arctic Ocean 201

0-2 T T T T T
- N
|4
H
c L _
g 0.1+
o
£ + ++ X e ®
5 T+ .
=] b e o
B ‘FI_ 000
2 0(5) O
2 oo
s
g
.ﬁ AAA
Eoa ™
01y 1 2 3 4 5 6

Area (1 0'2 mz)

Figure 13. The total area-integrated forcing within f/H contours from various basins. Different
regions are represented by symbols as follows: + Nordic Seas, O Eurasian Basin, A Canadian
Basin, X contours enclosing the Nordic Seas and the Eurasian Basin, @ contours enclosing the
Nordic Seas and the whole Arctic Ocean.

estimated from direct current measurements, while the distribution of this flow along the
contours is again a function of local f/H gradients.

The integrated forcing within closed contours is shown in Figure 13. It is this integrated
forcing that determines the mean strength and direction of the flow along a contour. As can
also be seen in Figure 3, the forcing is strong and cyclonic over the Nordic Seas, weak and
cyclonic over the Eurasian Basin and anticyclonic over the Canadian Basin. The Arctic
Circumpolar Boundary Current flows along the contours that encircle the entire domain
north of the Greenland-Scotland Ridge, and the forcing on these contours depends on the
integral over all the different basins. The end result turns out to be cyclonic bottom flow
because the contribution from the strong cyclonic forcing in the Nordic Seas together with
the weak cyclonic forcing in the Eurasian Basin dominates the anticyclonic forcing in the
Canadian Basin. We therefore make the claim that the bottom cyclonic flow of the Arctic
Circumpolar Boundary Current is largely forced from the Nordic Seas or, in the case of
open f/H contours, from the world oceans south of the Greenland-Scotland Ridge. The
inner anticyclonic motion in the Beaufort Gyre coexisting with a narrow cyclonic boundary
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Figure 14. Contributions from the Ekman pumping (red) and the hydrographic forcing (blue) to the
total area-integrated forcing within f/H contours from various basins. Different regions are
represented by symbols as follows: + Nordic Seas, O Eurasian Basin, A Canadian Basin,
X contours enclosing the Nordic Seas and the Eurasian Basin, @ contours enclosing the Nordic
Seas and the whole Arctic Ocean.

current along the rim of the basin is also explained from Figure 13. The circulation in the
inner gyre is flowing along the f/H contours enclosing within the Canada basin where the
forcing is anticyclonic, while the cyclonic boundary current is part of the remotely forced
ACBC.

The organization of the f/H field is easily recognized in the flow: The flow accelerates as
it enters regions where the f/H gradients sharpen and decelerates as it enters regions where
the gradients weaken. An obvious example of this effect is the flow along the Norwegian
continental slope from the Norwegian Basin and the Vgring plateau (low speeds), via the
Lofoten Basin (large speeds), the Barents Sea Opening (low speeds) to the West
Spitzbergen slope (large speeds).

Finally, we return to the integrated forcing, but now look at the relative contributions
from wind and hydrography (Fig. 14). On just about every f/H contour the main
contributor in driving the mean bottom flow is the surface Ekman pumping. The
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divergence of the thermal wind shear is everywhere less important and, more noticeably, it
is acting to drive the bottom flow in the opposite direction to that produced by the winds.

This is intriguing, and we wish to point out that these are not model results but a direct
comparison of two independently generated data sets. The classic interpretation is that the
density field has stored information about climatic surface stresses and is attempting to turn
off the lower layer flow at long time scales (Anderson and Gill, 1975). Figure 14 suggests
that the density field is attempting to turn off the lower layer flow without being able to do
so completely. It is interesting to note that the attempted turn off of the bottom flow is
clearly seen in the dataset which is integrated over areas enclosed by f/H contours (Fig.
14), while locally it does not seem to take place (compare Figs. 2a and 2b). This indicates
that the thermal wind field in the Nordic Seas and Arctic Ocean may also depend on
integrated potential vorticity balances within closed contours of f/H.

In the present diagnostic model the bottom geostrophic flow is forced by the part of the
surface Ekman pumping which is not balanced by meridional flow in the upper layers.
Possible mechanisms driving the bottom flow are interfacial stresses (Welander, 1968) or
the eddy-induced rectifications suggested by either Holloway (1987, 1992) or Dewar
(1998). However, Welander’s results do not agree with the strong bottom currents
observed in the Arctic, and it also seems worth noting that the eddy parameterizations used
by Holloway and Dewar tend to drive the flow in the opposite sense to what is observed in
the interior of the Canadian Basin. Instead, we interpret the success of the present
diagnostic model as an indication that the potential vorticity input by surface winds is
efficiently transmitted to the bottom. We close by reminding ourselves that both We-
lander’s and Dewar’s models were adiabatic. In high latitude oceans, non-adiabatic effects
should be considered. Diapycnal mass fluxes, set up by buoyancy loss at the sea surface,
may very well act to transfer potential vorticity from the surface to the bottom.

Acknowledgment. We wish to thank P. K. Jakobsen for letting us use the mean velocity field for
the Nordic Seas that he derived from Lagrangian surface drifters, and S. @sterhus for the current
meter data that he made available to us. We would also like to thank J. Nilsson for useful and
clarifying discussions. Thanks also to two anonymous reviewers who helped to improve the
manuscript. PEI was funded under the ALV programme by the Norwegian Research Council.

APPENDIX A
Is 0s,/dq constant on an f/H contour?

The velocity across g contours is important to balance the depth-integrated vorticity
equation (16) locally. Therefore, there will be gradients in ¥, and d{s,/dg along the g
contours. Although these gradients are much smaller than the gradients directed across the
q contours they might lead to significant changes of s, and d{s,/dq if the length scales
along the g contours are much larger than the length scales across the contours. The ratio of
the two velocity components in (22) scale as:

Ul Ay Ly
Uy Ay, Ly

(30)
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where Ay, is the difference in s, over a distance L | across the g contours, while Ay is
the difference in {5, over a distance L, along the g contours. For Ais to be as large as Ay,
U | must vary with length scale L, along the contours such that

L U CcpyU
=T =L IvE" 3D

where again the term on the right hand side is taken from (21).

From Figures 1 and 4 we see that the contours enclosing the whole domain of the Nordic
Seas and Arctic Ocean have a topographic slope mainly of order larger than 10~ 2 The
Arctic Circumpolar Boundary Current, which is flowing along these contours, have a width
roughly equal to the width of the continental slope, about 100 km. For a bottom flow of
order 10” ' m s~ !, the ratio of the length scales in (31) becomes 10~ >. According to this we
need a length scale (L)) of order 10° km to change d1s,/dq significantly. The length of the
contours is an order of magnitude smaller than this, suggesting that treating dis,/dq as a
function of g is a reasonable assumption for the longest contours.

Next, for the interior sub-basins where the topographic slope is near 10~ 3, the ratio of
the length scales in (31) is about 10”2 for the same values of U and L , . For these regions
the width of the currents are mostly higher than 100 km, suggesting that the ratio of the
length scales may be even smaller. Thus, a length scale larger than 10* km is needed to
change dy,/dq significantly. As it turns out, the length of these contours within areas of
topographic slope near 10 % is again considerably shorter than this. In summary, it appears
that ¥, and hence 0{s,/d¢, can be treated as a function of g for the entire domain.

APPENDIX B

Dynamics of an idealized basin

To investigate the dynamics in a basin with closed f/H contours and steep topography
more closely, we solve the depth integrated vorticity equation (16) for an idealized basin.
The topography of the idealized basin is given by:

H= —Hyel " — g (32)

where r is the radius from the center of the gyre given by r’=(x — xO)2 + (y — y0)2,
Hy,=3700 m, H, = 300 mand L = 6 - 10° m (Fig. 15a). x, and y, represent the point in
the center of the domain. The forcing (F), representing the right hand side of (16), is given
by:

2
F= FO( ﬁ) (33)

The forcing with F, = 5+ 10~ 7, is shown in Figure 15b.
The coriolis parameter f is constant (f = 1.2 - 10”45~ 1), and the bottom stress is
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Figure 15. Closed f/H flow in an idealized basin. (a) Topography of the idealized basin, (b) forcing
of the idealized basin, (c) the friction term ((R/f)V X v,) as calculated by the numerical model,
(d) the topographicterm (—v, + VH) as calculated by the numerical model, (e) the friction term as
calculated by the analytical model (39), and (f) the topographicterm as calculated by the analytical
model (40). All units are givenin m s~ ' except for the topography which is given in meters.

parametrized using a linear friction law (19), with R = 10" *ms~ ' With these
simplifications (16) becomes:

R

—v,,~VH+f

VXvy,=F (34)
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By the use of the geostrophic approximation for the bottom velocity (10), (34) may be
written as:

1 R
—wf(%, H) +FV2¢" =F (35)
Here J is the Jacobian defined as: J(a, b) = (da/dx)(db/dy) — (daldy)(db/dx).

We solve (35) numerically in a rectangular domain by approximating all derivatives
with a centered finite difference scheme and no-slip boundary conditions at the walls.
The resulting set of linear equations are solved by gaussian elimination. The numerical
model was set up on a rectangular domain 5000*5000 km with a resolution of 20 km.
The frictional parameter R was increased towards the walls for r > 1500 km (which is
well outside the area of interest) to avoid noisy behavior of the model near the
boundaries. The contributions from the different terms in the vorticity equation (34 or
35) are shown in Figure 15¢ and 15d, and the computed bottom velocity field is shown
in Figure 16a.

When the component of the bottom velocity along the f/H contours is much larger than
the component perpendicular to the contours, the bottom velocity may be calculated from
(28), which in the case of constant f and forcing given by F becomes:

o

A

—— |VH}t (36)
<ﬁ VH]dI

C

x|~

Vy =

As before ¢ is the unit tangent vector to the isobaths in a counter-clockwise direction. With
the given forcing and topography we can find an analytical expression for the area-integral

of the forcing:
r2
= 2 e —
JJ FdA = @wrF, 4x§+ 1 37
A
Using this equation together with (32) and (36) v, may be expressed as:
1F, .
v, = SRx2 (F + 4xgr)t (38)

The bottom friction term may now be calculated from (38):



2003] Nost & Isachsen: Ocean circulation in the Nordic Seas & Arctic Ocean 207

2000 Zﬂz/ > ,_/étt\ \‘R\ﬁ

w1

vE
;mo/ﬁw:,,r\V

VL]
Sl
DO 7
2000,\72 . \\ - 1\2
/75NN
1500} //.’*\'\\\\
Vs NN
AN
Eooof] 447t
RRNA Yy
\N\>""_ ./

500} —
\ NN a7
S

2000
’c

=\
<<\
v A

1500}
E 1000}

500

A
OO 500 1000 1500 2000
km
Figure 16. Results of the idealized basin model. (a) The velocity field calculated by the numerical
model. (b) The velocity field calculated by the analytical model. (c) The difference between the
velocity fields calculated by the numerical and analytical model in percent.



208 Journal of Marine Research [61,2

T R
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pof f 5
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(39)

It is easily verified that the area integral of the bottom friction term, given by (39) equals
the area-integral of the forcing (F), which is in agreement with (17).

The topographic term, which is the first term in (34), may now be found by the use of
(34), (38) and (39):

R P
—vb-VHZF—?VvaZFO(x—%—z—x%—I) 40)
The analytical expressions for the friction term and the topographic term given by (39) and
(40) is shown in Figure 15e and 15f, where they can be compared to the same terms in the
numerical model. The analytical velocity field given by (38) is also shown in Figure 16b,
and the difference between this expression for v, and the velocity in the numerical model is
less than 1 percent (Fig. 16¢).

Figure 15 illustrates an important element in the dynamics of basins with closed f/H
contours and steep topography. The shape of the friction term is fully controlled by the
bottom topography, because the bottom geostrophic velocity has to follow the depth
contours. This means that the friction term is only able to balance the integrated balances,
represented by (17), while it is not able to balance the east west asymmetry in the forcing
shown in Figure 15b. The bottom vortex stretching, represented by the term —v, * VH is
not able to balance the area-integrated forcing since the mean of this term over an area
enclosed by an f/H contour is always zero. However, the bottom vortex stretching is the
only term that is able to balance the east west asymmetry in the forcing, making sure that
the depth integrated vorticity equation (equation 16 or 34 in the idealized case) is balanced
locally.
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