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ABSTRACT

It is shown that wind stress curl is balanced by bottom pressure torque in a zonal integral over any strip wide
enough to smooth out the effect of nonlinear terms (typically about 3° of latitude). The derivation is completely
general as long as the zonal wind stress is balanced by form stress at each latitude, as is known to be the case
in the ocean. This implies that viscous torques are not important in western boundary currents, their place being
taken by bottom pressure torques. The prediction is confirmed in the context of a global, eddy-permitting,
numerical ocean model. This link between form stress and bottom pressure torques makes it easier to consider
Southern Ocean dynamics and subtropical gyre dynamics in the same conceptua framework, with topographic

interactions being important in both cases.

1. Introduction

The role of bottom topography in ocean circulation
is a strange subject. On the one hand, since the work
of Stommel (1948) and Munk (1950), it has been as-
sumed to play arather minor rolein the subtropical gyre
circulation. On the other hand, in the Southern Ocean
topography has been known to be needed to obtain a
dynamical balance since the work of Munk and Palmén
(1951), and topography clearly has a strong influence
on other high-latitude flows.

a. Gyre circulations

Belief in the unimportance of topography in the in-
terior of subtropical gyres stems initially from the suc-
cess of Stommel’s (1948) model in describing the major
features of these circulations. The main purpose of
Stommel’s paper was to demonstrate the source of east—
west asymmetry in the gyre circulation. Thiswas shown
to result from the variation of the Coriolis parameter
with latitude (the beta effect), by means of the simplest
model possible: a wind-stress-forced, flat-bottomed,
barotropic, rectangular ocean in which the flow islinear,
and the only friction is a linear bottom friction. In a
sense, of course, this model does contain topography in
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the form of vertical sidewalls. The analytical model was
then solved on an f plane and on a B8 plane to show that
the introduction of B leads to western intensification.
There was no reason to choose a flat bottom except for
simplicity, but the reasonable circulation that resulted
made the assumption that topography is unimportant
seem plausible.

The theoretical basis for this assumption was
strengthened by Munk (1950), who showed that the
same interior flow (in a depth-integrated sense) results
from the assumption that the flow does not penetrate
deep enough to reach the bottom. The interior flow is
then (asin Stommel’s model) given by Sverdrup balance
in which the depth-integrated meridional flow is deter-
mined by the wind stress curl. With this assumption
there can be no bottom friction, so Munk substituted
lateral friction to permit closure, resulting in what is
now commonly known as a Munk boundary layer struc-
ture for the western boundary current. Still, astherewas
no a priori reason to assume that the flow could not
reach the ocean floor, the assumption continued to be
justified only by the reasonable circulation patterns that
resulted.

A stronger theoretical reason for negligible flow at
depth eventually came from spinup calculations, in
which the flow was started from rest and the wind stress
turned on at time zero. In the flat-bottom, linear, qua-
sigeostrophic case (e.g., Young 1981), it is possible to
show analytically that the interior Sverdrup circulation
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is set up by Rossby waves propagating from the eastern
boundary. The fastest waves are barotropic and quickly
set up a barotropic interior flow. Next comes the first
baroclinic mode, which does not alter the depth inte-
grated flow, but confines it to a flow above the ther-
mocline. Higher modes traverse the basin more slowly,
and successively confine the circulation to athinner lay-
er near the surface, until the flow in that layer becomes
fast enough for the assumption of linearity in the density
advection equation to break down, al with no change
to the Sverdrup relation in the depth integral. Numerical
two-layer simulations extended this reasoning to the
case with topography (Anderson and Gill 1975; An-
derson and Killworth 1977) in which case, while the
initial barotropic adjustment is to a state quite different
from Sverdrup balance (it is close to what is usually
referred to as ‘‘topographic Sverdrup balance,” for
which f/H contours replace latitude lines as the char-
acteristics), the baroclinic adjustment cuts off the flow
in the bottom layer, leading again to the conventional
Sverdrup balance for the depth integral. We therefore
have reason to believe that the wind-driven circulation
in ocean gyre interiors should not be influenced by bot-
tom topography, unless the flow speed becomes com-
parable with the propagation speed of thefirst baroclinic
Rosshy wave. With the Rossby wave speed decreasing
from 10 cm s* or more in the mid Tropics, to less than
1 cm st at high latitudes (Killworth et a. 1997), it is
to be expected that Sverdrup balance will hold in the
Tropics but will break down due to topographic inter-
actions at higher latitudes.

Even in the Tropics, this argument only holds for the
Sverdrup interior of wind-driven gyres. The deep branch
of the thermohaline circulation must certainly interact
with topography, and the western boundary currentsin-
teract strongly with either the sidewalls (Munk bound-
ary layer) or the ocean bottom (Stommel boundary lay-
er). The real ocean, of course, has a continental slope
and shelf instead of vertical sidewalls, so the sidewalls
must also be considered to be bottom topography.

The situation is complicated by the role of nonline-
arity in western boundary currents, which can be sig-
nificant. However, nonlinearity cannot balance wind
stress curl in an integral sense, so friction remains cru-
cial in these boundary currents in order to obtain a dy-
namical balance when the only relevant topography is
in vertical sidewalls.

Theoretically, then, we might expect topography to
be important at high latitudes (where the stratification
is weak and Rosshy wave speeds are slow), for deep
flows, and in western boundary currents. Also, the ar-
gument for ignoring bottom topography in the interior
of subtropical gyres only holds if it makes sense to
consider a near-surface wind-driven circulation inde-
pendently of the deep thermohaline flow. In fact, evi-
dence for the validity of Sverdrup balanceis still want-
ing, even in the subtropical North Atlantic (Wunsch and
Roemmich 1985).
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Evidence of the importance of topography in western
boundary currents was first put forward in this context
by Holland (1973), who noted that a continental slope
could induce a recirculation in the western boundary
current, increasing the nearshore current while com-
pensating for this increase with an offshore return flow.
For deep western boundary currents, the role of topog-
raphy in permitting currents broader than the inertial or
viscous scale was noted earlier by Stommel and Arons
(1972). More recently, idealized flows have been con-
structed in which there is no need for viscous effects
to permit ameridional flow (Salmon 1992, 1994; Straub
et al. 1993; Becker and Salmon 1997; Griffiths and Ve-
ronis 1997, 1998; Becker 1999; Ford 2000). In fact, the
simplest such model (linear and barotropic) is easily
derived from athermal analogy due to Welander (1968),
which has recently been extended to include small de-
partures from a fixed mean stratification by Salmon
(1998). Friction is still important in these models, to
obtain a global balance, but it is no longer the term
which permits a meridional mass flux in the western
boundary current. Instead, the flow conserves potential
vorticity (following f/H contours in the barotropic
cases), and the meridional flow is balanced by a bottom
pressure torque.

In this paper, then, when we talk about viscosity being
unimportant in western boundary currents, we are re-
ferring specifically to its role in upsetting the Sverdrup
balance and permitting meridional flows. Thereiswide-
spread belief in the importance of bottom friction to the
energetic balance of the flow and in the important role
of friction in selecting western boundary currents in
preference to eastern boundary currents within the
ocean. A probably related issue is the need for viscosity
in various idealized but complete solutions (e.g., Ford
2000) to satisfy a no-normal-flow boundary condition.
The theory and diagnostics presented here do not ad-
dress these issues.

b. The Southern Ocean

In the Southern Ocean, attention has centered on the
angular momentum (or zonal momentum) balancerather
than on Sverdrup balance, although both have been con-
sidered. Munk and Palmén (1951) showed that pressure
forces on the ocean bottom topography are the most
likely candidates to balance the angular momentum in-
put by zonal wind stress. Other possibilities are bottom
or lateral friction, or the nonlinear advection of angular
momentum, which have been shown to be too small by
scaling analysis (Oort 1985), model studies (Treguier
and McWilliams 1990; Wolff et al. 1991; Ponte and
Rosen 1994; Stevens and Ivchenko 1997; Gille 1997),
in situ studies (Bryden and Heath 1985), and satellite
remote sensing measurements (Morrow et al. 1994). In
this zonal and depth integral balance, the Coriolisforce
drops out, if there is no steady northward mass flux
across each latitude, and becomes small for realistic
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mass fluxes due to evaporation and precipitation. The
only remaining term isthe pressure force on topographic
obstacles. Munk and Palmén (1951) estimated that the
zonal wind stress could be balanced by bottom pressure
in the Southern Ocean if the pressure was higher on the
western side of ridges than on the eastern side by an
equivalent 4 cm of water for a series of ridges with
height totaling 10 km.

Itisnow generally accepted that the zonal wind stress
ismainly balanced by this pressure force—bottom form
stress—in the Southern Ocean. Munk and Palmén
(1951) hinted that this might provide a relationship be-
tween wind stress and the transport of the Antarctic
Circumpolar Current (ACC), implicitly assuming that
the form stress could be interpreted as a form drag re-
lated to the strength of the zonal flow at the ocean floor.
In fact, the interpretation is not so simple.

Although the Coriolis force drops out in the depth
and zonal integral, this is not the case for the zonal
integral at each depth. The zonal wind stress puts an-
gular momentum into a near-surface Ekman layer in
which a northward flow occurs, permitting Coriolis to
balance the wind stress. Mass conservation, however,
requires a return flow at depth in which an equal and
opposite Coriolis force must be balanced by a pressure
force (form stress). Seen this way it is clear that the
balance between wind stress and form stress is closely
related to the meridional overturning circulation, but
how (and whether) this is related to the strength of the
ACC is not so clear.

Several authors have examined the possibility that the
transport of the ACC is determined by the wind stress
curl (Stommel 1957; Baker 1982; Chelton et al. 1990),
construing the ACC as an eastward flow with a small
southward component in Sverdrup balance with wind
stress curl, closed by a northward flow in a western
boundary current. More recently, Warren et al. (1996)
advanced this viewpoint, while condemning consider-
ation of the balance between wind stress and bottom
form stressas ** obscurantist’’ [see comments by Hughes
(1997), Olbers (1998), and replies by Warren et al.
(1997, 1998)]. It is not our purpose in this paper to
discuss the complicated subject of what controls the
strength of the ACC, but one result will be to show that,
far from being obscurantist, consideration of form stress
is, in fact, essential to the understanding of Sverdrup
balance in the Southern Ocean, and elsewhere.

¢. Combining the two concepts

Although the balance between wind stress and bottom
form stress has been given attention in the Southern
Ocean, it must hold at all latitudes. The only difference
at latitudes outside Drake Passage is that the bottom
topography reaches the surface in the shape of conti-
nents. There can still be no (or very little) masstransport
across each latitude circle, making the Coriolis force
negligible in the integral over longitude and depth. The

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 09/29/23 11:47 AM UTC

HUGHES AND DE CUEVAS

2873

Fic. 1. Schematic to show a region of an ocean basin, cut off at
a zonal section that includes surface points W, E and points W', E’
on the constant depth surface A.

zonal integral of zonal friction is still small, even if
alongstream friction is important in narrow western
boundary currents and nonlinear terms are also small
(the Southern Ocean is where they are largest). The
zonal wind stress is then balanced by a pressure dif-
ference across topographic features, of which the con-
tinents are just an extreme example. Again, this balance
can be interpreted as a meridional overturning with
northward flow in the Ekman layer and a geostrophic
return flow at depth, or vice-versa. Thisis an aspect of
Sverdrup gyres that is often overlooked. Although the
depth-integrated flow in agyre interior is given by Sver-
drup balance and the wind stress curl, the partitioning
between flow in the Ekman layer and the geostrophic
return flow at depth depends on the wind stress, and not
only on the wind stress curl. The dependence of the
geostrophic flow on wind stress, for a constant wind
stress curl, was recently highlighted by Veronis (1996).
When the ocean has sloping sidewalls, this has an
interesting effect. Consider the section of an ocean basin
shown in Fig. 1. Since we know that the zonal wind
stress along the surface from W to E is balanced by
form stress (i.e., pressure differences acrosstopographic
features), there must be some depth, say the depth of
the surface A at which the pressure on the western
boundary W’ is different from that at the eastern bound-
ary E’. If wethen consider the pressure along theisobath
that joins W’ and E’, it is clear that there must be a
place along this isobath where the pressure changes. As
we will see in the next section, a change of pressure
along an isobath leads to a bottom pressure torque,
which must upset the Sverdrup balance. This suggests
an important role for topography in gyre circulations
and a relationship between form stress and Sverdrup
balance that will also apply in the Southern Ocean.
This relationship also applies to the Stommel (1948)
and Munk (1950) solutions in which the zonal momen-
tum equation outside the Ekman layer was explicitly
considered to be geostrophic, even in western boundary
currents, so that zonal wind stress is balanced by an
east—west pressure difference acrossthe basin. However,
in this case all of the variation of bottom pressure along
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depth contours occurs at the vertical sidewalls, resulting
in a delta function of bottom pressure torque at the
boundary. This cannot upset the Sverdrup balance and
permit ameridional flow since such aflow cannot occur
in a delta function at the boundary. Friction and non-
linear effects must therefore be the determining factors
in permitting meridional flow in western boundary cur-
rents when topography only occursin vertical sidewalls.

When the sidewalls are sloping though, the bottom
pressure torque can balance a meridional flow. In the
next section, it will be shown, as described briefly by
Hughes (2000), that, in fact, the bottom pressure torque
is of exactly the right size to balance the meridional
flow required in a western boundary current. As long
as that current flows above the sloping region (which it
must do unless the sloping region is narrower than a
viscous boundary layer), there is no need for viscous
or nonlinear torques to balance the meridional flow in
western boundary currents.

Section 3 then discusses diagnostics from afully non-
linear, global, “4° resolution numerical model: the Ocean
Circulation and Climate Advanced Modelling project
(OCCAM) model. These diagnostics confirm the pre-
dictions of section 2.

Finally, section 4 summarizes the main results and
remaining open questions.

2. Form stress and Sverdrup balance

The two balances, Sverdrup balance and the balance
between zonal wind stress and form stress, have one
thing in common: they both concern the steady, depth-
integrated momentum equation. In two-dimensional
vector form, the steady, horizontal momentum equation
may be written

pfk X U= -Vp+ 7,+ a+ b, 1)

where f is the Coriolis parameter, u is the two-dimen-
sional horizontal velocity, p is density, p is pressure, 7
is the viscous stress on a horizontal surface, a is the
divergence of the remaining (lateral) viscous stress, and
b represents terms nonlinear in u. The individual com-
ponents of b may be written as a zonal component bx
= —p(u-Vu + wu, + uvtang/r) and a meridional com-
ponent b¥ = —p(u -Vv + wy, + W2 tang/r), wherer is
the radius of the earth (this is the primitive equation
form in which r is taken as a constant).

Performing a depth integral from the ocean floor (z
= —H) to the free surface (z = 7), we can write the
depth-integrated mass transport as U = (U, V) = |7,
pu dz. The integral of (1) then gives

n
fk><U=—J
~H

where 7, = 7(z= m) — 7(z = —H) isthe wind stress
minus the bottom frictional stress, and A = |7, a dz,

Vpdz+ 7+ A +B, (2
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B = |7, b dz. The gradient may then be taken outside
the integral:

—f Vpdz=—Vf pdz + p,VH + p,Vn, (3)
H H

where p, is the bottom pressure and p, is atmospheric
pressure at the sea surface. The atmospheric pressure
term could be retained for completeness, but its con-
tribution is small and it is convenient to discard it at
this stage by assuming atmospheric pressure to be a
constant and interpreting all pressures asthe actual pres-
sure minus atmospheric pressure, so p, = 0. Writing P
= 7, p dz, we then have

fk xU=-VP+pVH+ 17, +A+B. (4

In arealistic ocean, with sloping sidewalls, the depth
of the ocean goes to zero at its lateral boundaries (—H
= m). At such boundaries, p, = p, = 0 and, being depth
integrals of finite quantities, U, P, (—VP + p,VH), A,
and B all go to zero. This is aso true of 7, meaning
that the bottom stress must equal the wind stress at the
boundary. Thus, athough it is probably reasonable to
think of 7, as being the wind stressin the ocean interior,
it must drop to zero at the boundary as the bottom stress
increases to balance the wind stress there.

A zonal integral of (4) around either a closed latitude
circle or from the western boundary to the eastern
boundary of an ocean basin leads to the angular mo-
mentum, or zonal momentum balance:

E E
ff de=f pP.H, + 75 + A<+ Bxdx, (5)

w w

where dx is shorthand for r cos¢dA (A is longitude),
and a superscript x represents the zonal component of
a vector. If the basin is closed to the north or south or
the integral is around a closed contour, then the left-
hand side must be zero unless there is a source or sink
of mass. In reality there may be sources or sinks of
order 1 Sv (10° m? s~1), compared with atypical Ekman
transport of 10 Sv. The terms on the right-hand side
represent form stress, zonal (wind — bottom) stress,
lateral friction, and nonlinear terms. As discussed in the
introduction, it is now firmly established that the main
balance at each latitude is between form stress and wind
stress, with the other terms playing a minor role.

Arguments involving Sverdrup balance stem from
taking the curl of (4), which leads to what is usually
termed the barotropic vorticity (BV) equation:

V. (fU) = V X (p,VH) + V X 7,
+V X (A + B). (6)

See the appendix for a derivation of the same equation
by taking the curl of the momentum equation (1) to
produce the vorticity equation and then depth integrat-
ing. Although the main topographic influence appears
here in the bottom pressure term, it is worth noting that
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FiG. 2. Schematic to show an area A, and its bounding curve 8A,
which consists of two latitude lines and two stretches of coastline.

the nonlinear term may indirectly reflect topographic
interactions, for example via its effect on oscillatory
motions that may lead to a nonzero time average of B.
If there are no mass sources, V-U = 0, so V(fU) =
BV where g = f,. Sverdrup balance then results if the
nonlinear, lateral viscous and bottom stress and bottom
pressure torque terms are negligible, giving Sverdrup
balance:

BV =V X =, (7

where 7, isthe surface wind stress. The bottom pressure
torque in (6) isV X (p,VH) = Vp, X VH, so it is
nonzero wherever there is a gradient in pressure along
a depth contour. As noted in the introduction, this im-
plies arelationship between bottom pressure torque and
form stress and, hence, between bottom pressure torque
and zonal wind stress.

That argument can be localized by considering the
geometry of Fig. 2, a strip A of ocean basin bounded
by aline 8A that consists of two latitude lines and two
short stretches of coastline (the coastline being defined
as where the water depth goes to zero, —H = 7). Con-
sider the integral of the bottom pressure torque over this
area. We can use Stokes' theorem to write

f V X (p,VH) dS = fﬁ p,VH - ds. (8)
A SA

Since p, = 0 at the coast, there is no contribution to
the line integral from the two short coastline stretches,
leaving only the zonal integrals:

f V X (p.VH) dS
A

= f PpH, dx — J PpH, dx, 9
b1 b2

where ¢, and ¢, represent the southern and northern
bounding latitudes. So the bottom pressure torque, in-
tegrated over area A, is simply the difference between
the zonal integrals of form stress at the two bounding
latitudes.
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The same argument can be made for each of theterms
in the BV equation (6), using Stokes' theorem to relate
the area integral to the corresponding zonal integral in
the angular momentum balance (5). So, for the (wind
— bottom) stress we have

fVXTOdSZJ ngx—J rdx. (10)
A b1 b2

It therefore becomes clear from (9) and (10) that, if
the zonal (wind — bottom) stress is balanced by form
stress in zonal integrals at each latitude, then the area
integral of (wind — bottom) stress curl is balanced by
the area integral of bottom pressure torque for all areas
bounded by latitude lines. If we consider an infinitesimal
area bounded by two latitude lines separated by a dis-
tance dy, the area integral reduces to 8y times the zonal
line integral of terms in the BV equation (6), showing
that we can write the line integral of each of these terms
as d/dy of the corresponding term in the angular mo-
mentum balance (5). Since we know that the primary
balance in (5) is between wind stress and form stress,
we must conclude that wind stress curl is balanced by
bottom pressure torque in the area integral of (6).

In the vertical sidewall case, that bottom pressure
torque occurs as a delta function at the sidewalls, so
viscosity and/or nonlinear terms are required at each
latitude to balance the meridional flow, which cannot
occur in a delta function. This situation would persist
as long as any sloping sidewall region is narrower than
a viscous or nonlinear boundary layer. If the sloping
sidewall region is broader than aviscousboundary layer,
then the western boundary current would flow in are-
gion where bottom pressure torques occur and are suf-
ficient to balance the boundary current BV. In this case
there is no need for viscous torques to balance wind
stress curl at each latitude.

There are two complications to this argument that
must be considered: First, that 7, is (wind—bottom) stress
and the bottom stress must balance the wind stress at
the coast. This means that we cannot simply interpret
V X 7, as the wind stress curl in these integrals. How-
ever, the only case where thisisaproblem iswhen there
is an alongshore wind stress at the coast. This can be
seen by separating the integral of V X 7, into com-
ponents due to wind stress (7,) and bottom stress (7,):

fVXTOdSZJVXTWdS—fVXdeS (1)
A A A

Using Stokes' theorem, we have

fVXdeS=jg 7, - dS.
A 8A

The line integral consists of two zonal integrals that we
know to be negligible, since the predominant balance
is between zona wind stress and form stress, and two

(12)
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integrals along the coast, where we know that =, = 7.
Hence, it is only the alongshore wind stress that sig-
nificantly upsets the interpretation of V X 7, as V X
7. Most analytical and idealized modeling studies de-
liberately choose to have no alongshore wind stress in
order to avoid this problem. In reality there will be an
alongshore wind stress that will result in a viscous
boundary layer (as 7, increases from zero away from
the coast to 7, at the coast, V X 7, must become sig-
nificant in the boundary layer). Thisis clearly a separate
issue from the question of whether western boundary
currents are viscous since it occurs at all boundaries,
east or west (or others), and the size of the effect is
completely determined by the strength of the alongshore
wind stress. It is an effect that has been known for a
long time and is described in detail for the vertical side-
wall case by Pedlosky (1968).

The second complication comes from the different
meridional length scales of terms in the angular mo-
mentum balance (5). Although the primary balance is
between wind stress and form stress at each latitude, the
area integral of the BV equation is related to the dif-
ference between termsin (5) eval uated at the two bound-
ing latitudes. It is possible for wind stress and form
stress to be the dominant terms at each of the bounding
latitudes, but for the difference to be dominated by other
terms. This is particularly true if the area A is very
narrow or, in the extreme case, as the width tends to
zero. In that case it is not the integral of wind stress,
etc., that matters, but d/dy of those integrals. Although
the nonlinear term is much smaller than the wind stress,
it varies much more rapidly with latitude, so we should
expect the nonlinear term to be large in a zonal integral
of the BV equation. This is what Wells and de Cuevas
(1995) found in diagnostics from the Fine Resolution
Antarctic Model. Far from being a Sverdrup balance,
the primary balance in the BV equation integrated zon-
ally is between nonlinear torque and bottom pressure
torque, with the wind stress curl a small residual. It is
only when integrating over an area wide enough for
nonlinear torques to average out that the wind stress
curl should become significant. If the area is wide
enough for the zonally integrated wind stress to change
by asignificant fraction of itstotal magnitude from north
to south, then, clearly, smaller termsin the angular mo-
mentum balance cannot dominate the areaintegrated BV
balance.

So, to summarize, the area integral of each of the
termsinthe BV equation (6), over azonal strip asshown
in Fig. 2, is equal to the difference between evaluations
at the two bounding latitudes of the corresponding term
in the angular momentum equation (5). Since the zonal
wind stress is predominantly balanced by form stressin
(5), this means that wind stress curl is balanced by bot-
tom pressure torques in an areaintegral of (6), with two
caveats. if the area is very narrow, terms that appear
small in (5) but vary on short meridional length scales
can dominate; any alongshore wind stress at the coast
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results in a viscous boundary layer near the coast in
which the curl of viscous bottom stress balances some
(easily calculable) part of the area-integrated wind stress
curl.

These are integral balances that say nothing about
where (at which longitude) the bottom pressure torques
occur. Since any torque is balanced by BV, it seems
natural to assume that the pressure torque is occurring
in the western boundary current where BV is largest
(except in the special case of vertical sidewalls when
BV cannot occur in the same place as the pressure
torque), but this cannot be confirmed from zonal integral
arguments, so the variation in longitude must be re-
solved explicitly with a complete ocean model to clarify
this.

3. Model diagnostics
a. The model

The model we will use is the Ocean Circulation and
Climate Advanced Modelling project model, described
in Killworth (1995). Thisis aglobal, primitive equation
model in spherical polar coordinates on two grids. One
grid has poles coinciding with the earth’s rotational
poles, and covers most of the World Ocean. The other
has poles on the equator and an ‘“‘equator’” along the
38°W meridian and coversthe North Atlantic and Arctic
Oceans. Both grids are at 0.25° horizontal resolution
and are joined seamlessly at the Atlantic equator and
via a channel model at Bering Strait. There are 36 ver-
tical levels with thickness increasing from 20 m at the
surface to about 255 m at the maximum depth of 5500
m. Topography in this model (as in most other level
models) can only occur at these 36 specified depths (or
zero), resulting in a rather blocky topographic repre-
sentation in some regions and particularly in difficulties
in representing smooth slopes at depth (wherethelevels
are thicker and the slopes more gradual).

The main differences from similar level models are
that OCCAM has a free surface and uses the ** Split-
QUICK” advection scheme (Webb et al. 1998). The
model was spun up over 4 yr by relaxation of model
temperature and salinity fields toward the Levitus 94
annual mean climatological values (Levitus and Boyer
1994; Levitus et al. 1994) with a relaxation timescale
of 30 days, with climatological wind stress forcing with
monthly average values matching those of Siefridt and
Barnier (1993). After 4 years, the relaxation to Levitus
94 was switched off in all but the top level where it
was retained as a proxy for surface heat and freshwater
fluxes (relaxation of salinity is performed by a flux of
freshwater, so the relaxation also implies sources and
sinks of mass). The model was run for afurther 4 years
to permit the eddy field to develop before reaching the
“analysis’” phase from which the results in this section
are taken

The diagnostics presented here are all averages of



OcTOoBER 2001

HUGHES AND DE CUEVAS

2877

Zonal wind and —pressure term (offset)

III|I|[||

10°Nm™!

|IIIIII!I

i

—-60 -30

residual of above, and nonlinear term (offset)

0 30 60

105Nm™’

—-60 -30

0 30 60

III||I|||II

restdual of above, and —fV (offset), and residual

1 1 L

-60 -30

0 30 60

Latitude

Fic. 3. Terms in the angular momentum balance (5) from OCCAM. The curves plotted are zonal integrals of, from top
to bottom, 7* (wind — bottom stress), —p,H, (—form stress), —(7* + pyH,), b* (nonlinear), —(v* + p,H, + b), —fV
(Corialis), — (™ + p,H, + b* + fV). See text for full definitions. Divide by fp to get equivalent volume transports.

diagnostics from 98 model dumps, taken every 15 days,
covering 4 model years (years 8.0 to 12.0, days 2925
to 4383).

b. The angular momentum balance

The termsin the angular momentum balance (5) were
evaluated from the model in a manner consistent with
the model dynamics. The zonal integration is straight-
forward on the main model grid. On the rotated grid,
grid points do not lie along lines of latitude, so the
integral was performed along a zigzag line along sides
of grid boxes, approximating each latitude of the non-
rotated grid. Tests with small changes to the path or
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method of integration showed that the results are not
sensitive to this choice.

The results for a 4-yr average are shown in Fig. 3.
The primary balance (top panel) is between (wind—bot-
tom) stress and form stress. The residual of thisbalance,
—$ 75 4+ p,H, dx, shown in the middle panel (with ver-
tical range reduced by a factor of 5) is mostly balanced
by the nonlinear term. The bottom panel (with a range
reduced by a further factor of 2) shows the residual of
this balance, —$ 7% + p,H, + b* dx, to be mainly bal-
anced by Coriolis (—f $V dx). Thefinal residual isdom-
inated by lateral friction (the time dependence term is
another order of magnitude smaller for the 4-yr aver-

age).
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FiG. 4. Terms from the barotropic vorticity equation (6), diagnosed from OCCAM and averaged over 4 years and an area of 1.75° degrees
of latitude by 4° degrees of longitude. The final panel, showing the lateral friction term, has an approximate streamfunction for the depth-
integrated flow superimposed, to show the main features of the flow. The contour interval changes from 5 X 10° m?® s~* north of 40°S to
15 X 10 m?® s~* south of that latitude, in order to represent both gyre circulations and the ACC on the same plot.
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The Coriolis term is larger than in the real ocean as
aresult of the surface freshwater flux that actsto restore
the surface salinity values to climatology. For compar-
ison, at midlatitudes (taking f = 10-* s~1), a northward
transport of 1 Sv (10° m? s—*) represents a Coriolisforce
of 10° N m~*. Also, the spike at about 66°N is due to
the channel model at Bering Strait, which has not been
included in the diagnostic cal culation: some flow occurs
in the channel model and is therefore absent from the
main model, as are the dynamical terms balancing that
flow.

Although there is a balance between wind stress and
form stress at each latitude to within about 10%, the
relatively short length scale of variability in the nonlin-
ear and form stress terms means that the gradients do
not balance at each latitude, so the bottom pressure
torque does not balance wind stress curl in a zonal in-
tegral at a single latitude. Typically, the latitude differ-
ence for which differencesin zonal wind stressand form
stress approximately balance is about three degrees of
latitude, although a larger separation is necessary in
parts of the Southern Ocean. Despite the shorter length
scale of the lateral friction term, the main contribution
to the imbalance of gradient comes from the nonlinear
term, so the balance of gradients at each latitude isdom-
inated by pressure and nonlinear terms, asin Wells and
de Cuevas (1995). Apart from its role in balancing the
Coriolis force due to the artificially large sources and
sinks of freshwater in the Southern Ocean, the only
place where lateral friction has a significant effect is at
the equator.

c. The barotropic vorticity balance

The barotropic vorticity balance for OCCAM western
boundary currentsin the Pacific was evaluated by Saun-
derset al. (1999), demonstrating, as the theory suggests,
that bottom pressure torques are the dominant term bal-
ancing BV in these regions, with nonlinear torques also
important in some cases. Here, we extend this analysis
to include all regions of the World Ocean.

Thetermsin the BV equation (6) were evaluated from
the model in the form

n
VX(TO—J Vpdz—kaU+A+B>=0.
N (13)

For the continuous equations, these are exactly equiv-
alent to the terms in (6). They were evaluated in this
form in order to be completely consistent with the finite
difference form of the momentum equation used by the
model.

Consideration of the gradients in Fig. 3 suggests that
aplot of this balance at each grid point would be dom-
inated by large positive and negative values on small
length scales, and it turns out just so. In fact, this prob-
lem is exacerbated by the way in which the model han-
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dles bottom topography: since only 36 ocean depths are
permitted, there are many grid points at which the depth
gradient is zero. The topography in deep regions takes
the form of aseries of terraces, so, if the effect of slopes
is to be investigated, it is necessary to average over
areas larger than the width of the terraces. Since the
bottom pressure torque is nonzero only where there is
a slope, the terraces introduce small scales and artifi-
cialy high viscous and nonlinear forces into the dy-
namics. Some smoothing is therefore necessary if any-
thing useful is to be seen.

Taking the length scales from Fig. 3 as a guide, the
termsin (13) were smoothed by taking an area-weighted
average of the values within 2 degrees of longitude and
1.375 degrees of latitude of each point (this represents
an average over approximately 472 cos¢ X 305 km, or
17 X 11 grid points on the main grid). Other length
scales were also investigated, giving a slow reduction
in the nonlinear terms as scale increases and a rapid
increase in nonlinear terms as the scale decreases.

These terms, together with V-(fU) — V X =, [i.e,
the part of V-(fU) that is not explained by Sverdrup
balance] are plotted in Fig. 4. An approximate baro-
tropic streamfunction (calculated as the integral of U/
po, from south to north), smoothed in the same way, is
superimposed on the lateral friction torque V X A, with
a contour interval of 5 Sv north of 40°S, and 15 Sv
south of that latitude (such a change in contour interval
is necessary to represent the Southern Ocean on the
same plot as the rest of the world, so large are the
transports in this region). It is worth noting that, since
there are sources and sinks of massin the model, V-(f U)
is not exactly equal to BV, although the difference is
very small.

Clearly, the lateral friction term is very small and
plays a negligible role in western boundary currents (in
fact almost everywhere). This is somewhat surprising
given the model’s representation of topography, which
artificially increases the predominance of near vertical
slopes bounding the flat terraces. Indeed, without spatial
smoothing, the friction term is large but with grid-scale
oscillations that average to near zero on smoothing. The
remnants of these large frictional terms can be seen in
parts of the Southern Ocean where grid-scale noise re-
mains in the friction term even after smoothing. On any
scale small enough that the ** steppiness” of the topog-
raphy is apparent, the details of the model flow must
therefore be considered suspect. This problem can only
be solved in a level model by permitting partial grid
cells at the ocean floor so that the topography is not
limited to a fixed number of levels.

Given the smallness of the lateral friction term, agyre
in Sverdrup balance with a viscous western boundary
current would show as a balance between BV and V X
7, (since V X 7, includes bottom stress). Boundary
layers do show in V X =, as expected, since they are
needed for bottom friction to balance the alongshore
wind stress. These are equally strong at eastern and
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western boundaries and are much smaller in amplitude
than BV in western boundary currents. At some eastern
boundaries, such as the west coasts of South America
and southern Africa, these viscous torques are balanced
by BV in boundary currents. In other places, such as
the west coasts of North Africa and Australia, they are
mainly balanced by the bottom pressure torque, and in
some places there is a three-way balance. Away from
the boundaries, however, the wind stress curl does bal-
ance BV on the large scale, over much of the tropical
and subtropical ocean, demonstrating the relevance of
Sverdrup balance to these regions.

In the western boundary currents, the Southern
Ocean, and high northern latitudes, the main term bal-
ancing BV is the bottom pressure torque, as surmised
from the integral balance. In azonal integral, of course,
the wind stress curl must be as important as the bottom
pressure torque, since BV integrates to (almost) zero.
However, most of the basin-scale structure in the Ant-
arctic Circumpolar Current is clearly due to the bottom
pressure torque, as is the northward deflection of the
current in the vicinity of Drake Passage. The idea that
much of the Southern Ocean is in Sverdrup balance is
clearly inapplicable since much of the southward flow
occurs in regions of very small wind stress curl, with
somewhat weaker southward flow in the regions of
strong negative wind stress curl farther south. This sit-
uation is possible because of the strong negative bottom
pressure torque along the northern part of the ACC,
balanced by large positive values farther south. The bot-
tom pressure torque is also important in a number of
small-scale structures embedded in the Sverdrup re-
gions, particularly in the eastern Pacific and central At-
lantic. Although these features are visible in the stream-
function, they are generally not visible in sea surface
height fields, being mostly due to deep boundary cur-
rents flowing along topographic features.

The nonlinear term continues to be important locally,
especialy in the Southern Ocean and in western bound-
ary currents, although it seemsto acount for small-scale
structure and meanders in the streamfunction rather than
any basin-scale effects. The bottom pressure torque
closely matches the Sverdrup imbal ance (difference be-
tween V-(fU) and V X =), with the nonlinear term
filling in details. In western boundary currents, the non-
linear term is strongest in regions of strong curvature,
such as the meanders in the model Kuroshio, or the Gulf
Stream separation point.

So, the model analysis confirms that the main term
acting to balance BV in western boundary currents is
the bottom pressure torque, which is also the term re-
sponsible for the northward deflection and other merid-
ional excursions of the ACC and other high-latitude
currents, and is balanced by the wind stress curl in a
zonal integral averaged over a few degrees of latitude.
The Southern Ocean can therefore be considered in the
same conceptual framework as the rest of the World
Ocean, a framework in which these integral balances
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are essentialy inviscid. Within the model it is also the
case that the basin-scale dynamics of subtropical gyres
can be roughly described by Sverdrup balance, deep
boundary currents excepted. Thisis not the case at high
latitudes, either the Southern Ocean or North Atlantic
(the North Pacific is arguable, with its awkward ge-
ometry), where bottom pressure torques are important
at all longitudes and cannot be considered to be confined
to western boundaries. As noted in the introduction, this
is to be expected, as the baroclinic Rosshy wave speed
is slow at high latitudes (the stratification is weak), so
the flow tends to be closer to barotropic and to follow
f/H contours.

The model, of course, has its limitations. The reso-
[ution permits rather than resolves eddies, the latera
friction is set by reguirements of numerical stability
rather than physical arguments, and the representation
of topography upsets the flow on small scales. None-
theless, it produces a readlistic circulation with essen-
tialy inviscid western boundary currents in which non-
linearity plays a significant, but secondary, role. Given
that the real ocean is less viscous than any model and
given the generality of the argument predicting inviscid
western boundary currents, it seems reasonable to con-
clude that the real ocean also behaves this way. Caution
would be advisable, though, in interpreting the details
of the nonlinear term that depends on processes acting
at scales near the model resolution. Higher resolution
and better representation of topography could signifi-
cantly alter things like meander scales (influenced by
how narrow ajet is, for agiven transport) and boundary
current separation.

4. Summary and discussion

Comparison of the angular momentum equation (zon-
al and depth integral of the zonal momentum equation)
with the area integral of the BV equation over a zonal
strip, asin Fig. 2, has shown that, whatever terms dom-
inate the former balance, the corresponding terms dom-
inate the latter, with the caveat that terms with short
meridional length scales can have a disproportionate
effect for very narrow strips. This means that, for strips
afew degrees of latitude wide, the dominant balance in
the area-integrated BV equation must be between wind
stress curl and bottom pressure torque (with bottom
stress curl also playing a role when there is alongshore
wind stress at the coast). This removes the need, present
in the vertical sidewall case, for a viscous western
boundary current in which viscous torques balance the
wind stress curl. Instead, if the ocean interior isin Sver-
drup balance, the return flow will bein atopographically
steered current in which BV is balanced by the bottom
pressure torque.

Note that this does not mean viscosity is unimportant
in obtaining a balance, only that it is unimportant in
these particular zonal and/or depth integrals. In just the
same way, large-scale currents in the ocean are close to
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geostrophic balance, even though ageostrophic effects
control the position and strength of those currents. This
is a diagnostic, not a prognostic, relationship.

In the introduction it was noted that several idealized
models have been constructed recently in which the
western boundary currents are inviscid. This new result
suggests that inviscid western boundary currents should
be expected in any ocean in which the zonal wind stress
is balanced by bottom form stress, as is believed to be
the case for the real ocean. Inviscid western boundary
currents should be considered the rule, and the viscous
boundary currents found in oceans with vertical side-
walls an exception that only occurs when the continental
slope width is narrower than the Munk boundary layer.

This prediction was tested by calculating diagnostics
from aless idealized model, OCCAM. The results con-
firm the prediction: in OCCAM western boundary cur-
rents, BV is predominantly balanced by the bottom pres-
sure torque. Nonlinear torques also play an important
local role in certain regions, but lateral viscous torques
are negligible and bottom stress curl introduces weaker
boundary layers at al coasts where there is alongshore
wind stress.

For apurely barotropic flow, the dominance of bottom
pressure torque over viscous and nonlinear termswould
imply flow along f/H contours. With stratification, it
seems reasonable to assume that the equivalent flow
would be planetary geostrophic in nature, conserving
linearized potential vorticity, but only adepth-integrated
(and spatially smoothed) balance has been investigated
here, so other possibilities cannot be ruled out.

These zonal integral relationships say nothing about
where the bottom pressure torques occur or why we
should expect western boundary currents rather than
eastern boundary currents. In fact, we should not expect
a clear identification of the position of the boundary
current from general arguments including topography.
This can be seen by considering the case of abarotropic
ocean with bottom topography. In this case, Welander
(1968) neatly demonstrated how a circulation forms
with boundary currents situated at an ** effective western
boundary” determined by f/H contours rather than f
contours. The position of this effective western bound-
ary depends on the geometry of the ocean basin: for a
basin with vertical sidewalls and f/H decreasing toward
the pole it is, in fact, the eastern boundary.

In astratified ocean, the corresponding characteristics
can vary between f contoursand f/H contours depending
on the strength of stratification, which is determined
internally by many complicated processes. Clearly a
general argument cannot specify where a boundary cur-
rent appears; that depends on the thermohaline forcing
and internal dynamics. Salmon’s (1998) paper is quite
enlightening and goes some way to explaining this but,
being based on a linearization about a fixed stratifica-
tion, it cannot account for how large variations in strat-
ification are maintained or how they modify the flow.

So where does this leave us? If western boundary
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currents are essentially inviscid, it leaves us with a big
question about the role of viscosity in the ocean: does
it actually control the circulation? If it does, where does
it act? It could still act in western boundary currents,
but in a manner that does not upset the integral balances
described here, or it could act in the eddy-rich regions
downstream of western boundary currents after they
separate from the continental slope. We are also left
with a greater appreciation of the importance of bottom
pressure as a parameter that relates to western boundary
current dynamics. With the Gravity Recovery and Cli-
mate Experiment satellite (Hughes et al. 2000) due for
launch in 2001 and promising to be able to measure
changes in ocean bottom pressure with millimeter ac-
curacy (averaged over large areas), this may be signif-
icant. Perhaps most importantly, we can see how the
dynamics of the Southern Ocean connect with the dy-
namics of ocean basins. The link between the Munk and
Palmén (1951) concept of balance between wind stress
and form stressin the Southern Ocean, and the Stommel
(1948) and Munk (1950) concept of a gyre in Sverdrup
balance closed by a western boundary current, has been
made much more transparent. In both cases, the wind
stress is balanced by form stress, and in both cases this
leads to a bottom pressure torque that permits meridi-
onal motionsto closethe circulation implied by thewind
stress curl.

Of course the Southern Ocean remains significantly
different from other regions of the World Ocean, as the
diagnostics in Fig. 4 show quite clearly. What we have
shown here is that the reason for this difference does
not lie in either the question of how zonal wind stress
is balanced or the question of how wind stress curl is
balanced in a zonal integral, as the answers to those
questions are the same for both regions. It must be other
characteristics of the Southern Ocean that make it spe-
cial, such asthe possihility of closed linearized potential
vorticity contours that are close to zonal or are close to
being parallel to the wind stress.
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APPENDIX

Alternative Derivation of the Barotropic
Vorticity Equation

The barotropic vorticity equation (6) can also be de-
rived by integrating the vorticity equation over depth,
as follows. Starting with the momentum equation (1),

repeated here,
pfk X u=—-Vp+ 7,+ a+ b, (A1)

take the curl to obtain the vorticity equation:



2884

V(pfu) = V X (r, + a + b) (A2)

(al vectors here are taken to be two-dimensional in the
horizontal, except for k which isthe vertical unit vector.
Accordingly, the curl operator can be taken as shorthand
for k-V X'). An integral over depth (for simplicity, the
integral is taken from the ocean floor at z= —H to z
= 0; the effect of afree surface can betakeninto account
in the same way that the variable bottom topography is
treated here) gives

0

0
J V-(pfu)dz=f V X (r,+a+b)dz
H —H

(A3)

The curl and divergence operators can be taken outside
the vertical integration at the expense of introducing
terms due to the horizontal variation of the limits of the
integral (H in this case), giving

V- (fU)dz =V X (7, + A + B)
+ ((r,), + a, + b,) X VH

+ p,fu, - VH, (A9
where the subscript b represents quantities eval uated at
the bottom (z = —H). As expected, pressure has been

eliminated by taking the curl. However, the bottom pres-
sure can be reintroduced using (A1) X VH evaluated
at the bottom to give

((7)s + @ + by) X VH
= —p,fu,-VH + Vp, X VH. (A5)
Combining (A4) and (A5) then gives the BV equation,
(6):

V- (fU)dz
=V X (r,+A+B)+Vp, X VH. (A6)

From (A5) we see that the bottom pressure torque can
be interpreted as the uphill flow at the bottom for afree-
slip boundary condition and no friction at the bottom,
in the linear case. With a no-slip bottom boundary con-
dition, the bottom pressure torque can be rewritten in
terms of viscous terms, although it is worth noting that
these are the viscous stress divergence at the bottom,
that is, the viscous force per unit volume on water at
the bottom, not the viscous stress exerted on the ocean
floor.
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