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Topography and barotropic transport control
by bottom friction

by William K. Dewar1

ABSTRACT
The problem of the strati� ed general circulation in the presence of topography is revisited. The

novel effect examined here is that of localized, but large-scale, topographic anomalies on the
wind-drivencirculation, a problem whose relevance is found in the occurrenceof many such features
in the open ocean. Using the classical methods of homogenization theory, it is argued that the
barotropic transport near topographycan come under the direct control of bottom friction.This result
differs substantively from either the well-known Sverdrup constraint (which applies to a � at-
bottomed ocean, or to one with a resting deep layer) or its recent extensions that allow for planar
bottom topographic pro� les.

Bottom friction emerges as a controlling parameter roughly in the event that the topographyforms
closed f/(H 2 hb) contours, where H 2 hb is the total � uid depth, although the theoretical minimum
requirements are somewhat looser than this. Our analytical predictions are supported by numerical
experimentation with a multi-layer quasi-geostrophic model, and we examine some mean � ow
observations from the North and South Atlantic in light of the theory. In particular, the theory can
rationalize the 100 Sv transport observed recently around the Zapiola Drift.

1. Introduction

The linear vorticity equation

b v 5 fwz (1.1)

where b is the meridional gradient of the Coriolis parameter f, v is meridional velocity, w is
vertical velocity and the subscript z denotes differentiation with respect to depth, is the
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cornerstone of large-scale dynamics. Sverdrup (1947) exploited (1.1) to obtain his famous
constraint on the net meridional transport; namely

b e
zo

0
vdz 5 fwe (1.2)

where we represents Ekman pumping and zo a depth beyond which motion is assumed to
vanish. (Note that (1.2) also holds if the ocean has a � at bottom and bottom Ekman layers
are neglected.) The so-called Sverdrup relation in (1.2) has had a signi� cant effect on
theoretical developments in large-scale ocean dynamics, in that most models of strati� ed
general circulation assume a Sverdrup constraint (Rhines and Young, 1982a,b; Luyten et
al., 1983). Note, however, that if the ocean bottom is not � at, as is typical of all oceans, and
if deep � ows are nontrivial, as seems often to be the case, bottom vertical velocities can
contribute to (1.2) and break the connection between Ekman pumping and barotropic
transport. The impact of this on the wind-driven circulation is not well understood.

Here, we analyze the structure of the general circulation in the presence of topography,
and derive the conditions under which (1.2) is not valid. These conditions are met in the
open ocean, and we propose a general circulation theory which allows for them. Our results
argue that bottom friction plays an important role in controlling transport in the presence of
topographic anomalies and North and South Atlantic observations are suggestive of the
relevance of this idea.

a. Background

Wunsch and Roemmich (1985; hereafter WR) argued that an earlier North Atlantic
circulation scheme proposed by Leetmaa et al. (1977), which was consistent with (1.2) and
closed in the upper 1 km, resulted in a heat � ux too small by an order of magnitude to be
reconciled with other estimates. They suggested the North Atlantic thermohaline cell was
missing from that scheme, a feature whose inclusion modi� es (1.2) to:

b e
2 (H2 hb )

0
vdz 5 f (we 2 wb ) 5 f (we 2 ub · = hb ) (1.3)

where ub is horizontal bottom velocity, H 2 hb represents the variable ocean depth and
bottom vertical velocity,wb, is computed using ‘‘topographicde� ection.’’The applicability
of (1.2) to the North Atlantic was thus seriously challenged.

i. Atlantic observations. The formula in (1.3) presupposes a knowledge of oceanic
bathymetry.The main topographic features of theAtlantic basin are the Mid-AtlanticRidge
(MAR) and the continental rises on the meridional basin edges (see Fig. 1). Of particular
importance for this work are the South Atlantic feature known as the Zapiola Drift (ZD in
Fig. 1) and the North Atlantic MAR anomaly known as the Azores Plateau (AP in Fig. 1).

The AP appears as a local topographic high of roughly 1200 m amplitude relative to the
MAR, and a lateral extent of 1500 km in both the meridional and zonal directions. The
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Figure 1. Atlantic topography. Smoothed ETOPO-5 data, subsampled at 1�4° resolution, is contoured
to show theAtlantic bottom topography.The main features include the Mid-Atlantic Ridge (MAR)
and continental slopes. The Azores Plateau is labeled AP and the Zapiola Drift ZD. The boxed
areas denote the areas displayed in Figure 2. CI 5 1000 m.
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Zapiola Drift (ZD hereafter) is a depositional bottom feature, the outline of which appears
in the 4000 m and 5000 m contours in Figure 1. Transects across it reveal that it is roughly
1200 m in amplitude, reaching from a deepest point of 6000 m on its west and peaking at
roughly 4800 m near (45S, 42W). It is also roughly 1500 km in both zonal and meridional
extent.

Evidence has accumulated in the last decade that mean � ows are often found in the
vicinity of these topographic features. For example, Pollard et al. (1996) argue based on
CTD and Sea Soar data that the � ow in the vicinity of the AP involves two anticyclonic
gyres (relative to 2000 m) of between 5 and 15 Sv (Sv 5 106 m3 s 2 1). The westernmost of
these is centered on (42N, 27W), just north of the Azores Islands. Klein and Siedler (1989)
show several examples of gyres over the AP. The clearest example comes from their
summer estimates and consists of a 1.5 Sv (relative to 800 m) anticyclonic gyre over the
AP. They also � nd no clear signal in the vicinity of the eastern Pollard gyre and a cyclonic
gyre closer to the Mediterranean out� ow. Hydrographic surveys reported by Kraus and
Kase (1984) show a high pressure center over the AP and subsequent � oat releases
(drogued at 100 m) moved anticyclonically around the AP. Lozier et al. (1995) present a
streamfunction on their s 1000 5 31.85 surface which shows a local ridge of high pressure
ending over the AP. Sy (1988) performed an inverse analysis of the TOPOGULF
hydrographic data and found an anticyclonic circulation on the eastern side of the AP, with
a relevant � ow signature extending to the bottom.

Some remarkable observations have also been obtained in the vicinity of the ZD.
Combining ADCP and hydrographic data, Saunders and King (1995a,b) convincingly
inferred the presence of anticyclonic bottom � ow in the vicinity of the Zapiola Drift. The
velocity amplitude was 0 (10 cm s 2 1) at the bottom and the associated transport was in
excess of 100 Sv. These very dramatic observations are also consistent with current meter
records (Weatherly, 1993) and geological evidence (Flood and Shor, 1988), both of which
support the persistence of the Zapiola Anticyclone.

It is tempting to suggest a connection between these topographic anomalies and the
observed � ows. This, and the size of the � ows (100 Sv for the Zapiola Anticyclone),
provide the principal motivation for this work. A secondary motivation comes from the
possible climatic roles of these anticyclones. For example, McCartney (1996, pers.
communication) cites the Lozier et al. (1995) streamfunction as evidence that the saline
in� uence of the Mediterranean out� ow is not spread along the eastern edge of the North
Atlantic, as has been classically postulated. Instead, he argues that the Mediterranean salt
follows an open ocean route to the North Atlantic Current (NAC), a path necessarily
involving a mid-ocean anticyclonic circulation. (For this mechanism to function the
anticyclone must be active at least to 1500 m depth.) This is of climatic signi� cance, as the
salinity of the NAC is central to the production of North Atlantic Deep Water. The ZD
stands between the open Atlantic and the Antarctic Circumpolar Current at the southern
end of the Argentine Basin. As discussed by Saunders and King (1995b), the Zapiola
Anticyclone impacts tracer transport estimates.
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ii. Previous modeling studies. A barotropic ocean yields the simplest dynamical model
incorporating topography. In this case, the � ow is governed by

J 1 P, b y 2
fohb

H 2 5
f o

2

H 1 we 2
d e

fo
= 2P 2 (1.4)

where P is pressure, H is the average � uid depth, hb represents topography, J denotes the
usual Jacobian operator and d e is bottom Ekman layer depth. The quantity q 5 b y 2
( fohb/H) in (1.4) is the quasi-geostrophic approximation of f/(H 2 hb), the planetary
potential vorticity.

Eq. (1.4) draws attention to f/(H 2 hb) because of its role in determining the barotropic
general circulation.One such map for the North Atlantic appears in Figure 2a along with an
estimate of the zero wind stress curl line. Figure 2b displays f/(H 2 hb) for the South
Atlantic in the vicinity of the Zapiola Drift. Most of the f/(H 2 hb) contours strike lateral
boundaries; solving for P by integration along these contours is straightforward, given an
Ekman pumping � eld (Koblinsky, 1990). The AP and the ZD are, however, characterized
by closed f/(H 2 hb) contours, and in such areas, the above approach fails. Welander
(1968) and Young (1981) argued that the streamfunction amplitude in such areas is
governed by bottom friction. The analysis in Young (1981) depended upon an area
integration of (1.4) over a closed f/(H 2 hb) contour, which yields

e e we dA 5
d e

fo
r = P · n̂dl (1.5)

where the line integral is performed on the bounding contour, demonstrating P is inversely
proportional to d e. In essence, the � ow accelerates to the point that lateral � uxes in the
bottom Ekman layer balance the mass � uxes out of the upper wind-driven Ekman layer.
The quantity P can thus be computed from (1.5) and the complete solution of (1.4) for
arbitrary topography can be obtained.

Two important early attempts to generalize the barotropic model to include strati� cation
and topography were the nearly simultaneous studies of DeSzoeke (1985; DS hereafter)
and Cessi and Pedlosky (1986; CP hereafter). Both studies used the methods of Rhines and
Young (1982a,b) to compute the general circulation structure in the presence of sloping
bottom topographies. DS forwarded an extended Sverdrup formula appropriate to this case
and CP argued that topographygenerally forced internal jets into the circulation. Implicit in
both studies is the assumption that the wind-driven � ow is itself strong enough to penetrate
to the ocean � oor.

More recent studies by Salmon (1992), Becker (1995) and Thompson (1995) have
focused on the role of continental slopes and their natural tendency to drive layer
thicknesses to small values. The role of topographicallyclosed geostrophic contours in the
lower layer was emphasized in the latter, both for steady and spin-up models. Mid-ocean
topographicanomalies have also been examined for the roles they might play in controlling
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Figure 2. Barotropic potential vorticity. The Azores Plateau area appears in (a); the Zapiola Drift
area appears in (b). The ETOPO-5 data have been smoothed in (a) and f/(H 2 hb) is plotted. Raw
depth data are used in (b). The solid line in (a) denotes the zero wind stress curl line. Note the
0(1000 km)2 closed contours in both cases. CI 5 .5 3 10 2 9 s 2 1 for the ZD, and 3 3 102 9 s 2 1 for
the AP.
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thermohaline � ow (Rhines, 1989; Kawase and Straub, 1991; Kawase, 1993). Marshall
(1995a) calculated the wind-driven structure in the presence of arbitrary topography. In his
theory, topography did not impact the circulation unless it penetrated the base of the
wind-driven � ow. He computed the sense of the circulation around topographic anomalies
in a continuously strati� ed � uid and further considered application to the Antarctic
Circumpolar Current (Marshall, 1995b).

b. This paper

In spite of the attention that topography has received in the study of the strati� ed
wind-driven circulation, the impact of localized topography remains poorly understood.
The study of such topography forms the main focus of this paper. Oceanic motivation
comes from the maps in Figure 2 and the observations described earlier.

The present study complements the DS and CP analyses by considering the wind-driven
circulation in a regime where it is incapable on its own of penetrating to the bottom.
Parameter estimation suggests the need for such a theory. We nonetheless allow for the
possibility that the deep � ow is in motion, a point which contrasts the present study with
that of Marshall (1995a). Finally, our focus is on mid-ocean anomalies rather than the
continental rise topography which constituted much of the focus of Thompson (1995).

Accordingly, we � nd that localized topographic anomalies are generally associated with
regions of anomalous general circulation dynamics. In such regions, bottom friction can
play a central role in governing the large-scale response. A classic Sverdrup � ow results if
bottom friction is strong relative to eddy stirring. The opposing limit of weak bottom
friction yields a result much like that of Welander; namely, the transport is inversely
proportional to bottom friction. The present theory complements Welander (1968) by
clarifying how the transport is partitioned in the vertical and how it is affected by
strati� cation. This latter limit represents a considerable dynamical departure from the
Sverdrup case, in which the bottom friction fails to appear. Reasonable estimates suggest
the real ocean lies in between the limits of weak and strong bottom friction, and can exhibit
the behavior of the former category. Bottom friction has a major role to play in both cases
in setting the transport amplitude. Finally, we suggest these ideas explain the apparent
transport differences between the AP and the ZD.

The theory is advanced in Section 2 by examination of an analytical two-layer,
large-scale, quasi-geostrophic model. Numerical experiments using a three-layer full
quasi-geostrophicmodel are discussed in Section 3 and the paper closes with a conclusions
and discussion section.An analytical three-layer model is discussed in an Appendix.

2. An analytical two-layer model

We � rst consider a two-layer system (refer to the three-layer schematic in Fig. 3) and for
simplicity restrict the model to the large-scale, steady quasi-geostrophic regime. The
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dimensional equations governing the two layers are:

J ( c 1, q1 ) 5
fowe

H1
1 R = 2q1, q1 5 b y 1

f o
2

g8H1
( c 2 2 c 1) (2.1a)

J( c 2, q2) 5 R = 2q2 2 D = 2 c 2, q2 5 b y 1
fo
2

g8H2
( c 1 2 c 2) 1

fo
H2

hb (2.1b)

and represent the large-scale potential vorticity dynamics of each layer (see CP). The
quantities c 1, c 2 denote the transport streamfunction in layers 1 and 2, respectively. The
environmental parameters fo, b , g8, H1 and H2 represent the Coriolis parameter, beta
parameter, reduced gravity associated with the inter-layer density difference ( g8 5 g(r 2 2
r 1)/ r 0) and upper and lower layer thickness. The Jacobian operator is denoted by the J, hb

represents the bottom topography and the system is forced by the Ekman pumping � eld we.
The most important dynamical simpli� cation in (2.1) is the elimination of relative

vorticity from potential vorticity.An eddy parameterization is thus required and appears in
(2.1) as the diffusion of potential vorticity with coefficient R. Such a parameterization,
meant to represent the effects of baroclinic instability, is at the heart of many analytical
general circulation models (Rhines and Young, 1982a,b) and is related to the downgradient
thickness diffusion parameterization recently advanced by Gent and McWilliams (1990)
for use in noneddy-resolvingnumerical models.

Figure 3. Model schematic and analytical model dynamics. A three-layer schematic appears;
suppression of the middle layer yields the two-layer model of Section 2. The arrows in each layer
denote eddy mass � ux. In the case where the upper layer develops closed zones, the net Ekman
pumping must be balanced by an eddy-driven mass � ux. For a downwelling, this requires a local
thickness maximum. That thermocline topography is imprinted through the second layer and onto
the lower layer. The resulting eddy-driven � ow, which attempts to mix potential vorticity
downgradient, acceleratesuntil balanced by bottom drag.
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The parameterization of eddies in the presence of topography is the subject of considerable
modern debate. Holloway (1992) recommends relaxing models toward maximum entropy
states. Thompson (1995) uses an interface diffusion in place of q diffusion, a parameteriza-
tion like that employed by Rhines (1989). We proceed here with q diffusion because this
permits considerable analytical progress and demonstrates some novel roles for topogra-
phy in the general circulation. We argue later that this parameterization, at worst, does no
qualitative harm. Some results suggest it is quantitatively accurate for our purposes.

Finally, bottom friction, representing an Ekman pumping out of the bottom boundary
layer, appears in (2.1) and is proportional to D. In terms of Ekman layer theory, this is:

D 5
d e fo
H2

5 Î Av

fo

fo
H2

(2.2)

where the Ekman layer depth, d e, is typically 10 m, implying an Av of 102 cm2 s 2 1.
We consider the solution of (2.1) in a closed rectangular domain. No normal � ow

boundary conditions are used, the domain extends from 2 L to L meridionally and zonally
from xw to xe. The point (0, 0) is assumed to lie within the basin. Also, for purposes of this
calculation, we will employ the analytically convenient topographic form

hb (x, y) 5 hbo1 1 2
(x2 1 y 2 )

r o
2 2 x 2 1 y2 # r o

2

hb (x, y) 5 0 x 2 1 y2 . r o
2

(2.3)

and an Ekman pumping of

we 5 a (y 2 L ) yo , y , L (2.4a)

we 5 a (yo 2 L ) 5 weo 2 yo , y , yo (2.4b)

we 5 2 a (L 1 y) 2 L , y , 2 y (2.4c)

(see Fig. 4a). Thus, we work with an isolated parabolic bump of radius ro; outside of ro, the
bottom is � at. For a . 0, this topographic feature is contained wholly within a zone of
Ekman pumping, and thus of anticyclonic mean � ow tendency. Finally, the Ekman
downwelling is uniform over the range 2 yo , y , yo. We will always assume ro , yo, so
that the bump occurs in this region.

Assuming R and D are small and that ro , xe, (2.1b) demonstrates that the lower layer is
at rest near the eastern boundary. Eq. (2.1a) in such regions becomes:

b c 1x 5
fowe

H1
(2.5)

which in region (2.4a) yields:

c 1 5
fo

b H1
a (y 2 L )(x 2 xe). (2.6)
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Homogenization theory recognizes that motion in layer 2 can occur only when q2

develops closed pools. Using (2.6) leads to:

q2 5 b y 1
fo
3

g8H2

a (y 2 L )(x 2 xe)

b H1
(2.7)

where c 2 5 0 and we continue to assume hb 5 0. A closed zone of q2 will exist if

b g8H2

f o
2

5
fo

b H1
a (xe 2 xp ) (2.8)

for some x p within the domain. Physically, this implies at x p the eastward directed Sverdrup
� ow arrests the westward propagating in� uence of the eastern boundary. The assumption
that x p exists was assumed by DS and CP, and is equivalent to the idea that the wind-driven
� ow by itself is sufficiently strong to contact the bottom.

We take the opposite tack, i.e. we assume no xp between xw and xe exists that solves (2.8).
Equivalently,the wind-driven � ow is too weak to penetrate to the bottom, so that were hb 5
0 everywhere, the lower layer in the model would be everywhere at rest. In support of this
idea, (2.8) is evaluated using an Ekman pumping value of 102 6 m s 2 1, (yielding
a 5 2 3 102 12 s 2 1 ), fo 5 102 4 s 2 1, b 5 2 3 102 11 m 2 1 s 2 1, H1 5 103 m, H2 5 4 3 103 m
and g8 5 .02 m s 2 2. Thus (xe 2 xp ) 5 16000 km. Both the Atlantic and the Paci� c oceans
are thinner than this by a considerable margin.

Thus, everywhere near xe, c 2 5 0,

c 1 5
fo

b H1
weo (x 2 xe) (2.9)

east of x 5 ro (see (2.4b)) and the lower layer potential vorticity resembles that in (2.7).
Inside ro, where the topography is nontrivial, potential vorticity generalizes to

q2 5 b y 1
f o

3

g8H2

wex

b H1
2

fohbo

H2r o
2

(x2 1 y 2) 1 C (2.10)

where C is a constant, provided that c 2 5 0. The previous results guarantee this over at
least part of the topography.

Straightforward algebra demonstrates that (2.10) can be written

q2 5
2 fohbo

H2r o
2 1 1 x 2

f o
2wer o

2

2g8 b H1hbo
2
2

1 1 y 2
H2r o

2b

2fohbo
2
2

2 1 C (2.11a)

where C is a constant. Thus the q2 contours over the topography correspond to arcs of
circles centered on

xc 5 1 fo
2wer o

2

2g8b H1hbo
,
H2r o

2 b

2fohbo
2 (2.11b)
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which for hbo . 0 (as will always be assumed here) is west and north of the center of the
topography (see Fig. 4b). Eq. (2.11b) predicts closed potential vorticity contours if * xc * 5
[x c

2 1 y c
2 ]1/2 , ro, or equivalently, if

H2ro

2fohbo
1 b 2 1

f o
6w e

2

g8 2 b 2H 1
2H 2

2 2
1/2

, 1 (2.12)

and hence the possibility of lower-layer � ow. The � rst contribution above indicates if the
topography reverses the beta effect in the lower layer (i.e., if b , fo = hb /H2). The second
contribution measures the dynamic effect of the wind-driven � ow. It is interesting that this
contribution always works against the development of closed q2 contours. The reason may
be illustrated for a subtropical gyre by noting that the q2 values outside of ro increase when
we Þ 0. The potential vorticity anomaly forced by the topography (which for hb . 0 is a
minimum) must therefore be large enough to close in the presence of the larger q2. In
summary, if the resting state q2 has no closed contours, neither will the forced � ow.

On the other hand, using the earlier parameters, the � rst term is roughly 1000 times
larger than the second, thus closed q2 contours depend largely on the topography. The
importance of the static basin structure in determining the � ow constitutes a major
difference between the present calculations and those of Rhines and Young.

Continuing with the above parameters, (2.12) yields

hbo

ro
. 4 3 102 4. (2.13)

Figure 2 suggests ro , 500 km, in which case

hbo . 200 m (2.14)

insures that regions isolated from the eastern boundary exist in the open ocean. Recall that
both the AP and the ZD are roughly 1000 m in height.

Inside the closed q2 contours, (2.1b) is area integrated to yield

O 5 R r = q2 · ndl 2 D r = c 2 · ndl (2.15)

where the line integral is along a constant q2 contour. Assuming R and D are ‘‘small,’’ q2 5
F( c 2). Thus (2.15) becomes

F 8 5
D

R
(2.16)

or

q2 5
D

R
c 2 1 Cq (2.17)

where Cq is a constant.

1998] 305Dewar: Topography & barotropic transport



Eq. (2.17) represents a prediction based on our eddy parameterization which can be
tested using eddy-resolvingnumerical models. Such results will be discussed later; for now
we state that (2.17) constitutes a reasonable approximation to our numerical experiments.

The above provides one constraint between c 1 and c 2, namely

b y 1
f o

2

g8H2
c 1 1

fo
H2

hbo 1 1 2
(x 2 1 y2 )

r o
2 2 5 1 fo

2

g8H2
1

D

R 2 c 2 1 C c (2.18)

where C c is a constant. Upper layer potential vorticity may therefore be evaluated in terms
of c 1 using (2.18), and (2.1a) thus becomes:

J( c 1, Q1 ) 5 J 1 c 1, b y 1
fo
2 b y

g8H11 f o
2

g8H2
1

D

R 2
1

fo
3hb

g8H1H21 f o
2

g8H2
1

D

R 2 2 5
fowe

H1
1 R= 2q1 (2.19)

which is a linear, nonconstant coefficient equation. Note that Q1 above differs from q1, the
upper-layer potential vorticity, in that the explicit appearance of the streamfunction has
been eliminated. If the last term is neglected, (2.19) corresponds to the modi� ed Sverdrup
formula originally derived by DS, although in a context different than the present. As
shown in DS, if H2 ® ` or D/R ® ` , (2.19) reduces to the reduced gravity result in which
all transport is trapped in the upper layer. In less extreme circumstances, c 1 is determined
by a characteristics integration,where the characteristics Q1 can be computed ahead of time
and c 2 is computed from (2.18). DS shows solutions subject to special we � elds, and CP
show that the results of the above integration for planar topography in general lead to
interior fronts. The form of (2.19) supports the CP results in general for nonplanar
topography.

We here use the special form of our topography to evaluate the characteristics; i.e.

Q1 5
2 fohbo

H1r o
21 1 1

Dg8H2

Rf o
2 2

? 1 x2 1 1 y 2 b
H1r o

2

2fohbo
1 1 1

Dg8H2

fo
2 2 1 1 1

H2

H1 1 1 1
Dg8H2

Rf o
2 2 2 2

2

2 1 CQ 1

(2.20)

where CQ1 is a constant. Thus, these characteristics are arcs of circles centered on

x 5 1 O, b
H1r o

2

2fohbo
1 1 1

Dg8H2

fo
2R 2 1 1 1

H2

H1 1 1 1
D

R

g8H2

fo
2 2 2 2 (2.21)
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and we expect the results of the method of characteristics solution proposed by DS and CP
to apply on all open Q1 contours. On the other hand, if x is within the region of closed q2,
some Q1 characteristics will be closed (see Fig. 4b). The characteristics methodologymust
then fail in such zones, for the simple reason that we is one signed everywhere on the
trajectory. Rather, an area integral over a closed Q1 region demonstrates that eddy effects
(i.e. potential vorticity diffusion) are required to achieve a balance, i.e.

O 5
fo
H1

e e we dA 1 R r = q1 · ndl. (2.22)

Figure 4. (a)Analyticalmodel topographyand Ekman forcing.A radially symmetric parabolicbump
is centered in a subtropical gyre. The Ekman pumping � eld is uniform over the bump, and
decreases linearly to zero at the gyre north and south boundaries.The latitudes where the pumping
changes are labeled as 6 yo. (b) Critical lower layer contours.The largest circle centered on (0, 0)
represents the region of nontrivial topography. The next largest circle, centered on the ‘‘*’’,
denotes the largest closed lower layer q2 contour.The location of the ‘‘*’’ is the point xc de� ned by
(2.11). The smallest circle, centered on the 0, denotes the largest closed Q1 contour. This circle is
centered on x, de� ned by (2.21).
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The physics in (2.22) are that the Ekman pumping, we, introduces mass into the upper
layer, the removal of which thus must occur by eddy processes. Our eddy parameterization
is essentially that of down-gradient thickness diffusion (see 2.1b), hence the balance in
(2.22). This balance essentially generalizes the original Welander (1968) barotropic result
and is a main point of this paper.

The relevance of (2.22) depends upon the simultaneous existence of closed q2 and closed
Q1 regions. It is thus important to ask if the parametric regime in which this occurs pertains
to the ocean.

The radius of the largest full q2 circle is ro 2 * xc * , where xc is given by (2.11b). The
existence of closed Q1 thus requires:

ro 2 * xc * . * x 2 xc * . (2.23)

It turns out for the parameters under consideration that (2.23) can be met if closed q2

contours exists. First, recall that the meridional displacement in (2.11b) is orders of
magnitude greater than the zonal displacement; thus, * xc * > * yc * and (2.23) becomes

ro . y. (2.24)

The evaluation of y depends both upon hbo and the ratio X 5 Dg8H2/fo
2R. For the former we

choose hbo 5 1000 m (see Fig. 1); the latter is difficult to estimate since neither D nor R are
well known. Acknowledging this uncertainty, a typical Ekman layer thickness is 0 (10 m).
Eq. (2.2) then suggests:

X 5
Dg8H2

f o
2R

>
Ro

R
(2.25)

where Ro 5 Dg 8H2/fo
2. If D 5 1/40 days, g8 5 .02 cm s 2 2, H2 5 4000 m and fo 5 10 2 4 s 2 1,

Ro 5 2000 m2 s 2 1.
First, for small X (i.e. R . 2000 m2 s 2 1), y is independent of X at leading order and

becomes

y 5
b r o

2 (H1 1 H2 )

2fohbo
5

b r o
2H

2fohbo
(2.26)

which leads to the criterion for closed f/(H 2 hb) contours in a barotropic � uid. The ratio of
the meridional displacements (2.26) and (2.11b) is y/yc 5 (1 1 H1/H2), and since H1/H2 .
.25 , 1 for the wind-driven circulation, the satisfaction of (2.12) often implies for small X
that (2.23) is met.

Support for the downgradient thickness diffusion parameterization (essentially like our
downgradient q diffusion) has been recently provided by Danabasaglu et al. (1994), who
found their noneddy resolving climate model results were improved using an R , 0
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(103 m2 s 2 1). We therefore also evaluate (2.24) for the cases X 5 2 and 4, corresponding,
for example, to a 10 m Ekman depth (spin down time of 40 days) and a q diffusion of either
.5 3 103 or 103 m2 s 2 1. In these cases (2.24) yields:

y

ro
5 .44, .56 , 1

and closed Q1 contours are still formed.
Finally, the critical X beyond which (2.24) cannot be met requires y/ro 5 1, and yields

X 5 9. Assuming R 5 103 m2 s 2 1, this implies a bottom friction spin down time of 10 days,
or a vertical viscosity of .3 m2 s 2 1. Weatherly (1984) has estimated the net energy
dissipation under the Gulf Stream Current water from observations. Converting his drag
coefficient into an eddy viscosity yields Av 5 .16 3 10 2 2 m2 s 2 1, where a bottom velocity
scale of 10 cm s 2 1 and bottom boundary layer thickness of 10 m has been assumed. Thus
our critical vertical viscosity is larger than values obtained from the literature, suggesting
the simultaneous existence of closed barotropic potential vorticity f/(H 2 hb) contours and
Q1 contours. This implies for topography like the ZD and the AP that the strati� ed general
circulation can be put into the paradoxical situation that surface circulation is directly
in� uenced by the bottom Ekman layer.

Computing c 1 inside closed Q1 by (2.22) requires the solution of a second order
equation.This can be obtained analytically for the present, simple geometry. Centering the
coordinate system on x, Q1 depends only on the radial coordinate, r . Since we is uniform
(see 2.4b), (2.22) becomes:

q1r 5
2 fowe r

2H1R
(2.27)

hence

q1 5
2 fowe r 2

4H1R
1 Cq1 (2.28)

where Cq1 is a constant.
The de� nition of q1, (2.7), and the solution for q2, (2.11), now represent two equations

for the two unknowns c 1 and c 2. The quantity c 1, is:

c 1 5
we r 2fo

4DH2
(1 1 X )

1
hbo foR

DH2
1 1 2

1 x2 1 1 y 2
b g8H1r o

2

2f o
2 1 1 1

H

H1X2 DH2

fohboR 2
2

2
r o

2 2 1 Cc 1

(2.29)
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and thus

c 2 5
we r 2fo
4DH2

1
hbo foR

DH2
1 1 2

1 x 2 1 1 y 2
b Hr o

2

2fohbo
2
2

2
r o

2 2 1 C c 2. (2.30)

The above two formulae, along with their implied total transport T 5 H1c 1 1 H2c 2,
emphasize that inside zones topographically shielded from the eastern boundary, the � ow
and total transport are controlled by bottom friction. This is demonstrated by the
appearance of D in the denominator of (2.29) and (2.30). Note also in the weak bottom
friction limit (i.e. small X ), the geostrophic contours are effectively given by the barotropic
f/(H 2 hb) contours, and

c 1 5 1 we fo
4DH2

2
hbo foR

DH2r o
2 2 1 x 2 1 1 y 2

b Hr o
2

2fohbo
2
2

2 1 C c 1 (2.31)

c 2 5 c 11 1 1 O 1 DR
g8H2

f o
2 2 2 (2.32)

T 5 (H1 1 H2) c 11 1 1 O 1 DR
g8H2

f o
2 2 2 . (2.33)

The inverse dependence on bottom friction is evident, but it is also the case that the � ow is
barotropic at leading order (see 2.32).

An evaluation of (1.5) demonstrates that the � rst term in (2.31) corresponds to the
Welander (1968) result. The second term is thus unambiguously identi� ed as the effect
resulting from the generalization of Welander’s work to include strati� cation. It is curious
that the g8 strati� cation parameter makes no explicit appearance here. Rather, the
strati� cation appears implicitly in the R parameter. It is also interesting that the ratio of the
effects is:

wer o
2

4Rhb
5

10 2 6 m2 s 2 1 (5 3 105 m)2

4 103 m2 s 2 1 103 m
5 .06 ½1 (2.34)

using typical numbers, and suggests that the eddy driving is an important contributor.
Larger and more realistic bottom frictions (larger X ) decrease the amplitude of the

bottom � ow and the area enclosed within the critical Q1 contours, but nonetheless directly
determine the transport. This should be contrasted with the case where closed geostrophic
contours occur for reasons other than the topographicamplitude,and hence the existence of
lower layer regions isolated from the eastern boundary is independent of D.

The reason for the sensitivity to D in (2.29), (2.30) is related to the physics occurring in
the purely barotropic problem. There, the bottom Ekman layer was solely responsible for
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balancing the mass budget by exporting � uid at the same rate as it was supplied by the
surface Ekman layer. In the strati� ed problem, down-gradient potential diffusion acts
effectively like a thickness � ux; therefore for closed Q1 contours, the uppermost layer
balance is achieved through R (see Fig. 3, which illustrates the weak bottom friction limit
of the three-layer model described in the Appendix). This balance determines the interface
separating the layers. The deeper layer, however, also reacts to mean potential vorticity
anomalies and tries to diffuse them away. This in turn accelerates the deepest layer, where
bottom friction is active. In the limiting case of weak bottom friction, part of the bottom
Ekman layer mass � ux balances the mass input from the surface Ekman layer.

3. Numerical experiments

The previous section has described purely analytical calculationsemploying an approxi-
mate form of the quasi-geostrophic equations and an eddy parameterization. The question
remains as to whether such solutions are realized in more complete models in which, for
example, the eddies are explicit, rather than parameterized. We here test this using a
standard, well-known quasi-geostrophicmodel (see Holland, 1978). We have chosen three
rather than two layers because we have found that the former generates a more vigorous
eddy � eld than the latter.

The average layer thicknesses are 300 m, 700 m and 4000 m, and the reduced gravities
are .014 m s 2 2 and .007 m s 2 2, which yield deformation radii of 29 and 16 km. A 10 km
grid resolution was used in a rectangular 301 3 201 con� guration. Biharmonic viscosity
was employed with a coefficient of 2 1 3 10 1 10 m4 s 2 1. A single subtropical gyre was
modeled and the Ekman pumping � eld decreased linearly from a value of zero at the north
and south model boundaries to a minimum value of 2 1 3 10 2 6 m s 2 1 in the middle of the
basin. These model parameters were � xed for all the experiments shown here. The
remaining two parameters, bottom friction and topographic amplitude, were varied.
Bottom friction ranged from values of 5 3 10 2 8 s 2 1 to 5 3 10 2 9 s 2 1, corresponding to
spin-down times from 200 days to 2000 days. These bottom drags are weaker than those
which have been used in the past (Kawase, 1993; Thompson, 1995). We will have more to
say about this in a moment.

The bottom topography employed in these experiments consists of a nonsymmetric
Gaussian bump. This was done because the Gaussian is smooth, whereas models with a
parabolic bottom shape generated grid-scale noise at the discontinuity in the � rst deriva-
tive. The amplitude of the bump was varied between 300 m and 1000 m. (Note that the
amplitude of the AP and the ZD are both roughly 1200 m.) The e-folding scales of the
bump were 350 km zonally and 450 km meridionally. A plot of the model topography
appears in Figure 5a along with a plot of q3 5 b y 2 ( fohb/H3) in Figure 5b. The latter is the
ambient potential vorticity � eld of the abyssal layer.

The topographic anomaly was placed in the southwestern quadrant of the gyre where,
according to analytical calculation, q mixing drives a mean � ow in layer 2. The model also
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generates a vigorous eddy-driven inertial recirculation, but the topography in Figure 5a is
south of it. Thus, circulations developed over the topography will re� ect eddy-form drag
forcing of the lower layer by the upper layer, rather than a response to a mean � ow in the
lowest layer. The latter problem has been studied extensively by Rhines (1989).

However, the AP exists between the two relatively deep extension currents of the Gulf
Stream, i.e. the North Atlantic Current and the Azores Current (Sy, 1988). Similarly, the
Zapiola Drift occurs south of the Malvinas-Brazil Current Con� uence and eastward
extension. Thus the environment near both our example topographies is dynamically
complex, and only part of that is captured in our numerical experiments.

We show in Figure 6 the three-layer average streamfunctions from a � at bottom
experiment. These were obtained by averaging over the last 10 years of a 30-year run. The
bottom friction coefficient here was 5 3 10 2 9 s 2 1. The most notable features are the intense
inertial recirculations found in the north quarter of each layer. Aside from this, the upper
layer is dominated by the large-scale anticyclonic � ow which � lls the entire basin and joins

Figure 5. Numerical model topography. A Gaussian bump with e-folding scales of 350 km and
450 km in the zonal and meridional directions respectively appears in (a). The position is roughly
under the analytically expected second layer uniform q2 pool and south of the inertial third layer
recirculation. The topography height is 800 m, CI 5 100 m. In (b) is the potential vorticity the
third layer would have in the absence of motion. Note the region of closed q3 over the topography.
CI 5 2.5 3 102 6 s2 1.
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with a western boundary current. The second layer, away from the inertial recirculation,
also possesses an anticyclonic circulation. Roughly speaking, the region in which the
second layer is in motion is in agreement with the predictions of homogenization theory.
Finally, the third layer is essentially at rest aside from the inertial recirculation, again in
keeping with theoretical expectations.

Figure 6. Flat bottom results. The averagevelocity streamfunctionfor the (a) � rst, (b) second and (c)
third layers are shown. CI 5 5000 m2 s2 1 in (a), 2000 m2 s2 1 in (b) and 1000 m2 s2 1 in (c). These
were obtained from averaging the last 10 years of a 30-year run. Parameters come from the
standard set and bottom drag D 5 5 3 102 9 s 2 1.
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The second and third layer 10-year averaged potential vorticities from this same run
appear in Figure 7. A region of decreased q2 gradients in the second layer coincideswith the
moving region in Figure 7b. The third layer potential vorticity � eld is dominated by
planetary vorticity, as expected. Overall, the numerical mean results are a reasonable
facsimile of the analytically predicted � elds.

The results of an experiment with the same parameter settings as above, but with a
Gaussian topography of 800 m height in the third layer appear next. The last 10 years of a
40-year run were averaged to yield mean layer streamfunctions for all layers (Fig. 8) and
layers 2 and 3 potential vorticities (Fig. 9). The most noticeable feature of these results
occurs in the third layer maps, where a 60 Sv anticyclonic circulation, centered over the
topography, appears in the third layer. Similar features are found in the upper layers.
Further, the potential vorticity � eld associated with this feature is reduced in amplitude
from that of the resting � eld seen in Figure 5b.

a. Eddy parameterization

Our analytical model parameterized eddies using a down-gradient potential vorticity
diffusion and this allowed a rather complete characterization of the � ow. Here, we examine
this parameterization.

Figure 7. (a) Second and (b) third layer 10 year averaged potential vorticities for the experiment in
Figure 6. CI 5 2.5 3 102 6 s 2 1.
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The most important prediction of this parameterization is (2.17), which linearly relates
abyssal potential vorticity to abyssal streamfunction with a coefficient directly dependent
on bottom friction. This relation in� uences the later formulae for surface streamfunction
and net transport and thus has a quantitative impact on the analytical results.

Figure 8. Plot as in Figure 6, except with an 800 m bottom bump. The bump location appears in
Figure 5a. Bottom drag D 5 5 3 102 9 s 2 1. CI 5 5000 m2 s2 1 in (a), 5000 m 2 s 2 1 in (b),
2000 m2 s2 1 in (c). Note the strong anticyclone centered on the topography in layer 3, and
appearing in layers 1 and 2. The bottom layer transport is 60 Sv and the total transport over the
bump is roughly 72 Sv.
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A scatter plot of q3 versus c 3 for the experiment described above appears in Figure 10a.
The majority of the points are clustered around a small constant c 3, as expected for a layer
largely at rest in the mean. The two exceptions to this occur for large q3 (i.e. in the model
inertial recirculation) and for moderate q3, where the streamfunction values increase to
roughly 16000 m2 s 2 1 . The latter is clearly associated with the topographyand is consistent
with a linear c 3, q3 relationship.

Figure 10b compares q3 2 c 3 scatter plots from three different experiments. Here the
points come from the area of the topographic anomaly shown by the inset box in Figure 9.
The three experiments used differing bottom drags, i.e. D 5 5 3 10 2 8 s 2 1 , 1 3 102 8 s 2 1

and 5 3 10 2 9 s 2 1 (see the labels).
Note that increasing D is associated with increasing slope, consistent with the predic-

tions of (2.17). There is also quantitative consistency with this relationship. Least squares
linear � ts to the q3 2 c 3 data appear in Figure 10b as the light solid lines. Note, a subset of
the data has been used for the � t, consistent with the idea that some of the data pairs in
Figure 10b come from outside the shielded area, and thus should not be described by
(2.17). The � tted slopes are, in order of decreasing D, 3.7 3 102 9 m 2 2, 2.9 3 102 10 m 2 2

Figure 9. Plot as in Figure 7, but for the experiment shown in Figure 8. CI 5 2.5 3 102 6 s2 1. Note
the alteration in q3 relative to Figure 5b. The box encloses the area discussed in Figure 10b.
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and 1.8 3 102 10 m 2 2 . The ratio from greatest to least is 20, in keeping with the factor of 10
change in D. The slope ratio for the two weakest D experiments is 1.6, close to the factor of
2 difference in the associated D ’s. While the respective slope ratios are not exactly those of
the associated D ’s, the order of magnitude variation is clearly reproduced. Also, an
unknown parameter in the comparison is R, the eddy potential vorticity mixing coefficient.
It is likely that this parameter does exhibit some dependency on D. In total, the above
results support the assertion that the eddy parameterization (2.17) does not qualitatively
damage the analysis.

Finally, the slope estimates allow for an estimation of R. The average value for the three
experiments in Figure 10b is R 5 24 m2 s 2 1, which is quite small relative to the 103 m 2 s 2 1

estimate mentioned in the preceding section. These apparently low R values constitute the
reason for our choice of unusually weak D values; namely, we were interested in
numerically exploring the parameter regime X . 0(1), where X 5 Dg9H3/f o

2R. Using the R

Figure 10. (a) q3 2 c 3 relationship for the experiment in Figure 8. Results for the entire basin are
displayed.The branch occurring at mid q3 value comes from the boxed area around the topography
in Figure 9. This branch of the q3 2 c 3 plot appears again in (b), along with q3 2 c 3 plots from two
other experiments. These experiments are differentiated by their values of D, which are used to
label the plots. Note the decrease in the slope as D decreases, consistentwith the predictionsbased
on down-gradient q3 mixing. The light solid lines are the result of a least squares linear � t to the
scatter plot.
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values diagnosed for each experiment and our other parameters, we obtain X values of 9, .9
and .5 in order of decreasing D.

It is possible that the weak R values re� ect the numerical con� guration of our
experiment; a different setup could generate more vigorous eddy mixing, which in turn
should yield results like those shown when employing larger bottom drags. A separate
interpretation of our experiments is that larger drags, more in line with classical values,
generate much weaker trapped circulations.

Based on the above X estimates, the latter two experiments should fall into the category
where the layer 1 balance is described by the three-layer equivalent of (2.22). Note the c 1

and q1 structure appearing in Figures 8a and 9a, where closed contours are found. This is in
agreement with our analytical expectations, and should be contrasted with the results
appearing in Figure 11, which exhibits c 1 from the experiment with D 5 5 3 102 8 s 2 1

(X 5 9). Here we don’t anticipate the successful penetrationof the deep � ow to the surface,
and thus that c 1 will resemble the � at bottom results in Figure 6. This is clearly the case for
Figure 11, in spite of a nontrivial 6 Sv anticyclonic transport in layer 3.

There are at least three other qualitative predictions from the analytical theory which
merit numerical examination. First, third layer and total transport should vary directly with
hbo once closed f/(H 2 hb) contours are established. Second, third layer and total transport
should be inversely proportional to bottom friction. These two dependencies are suggested
by (2.33). Last, the sense of the net transport should be independent of the sign of the
Ekman pumping. This is suggested by (2.34) which argues T is dominated by the
topography.

We have performed experiments to examine these points. The � rst is illustrated in
Figure 12, where the maximum average streamfunction amplitude in the abyssal layer over
the topographic anomaly is plotted against the amplitude of the topography. All other
parameters were held constant and D 5 5 3 10 2 9 s 2 1. Note the increase in streamfunction
amplitude with increasing hbo, as expected.

The dependence on D appears in Figure 13, where the abyssal streamfunction maximum
amplitude is plotted against bottom friction. In all these experiments, a Gaussian bottom
anomaly of 800 m was used. Note the dramatic increase in c 3 which occurs for D , 2 3
102 8 s 2 1. For D greater than this, transport is weakly sensitive to bottom friction. The
overall structure is consistent with an inverse dependence of transport on D, again as
expected.

Finally, in Figure 14, we plot the three streamfunction � elds from an experiment with a
cyclonic Ekman pumping. The parameters are standard, D 5 5 3 102 9 s 2 1 and hbo 5
1000 m. The upper layer streamfunction appearing in Figure 14a shows the expected
cyclonic circulation pattern of a subpolar gyre. Nonetheless, appearing in the second and
third layers are sizable anticycloniccirculations.The total transport is 53 Sv between them,
with 50 Sv appearing in layer 3. This supports the theory, which predicts the anomalous
transport depends largely on the sign of the topographic anomaly.

Thus, the analytical theory and numerical experiments are in qualitativeand quantitative
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agreement. Eddies appear to be capable of accelerating the deep � ow around topographi-
cally closed geostrophic contours, which in turn is an effect reasonably parameterized by a
down-gradient potential vorticity diffusion. For topography of amplitudes like those found
in the North and South Atlantic, barotropically closed contours also appear. This involves
an interesting interplay between eddies and forcing. The upper layer is, of course, directly
forced. The lower layers, however, are accelerated by the eddies generated ultimately by

Figure 11. Strong bottom drag results. Plot as in Figure 6, but with 800 m topography and D 5
5 3 10 2 8 s 2 1. CI 5 5000 m2 s2 1 in (a), 2000 m2 s2 1 in (b) and 500 m2 s2 1 in (c). Note the reduced
c 3 amplitude here relative to Figure 8. The lower-layer transport around the bump is roughly 6 Sv.
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the wind-driven � ow instability and the abyssal � ow amplitude is ultimately arrested by
bottom friction. It is interesting that the latter can kinematically dominate the mean � ow,
and modify the dynamics of the surface � ow.

4. Discussion

The theory in this paper argues that localized topographic anomalies like those found in
the North and South Atlantic can play a major role in determining regional circulation
characteristics. The related effects are two fold. Perhaps most importantly, localized
topography generates topographically closed geostrophic contours, which then represent
areas where the wind-driven � ow can easily penetrate to the bottom. This is in contrast to
the dynamically closed geostrophic contours which occur in homogenization theory.
Wind-driven � ow appears to be too weak to penetrate to the ocean � oor via this
mechanism.

Figure 12. Maximum third layer streamfunction versus topographic amplitude. The c 3 values were
selected from the area of the topography.Parameters are standard and D 5 5 3 10 2 9 s 2 1 . The net
transport varies directly with hbo, as predicted by the theory.

Figure 13. Maximum third layer streamfunction versus bottom drag. The parameters are standard
and hbo 5 800 m. The transport varies inversely with D, as predicted by the theory.
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The second effect is that, depending upon the sizes of bottom friction and topographic
amplitude,barotropic closed geostrophic contours, effectively a generalizationof f/(H 2 hb),
can appear. Purely barotropic general circulation models with topography generate areas
isolated from the eastern boundary. Our results here show a similar result is obtained in a

Figure 14. As in Figure 6, but with 1000 m topography and cyclonic Ekman suction. CI 5
5000 m2 s2 1 in (a), 2000 m2 s2 1 in (b) and 2000 m2 s 2 1 in (c). A subpolar gyre dominates the
surface � ow, while the � ow around the bump is anticyclonic, in agreement with the theory. The
layer 3 transport is roughly 50 Sv.
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strati� ed � uid. Further, our scaling arguments suggest that the onset of barotropically
closed contours and topographicallyclosed geostrophic contours for the abyssal layers can
be nearly coincident. If the entire water column is shielded, the � ow regime throughout the
water column is controlled by bottom friction, and to a large extent, transport is inversely
proportional to bottom friction.

In a broad sense then, the existence of closed f/(H 2 hb) contours is a strong indicator
that the dynamics presented in this paper are relevant to that area. To this end it is
interesting that both the AP and the ZD meet this criterion (see Fig. 2). We are thus
motivated to consider the application of the present results to those two regions.

Perhaps the feature that is apparently most clearly shared by the two areas is that the
mean � ows over the topographic anomalies, should they exist, are characterized by
anticyclonic (poleward on the west, equatorward on the east) transport. The evidence
supporting this for the AP includes several sources, most notably Sy (1988), Klein and
Seidler (1989) and Pollard et al. (1996). The Zapiola Anticyclone is apparent in Saunders
and King (1995a,b) and corroborating long-term current meter measurements are provided
by Weatherly (1993). Given that both topographic anomalies are highs, the present theory
provides an explanation for the sense of the � ow. Also, the apparent tendency for the AP
transport estimates to increase with increasing depth (compare Klein and Seidler with Sy)
suggests the relevance of the theory.

However, a distinction between the AP and ZD lies in their transport; the Zapiola
Anticyclone carries in excess of 100 Sv and the AP � ow no more than 15 Sv. A second
important distinction lies in the nature of the surface � ow. Clearly, the AP is found entirely
within the NA subtropical gyre (see Fig. 2), while the ZD is found south of the Brazil
Current-Malvinas Current, implying the ZD topography is outside the South Atlantic
subtropical gyre. A theory which claims to describe general circulation dynamics over
closed geostrophic contours must therefore also be able to explain how two such very
different anticyclones can arise. It is interesting, if perhaps fortuitous, that the present
theory provides such explanations.We begin with the latter point.

The analytical calculations for total transport, appearing in (2.33), along with the
estimate in (2.34), demonstrate the insensitivityof the circulation to the large-scale features
of the surface circulation.Numerical support of this point appears in Figure 14. Rather, it is
the sign of the topographic anomaly that determines the � ow and this is common to the AP
and the ZD.

The much more dramatic kinematic distinction between these areas, however, also can
be accounted for, even if the explanation to follow is qualitative. The explanation is based
on the distinctions in the bottom conditions, and these appear in Figures 1 and 2. For
example, it is clear that the AP is a feature of the Mid-Atlantic Ridge, and the associated
topography there is complex and variable on a broad spectrum of spatial scales. In contrast,
the ZD is a depositional feature and the bottom is routinely referred to as a mud wave plain.
In contrast to the MAR topographic variability, mudwaves of 10’s of m are a dominant

322 Journal of Marine Research [56, 2



feature. Indeed, models of their development have been a focus of past studies (Flood and
Shor, 1988; Blumsack and Weatherly, 1989; Weatherly, 1993). The important comparative
point here is that relatively speaking, the ZD is a very smooth bottom feature compared to
the AP. This implicitly appears in Figure 2, where Figure 2a is a contour plot of smoothed
data (3 passes with a 9 point equal weight � lter), while Figure 2b is a plot based on raw
bottom data.A comparison of the bottom data, once smoothed, for both regions is available
in Figure 1.

For the purposes of the present model, this translates into a considerable difference in
bottom drag. It is unclear at the present how to quantitatively relate these very different
bottom types to D, but it seems reasonable to associate larger D’s with the AP rather than
the ZD. The existence of closed geostrophic contours for both regions makes them prime
candidates for bottom friction control as described in the present paper, so the existence of
a greater transport over the ZD than the AP is in line with the different bottom
topographies.

We have demonstrated in this paper that net transports of 0 (100 Sv) over topographyare
possible for weak bottom friction (see Fig. 8). Thus we might argue that the ZD is
characterized by X > (.1 – .2). Recall also that full penetration of the deep � ow to the
surface-generated closed potential vorticity regions in the near-surface � ow. This implies
the mean circulation will have the same sense as the deep � ow. There is no clear indication
of anticyclonic � ow in the near surface from the WOCE A-11 cruise. On the other hand, the
200 m ADCP data in Saunders and King (1995) provide an instantaneous glimpse of the
near-surface � ow, so the lack of a clear signal does not necessarily represent a failure of the
theory.

Increasing the bottom drag by an order of magnitude results in our numerical experi-
ments in a reduction of net transport to roughly 0 (10 Sv). This is not unlike the values
proposed for the AP by Pollard et al. (1996) and Sy (1988). The weak near-surface
circulations proposed by Klein and Seidler (1986) of 1.5 Sv relative to 800 m, and their
tendency to wax and wane with the seasons also hint that the circulation is more
pronounced at depth. This also is consistent with the structure of the solutions proposed
here.

In summary, we suggest the ZD and AP are examples of eddy-driven � ow over
topography where the transport amplitude is sensitive to bottom drag. The large ZD
anticyclone re� ects weak drag while the AP, on the other hand, is much more strongly
damped. The dynamical balance is distinct from the classical Sverdrup paradigm.

We have focused here on the Atlantic. A quick examination of the Paci� c reveals a
scarcity of large-scale closed f/(H 2 hb) regions, although smaller scale areas exist. The
Indian Ocean is a somewhat richer environment and it would be interesting to visit relevant
observations given these calculations.Also, better bottom boundary layer models than the
simple one used here are available, and would help to address the relative importance of the
AP and ZD bottom types to transport in a more quantitativeway.
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APPENDIX

A three-layer example

It is interesting to consider the results of Section 2 to three layers for the reasons that the
shallow oceanic wind-driven � ow exists in a strati� ed � uid itself partly set into motion by
Rhines and Young mechanics. A three-layer model thus allows for interaction between
subsurface layers of uniform potential vorticity and topographically closed bottom layer
geostrophic contours. Further, this solution is useful for comparison with the numerical
investigations in Section 3.

The three-layer equations are:

J ( c 1, q1 ) 5
fowe

H1
1 R = 2q1, q1 5 b y 1

f o
2

g 8H1
( c 2 2 c 1) (A.1)

J( c 2, q2) 5 R = 2q2, q2 5 b y 1
f o

2

g8H2
( c 1 2 c 2) 1

f o
2

g 9H2
(c 3 2 c 2 ) (A.2)

J (c 3, q3 ) 5 R = 2q3 2 D = 2c 3, q3 5 b y 1
f o

2

g 9H3
( c 2 2 c 3 ) 1

fohb

H3
(A.3)

where g8( g9) is the reduced gravity parameter appropriate to the � rst (second) interface.
Other notation is like that employed in the previous section (see Fig. 3) and for analytical
convenience,we will again employ the Ekman pumping and topographic forms used in the
previous section.

We assume here that the wind-driving is sufficiently strong that the second layer
develops closed geostrophic contours and is thus set into motion. Parametrically, this
requires:

xe 2
b g8H2

f o
2a

b H1

fo
. xw (A.4)

which for H1 5 300 m, H2 5 700 m and g8 5 .014 m s 2 2 is easily met. As before, we
assume that the comparable condition in the third layer is not met, and thus that the abyss
will be stagnant aside from topographically closed zones.

The solution now proceeds in the classical way. Namely, (A.2) demonstrates that the
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second layer is uniform in q2 where it is not stagnant. Given this, we assume the placement
of the topographic anomaly is entirely within the area of closed second layer geostrophic
contours. This is done for convenience and is not unlike North Atlantic observations near
the AP. Also, both the AP and the ZD are found near regions of strong, upper layer mean
� ows. Finally, although it is algebraically tedious, one can solve the cases where the
topography is partially to wholly outside the homogenized q regions.

In regions where both deeper layers are at rest,

c 1 5
fowe(x 2 xe)

b H1
. (A.5)

In regions where the third layer is at rest, but q2 is uniform,

c 1 5 3 fowe (g8 1 g9)x

b
2

g 8g 9H 2
2 b y

f o
2 4 3 1

(g8 1 g 9)H1 1 g 9H2
4 1 C1 (A.6)

c 2 5 1 g 9fowex

b
1

b g8g 9H1H2y

fo
2 2 1 1

(g 9 1 g8)H1 1 g 9H2
2 1 C2 (A.7)

where C1 and C2 are constants. Given hb, the lower-layer potential vorticity, where c 3 5 0,
is

q3 5
2 fohbo

H3r o
2 1 1 x 2

f o
2wer o

2

2hbo b (g8H1 1 g 9(H1 1 H2)) 2
2

1 1 y 2
r o

2b

2fohbo

(g8H1 (H2 1 H3) 1 g 9(H1 1 H2 )H3)

g8H1 1 g 9(H1 1 H2) 2
2

2 1 Cq

(A.8)

where Cq is constant. Hence if the point

1 f o
2wer o

2

2hbo b (g8H1 1 g 9(H1 1 H2 ))
,

r o
2b

2fohbo
1 g8H1 (H2 1 H3) 1 g9H3 (H1 1 H2)

g8H1 1 g 9 (H1 1 H2) 2 2
lies within x2 1 y2 5 r o

2, closed q3 zones exist.
Inside such zones, according to (A.3):

q3 5
D

R
c 3 1 C3 (A.9)

where C3 is a constant. Using (A.9) and the fact that q2 is a constant then yields a relation
between c 1 and c 2. Eq. (A.1) then returns

J ( c 1, Q1) 5
fowe

H1
1 R = 2q1 (A.10)
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where

Q1 5
2 g 9fohbo

r o
2H1[g 9(1 1 X ) 1 g 8X]

· 1 x2 1 1 y 2
b r o

2

2fohbo g 9
(g 9H 1 X (g 9 1 g 8)H11 g 9XH2) 2

2

2 1 CQ 1

(A.11)

CQ1 is a constant and X 5 Dg 9H3/f o
2R. The Q1 contours in (A.11) take the form of circles,

and a critical criteria for hbo and D insuring the existence of closed Q1 contours is easily
obtained. For example, the algebraically convenient limit of small X 5 Dg9H3/R yields

Q1 5 Cq1 2
fohbo

H1r o
2 1 x 2 1 1 y 2

b r o
2H

2fohbo
2
2

2 (A.12)

and thus a critical condition

b Hro

2fohbo
, 1 (A.13)

identical to the condition for the existence of closed barotropic f/(H 2 hb) contours.
In the more realistic case of Dg 9H3/Rf o

2 5 1, the criterion on hbo reduces to:

hbo . 330 m (A.14)

where we have used H1 5 300 m, H2 5 700 m, H3 5 4000 m, g8 5 .014 m s 2 2 and g9 5
.007 m s 2 2. Clearly, the AP and the ZD both exceed this constraint. A plot of a shielded
layer 3 region generated by topographyappears in Figure 5 for these parameter settings and
a Gaussian bump with hbo 5 800 m.

It is now a matter of straightforward, if tedious, algebra to compute the transports in each
layer for the case of shielded layer 1. The results and the tendencies discussed in Section 2
are again resident in these solutions.The model schematic in Figure 3 shows the three layer
dynamics, with Ekman mass � uxes balanced by eddy � uxes, and eventually, by bottom
Ekman � uxes. The important result that transport is inversely proportional to bottom
friction is found.
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