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ABSTRACT

The interbasin exchange of the meridional overturning circulation (MOC) is studied in an idealized domain
with two basins connected by a circumpolar channel in the southernmost region. Gnanadesikan’s conceptual
model for the upper branch of the MOC is extended to include two basins of different widths connected by a
reentrant channel at the southern edge and separated by two continents of different meridional extents. Its
analysis illustrates the basic processes of interbasin flow exchange either through the connection at the
southern tip of the long continent (cold route) or through the connection at the southern tip of the short
continent (warm route). A cold-route exchange occurs when the short continent is poleward of the latitude
separating the subpolar and subtropical gyre in the Southern Hemisphere (the zero Ekman pumping line);
otherwise, there is warm-route exchange. The predictions of the conceptual model are compared to primitive
equation computations in a domain with the same idealized geometry forced by wind stress, surface tem-
perature relaxation, and surface salinity flux. Visualizations of the horizontal structure of the upper branch of
the MOC illustrate the cold and warm routes of interbasin exchange flows. Diagnostics of the primitive
equation computations show that the warm-route exchange flow is responsible for a substantial salinification
of the basin where sinking occurs. This salinification is larger when the interbasin exchange is via the warm
route, and it is more pronounced when the warm-route exchange flows from the wide to the narrow basin.
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1. Introduction

The higher North Atlantic sea surface salinity pro-
motes regular deep convection events that are prevented
in the North Pacific by a strong halocline (Warren 1983).
The salinification of the North Atlantic occurs partly by
transport of high-salinity water from the subtropics that
replenishes the surface water masses that are removed by
convection. This haline densification overcomes the
buoyancy increase by warming associated with the north-
ward transport of waters (Warren 1983; Broecker 1991).
The net result is a positive salt feedback that favors deep-
water mass formation and the maintenance of the merid-
ional overturning circulation (MOC; Stommel 1961).

In order for convection to reach deep levels, there must
be deep fluid that is more buoyant than fluid at the surface.
Because there is no deep source of buoyant fluid,’

! We neglect the buoyancy flux from geothermal heating because
it does not influence the ocean above the abyss.
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mechanical processes must push buoyant fluid down
from the surface, generating deep stratification. In
addition, the mechanically convected water masses
must return to the ocean surface, that is, they must be
upwelled somewhere. Thus, deep stratification and up-
welling are determined by two processes: 1) deep-
reaching, wind-driven Ekman suction in the circum-
polar portion of the Southern Ocean (Toggweiler and
Samuels 1993) and 2) diapycnal mixing due to breaking
internal gravity waves (Munk 1966). The latter process
operates in all oceans and is most effective in the sur-
face mixed layer and below approximately 2000 m,
where rough topography enhances the turbulent direct
cascade (St. Laurent et al. 2002; Nikurashin and Ferrari
2013). The net result is that the MOC is a global cir-
culation primarily linking processes in the high lati-
tudes of the North Atlantic (deep convection) and the
high latitudes of the Southern Ocean (Ekman suction
and deep stratification generation), with secondary
contributions from the Indian and Pacific Oceans
(diapycnal mixing).

Given that the MOC is a global process, an obvious
question is what makes the North Atlantic the preferred
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location for deep-water formation, and why is the salt
feedback not operative in the North Pacific? Transient
North Pacific deep-water formation, with an in-
terhemispheric meridional cell in the Pacific, likely oc-
curred during the Last Glacial Termination (Okazaki
et al. 2010), but the Pacific meridional overturning cir-
culation (PMOC) lasted less than 3000 yr. Both ideal-
ized (Hughes and Weaver 1994; Jones and Cessi 2016)
and comprehensive ocean models (Zhang and Delworth
2005) show that a substantial freshwater perturbation is
needed to weaken the Atlantic MOC (AMOC).

Several reasons for preferring the AMOC over the
PMOC have been put forward [see Weaver et al.
(1999) for a review], some extrinsic to the ocean (e.g.,
orographically enhanced precipitation in the Indo-
Pacific sector) and others intrinsic to the ocean cir-
culation. In the latter category, which is the focus of
this work, two geometrical characteristics favor the
Atlantic: its narrower width and the difference be-
tween the southward extent of the American and Af-
rican continents (Reid 1961; Gordon 1986; Nilsson
et al. 2013).

The narrower width of the North Atlantic implies that
the southward western boundary velocity due to the
locally wind-driven subpolar gyre is weaker than that in
the North Pacific (assuming that the wind stress at these
latitudes is approximately the same over both sectors),
while the northward western boundary velocity associ-
ated with the MOC is approximately the same. These
two contributions to the western boundary current in the
subpolar region result in a stronger northward flow at
the western boundary of the narrower basin, enabling
the northward transport of salinity from the subtropical
region. Therefore, the salt advection feedback is more
effective in a narrow basin. This mechanism relies on
the assumption that the wind stress and the MOC
transport are approximately the same over the two
basins. As shown in Jones and Cessi (2016), the rate of
sinking is determined by the rate of upwelling: the
Ekman upwelling in the circumpolar region of the
Southern Ocean and the global diapycnal mixing.
Therefore, the MOC transport is approximately in-
dependent of the sinking location for fixed wind stress
and diapycnal mixing.

The low-latitude extent of the tip of South Africa
relative to South America has been invoked as a fa-
vorable configuration for transporting high-salinity
subtropical water from the Indo-Pacific sector into the
Atlantic (Reid 1961; Gordon 1986). In particular, this
hypothesis relies on the assumption that a larger fraction
of the MOC upper branch returns from the Indo-Pacific
to the Atlantic around the tip of Africa (the warm route)
rather than around the tip of South America (the cold
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route; Rintoul 1991; Gordon et al. 1992), as depicted in
Fig. 1. Lagrangian analyses of coarse-resolution ocean
models confirm that in the present climate the upper
branch of the MOC returns waters upwelled in the Indo-
Pacific sector to the Atlantic preferentially through the
warm route (Speich et al. 2001), enhancing the salt
feedback. Some authors have identified the northern,
westward branch of the Southern Ocean subtropical
“supergyre’’ as an essential element of the warm route
(Nilsson et al. 2013), while others have emphasized the
southern, eastward component of the supergyre
(Durgadoo et al. 2013). Here, we present arguments
indicating that all of the supergyre enables the warm-
route exchange of the MOC. Specifically, we show that
the position of the short continent relative to the latitude
of the zero Ekman pumping determines whether the
cold route or the warm route is the preferred mode of
interbasin exchange. We find that as long as there is a
subtropical supergyre connecting the South Atlantic to
the Indo-Pacific, the exchange is via the warm route.
Conversely, if the subtropical gyres in the Atlantic and
Indo-Pacific sectors are separated, then the interbasin
flow is via the cold route.

In this study, we examine the conditions required for
the warm-route versus the cold-route in the connection
between the Indo-Pacific and the Atlantic. Our approach is
to consider two models: 1) an ocean-only general circula-
tion model, obeying the three-dimensional primitive
equation, with simplified geometry and forcing; and 2) a
modification of Gnanadesikan’s (1999) conceptual model
for the residual buoyancy budget of the upper branch of
the MOC, which includes two basins with a circumpolar
connection to the south. The conceptual model cannot
predict where sinking occurs, but, once the sinking lo-
cation is prescribed, it makes predictions about key
quantities, such as the amount of sinking and the
strength of the interbasin transport. The spirit of this
work is very similar to that of Ferreira et al. (2010) and
Nilsson et al. (2013), except that the ocean-only config-
uration enables examination of the ocean response to
different geometries under prescribed wind and buoy-
ancy forcing; confounding effects of atmospheric feed-
backs are eliminated. In particular, we focus on the
latitude of the short continent separating the active,
sinking basin (the model Atlantic) from the passive,
nonsinking basin (the model Indo-Pacific), keeping the
wind stress and buoyancy forcing fixed.

Because of our focus on salt transport, it is more useful
to think about the residual overturning circulation
(ROC) rather than the Eulerian MOC; the ROC is more
indicative than the MOC of the tracer transport. Thus,
both our conceptual model and the diagnostics of the
GCM are in terms of the ROC.
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FIG. 1. Structure of the global MOC according to Fig. 2a of Gordon (1986, reproduced here).
The thick black arrows represent the warm-water route, while the dashed arrow is the cold-
water route. Both routes are flows of upper-layer water returning the deep-water flow depicted

in white large arrows.

2. A conceptual model of the upper branch of the
ROC

The essential ingredients for interbasin transport in
the upper branch of the ROC are summarized in an
extension of the model by Gnanadesikan (1999) to two
basins connected by a circumpolar region (Allison 2009;
Jones and Cessi 2016). As in Gnanadesikan (1999), the
conceptual model considers the residual buoyancy
budget vertically integrated from the surface down to an
isopycnal b = b,,,, whose time-averaged depth /& depends
on position. The buoyancy surface b,, divides the upper

and lower branches of the ROC and outcrops both in the
circumpolar region and in the Northern Hemisphere of
the sinking basin. A schematic of the geometry of the
domain, of the isopycnal b,,, and of the processes par-
ticipating in the residual budget is shown in Fig. 2. The
geography is simplified: we consider two basins of dif-
ferent widths, bounded by thin continents of different
lengths, oriented along meridians. The two basins are
connected at the southern end by a circumpolar region.
A plan view of the geometry and notation of the model is
shown in Fig. 3. Using the constraints of mass
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FIG. 2. Geometry of the conceptual model: the budget for the residual circulation above the isopycnal dividing
the upper and lower branch of the MOC is examined. The dashed red and blue lines indicate the warm- and cold-

route exchanges, respectively.
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FIG. 3. Schematic of the two-basin box model, showing the re-
sidual buoyancy budget above the isopycnal b,,, bounding the
upper branch of the ROC. Sinking is in the basin with the short
continent to the east (the a basin), and it is denoted by ®, while
upwelling is denoted by ©. The ¢y denotes northern sinking, i,
denotes diffusive upwelling, /g denotes the Ekman transport, ieq
denotes the transport due to eddies, ¢, denotes a geostrophically
balanced transport, and ¢y denotes the warm-route interbasin
transfer. The thick solid lines represent the boundaries (conti-
nents), and the thin lines are contours of constant depth of the
isopycnal b,,;; h, is the height at the eastern boundary of the active
(sinking) basin, and A, is the height at the eastern boundary of the
passive (nonsinking) basin. The gray, dashed lines are lines of
constant latitude or longitude. The red line shows the position of
the northernmost circumpolar depth of b,,. In the top panel, the
equatorward boundary of the Southern Hemisphere subpolar gyre,
that is, the zero Ekman pumping line at latitude 6,,, is south of the
short continent, which terminates at latitude 6. In this case, the
northern boundary of the circumpolar flow approximately co-
incides with the isopycnal depth 4, and it is not possible to have
a cold-route interbasin exchange flow. In the bottom panel, 6, is
north of 6 and the interbasin flow occurs on the southern edge of
the long continent. The arrows point in the direction of the sense of
circulation, but in the budget equations the eastward, northward,
and upward transports are counted positive. The superscripts “a”
and “‘p” refer to the active and passive basin, respectively.

conservation (in buoyancy coordinates) and geostrophy
together with simple assumptions about the form of the
ageostrophic transports (Ekman flow, diapycnal up-
welling, and eddy fluxes), the box model makes pre-
dictions on a few key quantities, such as the height of the
isopycnal b,,,, h, and the different components of the
buoyancy transport ¢ at key locations. In particular,
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the components of ¢ can be related to the heights of the
isopycnal b,, at the eastern boundaries of the basins £,
and &, in Fig. 3, which, by geostrophy and the no-normal
flow condition, are constant.

The main assumption in the formulation is that all
sinking occurs at the northern end of the basin with the
short continent to the east (this is called the active ba-
sin), excluding the possibility that part of the sinking
might occur in the basin with the long continent to the
east (called the passive basin). This assumption is sup-
ported by the idealized modeling studies of Ferreira
et al. (2010) and Nilsson et al. (2013).

With reference to Fig. 3, we must consider two dif-
ferent situations, depending on whether the boundary
between the Southern Hemisphere subpolar and sub-
tropical gyres at latitude 6, (also known as the zero
Ekman pumping line) is poleward or equatorward of the
short-continent southern tip, located at latitude 6. We
assume that in all cases, the tip of the long continent is
poleward of 6, that is, in the Ekman upwelling region.

If |6, < |6,|, the buoyancy surface b,, has an un-
interrupted isocontour of constant depth 4, connecting
circumpolarly the end point of the long continent, across
which no vertically integrated meridional geostrophic
flow can occur (this is the red contour in the top panel of
Fig. 3); this contour marks the southern boundary of the
Southern Ocean subtropical gyre and the northern
boundary of the circumpolar circulation that replaces the
subpolar gyre in the Southern Hemisphere. Because this
depth contour grazes the eastern boundary of the passive
basin, we have h, ~ h,, where h,, is the constant depth of
the target buoyancy on the eastern boundary of the pas-
sive basin; the approximation involves neglecting the ef-
fects of the eddy transport of buoyancy, although they are
not completely negligible at the end of the long continent
(Gill 1968; Marshall et al. 2016). In this case, there cannot
be a cold-route exchange between the two basins. Be-
cause there cannot be any net geostrophic flow across this
circumpolar contour, the maximum northward Ekman
transport across the depth contour h, =~ h, proceeds
north to feed the upper branch of the ROC. The portion
of the Ekman transport that enters the passive basin
sector makes its way to the active basin via the warm
route, as shown by the red dashed line in Fig. 2, through
the flow marked ¢, in the top panel of Fig. 3. In practice,
in the box model calculation that follows, we approximate
the components of the transport across this northernmost
circumpolar contour with their values at the line of con-
stant latitude 0 = 6,, indicated by the long, horizontal,
dashed line in the top panel of Fig. 3.

If |65] > |6,]|, the northernmost circumpolar isocontour
for the depth of the buoyancy surface b,, is 4, that is, the
depth at the eastern boundary of the short continent (the
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red line in the bottom panel of Fig. 3). Conversely, the
isocontour of value &, intercepts the short continent
(blue line in the bottom panel of Fig. 3). Thus, there is a
pressure difference between the isocontours £, and £, at
the end of the long continent; in this case, the interbasin
exchange occurs via the cold route through the term .
The average latitude of the northernmost circumpolar
contour is 6, and the Ekman transport entering the
basins from the circumpolar region is lower than the
maximum value. This case has already been considered
by Jones and Cessi (2016) in the special case of equal
continents’ lengths, and there are no qualitative differ-
ences when the continents’ lengths differ.

The factor determining the cold- or warm-route re-
gime is the position of the boundary dividing the
Southern Hemisphere subtropical and subpolar gyre:
For the warm-route case, this latitude is south of the
short-continent tip, and there is a single subtropical gyre
connecting the two basins, which allows the Ekman
transport entering the passive basin to exit it along the
western boundary of the short continent. For the cold-
route case, the short-continent tip penetrates into the
subpolar, circumpolar region of the Southern Hemi-
sphere, and the interbasin flow occurs in an eastward
zonal flow at the tip of the long continent.

With reference to the top panel of Fig. 3, we consider the
residual buoyancy budget above b,, for two regions: the
passive basin north of 6; (the gray region in the top panel of
Fig. 3) and the whole region north of the isoline 4, at lat-
itude 6,,. The eastward, northward, and upward transports
are counted positive, but the arrows in Fig. 3 point in the
direction of the flow. If 6; is equatorward of 6,,, we have

Yy + Wy + bk + 4, =0, and 1)
i TP T Y =y, (2)

where i, denotes diffusive upwelling, ¢, denotes geo-
strophically balanced transport, 5 denotes northern
sinking, and ¢, and ¢, are the Ekman and eddy trans-
ports across the northernmost circumpolar depth con-
tour, respectively. We can also calculate the warm-route
transport using the mass budget in the region between 6,
and 6,, in the passive basin sector. This budget gives

b, = _r'/’%k_rll’gd+'l”ék+‘//epd+‘/’g’ 3)

where r = L,(0,)/L(6,) is the ratio of the width of the
passive basin L), to the width of the circumpolar region L
at 0,. The important point here is that the Ekman
transport (minus the eddy flux of buoyancy plus the di-
apycnal transport) entering the passive basin sector
from the circumpolar region must be diverted toward
the active basin in a net westward flow via the warm

CESSI AND JONES

1985

route. In contrast, in the arrangement shown in the
bottom panel of Fig. 3, the passive basin portion of the
circumpolar Ekman transport (minus the eddy flux of
buoyancy plus the diapycnal transport) flows eastward
along the circumpolar current before being diverted
along the western boundary of the active basin via the
cold route, through the term .

The main unknowns in (1) and (2) are the depths A,
and A&, (we assume that /i, = h,, even though this is not
completely accurate when eddy fluxes are present). We
must thus relate all the transports terms to the two un-
knowns A, and h,, and this is not obvious for the eddy
and diapycnal terms. To compare with previous work,
we use the same relations used by previous authors
(Gnanadesikan 1999; Allison 2009; Jones and Cessi
2016) so that (1) and (2) become

_TSLP(OS) B komh, L, (0,) N kA, g'(h>—h) _

£ R 0’
pr;‘ Ls hp Zfs
| S —— [ A——
l/’lgk wﬁ[ 1//5 'v”g
and
(4)
_TUL(QU) _ KGMh[JL(GO) + KAa KAP — g/h_g .
p(]fo Lo ha hp 2fn
———— —— — —— —— ——
Ve Yo e WP Uy
©)

The wind stress at 6y, is 75, f;,, is the Coriolis parameter at
the same two latitudes, f,, is the Coriolis parameter at the
sinking latitude, kg1 is the coefficient of Gent-McWilliams
eddy fluxes parameterization, « is the interior diapycnal
diffusivity, A, , are the areas of the semienclosed basins,
L, is the meridional distance between 6, and the
southern edge of the channel, and g’ is the range of sur-
face buoyancies shared by the sinking and circumpolar
regions. The values of the prescribed parameters are
given in Table 1. With reference to the top panel of Fig. 3,
the interbasin exchange iy can be obtained from the
residual budget (3), using (4), and it is given by

- TOLP(OO) N KGMhpr(GO) B ﬂ‘ ©)
p()fo Lo h[)

The exchange flow is in geostrophic balance and thus
hu = —g’/(2f)ayh2. Because of the full variation of
the Coriolis parameter with latitude, it is not possible
to express i, = jgz;‘:zahu dy solely in terms of the
heights h, and h, (R is the radius of the spherical
domain).

If 6 is poleward of 6,,, (4) remains unchanged, but (5)
is replaced by the budget in the active sector north of the
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TABLE 1. The external parameters for the simplified two-basin
transport budget, as deduced from the numerical simulations.

Parameter Value Notes
KGM 500m?s ! Value used in the numerical model.
L, 10000 km Width of the wide basin at —52.5°.
L, 5000 km Width of the narrow basin at
—52.5°
L. 2000 km North-south extent of the channel.
A, S(sin|6s] + 1) X  Area of the narrow basin north of
10" m? 0,.
Ap 10(sin|6,] + 1) X Area of the wide basin north of 6;.
1013 m?
Po 1000kgm 3 The average density.
fa 12x107*s™!  fat52.5°
K 2X10°m?s™!  Value used in the numerical model.
T, 0.1 Pa Maximum wind stress at 6 = 6,,.
g 0.004ms> Approximate range of buoyancy

shared between the channel and the
northern end of the active basin.

isocontour 4,, whose average latitude is approximately
0 = 6, (cf. the bottom panel of Fig. 3), and it is given by

a

_TXLQ(GX) B Kamh, L, (0,) N KA

P Of;' Ls ha
—_——— —— —— ——
Vi b o
gy~ k) _ h2 o
2f, 2,
—_——— ——
Wy Iy

The geostrophic transport i, is then proportional to the
difference between the squared depths of the isopycnal
b,, at the eastern boundaries of each basin (Jones and
Cessi 2016).

There are two assumptions made in (4), (5),and (7): 1)
the geostrophic transport is independent of depth within
the upper branch of the ROC, and 2) at the southern
edge of the continents the depth of the isopycnals has
the same value along both sides of the continent, that is,
the normal flow into the southern edge of the continent
is balanced geostrophically.

When 6, is north of 6, the system (4) and (5) is solved
for h,,, given the external parameters for geometry,
forcing, and diffusion. When 6 is south of 6,, the system
(4) and (7) is solved instead. Solutions for 4, , and ¢y ¢
are presented in Fig. 4.2 The essential point is that for
|65] < 16,| the ROC is approximately independent of 6
and approximately given by the maximum FEkman
transport in the Southern Ocean region. For most values

% The small discontinuity at 6, = 6, is due to the approximation
ho =~ h,.
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FIG. 4. (top) The solutions &, (solid) and /,, (dashed) of (5) and
(4) and (bottom) the associated sinking 4, (solid) and minus the
interbasin exchange —i (dashed), as a function of the short-
continent latitude 6. Parameters are fixed to the values of Table 1:
the maximum Ekman transport (17.5 Sv) occurs at 6, = —43°. For
|65] < |6, it is not possible to have a cold-route interbasin exchange
flow, while for |6,| > |6, the warm route is not possible; instead the
interbasin flow occurs around the southern edge of the long con-
tinent, and we set ¢y = s, even though in this case the zonal flow is
positive.

of 6, the passive basin is deeper than the active one, a
result already discussed in Jones and Cessi (2016). In the
region of equatorial easterlies &, < h,, but this does not
imply that the interbasin exchange flow changes sign, as
might be erroneously inferred by assuming that ¢, ~
h, — h,. Instead, iy carries the Ekman transport en-
tering the passive basin, which is approximately in-
dependent of 6, according to the simple conceptual
model. We note that in the bottom panel of Fig. 4, we set
Yy = P for 6, < 0, but that the zonal flow around the
corner of the long continent is actually eastward, that is,
positive, while ¢, < 0.

To understand these properties it is useful to examine
the limit where k = kgp = 0. In the nondiffusive limit we
have, for |6 < |0,

f,
W= 7L (6)—7 L(0 )2|, and 8
P g,pO K p( .S) o (o)fu ()
2f 7 L(6)
h2: _“n’o o , 9
‘ g'ryf, ©)

and the warm-route interbasin transport is

,
—_ o0
e.f,

Yy =—2L (0,). (10)

The total amount of sinking is given by the zonally in-
tegrated maximum Ekman transport at the latitude of
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zero Ekman pumping, proportional to 7,. In the same
limit, for |6 > |6,|, we have

2_ 2 B f
h, g’pOTS [Lp(@s) L(e“)fj’ and 11
hi _ _2fnTSL(03)' (12)

g'pyf,

In both cases, the limits (8), (9), (11), and (12) clearly
show that for 7, or 7, positive, 4, > h,, that is, the iso-
pycnal b,,, is shallower in the active, sinking basin than in
the passive basin. This is because i, needs to be negative
in order to return the northward-flowing Ekman trans-
port through a geostrophically balanced flow out of the
passive basin.

The simple conceptual model assumes that sinking
will occur in one basin. The missing information needed
to determine whether there are multiple sinking locations
concerns the surface buoyancy field and in particular the
extent of the buoyancy values shared between the cir-
cumpolar region and the Northern Hemisphere. Crucial
to this knowledge is the salinity distribution, determined
by advection and diffusion of the salinity subject to the
prescribed surface flux. This process is beyond the scope
of the simple conceptual model developed here, and in-
stead we turn to a primitive equation general circulation
model (GCM), discussed in the following sections.

3. Model and diagnostics

The numerical model employed is the Massachusetts
Institute of Technology GCM (MITgcm; Marshall et al.
1997a,b), which integrates the hydrostatic, Boussinesq
primitive equations. The domain is a spherical sector
spanning 140° in latitude and 210° in longitude with a 1°
horizontal resolution. The geometry consists of two ide-
alized basins, one twice as wide as the other, connected at
the southern edge of the domain by a periodic channel of
minimum latitudinal width 17.5° as shown in Fig. 5. The
bottom is flat and 4000m deep, except for a sill in the
periodic channel, one grid point wide, and 1333 m high,
located immediately south of the narrow basin’s western
boundary. There are 32 unequally spaced levels in the
vertical, ranging from a minimum spacing of 13.6 m at the
top to a maximum of 286 m at the bottom.

The equation of state is linear, so that the buoyancy is
described by

b :g[aTT_Bs(S_Sref)]’ (13)
where a7 =2 X 107*°C™", Bs = 7.4 X 10" % and S,¢; = 35.
Salinity is given on the practical salinity scale, and there-
fore it is quoted without units.
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FIG. 5. Barotropic streamfunction and geometry of the domain
used in the computations. The length of the continents is varied
between simulations; in this figure, the long continent terminates at
6 = —52.5° and the short continent terminates at § = —35°. The
domain is 140° in latitude, 210°-periodic in longitude, and 4000 m
deep, and the westernmost 20° of the domain is repeated to the
right of the figure.

The surface forcings are steady and zonally uniform;
the expressions for the wind stress 7, freshwater flux F,
and distribution to which the surface temperature is
relaxed T* are given by

T =1y, [~ cos(3m0/140) + e "], (14)
F = F[cos(7m0/80) — 2¢~ @O D) — F ~ and (15)
T* =T, [cos(m6/140) +0.1¢~¢20 717, (16)

We adopt the following notation: 6 is latitude in degrees,
Tmax = 0.1Pa, 0 = 10°, F,o =2 X 10 *ms™ ", o= 0.128,
= 60°, and Ty = 25°C. The relaxation time scale for
the surface temperature is 10 days. The constant Fj is
defined such that the area-averaged freshwater flux
(F) = 0. The freshwater flux is then turned into a virtual
salt flux by multiplying F by —35. The distributions of 7,
F, and T* as a function of latitude are shown in Fig. 6.
Momentum is dissipated via Laplacian viscosity with
horizontal and vertical coefficients v, = 4 X 10*m?s™!
and v, = 1 X 10 *m?s ™, respectively; we employ no-
slip sidewalls and a no-slip bottom augmented by a lin-
ear bottom drag with coefficient » = 3.5 X 10~ °s™! ap-
plied over the bottom grid cell. Because of the coarse
model resolution, baroclinic eddies are parameterized
using the advective form of Gent and McWilliams (1990,
hereinafter GM) and Redi (1982) isopycnal mixing with
equal mixing coefficients kgy = 500m*s~'. GM is im-
plemented using the boundary value problem scheme of
Ferrari et al. (2010) with vertical mode number m = 2
and minimum wave speed Cpin = 0.1ms~%. The Redi
tensor is tapered exponentially to horizontal diffusion in
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regions of weak stratification using the method of
Danabasoglu and McWilliams (1995).

Tracers are advected using the second-order moments
(SOM) scheme of Prather (1986) and diffused using a
vertical diffusivity «, which is surface intensified to
mimic an idealized mixed layer such that

k=«,+k, [1+tanh(z + d)/d], 17)
where k, = 2 X 107°m?s™!, k,, = 1072m?s™ !, and
d =20m.

The approach is to study the dependence of the
overturning circulation on the length of the narrow ba-
sin’s eastern boundary, the short continent, keeping
everything else fixed. The motivation behind this choice
is to keep the total transport of the overturning fixed and
in particular the Ekman transport and pumping in the
circumpolar region. Specifically, the latitude at which
the Ekman pumping changes sign in the model’s
Southern Ocean is fixed at 6, = —43°. Thus, the
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methodology here is complementary to that of Sijp
and England (2009) and similar to the approach of
Nilsson et al. (2013), but in the context of an ocean-
only model.

Residual overturning streamfunction

As a measure of the overturning circulation, we use
the zonally integrated residual overturning stream-
function (cf. Wolfe and Cessi 2015), defined as

W(y,b) E% JT JLX

0 ~
J W H[b(x, y, 2.0) — b] dz dx d,
0 Jo -H

(18)

where T = 100yr, v' = v +vgy is the total meridional
velocity (the sum of the resolved velocity v and the eddy
velocity from the GM parameterization vgy), and H is
the Heaviside step function. The streamfunction ¢ is the
zonally integrated transport of water above the iso-
pycnal b(x, y, z, f) = b. The “vertical” coordinate b is
buoyancy; the tilde distinguishes the label of a buoyancy
surface from the buoyancy field (Young 2012).

For presentation purposes, ¢ is remapped into height
coordinates using the mean isopycnal height

- 1 (T 1 (£ -
Z(y,b)E——J —J j H[b(x,y,z,t) — bl dz dx dt.
T )L, Jo Jon

(19)

In height coordinates, ¢ advects a modified buoyancy
b*(y, z) that satisfies {[y, b*(y, z)] = z; that is, ¢ is con-
stant on b* contours for purely adiabatic flow.

Because of zonal buoyancy gradients, the remapping
distorts the vertical extent of the mixed layer. Buoy-
ancies higher than 40 X 10"*m?s~! are not plotted be-
cause the contours are too close together.

4. Short continent at 0, = —45°, —35°, and —21°

Provided that the short continent is to the east of the
narrow basin, sinking occurs at the northern end of the
narrow basin; this result is insensitive to 6. The resulting
overturning circulations are shown in Fig. 7 (colors),
together with b* (black contours). The cross-equatorial
ROC ¢4, zonally integrated over both basins, is ap-
proximately 11, 12, and 13Sv (1Sv = 10°m®s™") for
0, = —35°, —21°, —45°, respectively (cf. Fig. 14), rather
below the value predicted by the idealized model of
section 2. The interhemispheric circulation in the nar-
row basin is quasi adiabatic: the northward flow at in-
termediate depths follows isopycnals fairly well in the
Southern Hemisphere, while the quasi-adiabatic re-
sidual flow in the Northern Hemisphere is augmented
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1989

continent. South of the short continent the zonal integral of the ROC is over the whole width of the domain.

by a diffusively driven positive cell. There is a weak
ROC in the wide basin that decreases as 6, moves
equatorward: it is 3, —5, —6 Sv for 6, = —45°, —35°, —21°,
respectively. This decrease leads to an increase in the
transequatorial ROC in the narrow basin, with the sum
over both basins remaining almost constant (cf. Fig. 14).
This finding is consistent with the results of Sijp and
England (2009), who identified the position of the zero
Ekman pumping in the Southern Ocean as an important
determinant of the AMOC. Here, the wind stress is
fixed, but the relative distance of the maximum of —7/f
to the latitude of the short continent varies, so the two
approaches are comparable. In both Sijp and England
(2009) and our sets of numerical experiments there is a
portion of sinking that shifts between the narrow and
wide basins, associated with a change in the interbasin
residual transport (see Fig. 10), as the distance 6, — 6,, is
varied. The existence of partial sinking in the wide basin
is the major point of discrepancy with the conceptual
model of section 2, which assumes that all the sinking
occurs in one basin. We discuss this point further in the
next section.

In addition to the thickness-weighted average trans-
port as a function of latitude and depth, we consider
properties integrated above a buoyancy surface b, se-
lected to approximately divide the upper and lower
branches of the overturning. In practice b,, is chosen to
go through the maximum of the zonally averaged ROC:

this criterion captures most of the transport of the in-
termediate water cell. The zonally averaged position of
this surface is shown by the thick black lines in Fig. 7. We
identify the depth of b,,,, shown in Fig. §, as the variable &
in the conceptual model of section 2. In all cases the
depth of b,, at the eastern boundary of the sinking basin
(h, in section 2) is shallower than that at the eastern
boundary of the nonsinking basin (4, in section 2), as in
Jones and Cessi (2016). The minimum difference in the
two depths is for 6, = —21°, as predicted by the con-
ceptual model (cf. with the top panel of Fig. 4). Given
that the zero Ekman pumping latitude is 6, = —43°, the
most important difference among the three values of 6
is that for 6, = —35° and —21° the subpolar circumpolar
contours are uninterrupted, and there is a single sub-
tropical supergyre in the Southern Hemisphere. For
0, = —45° some subpolar circumpolar contours are in-
terrupted by the short continent, and there are two
separate subtropical gyres in the Southern Hemisphere.
This qualitative change is visualized by the barotropic
streamfunction associated with the horizontal velocity
integrated from top to bottom shown in Fig. 9, and it
leads to a fundamental difference in the interbasin
exchange flow.

As a measure of the residual transport exchanged
between the two basins we contour in Fig. 10 the pseu-
dostreamfunction associated with the zonal transport
above the isopycnal b,,, (whose height is given in Fig. 8).
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Contour interval is 100 m.

The pseudostreamfunction ¢ is constructed by adding
the diapycnal contribution to the integrated zonal
transport, that is,

S ) N L P 5 o )=
b= TJOdtJidy{JiHu (x,9,2)H[b(x,y,z,t)— b, ]dz

- J diw(s, y)}, (20)
0
where u' is the sum of the resolved plus parameterized
eddy zonal velocities, and w is the diapycnal velocity
across the same isopycnal. This construction gives some
apparent flow through the solid boundaries, but it has
the advantage of illustrating the contribution of all the
components of the ROC above the isopycnal b,,,

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 47

Latitude

(TN ()

—_
(o)
o
|
N
o
N

Latitude

[SICICC (Q)

~d0f— =) 0,

-50 0 50 100 150 -2 0 2
Longitude —7/pf(m?/s)

FIG. 9. Barotropic streamfunction (color) associated with the hori-
zontal velocity integrated from top to bottom for 6, = (top left) —45°
and (bottom left) —35°. Notice the transition from a single subtropical
supergyre in the Southern Hemisphere when 6, > 6,, in the bottom-left
panel to two separate gyres when 60, < 6,, in the top-left panel. The
contour interval is 10 Sv, negative values are blue, and positive values
are red. The horizontal dashed lines marks the latitude of zero Ekman
pumping 6, = —43°. (right) —7/(pf) (m*s~") as a function of latitude.
The domain is 210°-periodic; the western 20° of the narrow basin is
repeated to the right of the figure in the left panels.

including that due to diapycnal mixing. This view em-
phasizes the different horizontal paths of the exchange
flow, highlighted by thick contours in Fig. 10.

For 6, = —45° the exchange flow exits the passive
basin on the western boundary, immediately turns east
in a narrow zonal jet flowing eastward along the cir-
cumpolar region, and enters the active basin on the
western boundary along the long continent; this is the
classic cold-route pattern. From there, the wind-driven
gyres induce large-scale meanders, modulating the me-
ridional transport into alternating broad flows around
the anticlockwise gyres and narrow western boundary
currents to the west of clockwise gyres. Finally, the ex-
change flow sinks in the northeast sector of the active
basin. For 6, = —35° and —21°, the exchange flow occurs
from the western boundary of the passive basin directly
onto the eastern boundary of the active basin along the
short continent via a westward flow; this is the classic
warm-route pattern.

A complementary view of the residual flow is given by
particle displacements, using the 3D Eulerian plus pa-
rameterized eddy velocity to advect Lagrangian parcels.
We seed 1000 particles in the top grid level along the
latitude of maximum northward Ekman transport in the
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terval is 10 Sv for the thin lines and 5Sv for the thick lines,
which highlight the interbasin exchange flow. The domain is
210° — periodic; the western 20° of the narrow basin is repeated to
the right of the figure.

passive basin sector of the Southern Hemisphere and
mark their position every 14 days. Two representative
particle paths are shown in Fig. 11: one for §; = —45°
(top panel) and one for §; = —35° (bottom panel). In
both cases the particles move northward near the sur-
face, then downward and around the subtropical gyre of
the Southern Ocean. For 6, = —45° (Fig. 11, top panel),
the particle is then entrained into the cyclonic circula-
tion south of the subtropical gyre and carried circum-
polarly around the long continent into the sinking basin,
where it is eventually drained out of the upper branch of
the ROC. For 6, = —35° (Fig. 11, bottom panel), the
particle exits the passive basin around the short conti-
nent, moving westward into the sinking basin even in the
region of eastward Sverdrup flow. We have verified that
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of the 1000 particles initialized along 6,,, none takes the
warm route for 6, = —45°, and none takes the cold route
for 6, = —35°, —21°.

As for the amplitude of the exchange flow, the pre-
diction of the conceptual model (6) has a weak de-
pendence of sy on 6, while the 3D computations give
Yy = —6.8, —13.3, —14.9Sv for 6, = —45°, —35°, —21°,
respectively,’ that is, an increase in the interbasin ex-
change as the short continent moves equatorward.
Comparing with Fig. 7, we attribute this discrepancy to
the presence of partial sinking in the wide basin, a pro-
cess not contemplated by the conceptual model.

Exchanging the widths of the basin

In the configurations examined so far, sinking always
occurs in the narrow basin, which also has the short
continent at its eastern side. Because sinking in the
narrow basin is favored even for equal continent lengths
(Jones and Cessi 2016), it is not clear whether the width
of the basin or the warm-route exchange flow is the
dominant process determining the sinking location. This
question motivates the experiment analyzed in this
subsection, where the widths of the basins are ex-
changed, thus placing the short continent on the eastern
side of the wide basin. We chose the southern latitude of
the short continent to be —21°, that is, the most equa-
torward among those discussed previously. Figure 12
shows the ROC for this experiment, and it is clear that
the overturning is now sinking in the wide basin. Anal-
ysis of the height and interbasin transport (Fig. 13)
shows that the exchange between the two basins occurs
through the warm route. However, because the ex-
change is from the narrow to the wide basin, the in-
terbasin westward flow is smaller than in the
configuration examined in the previous subsection:
Yy = —6.5Sv instead of —13.5Sv, about a factor of 2
smaller, as predicted by the conceptual model [cf. (10)].

When the interbasin flow is small, the salt exchange is
also reduced, as we will see in the next section. Never-
theless, with the short continent on the eastern boundary
of the wide basin, the preference for narrow basin
sinking is suppressed. Nilsson et al. (2013) found in a
coupled ocean—atmosphere model that the narrow basin
preference dominates over the short-continent prefer-
ence. In our case, the additional feedback of more
precipitation in the wide basin is absent, and for zon-
ally symmetric freshwater flux, the warm-route salt

*The interbasin zonal exchange is estimated by taking the dif-
ference of the zonal transports along the two sections south of the
continents, and the sign of the value for 6, = —45° is reversed as in
the conceptual model.
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FIG. 11. The depth (m, grayscale) of the isopycnals (top) b,,, = 0.0071 m's 2 for §, = —45°
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with one point plotted every 14 days, and the

color indicates particle depth (m). The active basin is plotted to the right in the top panel and
to the left in the bottom panel, so that a continuous particle track is visible in both cases. The
particles are initialized at the surface, in the passive sector, at the latitude of maximum Ekman

transport 6,

feedback prevails over the narrow basin sinking prefer-
ence, leading to wide basin sinking, at least for 6, = —21°.

In summary, the conceptual model of section 2
predicts that the total ROC transport and the in-
terbasin exchange is approximately independent of 6,
as long as the short continent is equatorward of the
zero Ekman pumping line (cf. Fig. 4, bottom panel). In
the primitive equation calculations, we find a small
dependence on geometry of the transequatorial re-
sidual transport (cf. Fig. 14). Given the uncertainty in
choosing which isopycnal best marks the bottom of the
upper branch of the ROC, we believe that the small
differences among the transports are not significant.
Nevertheless, we note that none of the configurations
reaches the theoretical limit of 17.5 Sv of total sinking

—43°. The domain is 210°-periodic.

dictated by the zonally integrated Ekman transport in
the circumpolar region plus the diapycnal upwelling.

5. Salinification through the warm-route exchange

Because of the rapid relaxation to a prescribed surface
temperature, the dynamical component of the surface
buoyancy is primarily determined by salinity. As a
simple diagnostic of the freshwater content in the upper
branch of the ROC, we plot in Fig. 15 the salinity ver-
tically and zonally averaged above the isopycnal b,,,. The
salinity distribution for 6, = —45° (top left of Fig. 15) is
qualitatively the same as in the case examined by Jones
and Cessi (2016) with equal continent lengths; the sa-
linity is higher in the wider basin, except in the subpolar
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FI1G. 12. Residual overturning streamfunction (Sv, color contours, interval 2Sv) and
b* X 10° ms~2, the buoyancy of the surface whose average depth is z (black contours) in the
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denotes the latitude of the long continent, and the vertical gray line is the latitude of the short
continent. South of the short continent the zonal integral for the ROC is over the whole width

of the domain in both panels.

region of the Northern Hemisphere where sinking oc-
curs because of the salt advection feedback by the ROC.
However, this process produces only a small increase of
the salinity in the active over the passive basin. Thus,
there is a small amount of sinking in the Northern
Hemisphere of the wide basin, which extends across the
equator (top-right panel of Fig. 7).

When |6y < |6,|, that is, for §; = —35°, —21°, the
warm-route exchange advects very effectively high-
salinity water in the subtropical region from the pas-
sive to the active basin, so that the salinity is higher in the
active basin everywhere north of 6,. Although the ex-
change flow increases substantially as #; moves equa-
torward, the interbasin salinity differences are about the
same in the two cases. The only small difference is that,
in the subpolar regions, the wide basin is slightly fresher
in the Northern Hemisphere and slightly saltier in the
Southern Hemisphere for 6, = —21° relative to the case
with 6, = —35°, leading to a larger negative cell in the
Southern Hemisphere (cf. the middle and bottom panels
of Fig. 7). Because the total ROC transport is fixed by
the circumpolar wind stress, this leads to a slightly larger
overturning in the narrow basin for 6, = —21° in
agreement with the findings of Sijp and England (2009).

In the case where the basin widths are exchanged
(bottom right of Fig. 15), sinking occurs in the wide

basin, and the warm-route inflow from the narrow to the
wide basin is smaller than for narrow basin sinking. This
leads to a smaller salinity difference in the high latitudes
of the Northern Hemisphere compared to the narrow
basin sinking (cf. the left and right bottom panels of
Fig. 15).

Comparing the salinity differences between the active
and passive basins in the cold-route exchange regime
(Fig. 15, top-left panel) with those in the warm-route
regime (Fig. 15, top-right and bottom panels), we con-
clude that the warm-route exchange is very effective at
salinifying the receiving basins, and in this sense the
shortness of the eastern boundary is a more important
ocean-only process favoring Atlantic sinking than the
narrow width of the basin. It is a remarkable coincidence
that both geometrical effects are present in the current
geographical configuration of the World Ocean, and
both lead to a sinking preference in the Atlantic, even
without any asymmetry in the atmospheric forcings.

6. Summary and conclusions

We have studied the residual overturning circulation
in a simplified configuration of the World Ocean, with
one wide and one narrow basin connected by a reentrant
channel and with different meridional extents of the
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is repeated to the right of the figure.

continents bounding the basins in the Southern Hemi-
sphere. We show that if the southern edge of the short
continent is poleward of the zero Ekman pumping line
separating the Southern Ocean subtropical and subpolar
gyres, the interbasin exchange associated with the upper
branch of the ROC occurs around the tip of the long
continent, that is, via the cold route. Otherwise,
the interbasin exchange of the upper branch of the ROC
is around the tip of the short continent, that is, via the
warm route. In the latter case, the ROC transport is
approximately given by the maximum Ekman transport
in the circumpolar region, and the wind stress that
matters is at the zero Ekman pumping latitude.

We note that none of the configurations that we ex-
amined exhibits a mixture of the two types of exchange,
while some of the GCM diagnostics in the more complex
World Ocean configuration attribute a small contribution

to the cold route (Speich et al. 2001). This difference
might be due to the simplified wind stress forcing (steady,
zonally symmetric) and geometry.

A conceptual model of the transport budget shows
that, for both routes, if sinking occurs in a single basin,
the interbasin transport is approximately given by the
portion of Ekman transport in the passive (nonsinking)
basin sector, and it is therefore larger when the receiving
basin is the narrower one. The net result is that the
meridional overturning circulation prefers a state with
sinking at the northern edge of the basin with the short
continent to the east and even more so if the basin is
narrow, just as is the case for the Atlantic Ocean.

As discussed in Jones and Cessi (2016), the salt ad-
vection feedback is more effective in a narrow basin
than in a wide basin, even when the continent lengths are
equal. For the cases examined in Jones and Cessi (2016),
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the southern limit of the meridional continents is pole-
ward of the zero Ekman pumping line, and the in-
terbasin exchange occurs via the cold route, which is
not a very effective way of transferring salt from the
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passive to the active basin. Having a short continent on
the eastern boundary terminating equatorward of the
zero Ekman pumping line enables a direct route for
subtropical salt export from the passive to the active
basin (the warm route). This process salinifies the active
basin very effectively.

We find that the warm-route westward flow can take
place regardless of whether the southern edge of the
short continent is in the region of eastward or westward
Sverdrup flow of the supergyre. According to the con-
ceptual model, this interbasin flow is not in Sverdrup
balance, but it is the subsurface return of the Ekman
transport, so its dynamics depend on the details of the
model’s formulation (Pedlosky 1987; Parsons 1969). In
the conceptual model of section 2, this return flow is
assumed to occur uniformly in the depth range of the
MOC upper branch, but it is not clear how it is vertically
distributed in the primitive equation model.

In our numerical computations the warm-route in-
terbasin residual exchange increases substantially as the
termination latitude of the short continent decreases;
this increase is accompanied by a small salinity differ-
ence between the active and passive basins and between
the salinity in the subpolar Northern and Southern
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F1G. 15. Salinity anomaly, relative to 35 psu, zonally and vertically averaged above b,, as a function of latitude, for
0, = (top left) —45°, (top right) —35°, (bottom left) —21°, and (bottom right) —21° with basin widths exchanged. The
black vertical line shows the termination latitude of the continent east of the narrow basin, while the gray vertical
line shows the termination latitude of the continent west of the narrow basin.
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F1G. 16. World Ocean Atlas salinity averaged in time over the
period 1955-2012, in longitude over each basin and in depth over
the top 1000 m.

Hemisphere regions. The salinity distribution can
allow a small range of isopycnals to be shared between
the Southern Ocean and the Northern Hemisphere of
the passive basin, allowing some sinking in the passive
basin (de Boer et al. 2008). In turn, this cell can weaken
the overturning in the active basin, given that the total
overturning is fixed by the upwelling sources (the wind-
driven upwelling in the circumpolar Southern Ocean
and the diapycnal mixing). This important feedback is
not included in the conceptual model, which assumes a
priori that sinking only occurs in the active basin. A
more sophisticated conceptual model would have to
quantify the range of surface isopycnals shared between
the circumpolar region and the Northern Hemisphere in
both basins and relate the surface buoyancy to the
transport of temperature and salinity by the ROC.

Our work demonstrates that the asymmetry in the
geometry of the oceans, that is, a continent terminating
equatorward of the zero Ekman pumping line on the
eastern side of the narrow basin, is sufficient to create a
substantial asymmetry in the upper-ocean salinity dis-
tribution even in the absence of zonal asymmetries in
the surface freshwater flux, wind stress, and temperature
distributions. As shown in Fig. 15, for 6, = —35° the
upper-ocean average salinity in the subpolar gyre of the
narrow basin to the west of the short continent is
1 psu higher than in the corresponding region of the wide
basin. This contrast, essential for the location of the
sinking branch of the MOC, is comparable to the ob-
served, annual, average difference between the subpolar
North Atlantic and subpolar North Pacific, shown in
Fig. 16 (Levitus et al. 2013). On the other hand, the
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difference in the averaged upper-ocean salinity gener-
ated in the subtropical region by the symmetrically
forced model is substantially smaller than the observed
one; in this region the asymmetry in the surface fresh-
water flux must be important.
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