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Let’s not completely forget the 
circumpolar part ...



An ACC overturning primer
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Key components:

• Westerly winds create regions of convergent and divergent Ekman transport.

• Titled isopycnals support the grown of baroclinic mesoscale eddies.

• Mesoscale eddies stir along density surface and transport mass poleward.

• Density surfaces may outcrop at the surface and be subject to buoyancy forcing.
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FIG. 2. Schematic diagram of the Eulerian mean ( ) and eddy-C
induced transport (C*) components of the Southern Ocean meridional
overturning circulation driven by wind (t) and buoyancy (B) fluxes.
The associated velocity is computed from the streamfunction as (u,
y) 5 (2]C/]z, ]C/]y), where y is a coordinate pointing northward
and z points upward. The sloping lines mark mean buoyancy surfaces
. The eddy buoyancy flux is resolved into a component in theb y9b9
surface and a horizontal (diapycnal) component.b

]b ]b ] ] ]B
y 1 w 1 (y9b9) 1 (w9b9) 5 , (1)

]y ]z ]y ]z ]z

where ( , ) is the Eulerian mean velocity in the me-y w
ridional plane, is the mean buoyancy, and variablesb
have been separated into mean (zonal and time) quan-
tities and perturbations from this mean caused by tran-
sient eddies. Here, for simplicity, we have adopted a
Cartesian coordinate system (see Fig. 2). Note that we
are in the Southern Hemisphere: x increases eastward,
y increases equatorward, z increases upward, and the
Coriolis parameter f , 0. In Eq. (1) the buoyancy forc-
ing from air–sea interaction and small-scale mixing pro-
cesses has been written as the divergence of a buoyancy
flux B.
Our goal now is to express Eq. (1) in terms of the

residual circulation Cres:

C 5 C 1 C*,res (2)

where is the overturning streamfunction for the Eu-C
lerian mean flow and C* is the streamfunction for the
overturning circulation associated with eddies (see Fig.
2 and caption). The key step is to note that if the eddy
flux lies in the surface, then= · can be writtenv9b9 b v9b9
entirely as an advective transport, v* · = , where, fol-b
lowing Held and Schneider (1999), v* is defined in
terms of a streamfunction C* given by

w9b9
C* 5 2 . (3)

by

Here is the vertical eddy buoyancy flux and y isw9b9 b
the mean meridional buoyancy gradient.
In more precise terms, to express Eq. (1) in terms of

Cres, we eliminate ( , ) using Eqs. (2) and (3) to ob-y w
tain1

]B ]
J (C , b) 5 2 [(1 2 m)y9b9], (4)y,z res ]z ]y

where Jy,z(Cres, ) 5 (Cres)y z 2 (Cres)z y 5 v* · =b b b b
and m is given by

w9b9 1
m 5 . (5)1 21 2y9b9 sr

Here

s 5 2b /br y z (6)

is the slope of mean buoyancy surfaces. The parameter
m controls the magnitude of the diapycnal eddy flux: if
m 5 1, then the eddy flux is solely along surfaces,b
the diapycnal horizontal component vanishes, and the
advective transport captures the entire eddy flux; if m
5 0, horizontal diapycnal eddy transport makes a con-
tribution to the buoyancy budget. Diagnosis of the eddy-
resolving ‘‘polar cap’’ calculations presented in Karsten
et al. (2002) shows that the interior eddy flux is indeed
closely adiabatic but that, as the surface is approached,

tends to zero, leaving a horizontal eddy flux di-w9b9
rected across surfaces. The implications of these dia-b
batic eddy fluxes are studied in section 3f. Elsewhere
in our study we assume that all diabatic eddy fluxes are
zero.
Note the following.

1) Streamfunction C*, Eq. (3), is defined so that, in the
limit of adiabatic eddies, vanishing small-scale mix-
ing, and air–sea buoyancy fluxes (m 5 B 5 0), Eq.
(4) reduces to J(Cres, ) 5 0. Then is advected byb b
Cres, suggesting that classic inferences of overturn-
ing in the Southern Ocean based on tracer distri-
butions (see Fig. 1b) are sketches of the residual,
rather than of the Eulerian mean flow.

2) Streamfunctions C*, , and hence Cres unequivo-C
cally vanish at the surface because 5 w9 5 0 there.w

2) MOMENTUM

We now wish to express the momentum balance in
terms of residual, rather than Eulerian-mean velocities.
This is desirable because the buoyancy equation [Eq.

1 To arrive at Eq. (4) from Eq. (1), decompose the eddy fluxes
( , ) into an along- component ( /sr, ) and the re-y9b9 w9b9 b w9b9 w9b9
maining horizontal component ( 2 /sr, 0) (see Fig. 2). They9b9 w9b9
divergence of the along- component is then written as an advectiveb
transport

= · (w9b9/s , w9b9) 5 y *b 1 w*b 5 J(C*, b),r y z

where C* is given by Eq. (3). This is combined with mean flow
advection in Eq. (1) to yield the lhs of Eq. (4). The divergence of
the diapycnal (horizontal) eddy flux leads to the last term on the rhs
of Eq. (4).
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FIG. 3. The residual flow Cres 5 1 C* is assumed to be directedC
along mean buoyancy surfaces in the interior but to have a diapycnalb
component in the mixed layer of depth hm (denoted by the horizontal
dotted line).

(4)], to which the momentum equation is intimately
linked, is most succinctly expressed in terms of residual
velocities; the momentum and buoyancy equations must
be discussed together.
The statement of Eulerian-mean zonal-average zonal

momentum balance is, in the steady state (remembering
that 5 0, etc.),px

2 f y 5 F , (7)
where f is the Coriolis parameter, is the Eulerian-y
mean meridional velocity, and combines together mo-F
mentum sources and sinks and momentum fluxes ,uy
such as 2= · ( ) terms. To express Eq. (7) in terms ofvu
the residual meridional velocity

y 5 y 1 y*,res

where
]C ]C*

y 5 2 and y* 5 2 , (8)
]z ]z

we add 2 fy* to both sides of Eq. (7). The resulting
residual momentum balance can be written as

]C ]C*resf 5 F 1 f , (9)
]z ]z

where we have used Eq. (2) and C* is chosen as in Eq.
(3) to ensure that the residual buoyancy balance, Eq.
(4), takes on a simple form.
To make further progress, we now make some sim-

plifying assumptions.

b. Simplified system
In the interior of the ACC we suppose that 1) buoy-

ancy forcing (due both to convection and mixing pro-
cesses) vanishes, that is, B 5 0 in Eq. (4), and that 2)
the eddy flux is directed entirely along surfaces, thatb
is, m 5 1 in Eq. (4). Thus

J(C , b) 5 0res (10)
in the interior, implying that there is a functional rela-
tionship between Cres and : Cres 5 Cres( ). This func-b b
tional relationship will be set, we suppose, in the surface
mixed layer.
We suppose the following about the mixed layer: 1)

It is vertically homogeneous and of constant depth hm,
as sketched in Fig. 3. Furthermore, we set entrainment
fluxes at the base of the mixed layer to zero (B 52hm
0) and neglect the seasonal cycle. 2) Eddy fluxes have
a diabatic component; m in Eq. (4) varies from 0 at the
surface to 1 at the base of the mixed layer—see Treguier
et al. (1997) and Fig. 3.2

2 Note that it is likely that the depth hm of the ‘‘diabatic’’ layer is
not, in general, the mixed layer depth (A.-M. Tregueir 2001, personal
communication). It is more likely that hm at a given location is the
depth of the deepest isopycnal that occasionally grazes the surface
because of eddy dynamics or the seasonal cycle.

With these assumptions, the steady-state mixed layer
buoyancy budget can be written as

]C ]b ]B ]res o2 5 2 (1 2 m) y9b9,
]z ]y ]z ]y

where bo(y) is the mixed layer buoyancy. Integration
over the depth of the mixed layer hm, noting that Cres
5 0 at the surface, gives

]bo ˜C 5 B , (11)res zz52h om ]y

where
0 ]

B̃ 5 B 2 (1 2 m) y9b9 dz (12)o o E ]y2hm

is the net buoyancy supplied to the mixed layer by air–
sea buoyancy fluxes and by lateral diabatic eddy fluxes.
The relative importance of Bo and ] /]y in the localy9b9
buoyancy budget of the diabatic surface layer is not yet
clear. Speer et al. (2000) argue (and show supporting
observational evidence) that air–sea fluxes can provide
the necessary warming to allow a surface flow directed
away from Antarctica as suggested in Fig. 1b: indeed
they diagnose the sense of Cres from Eq. (11) using
observations of B̃o (assuming that B̃o is dominated by
surface heat fluxes). In theoretical calculations,Marshall
(1997) also assumes that the eddy contribution in Eq.
(12) is negligible. Calculations presented in section 3f
below, however, suggest that diapycnal eddy fluxes
could play an important role in the buoyancy budget of
the surface layer in the ACC.
Equation (11) sets the functional relationship between

Cres and bo. If B̃ . 0 (corresponding to local buoyancy
gain by the mixed layer), then, because ]bo/]y . 0,
C . 0 and so (noting that Cres | surface 5 0) theres | z52hm
flow in the mixed layer is directed equatorward. If the
mixed-layer buoyancy gradient is constant, then, ac-
cording to Eq. (11), the strength and sense of the residual
circulation will be directly proportional to B̃ at each
latitude.
In the momentum equation [Eq. (9)], we suppose that

The gospel according to Marshall and Radko (2003)

The “residual” overturning arises from 
a near-cancellation of wind (mean) 
and eddy overturning circulations

The Southern Ocean is adiabatic outside 
of the surface mixed layer where buoyancy 

forcing sets the residual overturning.



density across the air–sea interface generated by heating/cooling
and evaporation/precipitation, except for a change in sign. A
positive buoyancy flux means that the ocean is becoming lighter
because of warming, precipitation, or ice melting. A negative
buoyancy flux represents cooling, evaporation, or brine rejection
by ice freezing. The buoyancy flux in Fig. 3 is negative around
coastal Antarctica where the relatively warm subsurface waters
that upwell in the SO are cooled to the freezing point and become
saltier through brine rejection as new ice is formed. The buoyancy
flux is positive farther north where sea ice is only seasonal and the
ocean is warmed in summer by the atmosphere and freshened by
ice melting. The sign of the yearly average buoyancy flux con-
strains the direction of the zonally and time-averaged surface
meridional flow. The density of surface waters increases toward
the poles and hence waters must become denser (lighter) to move
poleward (equatorward). A surface-density gain (loss) is achieved
when waters are exposed to a negative (positive) buoyancy flux.
Thus, the surface meridional flow in a steady state must be di-
rected poleward where the buoyancy flux is negative and equa-
torward where the buoyancy flux is positive. This is a key insight
for the rest of our argument.
The meridional surface flow, together with the realization that

water masses flow along isopycnals below the surface (25), can be
used to diagnose the two branches of the SO overturning. Today
the isopycnal 27.9 kg m−3, marked as a black dashed line in Fig.
2, intersects the surface approximately where the air–sea buoyancy
flux changes sign. An upward isopycnal flow must develop to feed
the divergent surface flow: surface waters south of the isopycnal
experience a negative buoyancy flux and thus flow poleward, and
surface waters north of the isopycnal flow equatorward in re-
sponse to the positive buoyancy flux. The resulting circulation
pattern is composed of two overturning branches. The lower
branch comes to the surface parallel, but below, the dividing iso-
pycnal; flows poleward along the surface; and then sinks into the
abyss around Antarctica (along the Antarctic continental margin,
brine rejection makes the waters so dense that they plunge into the
abyss along boundary overflows.) The upper branch, instead, comes
to the surface above the dividing isopycnal, flows equatorward at
the surface and then sinks along isopycnals as intermediate
waters, below the shallow wind-driven bowls. The two branches
of the overturning circulations are sketched in Fig. 4 and are
identified in ocean observations (27–29). This diagnostic argu-
ment suggests that the patterns of the overturning circulation can
be reconstructed from knowledge of the line where the air–sea
buoyancy flux changes sign in the SO.
This argument is, however, useful only if we find a paleoproxy

for the surface buoyancy flux. The negative buoyancy flux around
Antarctica arises under permanent sea ice, where the heat fluxes
are weak and salinity fluxes are strong due to brine rejection. The
solid white line in Fig. 3 confirms that the transition between
negative and positive buoyancy flux closely coincides with the

extent of the quasi-permanent sea ice line, here defined as the
ocean area covered by sea ice 70% of the year. This suggests
that the area of negative buoyancy flux scales with the extent
of the quasi-permanent sea ice. Hence we surmise that the sep-
aration between the upper and lower overturning branches shifts
with the expansion and contraction of sea ice in different climates.
This is the key hypothesis pursued below. However, first, we must
describe how the two SO overturning branches complete their
journey through the three ocean basins north of the SO.

Atlantic, Indian, and Pacific Ocean Overturning Circulations. Talley
(30) gives an excellent review of our current understanding of the
pathways of the overturning circulation in the global ocean based
on estimates of the heat, freshwater, and nutrient transports. The
schematic in Fig. 4 highlights some key results relevant for this
study, at the expense of ignoring all of the complexities of the
large-scale 3D circulation.
The overturning circulation is dominated by the intertwined

pathways of abyssal waters, deep waters, and intermediate waters
illustrated as ribbons of different colors in Fig.4. We begin our
description of the overturning from the formation of deep waters
through wintertime convection in the North Atlantic. The North
Atlantic Deep Water (NADW) flows southward primarily along
deep western boundary currents all of the way to the SO, where
it is brought to the surface along isopycnals by the Southern
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Fig. 3. Annual mean buoyancy flux from a state estimate that combines 3 y
of available observations with an ocean model (26). The black line denotes
the 70% quantiles of annual mean sea ice concentration, essentially the area
of the ocean covered by ice 70% of the time. The change in sign of the
buoyancy flux just north of the Antarctic continent is roughly colocated with
the 70% quantile of sea ice coverage.

Fig. 4. (Upper) Schematic of the overturning circulation for the modern
climate. The ribbons represent a zonally averaged view of the circulation of
the major water masses; blue is AABW, green is NADW, red are IDW and
PDW, and orange are Antarctic Intermediate Waters. The dashed vertical
lines represent mixing-driven upwelling of AABW into NADW and IDW/PDW
respectively. There is also some mixing between NADW and IDW/PDW in
the Southern Ocean. The dashed black line represents the isopycnal that
separates the upper and lower overturning branches present in the Southern
Ocean. ℓ1 is the distance between the northernmost latitude reached by the
ACC, indicated by a solid gray line, and the quasi-permanent sea ice line.
The ragged gray line is the crest of the main bathymetric features of the
Pacific and Indian ocean basins: mixing is enhanced below this line. (Lower)
Schematic of the overturning circulation for the LGM. The extent of the
quasi-permanent sea ice line has shifted equatorward compared with modern
climate ðℓ2 < ℓ1Þ. Mixing-driven upwelling of abyssal waters is confined below
2 km and it cannot lift waters high enough to upwell north of the ice line. As
a result the abyssal overturning circulation closes on itself, leaving above a
small overturning cell of North Atlantic waters.
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In steady state, the S. Ocean surface buoyancy forcing constrains the geometry of the overturning circulation.

The buoyancy flux separatrix north of the Antarctic continent is roughly co-located 
with the 70% quantile of annual mean sea ice coverage.
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that upwell in the SO are cooled to the freezing point and become
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meridional flow. The density of surface waters increases toward
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the surface and then sinks along isopycnals as intermediate
waters, below the shallow wind-driven bowls. The two branches
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identified in ocean observations (27–29). This diagnostic argu-
ment suggests that the patterns of the overturning circulation can
be reconstructed from knowledge of the line where the air–sea
buoyancy flux changes sign in the SO.
This argument is, however, useful only if we find a paleoproxy
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are weak and salinity fluxes are strong due to brine rejection. The
solid white line in Fig. 3 confirms that the transition between
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Fig. 4. (Upper) Schematic of the overturning circulation for the modern
climate. The ribbons represent a zonally averaged view of the circulation of
the major water masses; blue is AABW, green is NADW, red are IDW and
PDW, and orange are Antarctic Intermediate Waters. The dashed vertical
lines represent mixing-driven upwelling of AABW into NADW and IDW/PDW
respectively. There is also some mixing between NADW and IDW/PDW in
the Southern Ocean. The dashed black line represents the isopycnal that
separates the upper and lower overturning branches present in the Southern
Ocean. ℓ1 is the distance between the northernmost latitude reached by the
ACC, indicated by a solid gray line, and the quasi-permanent sea ice line.
The ragged gray line is the crest of the main bathymetric features of the
Pacific and Indian ocean basins: mixing is enhanced below this line. (Lower)
Schematic of the overturning circulation for the LGM. The extent of the
quasi-permanent sea ice line has shifted equatorward compared with modern
climate ðℓ2 < ℓ1Þ. Mixing-driven upwelling of abyssal waters is confined below
2 km and it cannot lift waters high enough to upwell north of the ice line. As
a result the abyssal overturning circulation closes on itself, leaving above a
small overturning cell of North Atlantic waters.
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The ACC in the global overturning circulation
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Box 1 |TheMOC of the world ocean.

Broecker95,96 put forward an ocean circulation schematic in which
polar sinking is balanced by upwelling from depth through the
thermocline of the North Pacific, as sketched in his famous
conveyor belt analogy, inspired from earlier descriptions97. The
neglect of a role for the Southern Ocean was subsequently
addressed74,98,99. Here we have revised and updated Broecker’s
famous conveyor to draw out the asymmetry among the Atlantic,
Pacific and Indian basins and between the Northern and Southern
hemispheres, and to emphasize the central role of Southern
Ocean upwelling. The upper cell of ocean circulation is fed
predominantly by broad upwelling across surfaces of equal density
at mid-depths, distributed over the main ocean basins (rising
blue–green–yellow arrows). Upwelling to the ocean surface occurs
mainly around Antarctica along surfaces of equal density (rising
yellow–red arrows)withwind and eddy processes playing a central
role. Much of this upwelled water is converted into intermediate-
depth mode waters and, after entering various thermocline layers,
it eventually resupplies the upper branch of the global cell in the
Atlantic with relatively warmer waters.

In the northern North Atlantic, warm water is cooled in the
subpolar gyre and eventually becomes dense enough to sink under
the thermocline in the polar seas and Labrador Sea convection
regions (blue arrows). The dense water formed by convection in
the Atlantic flows southwards in the deep branch of the upper
cell (green arrow), before joining the ACC system. Below that, in
turn, is the even denser bottomwater that spreads fromAntarctica
and feeds the upwelling branch of the lower cell. Antarctic regions
where water sinks to great depth are indicated in the Weddell and
Ross seas around Antarctica and the Labrador and Greenland–
Iceland seas in the northern North Atlantic. (Figure 1 represents a
zonal average view of this complex pattern). To construct such a
diagram, much of the richness of the ocean’s three-dimensional
circulation structure has to be ignored, and only an overall,
idealized representation of the cells can be shown. Cooler colours
indicate denser water masses, ranging from warmer mode and
thermocline waters in red to bottom waters in blue.

The new diagram builds on previous ones99, links old and new
ideas and brings the Southern Ocean to the forefront of theMOC.

CO2 in the deep, cold, sluggish ocean occurs during glacial periods
when, it seems, the ocean was more salty and more stratified57.
Communication between the interior ocean and the surface may
have been less efficient than today, mainly as a result of reduced
residual upwelling rates but also suppressed mixing. Release of
abyssal CO2 into the atmosphere may be indicative of increased
exchange between the deep and the surface, and could have con-
tributed to, for example, the transition out of the last ice age58,59.

Communication between the deep and surface in the modern
ocean is governed by the upwelling branch of the MOC, but how
it operated in glacial periods is unclear. Proxy data indicate that
upwelling patterns may have been very different from today. For
example, the winter sea-ice edge in glacial times was probably at the
position of today’s polar front, and the summer ice edge close to
where the winter ice edge is today60,61.

A number of mechanisms have been proposed in which the
upwelling branch of the Southern Ocean plays a central role in
glacial cycles, elements of which may all have had an impact. First,

sea-ice cover62. Increased sea-ice cover in glacial times could have
reduced the outgassing of CO2 from the upwelling branch of the
MOC, thereby reducing the concentration of atmospheric CO2.
Second, the bipolar seesaw63. Changes in Southern Hemisphere
climate may be caused by a cessation of the MOC in the
Northern Hemisphere, induced by freshwater release owing to
glacial melt in the North Atlantic/Arctic. Heat remains in the
Southern Hemisphere owing to reduced northward heat transport,
melting back sea ice and allowing winds to drive air–sea exchange
more efficiently between deep and surface waters. Third, Southern
Hemisphere westerly wind shifts59,64,65. In cold climates the surface
westerlies may have been significantly equatorward (perhaps⇠10�)
of their present position and so not aligned with Drake Passage.
Thus the wind stress may have been largely balanced by the
pressure gradient term in equation (2) implying reduced residual
meridional flow and upwelling rates. As the climate warmed,
the surface westerlies may have shifted southwards towards their
present location, turning on the upwelling branch of the MOC

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 7

M(‘n’z)OC:  The meridional (and zonal) overturning circulation

Marshall & Speer (2012)
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Figure 1 |A schematic diagram of the Upper Cell and Lower Cell of the global MOC emanating from, respectively, northern and southern polar seas. The
zonally averaged oxygen distribution is superimposed, yellows indicating low values and hence older water, and purples indicating high values and hence
recently ventilated water. The density surface 27.6 kg m�3 is the rough divide between the two cells (neutral density is plotted). The jagged thin black line
indicates roughly the depth of the Mid-Atlantic Ridge and the Scotia Ridge (just downstream of Drake Passage) in the Southern Ocean (see Fig. 2).
Low-latitude, wind-driven shallow cells are not indicated. General patterns of air–sea surface density (equivalent buoyancy) flux, B (red or blue indicating
that surface waters are being made less or more dense, respectively; broad pattern of zonal surface wind stress, ⌧, �: eastward; ⌦, westward). Coloured
arrows schematically indicate the relative density of water masses: lighter mode and thermocline waters (red), upper deep waters (yellow), deep waters
including NADW (green) and bottom waters (blue). Mixing processes associated with topography are indicated by the vertical squiggly arrows. This
schematic is a highly simplified representation of a three-dimensional flow illustrated more completely in Box 1.

exchanges with other basins through descriptions of water-mass
distributions17–19 and major fronts20–22.

More recently, inversemethods have been used to provide basin-
scale estimates of mass and property transport by exploiting basic
conservation principles applied over boxes, such as those delineated
by the hydrographic sections shown in Fig. 2a, and assumptions
about the statistics of property distribution23–25. Zonal average esti-
mates have also been deduced from air–sea fluxes26 and from obser-
vations of surfacewinds and surface currents,making use of residual
mean theory27,28. Tracer observations have been exploited in greater
detail to determine the explicit dependence of Southern Ocean
overturning onmixing coefficients29, generally showing that low di-
apycnal mixing is consistent with plausible circulation patterns and
strengths. Many details are uncertain as data are relatively sparse,
the circulation is not well known close to the continent within the
ice pack30, and the air–sea fluxes that force the ocean remain poorly
constrained by observations and models. Nevertheless, certain
robust features of the circulation emerge, as we nowdescribe.

The inversion of Lumpkin and Speer25 (see Fig. 3) shows that
two global scale counter-rotating meridional cells dominate the
overturning circulation and represent distinct circulation regimes,
much as schematized in Fig. 1. The upper cell is fed both from
the northern Atlantic, where buoyancy loss triggers convection
and sinking in the marginal seas (forming various components of
NADW) and also from below by deep diapycnal upwelling. The
convergence of flow at intermediate depths is roughly balanced by
upwelling in the Southern Ocean, induced by the strong, persistent
westerly winds that blow over it (Fig. 4a). Surface buoyancy fluxes
associated with fresh water and heat gain31,32 (Fig. 4b), convert
upwelling water to less dense SubantarcticModeWater. In contrast,
the lower cell is fed by dense-water formation processes around
Antarctica, principally in the Ross and Weddell seas, forming
Antarctic Bottom Water; it is the result of a balance between
buoyancy loss by air–sea fluxes (Fig. 4b) and sea-ice export (Fig. 4c)
around Antarctica and buoyancy gain by abyssal mixing. Only
the overall transports are represented in Fig. 3; the inversion is
independent of the detailed mechanisms that control the fluxes of
mass into and out of upwelling or sinking regions.

The 27.6 kgm�3 density surface, outcropping south of the polar
front all the way around Antarctica (see the white line in Fig. 4a,b),

marks the average division between the upper and lower cells
in the Southern Ocean, as indicated in the schematic in Fig. 1
and the dotted line in Fig. 3b. Water crossing ⇠30� S in the
Atlantic roughly in the range of 27–27.6 kgm�3 enters the Southern
Ocean and rises up to the surface where it is exposed to surface
buoyancy gain (Fig. 4b) and northward Ekman transport induced
by the westerly winds: see the zonal wind stress in Fig. 4a and
the consistently northward (Ekman) component of the surface
currents driven by it evident in Fig. 2a.Waters entering the Southern
Ocean from theAtlantic at densities greater than 27.6 kgm�3 upwell
and outcrop near the Antarctic continent and are transformed
into dense bottom water. About 75% of NADW enters the lower
cell and is transformed to even denser bottom-water classes.
Some becomes Antarctic Bottom Water. The remainder enters
the Indian and Pacific oceans as Circumpolar Deep Water where
abyssal mixing transforms it to lighter water (⇠< 27.6 kgm�3). It
then re-enters the upper cell returning again southwards and
upwards to the surface.

Is the return flow to the surface in the Southern Ocean enabled
by interior mixing? Note that the abyssal ocean is stratified, albeit
weakly so, and thus interior mixing must be acting here to vertically
diffuse properties that are initially set by high-latitude processes
and carried into the abyss by sinking fluid5. Such mixing is thought
to occur primarily near topographic ridges, the tops of which are
marked in Figs 1 and 3. This fundamentally diabatic part of the
overturning circulation facilitates upward transfer of water in the
lower cell tomid-depths in theworld ocean basins (the blue to green
transition in Fig. 1). Once water reaches mid-depths, however,
the outcropping density field of the Southern Ocean provides a
quasi-adiabatic route directly to the surface (green–yellow–orange
in Fig. 1), feeding both the upper and lower cells of theMOC. Some
inverse calculations indicate that important diabatic processes are
at work even here in the upper cell23. A measure of mixing
is indeed acting on the upwelling branch (note the gentle drift
of the southward flow towards lighter densities in Fig. 3 above
topography).However, it is generally thought that diapycnalmixing
rates in the thermocline are small9,25. Notably, upwelling from
depth directly through the thermocline, enabled by elevated levels
of diapycnal mixing, is not observed.We now review what is known
about the dynamical processes at work in the upwelling branch.
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Diabatic cell 
associated with 
AABW and diffusive 
upwelling.

Adiabatic cell associated with NADW and 
eddy-driven upwelling in the Southern Ocean.

It is a truth universally acknowledged ...
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Fig. 2. (Left) Schematic of the meridional overturning circulation in depth-latitude space.
The green and blue curves are typically viewed as distinct overturning cells associated with
North Atlantic Deep Water formation and Antarctic Bottom Water formation, respectively.
(Right) Idealized three-dimensional schematic of the overturning circulation following Talley
(2013). Here the overturning cycles through both Atlantic and Pacific basins, either through
the Antarctic Circumpolar Current or the Indonesian Throughflow, before closing. Rather
than two distinct cells, the overturning more closely approximates a single figure-of-eight
loop.
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This structure is distinct from the traditional two-cell paradigm composed of adiabatic (surface-forced) and diabatic (diffusive) cells.

The modern global overturning circulation consists of a single “figure-eight” cell.

Our modern figure-eight overturning

see Lumpkin & Speer (2007); Talley (2013)
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Water mass modification and the overturning circulation

Modification processes

1. Interior (diapycnal) mixing (internal wave breaking);
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1. Interior (diapycnal) mixing (internal wave breaking);

2. High latitude formation processes (sea ice formation; ocean-ice shelf interactions; buoyancy 
forcing in polynyas);
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Modification processes

1. Interior (diapycnal) mixing (internal wave breaking);

2. High latitude formation processes (sea ice formation; ocean-ice shelf interactions; buoyancy 
forcing in polynyas)

3. Buoyancy forcing at the surface of the Antarctic Circumpolar Current.
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density across the air–sea interface generated by heating/cooling
and evaporation/precipitation, except for a change in sign. A
positive buoyancy flux means that the ocean is becoming lighter
because of warming, precipitation, or ice melting. A negative
buoyancy flux represents cooling, evaporation, or brine rejection
by ice freezing. The buoyancy flux in Fig. 3 is negative around
coastal Antarctica where the relatively warm subsurface waters
that upwell in the SO are cooled to the freezing point and become
saltier through brine rejection as new ice is formed. The buoyancy
flux is positive farther north where sea ice is only seasonal and the
ocean is warmed in summer by the atmosphere and freshened by
ice melting. The sign of the yearly average buoyancy flux con-
strains the direction of the zonally and time-averaged surface
meridional flow. The density of surface waters increases toward
the poles and hence waters must become denser (lighter) to move
poleward (equatorward). A surface-density gain (loss) is achieved
when waters are exposed to a negative (positive) buoyancy flux.
Thus, the surface meridional flow in a steady state must be di-
rected poleward where the buoyancy flux is negative and equa-
torward where the buoyancy flux is positive. This is a key insight
for the rest of our argument.
The meridional surface flow, together with the realization that

water masses flow along isopycnals below the surface (25), can be
used to diagnose the two branches of the SO overturning. Today
the isopycnal 27.9 kg m−3, marked as a black dashed line in Fig.
2, intersects the surface approximately where the air–sea buoyancy
flux changes sign. An upward isopycnal flow must develop to feed
the divergent surface flow: surface waters south of the isopycnal
experience a negative buoyancy flux and thus flow poleward, and
surface waters north of the isopycnal flow equatorward in re-
sponse to the positive buoyancy flux. The resulting circulation
pattern is composed of two overturning branches. The lower
branch comes to the surface parallel, but below, the dividing iso-
pycnal; flows poleward along the surface; and then sinks into the
abyss around Antarctica (along the Antarctic continental margin,
brine rejection makes the waters so dense that they plunge into the
abyss along boundary overflows.) The upper branch, instead, comes
to the surface above the dividing isopycnal, flows equatorward at
the surface and then sinks along isopycnals as intermediate
waters, below the shallow wind-driven bowls. The two branches
of the overturning circulations are sketched in Fig. 4 and are
identified in ocean observations (27–29). This diagnostic argu-
ment suggests that the patterns of the overturning circulation can
be reconstructed from knowledge of the line where the air–sea
buoyancy flux changes sign in the SO.
This argument is, however, useful only if we find a paleoproxy

for the surface buoyancy flux. The negative buoyancy flux around
Antarctica arises under permanent sea ice, where the heat fluxes
are weak and salinity fluxes are strong due to brine rejection. The
solid white line in Fig. 3 confirms that the transition between
negative and positive buoyancy flux closely coincides with the

extent of the quasi-permanent sea ice line, here defined as the
ocean area covered by sea ice 70% of the year. This suggests
that the area of negative buoyancy flux scales with the extent
of the quasi-permanent sea ice. Hence we surmise that the sep-
aration between the upper and lower overturning branches shifts
with the expansion and contraction of sea ice in different climates.
This is the key hypothesis pursued below. However, first, we must
describe how the two SO overturning branches complete their
journey through the three ocean basins north of the SO.

Atlantic, Indian, and Pacific Ocean Overturning Circulations. Talley
(30) gives an excellent review of our current understanding of the
pathways of the overturning circulation in the global ocean based
on estimates of the heat, freshwater, and nutrient transports. The
schematic in Fig. 4 highlights some key results relevant for this
study, at the expense of ignoring all of the complexities of the
large-scale 3D circulation.
The overturning circulation is dominated by the intertwined

pathways of abyssal waters, deep waters, and intermediate waters
illustrated as ribbons of different colors in Fig.4. We begin our
description of the overturning from the formation of deep waters
through wintertime convection in the North Atlantic. The North
Atlantic Deep Water (NADW) flows southward primarily along
deep western boundary currents all of the way to the SO, where
it is brought to the surface along isopycnals by the Southern
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Fig. 3. Annual mean buoyancy flux from a state estimate that combines 3 y
of available observations with an ocean model (26). The black line denotes
the 70% quantiles of annual mean sea ice concentration, essentially the area
of the ocean covered by ice 70% of the time. The change in sign of the
buoyancy flux just north of the Antarctic continent is roughly colocated with
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Fig. 4. (Upper) Schematic of the overturning circulation for the modern
climate. The ribbons represent a zonally averaged view of the circulation of
the major water masses; blue is AABW, green is NADW, red are IDW and
PDW, and orange are Antarctic Intermediate Waters. The dashed vertical
lines represent mixing-driven upwelling of AABW into NADW and IDW/PDW
respectively. There is also some mixing between NADW and IDW/PDW in
the Southern Ocean. The dashed black line represents the isopycnal that
separates the upper and lower overturning branches present in the Southern
Ocean. ℓ1 is the distance between the northernmost latitude reached by the
ACC, indicated by a solid gray line, and the quasi-permanent sea ice line.
The ragged gray line is the crest of the main bathymetric features of the
Pacific and Indian ocean basins: mixing is enhanced below this line. (Lower)
Schematic of the overturning circulation for the LGM. The extent of the
quasi-permanent sea ice line has shifted equatorward compared with modern
climate ðℓ2 < ℓ1Þ. Mixing-driven upwelling of abyssal waters is confined below
2 km and it cannot lift waters high enough to upwell north of the ice line. As
a result the abyssal overturning circulation closes on itself, leaving above a
small overturning cell of North Atlantic waters.
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b. Four-layer model

To represent all of the major water masses that par-
ticipate in the OC, a model with at least four layers is
required. An example solution with a four-layer stratifica-
tion is shown in Fig. 6. From top to bottom the layers can
be thought of as Intermediate Water, Upper Circumpo-
lar Deep Water (UCDW), Lower Circumpolar Deep Wa-
ter (LCDW) or NADW, and AABW. We prescribe that
the formation of AABW occurs exclusively in the Atlantic
basin. The outcropping y

3

is fixed at the southern bound-
ary in each basin, but y

1

and y
2

are part of the model
solution. In this solution, the interface separating LCDW
from AABW is about 150 m deeper in the Pacific than the

Atlantic.
The key result of Fig. 6 is the zonal transport of 11.5 Sv,

from the Atlantic to the Pacific in the lowermost density
class. This accounts for approximately 75% of the down-
welled NADW. Additionally, the return flow to the lightest
density class in the Atlantic, or the site of NADW forma-
tion, is partitioned between three components: di↵usive
upwelling (2.3 Sv), formation of Intermediate Water (7.2
Sv) and transport through the ITF (5.5 Sv). The contri-
bution from the ITF is remarkably strong and is a robust
feature of the model for realistic parameters. The ITF pro-
vides a pathway of zonal exchange for the lightest density
classes. This pathway may be favored due to the di�culty
in generating zonal convergence in the ACC in shallow lay-
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from the Atlantic to the Pacific in the lowermost density
class. This accounts for approximately 75% of the down-
welled NADW. Additionally, the return flow to the lightest
density class in the Atlantic, or the site of NADW forma-
tion, is partitioned between three components: di↵usive
upwelling (2.3 Sv), formation of Intermediate Water (7.2
Sv) and transport through the ITF (5.5 Sv). The contri-
bution from the ITF is remarkably strong and is a robust
feature of the model for realistic parameters. The ITF pro-
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in generating zonal convergence in the ACC in shallow lay-

10

Two-layer example

Jones and Cessi (2016), Thompson et al. (2016)
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Fig. 3. Zonal-mean isopycnal depths in the Atlantic and Pacific, as predicted by (a) our
analytical solution in §4 and (b) the 27.9 kgm�3 neutral density surface in the global ocean
climatology of Gouretski and Koltermann (2004). Our solution predicts that isopycnals
should lie shallower in the Atlantic sector than in the Pacific in order to support zonal con-
vergence/divergence of mass between basins and thus complete the ”figure-of-eight” global
OC. The balance between this zonal convergence/divergence and the corresponding merid-
ional divergence/convergence of mass within isopycnal layers by eddy thickness fluxes implies
that the isopycnal depth di↵erence should be concentrated close to the northern edge of the
ACC. Note the latitude o↵set in panel (b) in order to approximately align the ACC cores in
the Atlantic and Pacific basins.
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Model-observation comparison

Model Observations

Key points:
• Difference in isopycnal depth is concentrated to the north of the ACC.

• Isopycnals are deeper in the Pacific to support a transport from the Atlantic to the Pacific in deeper density 
classes and from the Pacific to the Atlantic in shallower density classes.

We defined the Atlantic and Pacific sectors of the ACC as 60�W–30�E and 170�E–80�W312

respectively. Then we computed the depth of the 27.9 kgm�3 neutral density surface at all313

latitudes and longitudes and took a zonal average over the Atlantic and Pacific longitudes314

to produce panel (b) of Fig. 3. We o↵set the Atlantic and Pacific sectors latitudinally by315

10� because the ACC lies further south in the Pacific sector than in the Atlantic. The result316

is qualitatively similar to the prediction of the theory: the Atlantic and Pacific isopycnals317

lie at approximately the same depth across most of the ACC, but then separate close to the318

northern boundary such that the isopycnal lies shallower in the Atlantic.319

To produce panel (a) of Fig. 3 we chose an ACC width of l = 2000 km and assigned320

the lengths of the Atlantic and Pacific based on the longitude ranges given in the preceding321

paragraph at 45�S. We chose the isopycnal depth at the southern edge of the ACC to be322

⇣y=�l = �200m, in approximate agreement with the climatological data. We chose typical323

scales for ⇢ = 1000 kgm�3 and f = �10�4 rad s�1. The isopycnal depth di↵erence at the324

northern edge of the ACC is sensitive to the various parameters in (33), so we selected the325

parameter combination K = 1500m2 s�1, ⌧ = 0.12Nm�2, T = 10 Sv and U = 10 cm s�1,326

which yields good visual agreement between the analytical solution and the climatology.327

However, none of these parameters are particularly well constrained, and many simplifica-328

tions have been made to obtain this analytical solution.Fig. 3 suggests that the key physical329

principles illustrated by our solution, namely that the isopycnal depth di↵erence should be330

concentrated close to the northern edge of the ACC, is indeed borne out in the climatol-331

ogy. Note that this result is not particularly sensitive to the choice of isopycnal: using the332

27.8 kgm�3 or 28.0 kgm�3 climatological neutral density surfaces yields qualitatively similar333

results.334
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Thompson et al. (2016)



Flow-topography interactions & ACC hotspots




