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The main features of the large-scale ocean circulation: flow in horizontal plane 


ECCO V4r4 overview plots

Streamfunction of depth integrated flow (Sv): 


Subtropical gyres: maximum in Southern Ocean


Fast east-west current around Antarctica

ψ

surface wind stress

Figure : Zonal Wind Stress (N/m2): 1992 thru 2017 Mean

East-west wind surface wind stress: τ

ψ

τo



The main features of the large-scale ocean circulation: flow in vertical plane 
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A minimal model for  and : 1.5 layer reduced gravityψ ϕ

Continent

h

x
yz

Continent

Continent
ρ1

ρ2

A layer of density  is above a layer of density ;

 are constant;


The lower layer is at rest;

Determine  of the top layer

Hydrostatic balance, mass conservation, neglect inertia

ρ1 ρ2
ρ1, ρ2

h, u, v, w
u, v, w

fv = g′￼∂xh − ∂zτ(y, z) g′￼ ≡ g
ρ2 − ρ1

ρ2
fu = − g′￼∂yh − rv f ≡ βy

∂xu + ∂yv + ∂zw = 0

Coriolis force = pressure gradient + friction

τ(y, z) = τo(y)ez/d z < 0 d ≪ h

Wind stress acts in shallow Ekman layer: model appropriate 

for the barotropic  and shallow overturning cells inside basinsψ

meridional streamfunction

Figure : Overturning Streamfunction (Sv): 1992 thru 2017 Mean
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Solution for h, ψ, ϕ

h2 =
(xe − x)

g′￼

2y2∂y ( τo

y ) − 2y
xe

g′￼

e−x/δ∂yτo + H2;

−h

-0.1

-0.05

0

0.05

0.1

0 1000 2000 3000 4000 5000 6000 7000
-10

-5

0

5

10-8

 gets deeper with stronger wind stress, wider basins 

and weaker stratification.


The surface wind stress, , has easterlies and westerlies


h

τo

The resulting  has valleys and hills;

a steep change near the thin western boundary

h

δ

h ∼ xeLy∂yτo/g′￼

The vertically integrated vorticity equation is 





The active layer depth scales as ( )


β∂x(h2/2) = −
f2

g′￼

∂y ( τo

f ) − r∂2
x(h2/2)

f = βy



Solution for h, ψ, ϕ

The depth-weighted horizontal velocity is given by













 can be obtained integrating mass-conservation 

 and using the condition that 

 is a material surface




 and  are almost in quadrature in latitude:  
transports across gyres, creating a complex 3-D 
flow

hu = − ∂yψ(x, y) ;
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The main features of the large-scale ocean circulation: flow in vertical plane 
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Stratification and MOC in the ACC: effect of wind

Buoyancy balance in the Antarctic Circumpolar Current

Zonally and time-average

Below the Ekman layer and above the bottom Ekman layer

p̄x = 0 =)

In the top Ekman layer V̄ = � ⌧

⇢f
In the bottom Ekman layer V̄ =

⌧

⇢f

layer (hereinafter SDL) the flow is nearly adiabatic,
and the eddy fluxes of buoyancy lie along mean buoy-
ancy surfaces; that is, the buoyancy flux is “skew.” In
these adiabatic interior layers, the potential vorticity is
homogenized on mean buoyancy surfaces. The depth of
the adiabatic homogenized thermocline is controlled by
baroclinic instability and is largely independent of
small-scale mixing; that is, independent of the mixing
produced by breaking internal gravity waves.

In view of these important advances it seems that the
adiabatic interior is well understood. However, it is the
diabatic terms that determine the net heat transport
(Andrews and McIntyre 1976), and in the ocean they
are related to small-scale mixing. The dependence of
small-scale mixing on the diffusivity ! is unknown be-
cause mixing depends on the vertical scale developed
by temperature near the surface. The dependence of
the heat flux on diffusivity and other nonconservative
processes has not been discussed in the ACC literature
cited above. We find that variations in diapycnal mixing
affect the large-scale heat transport of simulations such
as that in Fig. 1. We furthermore obtain a strong de-
pendence of the net heat transport on the bottom drag.

This result is not obvious since bottom drag affects di-
rectly the momentum budget, but not the heat balance.
This sensitivity indicates that the size of the small re-
sidual between the mean and the eddies is crucially
controlled by both bottom drag and diapycnal mixing.

Karsten et al. (2002) and Marshall et al. (2002) have
emphasized that the cancellation between ! · ("T, wT)
and ! · ("#T#, w#T#) is nearly complete. Kuo et al.
(2005) show that the small residual circulation is almost
zero below the SDL. Thus it is certainly possible that
small-scale mixing has little effect on the depth of the
main thermocline, but nonetheless plays an essential
role within the SDL. Moreover, it is the depth of the
SDL, rather than the depth of the thermocline, which
determines the total efficacy of ocean heat transport.
Consequently baroclinic eddy closure assumptions,
which make no reference to small-scale mixing and bot-
tom drag, can have little utility outside of the limited
arena in which they are calibrated.

The role of diapcynal mixing and of a surface mixed
layer in the large-scale heat transport were systemati-
cally examined by Gallego et al. (2004) in a zonally
averaged model of the ACC, where eddy fluxes were

FIG. 1. (top) The zonally and time-averaged buoyancy, b(y, z), for Run 2 is shown in colors. The contour interval
is 2 $ 10%3 m2 s%1. The large scale Ertel potential vorticity, bz(y, z), is shown in black. Below a surface trapped
region, b and bz are coincident. (bottom) The zonal mean streamfunction, &(y, z) is contoured (solid are positive
and negative are dashed) and the contour interval is 2.1 $ 10%1 m2 s%1.
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for westerly wind-stress ⌧ > 0

v̄ = 0, w̄ = − ∂y ( τ
ρf ), ⟹ ψ̄ = −

τ
ρf

∂tb + ∂x(ub) + ∂y(vb) + ∂z(wb) = ∂z(κv∂zb)

v̄∂yb̄ + w̄∂zb̄ + ∂y(v′￼b′￼) + ∂z(w′￼b′￼) = ∂z(κv∂zb̄)

b̄ b̄



Stratification and MOC in the ACC: effect of wind

Buoyancy balance in the Antarctic Circumpolar Current

Zonally and time-average

with ψ̄ = −
τ
ρf

∂tb + ∂x(ub) + ∂y(vb) + ∂z(wb) = ∂z(κv∂zb)

v̄∂yb̄ + w̄∂zb̄ + ∂y(v′￼b′￼) + ∂z(w′￼b′￼) = ∂z(κv∂zb̄)

Advection by residual=eulerian + eddy  = ψ̄ + ψ*
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Large APE reservoir

from Vallis (2017)

For adiabatic eddies v′￼b′￼

∂zb̄
= −

w′￼b′￼

∂yb̄
Eddy transport is along isopycnals ψ* =

v′￼b′￼

∂zb̄

The total transport is ψ* + ψ̄

Buoyancy contours



The eddy transport can be parametrized in terms of mean buoyancy

 Marshall, J. and Radko, T., 2003. Residual-Mean Solutions for the Antarctic 

Circumpolar Current and Its Associated Overturning Circulation. J. Phys. Oceanogr.,

The eddy overturning streamfunction is  proportional to the isopycnal slopeψ* = − κa
∂yb̄

∂zb̄
= κa∂yz

  the horizontal eddy flux is down-gradientv′￼b′￼ = − κa∂yb̄

 the vertical eddy flux is upgradient


the total eddy flux is neither down- nor up-gradient: it is advective

w′￼b′￼ = κa
(∂yb̄)2

∂zb̄

There is competition between 




What matters is 
ψ̄ and ψ*

ψ̄ + ψ* = ψresid

F

���� ʾF "OUBSDUJD $JSDVNQPMBS $VSSFOU ���

! !

 resid

 eddy

Latitude to equatorAntarctica

wind

Z

!1

!2

!3

 Euler 'JH� ����� *EFBMJ[BUJPO PG UIF &VMFSJBO
 FEEZ�JOEVDFE
	ACPMVT�

 BOE SFTJEVBM TUSFBNGVODUJPOT JO B DJSDVNQP�
MBS DIBOOFM� ʾF DMPDLXJTF &VMFSJBO DJSDVMBUJPO JT GPSDFE
CZ UIF FBTUXBSE XJOET
 UIF CPMVT DJSDVMBUJPO PQQPTFT JU

BOE UIF OFU
 PS SFTJEVBM
 DJSDVMBUJPO JT OFBSMZ BMPOH JTPQZ�
DOBMT���

UIF HFOFSBM TPMVUJPO PG XIJDI JT ૪ø � ৯	਄

 XIFSF ৯ JT BO BSCJUSBSZ GVODUJPO� ćBU JT
 UIF JOUFSJPS
SFTJEVBM ĘPX JT BMPOH JTPQZDOBMT 	'JH� �����
� "U UIF TVSGBDF
 IPXFWFS
 UIF ĘPX JT HFOFSBMMZ OPU
BEJBCBUJD
 CFDBVTF PG IFBU FYDIBOHF XJUI UIF BUNPTQIFSF
 BOE TP UIF SFTJEVBM ĘPX DBO CF BDSPTT
JTPQZDOBMT� ćF TFOTF PG UIF TVCTVSGBDF DJSDVMBUJPO EFUFSNJOFT IPX UIF GPSN ESBH WBSJFT XJUI
EFQUI� JG UIF SFTJEVBM ĘPX XFSF [FSP
 GPS FYBNQMF
 UIFO
 FJUIFS GSPN 	������
 PS GSPN 	������

 XF
TFF UIBU UIF GPSN ESBH NVTU CF DPOTUBOU XJUI EFQUI�

������··· "O *EFBMJ[FE "EJBCBUJD .PEFM
8F ĕOBMMZ DPOTJEFS B TJNQMF CVU SBUIFS JMMVNJOBUJOH NPEFM PG UIF Įİİ��� ćF TJNQMJGZJOH BTTVNQ�
UJPO XF NBLF JT UIBU UIF ĘPX JT BEJBCBUJD FWFSZXIFSF� JU UIFO GPMMPXT UIBU UIF OFU PWFSUVSOJOH
 BT
HJWFO CZ UIF SFTJEVBM DJSDVMBUJPO
 JT [FSP� 8F DBO TFF UIJT CZ ĕSTU OPUJOH UIBU JO B TUBUJTUJDBMMZ TUFBEZ
TUBUF UIF ĘPX TBUJTĕFT 	������

 JNQMZJOH UIBU UIF SFTJEVBM ĘPX JT BMPOH JTPQZDOBMT� )PXFWFS
 JG
UIFSF JT B NFSJEJPOBM CVPZBODZ HSBEJFOU BU UIF TVSGBDF 	XIFSF JTPQZDOBMT PVUDSPQ
 UIFSF DBO CF
OP TVSGBDF SFTJEVBM ĘPX 	CFDBVTF UIJT XPVME CF DSPTT�JTPQZDOBM
� JU UIFO GPMMPXT UIBU UIFSF DBO CF
OP OFU ĘPX BMPOH JTPQZDOBMT JO UIF JOUFSJPS
 CFDBVTF JG UIFTF PVUDSPQ UIFSF XPVME CF B OFU ĘVJE
TPVSDF
 BOE IFODF EJBQZDOBM ĘPX
 BU UIF TVSGBDF� ćJT JEFBMJ[FE MJNJU IBT UIVT MFE UP UIF AWBOJTIJOH
PG UIF %FBDPO $FMM�� *O SFBMJUZ UIF ĘPX JT DPNQMFUFMZ BEJBCBUJD OFBS UIF TVSGBDF BOE UIF SFTJEVBM
ĘPX XJMM OPU WBOJTI
 CVU JU JT MJLFMZ UP CF XFBLFS UIBO FJUIFS UIF &VMFSJBO PS UIF FEEZ�JOEVDFE ĘPX
	BT TLFUDIFE JO 'JH� �����
�

ćF [POBM NPNFOUVN FRVBUJPO JO UIJT MJNJU GPMMPXT GSPN 	������

 XIJDI XJUI ਗø � � HJWFT૬Ȯ૦૬ਛ Ă ÷ ૬૬ਛ ʕਈ� ਗഋ਄ഋ਄ਛ ʣ � 	������


ćF FRVJWBMFOU CBMBODF GPS UIF &VMFSJBO ĘPX JT
 VTJOH UIF EFĕOJUJPO PG ਗø
÷ ਈ�ਗ � ૬Ȯ૦૬ਛ Ҿ ਈ�ਗ � ਈ� ૬૬ਛ ʕਗഋ਄ഋ਄ਛ ʣ � 	������B
C


ćFTF FRVBUJPOT SFQSFTFOU EZOBNJDBM CBMBODFT� UIFZ EP OPU GPMMPX GSPN UIF NPNFOUVN FRVBUJPO
XJUIPVU NBLJOH BEEJUJPO BTTVNQUJPOT
 JO UIJT DBTF UIBU ਗø � �� *O UIF SFTJEVBM FRVBUJPO
 	������



⌧

from Vallis (2017)
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The quasi-adiabatic overturning in a single basin:  Atlantic

deep water

main thermocline
mixed layer

bottom water

Competition between Ekman suction and eddy restratification determine stratification in ACC  
Three types of isopycnals: outcrop in basin only (white); 

outcrop in ACC and basin (light blue); 

outcrop in ACC only (blue)

Three types of circulation: main thermocline (white); intermediate/deep OC (light blue); abyssal OC (blue)

Wolfe, C.L. and P. Cessi, JPO 2010

Periodic  channel Semi-enclosed basin



The quasi-adiabatic overturning in a single basin:  Atlantic

deep water

main thermocline
mixed layer

bottom water

Necessary conditions for a quasi  adiabatic pole-to-pole cell:

1) Isopycnal outcropping in channel and basin;

2) Diapycnal fluxes in the mixed layer

Ancillary features: 

1) Weak diffusive cells in the abyss and in the Northern Hemisphere

2) Abyssal and adiabatic cells share a boundary

Periodic  channel Semi-enclosed basin



The residual (mean + eddy) circulation in 1.5 layer reduced gravity context

∂x(hu) + ∂y(hv) − w* |z=−h = 0

Integrate continuity over the layer depth

Take the zonal integral

∂y(h̄v̄ + h′￼v′￼) − w* |z=−h = 0
Ekman transport

Diffusive upwelling

Northern sinking

Continent

Diffusive upwelling

Eddy flux

x
yz

Southern wall (Antarctica) h

Northern sinking

Integrate in latitude between the outcrops

h̄v̄ |SHout + h′￼v′￼|SHout + ∫Area
w* |z=−h = h̄v̄ |NHout

−
τLx

ρfs
⏟

Ekman transport

−κaLx
h
Lc

eddy flux

+ κv
Area

h
diffusion

= Δb
h2

2fn
Northern sinking



Solution in the absence of MOC: stratification in the channel

The dominant balance is
−

τLx

ρfs
⏟

Ekman transport

−κaLx
h
Lc

eddy flux

≈ 0

h
Lc

∼
τ

κaρfs
The slope is negative and about 1000m/1000km

MA11CH12_Cessi ARI 25 October 2018 13:37

1. ESTIMATES FROM OBSERVATIONS
Although the ocean is differentially heated and freshened almost exclusively very close to
the surface (the exception being the small contribution provided by geothermal heating), the
existence of temperature and salinity gradients throughout the water column implies flows that
communicate downward the surface values. The mechanism for transferring buoyancy (and other
tracers) in the upper ocean, i.e., the top few hundred meters, is well understood: The surface wind
stress generates a shallow Ekman transport, the convergence of which in the subtropics pushes
tracers down to a depth proportional to (the square root of ) the wind-stress curl integrated over
the longitudinal width of the basin, and inversely proportional to (the square root of ) the local
surface buoyancy gradient (Welander 1971). This is the main thermocline, bounding from below
the double-well-shaped isopycnals in the upper levels of Figure 1 (approximately above the upper
horizontal dashed line).

Figure 1 shows that the densities higher than those in the main thermocline have steep slopes
in the Antarctic Circumpolar Current (ACC) region, while north of the circumpolar latitudes (i.e.,
north of approximately 45◦S), the slopes of the density surfaces in the mid-depth and abyssal re-
gions are small in both basins (south of approximately 55◦N).1 However, an important asymmetry
differentiates the Atlantic from the Pacific: The mid-depth density surfaces (i.e., those with σ2

between 36 kg/m3 and 37.52 kg/m3 in Figure 1a) steepen again and outcrop (i.e., reach the sea
surface) in the northernmost latitudes of the Atlantic but not in the Pacific. The North Atlantic
outcrop of the isopycnals with σ2 between 36 kg/m3 and 37.52 kg/m3 marks the transformation of
intermediate and thermocline waters into North Atlantic Deep Water (NADW), the water mass
characterizing the southward branch of the clockwise mid-depth cell of the meridional overturning
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Figure 1
PotentialÑdensityÑreferencedÑtoÑ2,§00ÑdbarÑ(σ2)ÑzonallyÑaveragedÑinÑ(a)ÑtheÑAtlanticÑsectorÑandÑ(b)ÑtheÑIndo-PacificÑsectorÑfromÑtheÑ
EstimatingÑtheÑCirculationÑandÑClimateÑofÑtheÑOceanÑversionÑ4Ñ(ECCO4)Ñreanalysis,ÑshowingÑtheÑstratificationÑasÑaÑfunctionÑofÑlatitudeÑ
(abscissa)ÑandÑdepthÑ(ordinate).ÑNoticeÑthatÑtheÑcontourÑintervalÑdecreasesÑwithÑdepth.ÑTheÑhorizontalÑblackÑdashedÑlinesÑdefineÑtheÑ
approximateÑboundariesÑbetweenÑtheÑupper,Ñmid-depth,ÑandÑabyssalÑregions.ÑTheÑwhiteÑregionÑindicatesÑtheÑmaximumÑdepthÑofÑtheÑ
bottom.

1The localized isopycnal doming at 35◦N in Figure 1a is due to the Mediterranean Sea, which is included in the zonal average
of Figure 1.
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Solution in the adiabatic limit with eddies and wind-stress

Results from a 3-D numerical model

with surface winds and buoyancy

The dominant balance is

For weak eddies

abyssal cells, the Indian and Pacific Oceans are charac-
terized by only one cell.

b. Idealized simulations: Setup

We now describe some idealized simulations that we
will later use to test our theory, using the Modular
Ocean Model (MOM) version 4.0c (Griffies 2004). The
model is configured in a single-basin flat-bottomed do-
main (Fig. 3) with a horizontal resolution of 28 3 28 and
20 vertical levels of thickness varying from 20 m at the
top to 380 m at the bottom. The domain extends from
708S to 708N across 608 of longitude with a uniform
depth of 4 km. There is a full-depth zonally periodic
channel between 708 and 508S. The effect of eddies is
parameterized with a Gent–McWilliams-like scheme in
the form of the boundary value problem (Ferrari et al.
2010). We use a uniform diapycnal diffusivity, with
a value of kn 5 2 3 1025 m2 s21 in the control case.
Linear equation of state is used.
The surface buoyancy flux is implemented via a restoring

boundary condition on temperature with a restoring time
scale of 10 days, and salinity is set to a uniform constant.
We use a zonally uniform SST and wind stress (Fig. 4)
constructed analytically based on the annual global zonal-
mean observations from the National Oceanographic
Data Center (NODC) World Ocean Atlas 2001
(Conkright et al. 2002) and the last 20 yr of the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
(Kalnay et al. 1996) for temperature and wind stress, re-
spectively. Themodel is initialized from a state of rest and
is spun up over 5000 yr until it reaches a steady state.
Various perturbation experiments are spun off from this

control case, as described in more detail later on. Similar
numerical model setups have been used to study the
large-scale stratification and overturning circulation pre-
viously (e.g., Vallis 2000; Henning and Vallis 2005; Ito
and Marshall 2008; Wolfe and Cessi 2010, 2011).

c. Idealized simulations: Results

Although the simulation setup is very idealized it does
captures the leading-order structure of the deep strati-
fication and overturning circulation (Fig. 5). Our focus is
on an Atlantic-like ocean basin, but by changing the
buoyancy boundary conditions in the Northern Hemi-
sphere a Pacific-like simulation (with no distinct mid-
depth cell) can be easily achieved. Stratification is
concentrated in the upper ocean and extends to the
middepth and abyssal ocean. The middepth isopycnals
outcrop at high latitudes in the Northern Hemisphere
and in the circumpolar channel, whereas the abyssal
isopycnals outcrop only in the channel. Consistent with
observations, the deep overturning circulation consists
of two cells: a middepth cell, with sinking at the northern
boundary and upwelling both at low and middle lati-
tudes and in the circumpolar channel, and an abyssal
cell, with sinking at the southern boundary and upwell-
ing in the abyssal ocean and the circumpolar channel.

FIG. 3. Schematic of the domain used in idealized simulation.
The domain consists of a rectangular basin that connects to a cir-
cumpolar full-depth channel at its southern boundary.

FIG. 4. The idealized mean zonally uniform wind stress (black;
N m22) and surface temperature restoring field (8C; gray). A per-
turbed wind over the Southern Ocean is shown as a dashed black
line.
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MOC ⇠ ⌧sLx

�b⇢fs
h ⇠

✓
fn⌧sLx

�b⇢fs

◆1/2

characterized by two regimes corresponding to the wind-
driven and mixing-driven circulations, respectively, with
a rather smooth transition between the two. In the limit
of weak diapycnal mixing or strong Southern Ocean
wind, the rate of the overturning circulation becomes
independent of diapycnal mixing and scales with the
Southern Ocean wind stress as t1. The depth scale of
stratification is also independent of mixing and scales
with wind stress as t1/2. This limit corresponds to the
wind-driven circulation limit discussed above and scalings
are consistent with (4.5) and (4.7). The nonlinear scaling
of the stratification depth scalewith thewind stress results
from an interhemispheric equilibration between the
Northern Hemisphere sinking, which scales quadratically
with the stratification depth scale, and the Southern
Ocean upwelling, which to the leading order is in-
dependent of the stratification depth scale.
On the other hand, in the limit of strong diapycnal

mixing or weak Southern Ocean wind, the rate of the
overturning circulation and the depth scale of stratifi-
cation become independent of the wind stress and scale
with diapycnal mixing as k2/3y and k1/3y , respectively. This
limit corresponds to the mixing-driven circulation limit
and scalings are consistent with (4.13) and (4.12) and
with previously obtained classical scalings described, for
example, in Vallis (2006).
The control simulation parameters, typical for the

presentmiddepth ocean, are in the transition zone closer

to the wind-driven circulation limit. The results suggest
that a significant change in climate resulting in a re-
duction of the Southern Ocean wind and/or an increase
in the ocean interior mixing can shift the MOC from the
wind-driven to the mixing-driven regime characterized
by a different sensitivity to external parameters.

6. Conclusions

We have presented a theory of the interhemispheric
meridional overturning circulation and associated deep
stratification in a single-basin ocean with a circumpolar
channel. The theory relies on a matching of the dy-
namics among three regions of the ocean: the circum-
polar channel in the Southern Hemisphere, a region of
isopycnal outcrop in the Northern Hemisphere, and the
enclosed ocean basin between them. In each region, the
theory is based on the primitive equations of motion, but
with different dominant balances, and includes the ef-
fects of wind, eddies, and diapycnal mixing. It explicitly
predicts the deep stratification in terms of the surface
forcing and other parameters of the problem and agrees
well with a coarse-resolution ocean general circulation
model configured in an idealized single-basin domain;
that is, the parameter dependencies predicted by the
theory are obeyed by the GCM.
The theory and idealized simulations show that, in

the parameter range typical for the present climate ocean

FIG. 11. Rate of (left) the overturning circulation (Sv) and (right) depth scale of stratification (meters) as a function
of the Southern Ocean (top) wind stress and (bottom) diapycnal diffusivity estimated from the idealized GCM
simulations (circles) and from the theory (squares).
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Solution in the diffusive limit appropriate for abyssal cell

Results from a 3-D numerical model

with surface winds and buoyancy

h ⇠ (fnvArea/�b)1/3

The dominant balance is

With solution MOC ⇠
✓
�b

fn

◆1/3

(vArea)2/3

characterized by two regimes corresponding to the wind-
driven and mixing-driven circulations, respectively, with
a rather smooth transition between the two. In the limit
of weak diapycnal mixing or strong Southern Ocean
wind, the rate of the overturning circulation becomes
independent of diapycnal mixing and scales with the
Southern Ocean wind stress as t1. The depth scale of
stratification is also independent of mixing and scales
with wind stress as t1/2. This limit corresponds to the
wind-driven circulation limit discussed above and scalings
are consistent with (4.5) and (4.7). The nonlinear scaling
of the stratification depth scalewith thewind stress results
from an interhemispheric equilibration between the
Northern Hemisphere sinking, which scales quadratically
with the stratification depth scale, and the Southern
Ocean upwelling, which to the leading order is in-
dependent of the stratification depth scale.
On the other hand, in the limit of strong diapycnal

mixing or weak Southern Ocean wind, the rate of the
overturning circulation and the depth scale of stratifi-
cation become independent of the wind stress and scale
with diapycnal mixing as k2/3y and k1/3y , respectively. This
limit corresponds to the mixing-driven circulation limit
and scalings are consistent with (4.13) and (4.12) and
with previously obtained classical scalings described, for
example, in Vallis (2006).
The control simulation parameters, typical for the

presentmiddepth ocean, are in the transition zone closer

to the wind-driven circulation limit. The results suggest
that a significant change in climate resulting in a re-
duction of the Southern Ocean wind and/or an increase
in the ocean interior mixing can shift the MOC from the
wind-driven to the mixing-driven regime characterized
by a different sensitivity to external parameters.

6. Conclusions

We have presented a theory of the interhemispheric
meridional overturning circulation and associated deep
stratification in a single-basin ocean with a circumpolar
channel. The theory relies on a matching of the dy-
namics among three regions of the ocean: the circum-
polar channel in the Southern Hemisphere, a region of
isopycnal outcrop in the Northern Hemisphere, and the
enclosed ocean basin between them. In each region, the
theory is based on the primitive equations of motion, but
with different dominant balances, and includes the ef-
fects of wind, eddies, and diapycnal mixing. It explicitly
predicts the deep stratification in terms of the surface
forcing and other parameters of the problem and agrees
well with a coarse-resolution ocean general circulation
model configured in an idealized single-basin domain;
that is, the parameter dependencies predicted by the
theory are obeyed by the GCM.
The theory and idealized simulations show that, in

the parameter range typical for the present climate ocean

FIG. 11. Rate of (left) the overturning circulation (Sv) and (right) depth scale of stratification (meters) as a function
of the Southern Ocean (top) wind stress and (bottom) diapycnal diffusivity estimated from the idealized GCM
simulations (circles) and from the theory (squares).

OCTOBER 2012 N IKURASH IN AND VALL I S 1665

abyssal cells, the Indian and Pacific Oceans are charac-
terized by only one cell.

b. Idealized simulations: Setup

We now describe some idealized simulations that we
will later use to test our theory, using the Modular
Ocean Model (MOM) version 4.0c (Griffies 2004). The
model is configured in a single-basin flat-bottomed do-
main (Fig. 3) with a horizontal resolution of 28 3 28 and
20 vertical levels of thickness varying from 20 m at the
top to 380 m at the bottom. The domain extends from
708S to 708N across 608 of longitude with a uniform
depth of 4 km. There is a full-depth zonally periodic
channel between 708 and 508S. The effect of eddies is
parameterized with a Gent–McWilliams-like scheme in
the form of the boundary value problem (Ferrari et al.
2010). We use a uniform diapycnal diffusivity, with
a value of kn 5 2 3 1025 m2 s21 in the control case.
Linear equation of state is used.
The surface buoyancy flux is implemented via a restoring

boundary condition on temperature with a restoring time
scale of 10 days, and salinity is set to a uniform constant.
We use a zonally uniform SST and wind stress (Fig. 4)
constructed analytically based on the annual global zonal-
mean observations from the National Oceanographic
Data Center (NODC) World Ocean Atlas 2001
(Conkright et al. 2002) and the last 20 yr of the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
(Kalnay et al. 1996) for temperature and wind stress, re-
spectively. Themodel is initialized from a state of rest and
is spun up over 5000 yr until it reaches a steady state.
Various perturbation experiments are spun off from this

control case, as described in more detail later on. Similar
numerical model setups have been used to study the
large-scale stratification and overturning circulation pre-
viously (e.g., Vallis 2000; Henning and Vallis 2005; Ito
and Marshall 2008; Wolfe and Cessi 2010, 2011).

c. Idealized simulations: Results

Although the simulation setup is very idealized it does
captures the leading-order structure of the deep strati-
fication and overturning circulation (Fig. 5). Our focus is
on an Atlantic-like ocean basin, but by changing the
buoyancy boundary conditions in the Northern Hemi-
sphere a Pacific-like simulation (with no distinct mid-
depth cell) can be easily achieved. Stratification is
concentrated in the upper ocean and extends to the
middepth and abyssal ocean. The middepth isopycnals
outcrop at high latitudes in the Northern Hemisphere
and in the circumpolar channel, whereas the abyssal
isopycnals outcrop only in the channel. Consistent with
observations, the deep overturning circulation consists
of two cells: a middepth cell, with sinking at the northern
boundary and upwelling both at low and middle lati-
tudes and in the circumpolar channel, and an abyssal
cell, with sinking at the southern boundary and upwell-
ing in the abyssal ocean and the circumpolar channel.

FIG. 3. Schematic of the domain used in idealized simulation.
The domain consists of a rectangular basin that connects to a cir-
cumpolar full-depth channel at its southern boundary.

FIG. 4. The idealized mean zonally uniform wind stress (black;
N m22) and surface temperature restoring field (8C; gray). A per-
turbed wind over the Southern Ocean is shown as a dashed black
line.
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Summary

The deep and abyssal stratification of the world ocean is set in the ACC region.


The surface Ekman transport in the periodic channel is returned at the bottom: it overturns isopycnals until they are 
vertical, producing a large amount of APE.


Some APE is converted into baroclinic eddies, restratifying, but not as much as in basin: stratification runs deeper in ACC.


In the weak-diffusion limit, residual overturning is along isopycnals shared with ACC.


The strength of ROC is a competition between Ekman versus eddy transport in ACC.


Simple models with parametrized eddy fluxes of buoyancy are helpful.


Quantitive results depend on the details of parametrization.


The dominant driver of the MOC is the wind-stress in the ACC.


