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ABSTRACT

The sensitivity of the overturning circulation in the Southern Ocean to the recent decadal strengthening of

the overlying winds is being discussed intensely, with some works attributing an inferred saturation of the

Southern Ocean CO2 sink to an intensification of the overturning circulation, while others have argued that

this circulation is insensitive to changes in winds. Fundamental to reconciling these diverse views is to un-

derstand properly the role of eddies in counteracting the directly wind-forced changes in overturning. Here,

the authors use novel theoretical considerations and fine-resolution oceanmodels to develop a new scaling for

the sensitivity of eddy-induced mixing to changes in winds, and they demonstrate that changes in Southern

Ocean overturning in response to recent and future changes in wind stress forcing are likely to be substantial,

even in the presence of a decadally varying eddy field. This result has significant implications for the ocean’s

role in the carbon cycle, and hence global climate.

1. Introduction

The Southern Ocean plays a disproportionately im-

portant role in determining global climate, in no small

part because of its strong meridional overturning cir-

culation and the associated fluxes and air–sea exchanges

of heat, freshwater, and climatically important tracers

such as CO2 (Le Quéré et al. 2007; Solomon et al. 2007).

The strong westerly winds that overlie the Southern

Ocean play a major role in driving this overturning cir-

culation, and also the large horizontal transport of the

AntarcticCircumpolar Current (ACC). Thesewinds have

strengthened in recent decades, due at least partly to

anthropogenic processes (Thompson and Solomon 2002;

Marshall 2003); however, observations and models

indicate that the ACC transport is relatively insensitive

to such changes (Meredith et al. 2004; Hallberg and

Gnanadesikan 2006; Böning et al. 2008). The relative

invariance of the ACC transport has been attributed to

eddy saturation, whereby additional energy imparted

from the winds is cascaded to the oceanic mesoscale

instead of inducing prolonged accelerations of the hori-

zontal mean flow (Hallberg and Gnanadesikan 2006;

Meredith and Hogg 2006). Mesoscale eddies also exert

important influences on the meridional overturning

circulation of the Southern Ocean. Theories of this cir-

culation (e.g., Marshall and Radko 2003; Olbers and

Visbeck 2005) describe two contributions to the net over-

turning, with a directly wind-driven Eulerian mean cell
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that is counteracted partly by an opposing eddy-induced

circulation (i.e., eddy compensation); the balance deter-

mines the residual overturning. The Eulerian mean over-

turning is concentrated in the near-surface layer and below

the level of shallowest topography,while the eddy-induced

component, assumed to be directed along isopycnals, will

generate flow at both surface and intermediate levels.

A key question regarding the Southern Ocean is the

extent to which the circumpolar and overturning circu-

lations are linked.Or, equivalently, does an eddy-saturated

circumpolar transport imply complete eddy compensa-

tion of the overturning? Zonally averaged theories (e.g.,

Marshall and Radko 2003) result in a closely coupled

relationship between circumpolar and overturning trans-

port, while Böning et al. (2008) assume the existence of

such a relationship. Since circumpolar transport may be

estimated (to first order) by isopycnal slope, while the

overturning ismore difficult tomeasure, such a constraint

would help to evaluate changes in the overturning. In

this paper, we investigate an ocean at (or close to) the

eddy-saturated limit, and evaluate how the overturning

circulation will behave at this limit.

The overall response of the overturning circulation in

the Southern Ocean to changes in wind stress forcing

will depend on the differing responses of the Eulerian

mean and eddy-induced components (Fig. 1). The

magnitude of the Eulerian mean overturning is reason-

ably expected to be linear with wind stress, particularly

on short (intra annual) time scales (Ito et al. 2010), and is

generally well represented in climate-scale ocean

models (e.g., Fyfe and Saenko 2006; Sen Gupta and

England 2006). The extent to which the eddy-induced

overturning can compensate for changes in the Eulerian

mean circulation on decadal time scales is much less

clear, and advances using eddy-resolving models have

long been hampered by computational constraints.

Nonetheless, some progress has beenmade, for example

Hallberg and Gnanadesikan (2006) conducted model

experiments at a range of resolutions from coarse to

eddy permitting, and showed that in the latter (and in

contrast to the former) a significant fraction of the

Ekman transport changes are compensated by eddy-

induced transport drawing from lighter waters than does

themean overturning.More recently, Farneti et al. (2010)

analyzed the Southern Ocean response to anomalous

surface forcings in coarse and eddy-permitting versions

of the National Oceanic and Atmospheric Administra-

tion (NOAA) Geophysical Fluid Dynamics Laboratory

(GFDL) climate model, and found that in the eddy-

permitting integrations the eddies act as a buffer to

atmospheric changes, with a reduced Southern Ocean

response leading to weaker modifications in residual

overturning circulation andACC transport. Treguier et al.

(2010) used a global eddy-permitting model integrated

over three decades, and highlighted that the zonal circu-

lation and eddy kinetic energy in the Southern Ocean

of their model were governed by different mechanisms

on interannual versus decadal time scales, though they

stressed that their model was not run to thermodynamic

equilibrium and that this may be significant, with longer

runs being necessary.

Focusing on the upper cell of the overturning circu-

lation (where dense water is converted into lighter wa-

ter), we here develop and test a new scaling for the

sensitivity of eddy-induced mixing to changes in winds,

and demonstrate that the observed invariance in the

slopes of density surfaces implies that the overturning

circulation in the Southern Ocean will vary as winds

change, even in the presence of a decadally varying eddy

field. Our results show that eddy saturation and eddy

compensation are dynamically distinct phenomena;

thus, occurrence of one does not necessarily imply the

other. We demonstrate that the Southern Ocean over-

turning is very likely to increase in response to recent

and future climate change, with significant implications

for the ocean’s role in the carbon cycle, and hence global

climate.

FIG. 1. Schematic of the response of the two components of the

upper cell of the Southern Ocean overturning circulation to

changing wind forcing (here shown for a positive increase in east-

ward wind stress). Directly wind-driven changes in overturning

occur in the surface Ekman layer and below the layer of shallowest

topography (the region of circumpolar flow unblocked by topog-

raphy is bounded by the dashed line). An increase in the eddy-

induced overturning circulation has the opposite sign, but with

a different vertical structure, including a component in the region

of flow unblocked by topography. Note that elements of the upper

cell of the overturning circulation unrelated to changes in wind

forcing are omitted for clarity.
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2. The models and experiments

To investigate the response of eddy activity to changes

inwinds, we conduct simulations using a quasigeostrophic

coupled ocean–atmosphere model with a three-layer

ocean (Q-GCM; Hogg et al. 2003), here run in uncou-

pled mode. Wind stress is zonal and constant, with a sim-

ple maximum in the center of the domain (a zonally

reentrant channel, 23 040 3 2880 km, with walls on the

meridional boundaries). The model uses topography

from Smith and Sandwell (1997), truncated at 6900 m

for consistency with the quasigeostrophic assumptions.

Numerical parameters are such that the horizontal res-

olution (10 km) is significantly smaller than the first

Rossby radius (43 km) to ensure resolution of baroclinic

eddies. A vigorous eddy field is ensured by using low

viscosity (biharmonic with a coefficient of 33 1010 m4 s21).

Under such conditions, this model has been shown to

generate an eddy-saturated state (Meredith and Hogg

2006).

Quasigeostrophic models are unable to generate

diapycnal flow and so are not suitable for direct inves-

tigations of Southern Ocean overturning; instead, this is

done here using the GFDL Climate Model, version 2.4

(CM2.4), of which the ocean component is the Modular

Ocean Model, version 4 (MOM4; Griffies et al. 2005).

CM2.4 uses a square isotropic grid with oceanic resolu-

tion of 1/48 (equivalent to 13.8 km at 608S and 9 km at

708S). Furthermore, the ocean model does not use a pa-

rameterization of mesoscale eddy mixing, allowing the

resolved flow to operate in the absence of parameterized

eddies. Following a control simulation, two perturbation

simulations were performed (Farneti et al. 2010; Farneti

and Delworth 2010). In the first, CO2 concentrations

were increased by 1% yr21 until doubled, and then held

fixed (experiment CC); this featured time-varying me-

chanical and buoyancy forcings. In the second, a tem-

porally invariant anomalous wind stress pattern was

added to the wind stress felt by the ocean between 208

and 758S, resulting in a doubling of wind stress felt by the

ocean (experiment WIND). Similar experiments are con-

ducted with the coarse-resolution version of the GFDL

Coupled Model, version 2.1 (CM2.1), which features an

oceanic resolution of 18 and employs a parameterization

for eddy-induced advection and along-isopycnal diffusion

of tracers (Gent and McWilliams 1990, hereafter GM).

The eddy-permitting GFDL CM2.4 model is in re-

markably good agreement with observations in terms of

eddy kinetic energy (EKE) and its ACC transport is

around 190 Sv (1 Sv [ 106 m3 s21), which is somewhat

higher than observational estimates (Farneti et al. 2010).

Since we focus here on the decadal time scale, results

are computed as time means for years 36–40 of the

perturbation runs. Eddy-induced overturning is calcu-

lated as the maximum value at the location of the

maximum change in Eulerianmean circulation (around

508S), which corresponds to the maxima below the mixed

layer. In the CM2.4 model, ACC transport is found to be

nearly independent of wind stress forcing, with a change

in transport of ,10 Sv for a near-doubling of peak wind

stress (Fig. 2a). EKE has a much stronger sensitivity, with

a quasi-linear dependency on wind stress (Fig. 2b). This

model thus reproduces a Southern Ocean that is near the

eddy-saturation limit.

The eddy-permitting resolution of CM2.4 is certainly

not adequate to resolve all eddy baroclinic modes, and

refining the horizontal resolution might modify the eddy

FIG. 2. (a) ACC transport (Sv) and (b) EKE (cm2 s22) as

a function of peak wind stress for the GFDL CM2.4 model in the

perturbation simulations. The EKE has been averaged in the 608–

458S latitude band and values are computed as timemeans for years

36–40 after the perturbation runs are started. In this model, the

ACC transport is nearly independent of wind stress forcing (less

than a 10-Sv increase for a near doubling of wind stress) and EKE

shows a quasi-linear dependency on wind stress.
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response to surface forcings. Accordingly, and to sup-

port the adequacy of the CM2.4 results, we also make

use of the eddy-resolving solutions of Viebahn andEden

(2010), who used an idealized ACC configuration of the

CPFLAMEmodel (one of the Family of Linked Atlantic

Model Experiments) with a zonally reentrant channel

connected to an idealized Atlantic basin. This model was

run with 5-km horizontal resolution, and wind perturba-

tion experiments were conducted from which the eddy

diffusivity k was computed directly.

3. A scaling estimate of the Southern Ocean

overturning

Theory and models (Straub 1993; Hallberg and

Gnanadesikan 2006; Meredith and Hogg 2006) have

indicated that at the eddy-saturation limit, EKE increases

with changes in wind stress; this prediction is consistent

with observations on the circumpolar (Meredith and

Hogg 2006) and regional scales (Morrow et al. 2010),

albeit on interannual rather than decadal time scales.

Figure 3a shows amultidecadal simulation usingQ-GCM,

in which wind stress is increased by 50% at model

year 90; the resulting increase in EKE is unequivocal,

but no change above internal variability is observable

for the ACC transport. The EKE response was deter-

mined for a wide range of wind stress changes, revealing

an approximately linear relationship (Fig. 3c), with no

trend in ACC transport (Fig. 3b). The Q-GCM results

are consistent with the behavior shown by the GFDL

CM2.4 coupled model (Fig. 2).

An understanding of the implications of such a linear

response of EKE for the overturning circulation requires

knowledge of the dependence of the eddy-induced over-

turning on the eddy field. A complete theory for this

does not exist, but progress is made here by developing

some novel and relatively simple theoretical scaling ar-

guments. First we consider the relationship between the

eddy-induced overturning streamfunction C* and the

isopycnal eddy diffusivity k, which quantifies the rate at

which mesoscale eddies homogenize potential vorticity

(q) along isopycnal surfaces (strictly isentropic surfaces,

but taken here to be equivalent):

Cz
* 5 2

kqy

f
, (1)

FIG. 3. Results fromQ-GCMdemonstrating the linear dependence of EKE upon wind stress in the eddy-saturated

limit. (a) Time series of ACC transport (blue) and EKE (red) over 40 yr of a simulation. The initial value of peak

wind stress is 0.1 N m22; this is increased to 0.15 N m22 at model year 90 as shown by the black line. EKE increases

with a short lag, while transport changes are indistinguishable from existing variability. (b) ACC transport and (c)

EKE as a function of peak wind stress. Averages over 60 model years of an equilibrium state are shown.
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where f is the Coriolis parameter, q is the Ertel potential

vorticity, subscripts are used to represent partial deriv-

atives, and we have assumed that thickness fluxes domi-

nate potential vorticity fluxes and an f plane (Vallis 2006).

This relationship applies in the largely adiabatic ocean

interior, and describes the proportionality of the eddy-

induced meridional velocity (to which the upwelling

rate is related through continuity) to the eddy flux of

potential vorticity along isopycnals. Potential vorticity

depends primarily upon stratification, which has been

observed (albeit by relatively sparse measurements)

to be insensitive to wind forcing (Böning et al. 2008);

consequently, the potential vorticity distribution of the

Southern Ocean interior can be assumed to be largely

insensitive to decadal-scale changes in wind forcing. This

is demonstrated further here using the GFDL CM2.4

model by computing the potential vorticity and its me-

ridional gradient for the Southern Ocean under the dif-

ferent wind forcing scenarios. We define here potential

vorticity as2(f/r)›zs0, where f is the Coriolis parameter,

r is in situ density, s0 is potential density referenced to

the surface, and we have neglected relative vorticity. In

Fig. 4 we show the zonal-mean potential vorticity and its

meridional gradient in the GFDL CM2.4 model for both

the control (CTL) and wind-perturbation (WIND) ex-

periments, averaged for the 36–40-yr period after the

beginning of the perturbation. For roughly a doubling of

wind stress over the Southern Ocean region, the eddy-

permitting model CM2.4 shows little change in isopycnal

slope (white contours in Figs. 4a,b), potential vorticity

structure, and overall meridional gradient in potential

vorticity (Figs. 4c,d). Hence, in this model, the Southern

FIG. 4. Zonal-mean potential vorticity [(m s)21
3 10210 and the sign is reversed for clarity] and its meridional

gradient (m22 s21
3 10216) in the GFDL CM2.4 model. The potential vorticity is defined here as2( f/r)›zs0, where

f is the Coriolis parameter, r is in situ density, s0 is the potential density referenced to the surface, and we have

neglected relative vorticity. (a) Time-mean potential vorticity (PV) in the control run (CTL); also shown are the

mean isopycnals (white contours, interval 0.2 kg m23). (b) Potential vorticity in the wind perturbation experiment

(WIND), averaged for the 36–40-yr period after the beginning of the perturbation; also shown are the mean iso-

pycnals for the same period (solid white lines), together with the CTL isopycnals (dotted white lines). (c),(d) As in

(a),(b), but for themeridional gradient of potential vorticity (PVG). The upper 100 m have been excluded in all plots.
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Ocean gradient of potential vorticity is approximately

constant, and independent of forcing strength. This is not

true for coarse-resolution coupled models where meso-

scale eddies have to be parameterized. Results from

GFDL CM2.1 show large changes in isopycnal slope and

potential vorticity gradients (Fig. 5). As discussed in

Farneti and Gent (2011), closures for the eddy-induced

advection coefficient that are presently used in coarse-

resolution climate models are inadequate to accurately

represent the eddy sensitivity to wind stress changes, and

their results are therefore compromised for a significant

increase in the zonal winds over the ACC.

If the potential vorticity distribution of the Southern

Ocean interior is independent of decadal changes in

wind forcing, the problem reduces to assessing how k

responds to changes in wind forcing. Recent investiga-

tions of eddy-induced mixing across a broad, parallel

oceanic jet (Ferrari andNikurashin 2010;NaveiraGarabato

et al. 2011.) have shown that the evolution of a passive

tracer advected by the jet and a nonlinear eddy fieldmay

be characterized by

k 5

kTaylor

[11 g22k2(Um 2 c)2]
, (2)

where

kTaylor 5
k2

(k2 1 l2)

EKE

g

is Taylor’s definition of the eddy diffusivity in the ab-

sence of a mean flow (Taylor 1921), g is a linear eddy

damping rate mimicking the nonlinear damping of each

eddy through interaction with other eddies in the ocean,

(k, l) is the horizontal wave vector of themonochromatic

eddy field, Um is the mean flow speed, and c is the eddy

phase speed. Assuming that l , k and that Um . c, as

FIG. 5. As in Fig. 4, but for the GFDL CM2.1 model. Note the large sensitivity of the coarse-resolution model to

changing winds evidenced by the (b) steepening of isopycnals and (c),(d) large modifications of meridional gradients

of PV.
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commonly observed in the Southern Ocean, (2) may be

approximated as

k 5
EKE

g(1 1 g22k2U2
m)

. (3)

Following the tenet that the decorrelation time scale

of eddies of length scale k21 scales with the eddy strain

rate in two-dimensional turbulent flows (Salmon 1998),

it has been shown that taking g22k2 ’ 4/EKE provides

a good fit between (3) and altimetry-based ‘‘effective

diffusivity’’ calculations in the surface Southern Ocean

(Ferrari and Nikurashin 2010). Accordingly, (3) re-

duces to

k }
EKE1/2

k(1 1 4U2
m/EKE)

. (4)

For large Um or small EKE, (4) approximates to

k }
EKE3/2

4kU2
m

. (5)

For smallUm or large EKE, (4) instead approximates to

k }
EKE1/2

k
. (6)

It follows that, in the absence of significant temporal

changes inUm (as suggested by the observed statistically

stationaryACC transport), the dependence of k onEKE

ranges from a power of 1/2–3/2, encompassing the linear

regime.Given the linear relationship betweenwinds and

EKEat the eddy-saturation limit (Figs. 2 and 3), k can be

expected to have approximately the same dependence

on wind stress. Thus, it is possible to map out a region of

predicted change in k for a given change in winds; this is

shaded in Fig. 6.

Following (1) and (4), and recognizing the general

insensitivity of the potential vorticity structure of the

Southern Ocean interior to decadal changes in forcing

(Böning et al. 2008; see also Fig. 4), we obtain the result

that changes in the rate of eddy-induced upwelling scale

with the wind stress with a power of 1/2–3/2, again encom-

passing the linear regime. Under these circumstances, the

shaded area in Fig. 6 translates directly to the predicted

change in eddy-induced upwelling for a given change in

wind stress.

Our predicted change in k with wind stress can be

considered relative to two limiting cases. The first is zero

compensation (solid black line in Fig. 6), in which eddy-

induced overturning is invariant with respect to winds.

The second is where complete compensation occurs;

that is, k increases sufficiently to exactly counter the

increase in the Eulerian mean component of the over-

turning. To estimate the sensitivity of k to changes in

wind stress at this limit, we consider the zonal momen-

tum equation for an outcropping isopycnal layer (see the

appendix for a full derivation):

2
h f yhi

h f ihhi
5

hhihy9q9i

h f i
2

hti

(h f ir0hhi)
, (7)

where h is layer thickness, r0 is a reference density, an-

gled brackets indicate a quasi-zonal (streamwise) and

temporal average, and primes denote deviations from

that average. The eddy potential vorticity flux can then

be parameterized as

hy9q9i} k 2
b

hhi
1

f hhi
y

hhi2

 !

, (8)

FIG. 6. The area bounded by powers of 1/2 and 3/2 (blue and red

lines) covers the region of predicted change in k for a given change

in winds. Recognizing the general insensitivity of the potential

vorticity structure of the Southern Ocean interior to decadal

changes in forcing (Böning et al. 2008), the displayed change in k is

equivalent to the resultant change in eddy-induced overturning

(C*). The black lines show the limiting cases of no eddy compen-

sation (solid) and complete eddy compensation (dashed). Results

of eddy-permitting (CM2.4, perturbation experiments CC and

WIND; triangles) and eddy-resolving [Viebahn and Eden 2010

(VE10); circles] primitive equation models are consistent with the

predicted sensitivity of eddy-induced overturning to winds derived

here. As a result of poor representation of eddy-induced trans-

ports, our coarse-resolution model lies outside the region of pre-

dicted change (CM2.1; squares). A CM2.1 integration with modi-

fications to the GM parameters (CM2.1k; diamond) still has

a weaker response than CM2.4, but now lies within the theoretical

bounds; however, this configuration introduces worsened clima-

tological biases and other problems.
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where b is the meridional derivative of f and an equiv-

alence between the eddy diffusivities for passive and

active (such as q) tracers has been assumed. Substituting

(8) into (7), multiplying by hhi and taking small varia-

tions, we obtain

2d
h f yhi

h f i

� �

5 dk 2
bhhi

f
1 hhi

y

� �

1 kd 2
bhhi

f
1 hhiy

� �

2
d(hti)

h f ir0
. (9)

If the residual overturning is invariable, d(h f yhi/h f i)’ 0,

and if stratification remains constant (as suggested by

observations), d(2bhhi/f 1 hhi
y
)’ 0. Reorganizing and

dividing by k then gives

dk

k
’

hti

kr0(2bhhi 1 f hhi
y
)

d(hti)

hti
. (10)

Using characteristic values of b 5 10211 m21 s21, r0 5

1000 kg m23, f 5 1024 s21, k 5 1000 m2 s21, hti 5

0.12 N m22, and estimates of hhi and hhiy appropriate

to the Upper Circumpolar Deep Water layer in the

Southern Ocean (hhi; 1000 m, hhiy; 500 m/2000 km),

we obtain

hti

kr0(2bhhi1 f hhiy)
; 8: (11)

Accordingly, we estimate that complete compensation

would be achieved if

dk

k
; 8

dt

t
(12)

giving the dashed black line in Fig. 6. Our shaded area

lies within these lines, hence the scaling arguments

presented here predict partial eddy compensation of the

Southern Ocean overturning on decadal time scales of

stratification invariance, and constrain the level of eddy

compensation that is likely to occur.

To quantitatively test the applicability of the scaling,

we use the GFDL CM2.4 model, which features a full

primitive equation ocean model run at eddy-permitting

resolution (Griffies et al. 2005; Farneti et al. 2010). In

Fig. 6, the black triangles depict the sensitivity of the

eddy-induced overturning to changes in wind stress in

this model (perturbation experiments CC and WIND),

and are seen to lie close to the center of the shaded area

predicted by our scaling analysis. Moreover, the direct

estimates of k from the eddy-resolving simulations of

Viebahn and Eden (2010) also fall in between the two

power laws (black circles in Fig. 6), addingmore confidence

to the numerical solutions and resolution dependence of

our simulations. While such results may depend to some

extent on the details of the models, they lend significant

support to the applicability of the theoretical scaling.

Significantly, the coarse-resolutionmodel CM2.1 does

not reproduce the sensitivity of the eddy-induced over-

turning that is obtained when eddies are permitted or

resolved: for significant changes in wind stress forcing,

the GFDL CM2.1 model (open squares in Fig. 6) lies

well outside the bounds of the predicted area. When the

upper limit to the effect of parameterized eddies is

changed to be an order of magnitude higher than in the

original CM2.1 (Farneti and Gent 2011), the coarse-

resolution model has a stronger sensitivity to the chang-

ing winds and now falls within the region of predicted

change (CM2.1k, open diamond in Fig. 6). However, as

discussed in Farneti and Gent (2011), many funda-

mental problems persist in the CM2.1k configuration as

climatological biases are strengthened and the ACC

sensitivity remains very high (i.e., no eddy saturation

is achieved). Farneti and Gent (2011) concluded that

numerical approaches for the parameterization of eddy-

induced transports that are presently used in coarse-

resolution coupled models prevent them from faithfully

representing the eddy response to significant changes in

the forcing fields, and new and improved closures for k

are needed and should be tested in coupled climate

models. A depth-dependent formulation for k is the first

step forward, and examples of efforts in this directions

are given in Danabasoglu and Marshall (2007), Eden

and Greatbatch (2008), and more recently in Hofmann

and Morales Maqueda (2011) with promising results.

4. Discussion

It was argued previously that the observed decadal

invariance of isopycnal slopes in the Southern Ocean is

evidence of insensitivity of the overturning circulation to

changes in winds (Böning et al. 2008), and it is true that

energy and momentum budgets indicate that a directly

wind-driven change in overturning must be compensated

to a significant extent by an increase in the eddy-induced

circulation (Olbers and Ivchenko 2001; Hallberg and

Gnanadesikan 2006). However, for complete eddy com-

pensation of the overturning circulation, changes in the

magnitude of its two contributions would need similar

vertical structures. This conflicts with our understanding

of their dynamics, whereby the Eulerian mean over-

turning is intensified in the surface layer and below the

depth of the major topography, while changes in the

eddy-induced overturning will occur in any layers that

have significant potential vorticity gradients. The most

prominent among such layers are at intermediate depths
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(a few hundred to a thousand meters or more) that are

largely unaffected by the Eulerian mean circulation

(Speer et al. 2000; Marshall and Radko 2003), and a net

change in the mass flux along these layers is expected if

the potential vorticity distribution is invariant in time.

Such invariance is implied by the observed persistence

of isopycnal slopes in the Southern Ocean; hence, this

observation is actually evidence of the sensitivity of

overturning circulation to winds on decadal time scales.

Support for this assertion derives from the results of eddy-

permitting ocean models (Hallberg and Gnanadesikan

2006; Farneti et al. 2010; Viebahn andEden 2010), which

showoverturning circulations that are sensitive to changes

in wind forcing at levels consistent with the ideas ex-

pressed here, including the above scaling analysis (Fig. 6).

Of particular note is the finding that an approximate

20% increase in wind stress over the Southern Ocean in

these models led to an increase of a similar magnitude in

the overturning, with upwelling being focused in the

intermediate layers where significant potential vorticity

gradients exist (Hallberg and Gnanadesikan 2006;

Farneti et al. 2010). We emphasize that the preceding

discussion hinges on the assumption of a largely invari-

ant potential vorticity field across the Southern Ocean.

That this assumption appears to hold on time scales of

decades likely relates to the much longer adjustment

time of the ACC and global pycnocline, which has been

suggested to be on the order of several centuries owing

to the large volume of the tropical ocean (see discussion

in Allison et al. 2011). We suggest that, on those cen-

tennial time scales, changes in the rate of potential vor-

ticity homogenization by eddies associatedwith variations

in EKE and wind stress in the Southern Ocean will

significantly alter the region’s potential vorticity distri-

bution, and thereby lead to a different degree of com-

pensation compared with that occurring on decadal time

scales.

The sensitivity of the overturning in the Southern

Ocean to changes in wind forcing is critical to recent and

future climate change, not least because it exerts an

important control on the rate at which CO2 enters or

exits the ocean interior. On this matter, it was postulated

recently that the Southern Ocean carbon sink has be-

come saturated in recent decades (Le Quéré et al. 2007),

and a debate ensued that focused on the size of the data

network from which the saturation was inferred, and

a possible future reversal of the saturation (Law et al.

2008; Zickfeld et al. 2008; Le Quéré et al. 2008). The

postulated saturation of the Southern Ocean carbon

sink was attributed by Le Quéré et al. (2007) to a wind-

forced increase in net overturning of order a few

Sverdrups. The possibility of a change of this magnitude

was challenged by Böning et al. (2008) on the basis of

an observed invariance of isopycnal slopes on decadal

time scales; however, we have demonstrated here that

this observed invariance and contemporary understand-

ing of the dynamics of the ACC system are, in fact,

consistent with a net increase in overturning having oc-

curred, albeit at a slower rate than predicted by coarse-

resolution models.

In terms of the impact on the Southern Ocean car-

bon sink, it is important to note that the intermediate

layers in which the eddy-induced overturning is likely

to have increased most strongly are those where the

concentration of dissolved inorganic carbon is largest

(Key et al. 2004; Le Quéré et al. 2007). Accordingly,

the role of this component of the overturning circu-

lation is likely to be disproportionately important in

controlling vertical carbon fluxes and the magnitude

of the carbon sink. There are other significant impli-

cations relating to the response of the Southern Ocean

to changing wind forcing as elucidated here. For ex-

ample, the deep waters of the ACC are rich in mac-

ronutrients, and their vertical supply to the euphotic

zone is a key factor in determining primary production

in the Southern Ocean (e.g., Pollard et al. 2002), with

consequences also for the other trophic levels of the

ecosystem.

Our analysis has highlighted once more the need

for new and improved closures for the isopycnal eddy

diffusivity k in coarse-resolution climate models (see

also the discussion in Farneti and Gent 2011). The pro-

posed scaling has the potential to help and guide new

parameterizations that, for example, assume k to be

proportional to EKE and could thus produce a more dy-

namic and energetically consistent response to wind stress

changes, as recently proposed by Eden and Greatbatch

(2008) and Marshall and Adcroft (2010). Also, a new

depth-dependent formulation for k (Danabasoglu and

Marshall 2007) has been shown to respond much more

readily to changes in wind forcing (Gent andDanabasoglu

2011), with partial eddy compensation of the over-

turning circulation that seems consistent with our

scaling.

We note that we only considered here the effect of

strengthening winds on the Southern Ocean dynamics.

Of course, because of climate change, buoyancy fluxes

also change significantly. It was noted in Farneti et al.

(2010) but studied further inHogg (2010), Treguier et al.

(2010), and Morrison et al. (2011) that changes in

buoyancy forcing do imply some thermodynamic ad-

justment that can offset the wind contribution to both

circumpolar and overturning circulation. Hence, we

suggest that inclusion of buoyancy effects in our theo-

retical and numerical results would further modify the

eddy-induced response.
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5. Conclusions

In this paper, we have specifically considered the ef-

fect of strengthening winds on the Southern Ocean dy-

namics, given the observed changes in such winds and

the intense speculation surrounding their consequences

(Böning et al. 2008). We have placed theoretical con-

straints on the likely sensitivity of Southern Ocean

overturning circulation to decadal-scale climatic changes

in wind forcing, incorporating the role of eddies in di-

rectly counteracting wind-induced changes. Our scaling

results predict that an eddy-saturated ocean will result in

partial (but not full) eddy compensation, and models

close to the eddy-saturated limit show sensitivity con-

sistent with our theory. Further predictive skill is needed

to narrow further the range of possible future overturning

circulations: for now, the evolution of the Southern

Ocean overturning and its impact on the carbon cycle

remain critical research priorities.
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APPENDIX

Derivation of the Zonal Momentum Equation for

an Outcropping Isopycnal Layer [(7)]

The eastward momentum equation integrated around

an arbitrary quasi-zonal circumpolar path (e.g., follow-

ing a baroclinic streamfunction contour) for an adiabatic

isopycnal layer may be written as (e.g., Ward and Hogg

2011)

h(hu)yi
y
2 h fhyi 1 hhM

x
i 5

hti

r0
. (A1)

Here u and y are the eastward and northward compo-

nents of velocity, respectively; h is the isopycnal layer

thickness; and M is the Montgomery potential. A time

average is assumed, and near-surface diabatic effects

have been neglected as they are not expected to signifi-

cantly affect the overall momentum balance of the layer.

The four terms in (A1) may be identified as, respec-

tively, 1) the northward flux of eastwardmomentum due

to Reynolds stresses; 2) the Coriolis force; 3) pressure

gradient effects, which govern the net form drag; and 4)

the contribution of surface wind stress to eastward mo-

mentum over the outcrop area of the isopycnal layer.

The Reynolds stress term has been repeatedly found to

be a small contributor to the ACC momentum balance

(e.g., Stevens and Ivchenko 1997) and may thus be

ignored to first order. Equation (A1) is thus simplified to

2h fhyi 1 hhMxi 5
hti

r0
. (A2)

Now a Reynolds decomposition of the pressure gradient

term into mean and eddy (primed) components allows

us to eliminate the mean component (since hMxi 5 0),

leaving just the eddy component. Assuming that eddies

are close to geostrophic,M9
x
5 f y9, and thus (A2) may be

simplified to

2h f yhi 1 h f y9h9i 2
hti

r0
’ 0, (A3)

where an approximate equivalence between meridional

and cross-stream (i.e., across the quasi-zonal circumpo-

lar path of integration or averaging) velocities has been

invoked. Note that the latter approximation may not

hold in regions of large stationary meanders, but this

should not affect the differential analysis in expressions

(9)–(11) if the ACC path remains fixed. Thus, we opt for

retaining this generalization. Next, we define the Ertel

potential vorticity (Ertel 1942) of the isopycnal layer as

q 5 ( f 1 z)/h, where z is the vertical component of the

relative vorticity. Assuming that z� f and that h9�hhi,

as appropriate to quasigeostrophic dynamics, the po-

tential vorticity perturbation with respect to a spatial

and temporal mean may then be expressed as

q9 5
fh9

hhi2
1

f 9

hhi
. (A4)

If the first term on the right-hand side of (A4) is assumed

to be dominant, as would occur in the absence of large

meridional excursions of the ACC [again, this assump-

tion is not critical to the differential analysis in expres-

sions (9)–(11) if the ACC path remains fixed], (A3) may

be rewritten as

2h f yhi 1 hhi2hy9q9i 2
hti

r0
’ 0. (A5)
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Dividing by h f ihhi, we obtain our reference expression

for the zonal momentum balance of an outcropping

isopycnal layer [i.e., (7) in the main text]:

2
h f yhi

h f ihhi
5

hhihy9q9i

h f i
2

hti

(h f ir0hhi)
. (A6)
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