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ABSTRACT

The Southern Hemisphere westerly winds have intensified in recent decades associated with a positive trend

in the southern annular mode (SAM). However, the response of the Antarctic Circumpolar Current (ACC)

transport and eddy field to wind forcing remains a topic of debate. This study uses global eddy-permitting ocean

circulation models driven with both idealized and realistic wind forcing to explore the response to interannual

wind strengthening. The response of the barotropic and baroclinic transports and eddy field of theACC is found

to depend on the spatial pattern of the changes in wind forcing. In isolation, an enhancement of the westerlies

over the ACC belt leads to an increase of both barotropic and baroclinic transport within the ACC envelope,

with lagged enhancement of the eddy kinetic energy (EKE). In contrast, an increase in wind forcing near

Antarctica drives a largely barotropic change in transport along closed f/H contours (‘‘free mode’’), with little

change in eddy activity. Under realistic forcing, the interplay of the SAM and the El Niño–SouthernOscillation

(ENSO) influences the spatial distribution of the wind anomalies, in particular the partition between changes in

the wind stress over the ACC and along f/H contours. This study finds that the occurrence of a negative or

positive ENSO during a positive SAM can cancel or double the wind anomalies near Antarctica, altering the

response of the ACC and its eddy field. While a negative ENSO and positive SAM favors an increase in EKE,

a positive ENSO and positive SAM lead to barotropic transport changes and no eddy response.

1. Introduction

In the Southern Ocean (SO), the southward shoaling

of isopycnals supports the deep-reaching geostrophic

Antarctic Circumpolar Current (ACC) (Rintoul et al.

2001). The mean state and variability of the isopycnals

slope are controlled by the large-scale wind forcing,

buoyancy forcing, and the interaction of eddies with the

mean flow. The westerly winds contribute to increasing

the tilt of the isopycnals through northward Ekman

transport and the associated deep geostrophic return

flow (below the sill depth), accelerating the ACC

(Marshall and Radko 2003). Both local and remote

buoyancy forcing also play a role in the setup and

modification of the density structure (Gnanadesikan

and Hallberg 2000; Gent et al. 2001; Hallberg and

Gnanadesikan 2001). Transient and standing eddies are

the main mechanisms that transfer momentum down-

ward (Rintoul et al. 2001), flattening the isopycnals and

acting as a brake for the ACC. Instability of the ACC

fronts maintains the high levels of eddy activity in the

Southern Ocean. Numerous theoretical and modeling

studies have advanced our understanding of these three
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mainmechanisms (Stevens and Ivchenko 1997;Marshall

and Radko 2003; Olbers et al. 2004; Olbers and Visbeck

2005; Hallberg and Gnanadesikan 2001, 2006; Treguier

et al. 2007; Farneti et al. 2010; Dufour et al. 2012) [see

Rintoul et al. (2001), Saenko (2007), and Rintoul and

Naveira Garabato (2013) for reviews on the subject].

However, a complete understanding of how they to-

gether set the strength of the ACC transport is lacking.

This baroclinic view of theACCmainly focuses on the

role of the density structure in the Southern Ocean.

However, the baroclinic transport is not the only con-

tribution to the ACC transport. The barotropic current

and wind-driven Ekman flow near the surface also

contribute to the ACC transport. Moreover, this baro-

clinic view of the ACC is derived from arguments

purely based on the zonal momentum balance (depth-

integrated momentum equation). Alternative theories

based on the barotropic vorticity balance (depth-

integrated vorticity equation) have also been developed

(Hughes et al. 1999; Zika et al. 2013b). The integral of

the depth-integrated vorticity balance along an f/H

contour that forms a closed loop around Antarctica re-

lates the line integral of wind stress to acceleration of the

depth-averaged flow along the contour. This accelera-

tion would persist in the absence of friction and changes

in potential energy [see Eq. (5) in Zika et al. 2013b]. This

unconstrained ‘‘free-mode’’ has been proposed as

a possible mechanism for setting the transport of the

southern part of the ACC, where f/H contours loop

around Antarctica. Wind stress along circumpolar f/H

contours close to Antarctica is correlated at near-zero

time lag (less than 10 days) with the total circumpolar

transport (Hughes et al. 1999). The near-instantaneous

response of the flow is due to the fast propagation of

barotropic waves (Webb and DeCuevas 2007). More

recently, Zika et al. (2013b) revisited this idea using

sensitivity experiments. They suggested that the total

circumpolar transport is composed of a ‘‘momentum

balance’’ contribution and a ‘‘free-mode’’ contribution,

the transport being sensitive to a linear combination of

the wind stress over the ACC envelope and the wind

stress along the coast of Antarctica. These studies sug-

gest it is necessary to distinguish between the transport

carried by the ACC envelope composed of strong east-

ward ACC jets and the total circumpolar transport de-

fined as the transport between Antarctica and the

continents to the north. The ACC transport and total

circumpolar transport will differ in magnitude and in

their response to changes in forcing.

The westerly winds have intensified and shifted

poleward during recent decades, reflecting an in-

tensification of the southern annular mode (SAM)

(Thompson and Solomon 2002; Marshall 2003). The

response of the ACC transport and eddy activity to

change in wind forcing remains a topic of debate. The

wind intensification could lead to an acceleration of the

circulation or intensification of the eddy activity, with

potential implications for heat and carbon transport. In

the linear theory, the ACC transport varies linearly with

the wind stress over the ACC envelope (Gnanadesikan

andHallberg 2000; Tansley andMarshall 2001; Marshall

2003; Saenko et al. 2005; Fyfe and Saenko 2006). Eddies

remain invariant under increasing wind stress, and stronger

wind forcing leads to enhanced transport. Alternatively, in

the idealized eddy saturation response, increasing wind is

balanced by an enhanced eddy field, without altering the

ACC transport (Straub 1993). Some modeling studies re-

vealed an ocean state close to the eddy saturation regime,

with weak response of the transport to wind perturbations

(Meredith and Hogg 2006; Hallberg and Gnanadesikan

2001, 2006; Screen et al. 2009; Morrow et al. 2010;

Farneti et al. 2010). Similarly, the observation of a rela-

tive invariance of the ACC transport under variable

wind forcing (at interannual or longer time scales) has

been attributed to partial eddy saturation (Meredith

et al. 2004; Böning et al. 2008). In both the acceleration

and eddy saturation limits, eddies act to partially balance

the wind. Recent studies (Hallberg and Gnanadesikan

2006; Farneti et al. 2010; Meredith et al. 2012; Dufour

et al. 2012; Morrison and Hogg 2013) suggest the ACC

response sits between these two limits, with significant but

partial eddy saturation and a weak increase in transport in

response to increasing winds. Hall and Visbeck (2002) and

Sen Gupta and England (2007) found that the transport

increase in response to SAM was mainly because of

changes in the zonal barotropic current and wind-driven

Ekman flow near the surface rather than changes in the

density structure.

In the eddy saturation regime, the change in eddy ac-

tivity has been attributed to change in baroclinic activity.

Strengthened winds lead to enhanced northward Ekman

transport, which increases the tilt of the isopycnals and so

increases the available potential energy (APE; the portion

of the potential energy that is available for the conversion

into kinetic energy). The enhanced APE then cascades to

eddy kinetic energy (EKE) through baroclinic instability.

The eddy response lasts until eddies flatten the isopycnal

slopes back to their initial values. In this scenario, the eddy

activity counterbalances the temporarily enhanced tilt

and maintains the density structure.

In this paper, we use both eddy-permitting and eddy-

resolving ocean general circulation models (OGCMs) to

explore the dynamical response of the ACC to realistic

wind forcing at interannual time scales. In particular, we

focus on the role of two wind-forcing terms, wind stress

over theACCenvelope andwind stress aroundAntarctica,
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in setting the total circumpolar transport and mesoscale

eddy field.We identify two different responses to changes

in wind: a barotropic acceleration response and a baro-

clinic eddy saturation response. We investigate the po-

tential causes of the different responses of the ocean

to wind-strengthening events, focusing on the role of

the baroclinic and barotropic driving mechanisms of

the ACC.

The outline of this paper is as follows: The ocean

models and the different experiments are described in

section 2, along with a discussion of the models’ ability to

represent the variability of the EKE and ACC transport.

In section 3, we analyze the ACC responses to wind

forcing. We first use sensitivity experiments to better

understand the baroclinic and barotropic characteristics

of the ocean response to two idealized wind forcings:

wind stress over the ACC envelope and wind stress

around Antarctica. We then analyze the ocean response

to realistic wind forcing during the 1985–2007 period. In

section 4, we relate the differentwind-forcing terms to the

interplay of the two dominant modes of atmospheric

variability: SAM and the extratropical signature of the El

Niño–Southern Oscillation (ENSO).

2. Data and methods

a. Ocean model configurations

A summary of the attributes of the ocean simulations

can be found in Table 1.

1) ORCA025 SIMULATIONS

We use the ORCA025-G70 (hereinafter ORCA025)

global ocean and sea ice simulation implemented and

performed by the DRAKKAR group (Barnier et al.

2007; Barnier et al. 2009; Penduff et al. 2007; Penduff

et al. 2010). The model configuration is based on the

Nucleus for European Modeling of the Ocean (NEMO)

code (Madec 2008). The resolution is 1/48 at the equator

with a variation of the meridional scale factor as cosine

of the latitude, giving a horizontal resolution of 11.7 km

at 658S and 19.6 km at 458S. The vertical resolution

varies from 6m near the surface to 250m at 5750m, with

a total of 46 vertical levels. The air–sea fluxes are de-

rived from bulk formulae. The interannual atmospheric-

forcing dataset, calledDRAKKAR forcing set 3 (DFS3)

(Brodeau et al. 2010), is constructed using the CORE

forcing (Large and Yeager 2009) and data from the

ERA-40 reanalysis (Kallberg et al. 2004) for the period

1958–2000 and the ECMWF analysis for the period

2000–07. No parameterization of eddy diffusion (e.g.,

Gent and McWilliams 1990; GM parameterization

hereinafter) is employed in the simulation and no re-

storing is applied at depth.

We also use sensitivity experiments performed with

ORCA025 with 75 levels (Zika et al. 2013b). A reference

normal year experiment (NY-REF) was run for 16yr

using ‘‘CORE1 normal year forcing’’ repeated each year

(Griffies et al. 2009). Anomalous wind patterns were then

added on top of the normal year forcing to produce two

TABLE 1. Summary of attributes of the ocean simulations. The ORCA025 simulations are based on NEMO and OFAM simulations are

based on MOM. BRAN uses data assimilation.

Grid Run Resolution Forcing Period used

Initial

Condition

Ocean

model Reference

ORCA025 ORCA025-G70 Global 1/48 Reanalysis DFS3 1985–2007 Climatology NEMO Barnier et al.

(2009) and

this study

NY-REF Global 1/48 Normal year CORE2 10 yr Climatology NEMO Zika et al.

(2013b) and

this study

NY-WIND Global 1/48 Normal year

CORE2 1 increased

westerlies

4.5 yr NY-REF NEMO Zika et al.

(2013b) and

this study

NY-ANT Global 1/48 Normal year

CORE2 1 decreased

easterlies

4 yr NY-REF NEMO Zika et al.

(2013b) and

this study

OFAM OFAM2 1/108 in
Australasia

sector

Reanalysis

ERA-40 fluxes

1993–2006 Climatology MOM4 Schiller

et al. (2008)

BRAN 1/108 in
Australasia

sector

Reanalysis

ERA-40 fluxes

1993–2006 OFAM2 MOM4 data

assimilation

Oke et al. (2008)

OFAM3 Global 1/108 Reanalysis

ERA-Interim fluxes

1993–2007 Climatology MOM4 Oke et al. (2013)
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sensitivity experiments. In the normal year plus ACC

wind experiment (NY-WIND), the anomalous wind is

a reinforcement of the westerlies over the ACC (30%

increase of the eastward part of the annual-mean zonal

winds between 308 and 688S). In the normal year plus

Antarctica wind experiment (NY-ANT), the anomalous

wind involves switching off the easterlies around Ant-

arctica (removing the westward part of the annual-mean

zonal wind south of 408S). Changes in the wind induce

changes in heat fluxes due to the use of bulk formulae.

The anomalous wind patterns are applied for 1 yr after

which the normal year forcing is reestablished.

2) OFAM SIMULATIONS

We also use two configurations of the Ocean Fore-

casting Australia Model (OFAM) simulations based on

version 4p0 of the Modular Ocean Model (MOM4;

Griffies 2004). The first configuration has a resolution of
1/108 in the Asian–Australian region (908–1808E, south of

178N), giving a resolution of 4.7 km at 658S to 7.8 km at

458S and a constant meridional resolution of 11 km.

Outside this domain, the horizontal resolution decreases

progressively to 18 across the Indian and Pacific Oceans

and 28 in the Atlantic Ocean. This grid has 47 vertical

levels, with 10-m resolution to 200-m depth and 35 levels

in the top 1000m. We use two simulations run with

this configuration: a free run (referred to here as the

OFAM2 free run) and a multiyear reanalysis with data

assimilation [Bluelink Reanalysis (BRAN)] (Schiller

et al. 2008; Oke et al. 2008; Langlais et al. 2011). Both

simulations are integrated from 1992 to 2006 and forced

with interannual 6-hourly surface fluxes. From 1992 to

mid-2002, wind stress, heat, and freshwater fluxes are

provided by the ERA-40 reanalysis and from mid-2002

until 2006 by the ECMWF forecast. The second config-

uration is the 1/108 global version of OFAM (called

OFAM3) (Oke et al. 2013). The free run is integrated

from 1992 to 2011 and forced with interannual 6-h sur-

face fluxes provided by ERA-Interim (Dee et al. 2011).

In those three simulations, no GM parameterization is

employed, and a 1-yr restoration toward the climatology

is applied below 2000m.

b. Interannual zonal wind stress variability

During our study period (from 1985 to 2007), the

different atmospheric-forcing sets [i.e., ERA-40–

ECMWF fluxes for OFAM2 and BRAN, fluxes calcu-

lated with ERA-40–ECMWF parameters (DFS3) for

ORCA025 and ERA-Interim fluxes for OFAM3] pro-

vide similar zonal wind stresses in the Southern Ocean

(averaged between 408 and 708S), with three wind-

strengthening events in 1989/90, 1993, and 1998/99 rep-

resented in the three forcing sets and a fourth one only

represented by ECMWF in 2004 (Fig. 1, upper panel

thin lines). In all forcing sets, those wind reinforcements

mainly occur over the ACC envelope (for clarity, the

ACC average is only shown for ORCA025 in Fig. 1).

Defining SAM as the first empirical orthogonal function

(EOF) of the zonal wind stress, the wind-strengthening

events over theACC correspond to the positive phase of

SAM (Fig. 1b), whose spatial pattern is characterized

by a southward shift of the wind maximum and a re-

inforcement around 608S (Fig. 1c). The wind forcings

provided by ERA-40 and ERA-Interim give similar

results in term of spatial patterns and temporal vari-

ability of SAM. However, ERA-Interim shows stronger

wind stress amplitude (associated with SAM) than

ERA-40.

One of the difficulties of analyzing the oceanic re-

sponse to each individual wind-strengthening event is

that the response does not reach a steady state; the

ocean is constantly disturbed and it can be difficult to

isolate the response. During our studied period, the

positive SAM events are approximately 4 yr apart, so we

are only able to isolate the individual response to each

event in this window. Another difficulty is that SAM

does not completely explain the wind variability. In

2001/02, a positive anomaly of zonal wind stress occurs

that does not correspond to a positive SAM event. The

positive anomaly does not show an annular pattern; the

strengthening only occurs in the Atlantic and western

Indian sectors (from 708W to 608E) (not shown). It is

also interesting to note that the wind stress anomalies

associated with SAM are an order of magnitude smaller

than the mean wind.

c. Ocean variability

The four high-resolution simulations (ORCA025,

BRAN, OFAM2, and OFAM3) have a good represen-

tation of the frontal structure and filamented nature of

the ACC and show spatial patterns of EKE that are

consistent with altimetric observations (Langlais et al.

2011) (Fig. 2). The models’ resolution is sufficient to

capture much of the mesoscale variability (deformation

radius is 10 to 20 km in the Southern Ocean) and resolve

the development of baroclinic eddies. For OFAM2 and

BRAN simulations, we restrict the EKE analysis to the

high-resolution sector between 1058 and 1758E.
The gradual loss of volume of Antarctic Bottom

Water in ORCA025 (which does not form enough

Antarctic Bottom Water; Zika et al. 2013a) coincides

with a downward drift in the ACC transport (Treguier

et al. 2010; Dufour et al. 2012). This model drift is

associated with an EKE drift, consistent with a decrease

in baroclinic instability (because of the decrease of the

density gradient across the ACC). We apply a linear fit
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with a break point in 2000 (when the forcing dataset

changes) to remove the long-term trend from the time series.

In theOFAM simulations, deep layers are relaxed to the

climatology, hence no ACC transport drift nor EKE drift

are associatedwith the lack of formation of bottomwater.

d. Methodology

To investigate the oceanic response towind-strengthening

events, we follow the evolution of the EKE anomaly with

respect to the time mean inside the ACC envelope at

100m and the zonal transport from land to land at 708W
(Drake Passage) and at 1688E (south of New Zealand)

(Fig. 6). Monthly SSH contours are used to follow the

ACC envelope, using the method developed in Langlais

et al. (2011). SSH contours 21.02 and 20.16m are used

for ORCA025 (Fig. 2). EKE is calculated using velocity

anomalies from the monthly average.

The free mode has been proposed as a possible mech-

anism for setting the southern part of the circumpolar

transport where f/H contours are closed (Hughes et al.

1999). For this reason, we divide the circumpolar

transport into southern and northern contributions. We

arbitrarily define the southern contribution as the

transport south of the ACC envelope, that is, between

the southern SSH contour and the land. The northern

contribution coincides with the main circumpolar ACC

jets. The southern contribution coincides with slope

currents, recirculation gyres, and eastward jets that are

weaker than the main ACC jets (Fig. 2).

To further investigate the baroclinic response, we also

calculate the APE and divide the transport into baro-

tropic and baroclinic contributions. We use the local

formulation of APE with a linear stratification approx-

imation (Gill 1982; Kang and Fringer 2010):

APE52g

ð
z

(s2sz)2

2›sz/›z
dz , (1)

where sz is the time-mean density for the entire period

at depth z. We note that using this approximation,

change in the tilt of isopycnals is not the only factor that

FIG. 1. Zonal wind stress EOF analysis: (a) time series of the zonal wind stress anomalies (Nm22) averaged inside theACC envelope for

ORCA025 (bold black line) and in the SouthernOcean (averaged between 408 and 708S) forORCA025 (thin black line), OFAM2–BRAN

(blue line), and OFAM3 (red line); (b) time series of the SAM index [principal component (PC) of the first EOF of the zonal wind] for

ORCA025 (bold black lines), OFAM3 (red lines), and ENSO indices (PCs of the second and third EOFs, thin lines) for ORCA025 (the

PCs have been normalized to unit variance). The four main positive SAM events are highlighted with vertical lines in (a) and (b). (c),(d),

(e) Regressions of the first three PCs on the zonal wind stress in the SO for ORCA025. The resulting maps have the sign and dimensional

amplitude (Nm22) of the zonal wind stress (anomalies resulting from one standard deviation increase in the indices).
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could influence changes in APE. Eddies and modifica-

tion of water masses would also induce APE variability.

APE variability is then only used as a broad indication of

baroclinic instability.

To divide the transport into barotropic and bar-

oclinic contributions, we use a two-layer model ap-

proximation. In this study, the barotropic transport is

defined as the transport associated with the velocity of

the bottom layer (the averaged velocity in the bottom

layer multiplied by the ocean depth). The baroclinic

transport is then defined as the difference in transport

between the upper and lower layers. This contribution

represents the shear between the two layers. Three

different boundaries are used to separate the upper and

lower ocean layers: 989, 1470, and 2054m. The result-

ing transport anomalies are not sensitive to the choice

of boundary. As the interaction of the ACC with to-

pography strongly constrains the current’s vertical

structure, the baroclinic transport response to wind

forcing has to be analyzed away from topographic ob-

stacles and is then only shown for the transport south of

New Zealand.

3. Response to wind-strengthening events

a. Sensitivity experiments: Winds over the ACC
envelope versus winds around Antarctica

1) TRANSPORT AND EKE RESPONSES

We first analyze the oceanic response to a typical

strengthening of thewesterlywinds, comparingNY-WIND

and NY-REF. ORCA025’s oceanic response to the 1-yr

westerly wind increase of 0.05Nm22 shows a simulta-

neous transport increase of 7.6 Sverdrups (Sv; 1 Sv [
106m3 s21) south of New Zealand, corresponding to

1.3 standard deviations of the NY-REF transport time

series (Figs. 3a,b). A transport increase of 5.4 Sv is also

found atDrake Passage (not shown). The EKE response

inside the ACC envelope has both an instantaneous as

well as a 2-yr lagged increase (Figs. 3c,d). The lagged

response accounts for a 16% increase in EKE as com-

pared to themeanEKE inNY-REF. This EKE response

is similar to the delayed eddy response observed and

modeled using a quasigeostrophic model that was close

to an eddy saturation regime (Meredith and Hogg 2006;

Hogg et al. 2008). When the easterlies are turned off

along the Antarctica coast (NY-ANT), the total cir-

cumpolar transport increases by 4.1 Sv at Drake Passage

and by 4.7 Sv south of New Zealand, corresponding to

0.8 standard deviations of the NY-REF transport time

series. But there is no instantaneous or lagged EKE

response inside the ACC envelope (Fig. 3) or close to

Antarctica (not shown). The response to wind increase

aroundAntarctica is what we describe as an acceleration

response. While both wind stress over the ACC enve-

lope andwind stress along the coast of Antarctica induce

an increase in total circumpolar transport, only the wind

forcing over the ACC induces an eddy response.

2) ACC JETS VERSUS SOUTHERN TRANSPORT

The wind stress over the ACC envelope and wind

stress along the coast of Antarctica accelerate the flow

at different latitudes. The wind stress along the coast

of Antarctica is linked with the free mode and mainly

induces a transport increase south of the ACC envelope

(south of 61.58S for south of New Zealand transport)

(Fig. 4a). This increase consists of a reduction of the

westward countercurrent around Antarctica and an

increase in the eastward transport of the jets south of

the main ACC jets and corresponds to 0.9 standard

deviations of the NY-REF transport time series. A

transport increase of the main ACC jets is also ob-

served (Fig. 4b). It accounts for 1/3 of the total transport

increase in 2014, but only corresponds to 0.3 standard

deviations of the NY-REF transport time series. In

contrast, a modification of the wind stress over the

ACC increases the transport of the main ACC jets by

1.2 standard deviations of the NY-REF transport time

series (Figs. 4a,b). South of the ACC envelope, the

small 1-Sv variations in years 0 and 1 for NY-WIND

(that correspond to 0.3 standard deviations of theNY-REF

time series) are possibly related to some displacement of

the flow across the fixed border between the ACC and

southern regimes.

FIG. 2. Log10 of magnitude of velocity (m s21) averaged over the

top 100m for a monthly mean of ORCA025. The ACC envelope is

approximated by two SSH contours (21.02 and 20.16m) (solid

lines). The southern contour is used to distinguish between the

transport of the ACC to the north and the southern mode to the

south. The circumpolar f/H contour 24 3 1028 s21 m21 close to

Antarctica is indicated by the dashed line.
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3) BAROCLINIC RESPONSE: APE AND SHEAR

We investigate further the origin of the EKE activity

in NY-WIND. The EKE response reflects an increase in

eddy activity associated with an increase inAPEof 6.13
105 Jm23 in the ACC envelope in comparison with

NY-REF (Figs. 3d,e). While this response doubles the

amount of APE at year 2, the APE response is not as

significant as the EKE response. The standard deviation

of the monthly APE time series reaches 6.0 3 105 Jm23

in NY-REF because of strong variability at the 7 to 8 yr

time scale. The APE intrinsic variability in NY-REF

experiment may reflect water mass changes at decadal

time scales and not be only representative of baroclinic

instabilities. Nevertheless, APE and EKE evolve simi-

larly, and the APE response is probably an indication of

changes in isopycnal slope across the ACC and an en-

hanced tendency for baroclinic instability. Both EKE

and APE show anomalies that persist for 4 yr after the

wind anomaly. In contrast, the APE in NY-ANT shows

a 50% increase during the wind anomaly, which corre-

sponds to 0.5 standard deviations of the NY-REF time

series and returns to the NY-REF level when the wind

anomaly stops. These results support the idea that the

free mode drives a barotropic transport increase of the

flow, with no change in baroclinic instability properties

of the current, while the reinforcement of winds over the

ACC envelope enhances baroclinic instabilities that

persist until eddies dissipate the additional APE. The

response in NY-WIND is consistent with the eddy sat-

uration response described by Meredith and Hogg

(2006). To our knowledge, this is the first time a delayed

FIG. 3. (a) Monthly (thin lines) and annual (thick lines) zonal wind stresses, (b) transports

south of New Zealand, and (c) EKE in NY-REF, NY-WIND, and NY-ANT (black, red and

blue lines, respectively). Annual (d) EKE and (e) APE anomalies relative to NY-REF. The

vertical line in (d) and (e) show the standard deviation of monthly EKE and APE in NY-REF.

Wind stresses, EKE, and APE are averaged inside the ACC envelope identified using SSH

contours (Fig. 2).
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EKE response has been demonstrated with a sensitivity

experiment in a primitive equation model with realistic

topography and the same eddy scales resolved as in

Meredith and Hogg (2006).

Isolating the barotropic and baroclinic contributions

to the transport changes further clarifies the response

of the current to wind changes. The transport increase

of the main ACC jets in NY-WIND is a combination of

barotropic and baroclinic transport increases (Figs. 4c,d).

The barotropic increase is stronger than the baroclinic

one. The change in baroclinic transport means that

during the wind strengthening, the transport increase in

the upper layer is stronger than the increase in the

lower layer. This modification of the shear in the

transport is consistent with increased APE, increased

baroclinic instability, and larger EKE. This increase

in the shear only occurs away from topography, as

topography largely constrains the vertical structure of

the current.

b. Response to interannual wind forcing

1) ACC TRANSPORT RESPONSES

In this section, we compare the variability of the ACC

transport with those of the two wind-forcing terms that

we analyzed with the sensitivity experiments: the wind

stress over the ACC and the wind stress along the f/H

contour 24 3 1028 s21m21 around Antarctica. For the

correlation calculations, the degrees of freedom are

calculated as the number of months of the time series

divided by 7 minus 2, as a lag of 7 months is necessary

before autocorrelation becomes insignificant.

As found in the sensitivity experiments and in Zika

et al. (2013b), the wind stress over theACC and thewind

FIG. 4. Monthly (thin lines) and annual (thick lines) transport contributions (Sv) south of

New Zealand: (a) southern mode transport (south of 61.58S), (b) main ACC jets transport

(north of 61.58S), and (c) barotropic and (d) baroclinic contributions to the main ACC jets

transport. Transports are presented for NY-REF, NY-WIND, and NY-ANT experiments

(black, red, and blue lines, respectively).
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stress along the 24 3 1028 s21m21 f/H contour around

Antarctica both drive changes in circumpolar transport

in the eddy-permitting simulations presented here. Us-

ing the linear relationship between the two wind-forcing

terms and theACC transport found in Zika et al. [2013b,

their Eq. (8)], the correlation coefficients between the

predicted transport and the simulated transport at Drake

Passage are between 0.42 and 0.62 (significant at 99% for

ORCA025, OFAM2, and OFAM3 and 98% for BRAN)

(Table 2). These correlation coefficients are better than

when using each wind-forcing term alone, except for

BRAN transport where using the wind stress over the

ACC alone gives a better correlation.

With realistic interannual wind forcing, it is difficult to

isolate the effect of the wind increase over the ACC

envelope from wind increase along the f/H contour. For

example, the 1990, 1993, and 2004 wind-strengthening

events over the ACC also coincide with wind changes

close to Antarctica. To try to distinguish the transport

responses to each forcing term, we examine the trans-

port variability north and south of the southern limit of

theACC envelope (Fig. 5), 61.58S south of NewZealand

(Fig. 2). For ORCA025, the transport of the main ACC

jet is significantly correlated with the wind stress over

the ACC (r5 0.38 significant at 95%), and the southern

part of the transport is correlated with the wind stress

along the f/H contour 24 3 1028 s21m21 around Ant-

arctica (r 5 0.53 significant at 99%). These correlation

coefficients are larger than when the total circumpolar

transport is correlated with each wind-forcing term (r5
0.06 and 0.45, respectively) (Table 2).

In 1989, 1999, and 2004, the transport increases are

mainly because of an increase in the flow of the main

ACC jets (Figs. 5a,b). In contrast, the change in trans-

port in 1993 is mainly because of a change in the southern

part of the transport: a reduction in the westward-flowing

coastal current and increase of the southernmost ACC

jets (Figs. 5a,b). An increase in transport of the main

ACC jets is still detected but is smaller than the ACC

transport increases in 1989 and 1999 (Fig. 5b). Moreover,

dividing the transport of the main ACC jets into baro-

tropic and baroclinic components reveals that the 1993

transport increase is solely barotropic (Figs. 5c,d). The

1989 and 1999 wind-strengthening events are the only

ones that clearly lead to an increase in baroclinic trans-

port over the ACC (Fig. 5d).

These results support the idea that in 1993 the in-

crease in the circumpolar transport is mainly because of

a change in the barotropic free mode. In contrast, in

1989 and 1999 the circumpolar transport increase is

mainly driven by wind increases over the ACC and is

associated with an increase of both the barotropic and

baroclinic flow of the main ACC jets. Under realistic

atmospheric forcing, the wind stress over the ACC does

not always favor a baroclinic transport. If we apply

a linear least squares fit to the two wind-forcing terms,

we find a good correlation (r5 0.56; significant at 99%)

with the baroclinic transports (see supplemental in-

formation, Fig. S1). This suggests a link between the

interplay of the two forcing terms and the baroclinicity.

2) EKE AND BAROCLINIC RESPONSES

During the 22-yr period, the EKE variability is con-

sistent across themodels (during the overlapping period;

Fig. 6d). The modeled EKE variability from 1993 to

2007 is consistent with EKE observations (Morrow et al.

2010). The EKE variability from BRAN can be con-

sidered as the reference here because the assimilation of

satellite sea surface height anomalies reproduces a me-

soscale eddy field that is very close to that observed

(Oke and Griffin 2011).

With realistic interannual wind forcing, the relation-

ship between EKE and wind stress over the ACC is not

as simple as in the sensitivity experiment NY-WIND.As

found in Treguier et al. (2010), if we consider the entire

record no significant correlation between wind stress

over the ACC and EKE or between SAM and EKE is

found, even if a time lag is permitted (Fig. 6). However,

we find a significant correlation between EKE (Fig. 6d)

and the baroclinic transport of the main ACC jets

(Fig. 5d), with a maximum correlation of 0.49 significant

at 99% at 30-month lag. The lack of correlation between

SAM and EKE comes from the fact that the ACC baro-

clinicity is not only driven by the intensity of the wind

stress over the ACC. Using linear least squares, we can

fit the EKE time series to a combination of the wind

TABLE 2. Correlation coefficients between the total circumpolar transport at Drake Passage and wind forcings in four simulations

(ORCA025, OFAM2, BRAN, and OFAM3).

Linear combination of wind stress over ACC

and along f/H as in Zika et al. (2013b)

Zonal wind stress

over ACC

Wind stress along

f/H 5 24 3 1028 s21 m21

ORCA025 0.42 0.06 0.45

OFAM2 0.58 0.51 0.53

BRAN 0.48 0.51 0.42

OFAM3 0.62 0.18 0.63
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stress over the ACC and along the f/H contour with

a time lag. Using time lags from 20 to 30 months, the

correlation coefficients between a combination of the

two wind-forcing terms and the EKE range from 0.46

to 0.74 (significant at 99%; Fig. S1). This suggests a link

between the interplay of the two forcing terms and

the EKE.

Considering each wind-strengthening event in-

dividually, three events (in 1989, 1999, and 2004) are

followed by an EKE increase 2 to 3 yr after the peak in

wind forcing (Fig. 7). The 1993 event is the only one that

is not followed by an EKE increase. In 1991/92, 2002,

and 2007 the EKE increase is about 18% of the mean

EKE level. The enhancedEKE signal is surface intensified

but still detected at 3500m (not shown). The EKE bursts

in 1991/92 and 2002 follow a buildup of APE over the

ACC envelope (Fig. 7), as found in Meredith and Hogg

(2006). The weaker 2004 wind event is also associated

with an increase inAPE but is not a positive anomaly for

the period considered. This event is also followed by

a positive anomaly in EKE in 2007, although the maxi-

mum EKE is smaller than in 1991/92 and 2002. These

EKE responses are consistent with the eddy saturation

response obtained with the NY-WIND experiment. In

contrast, the 1993 wind event is not followed by an in-

crease of APE or EKE.

These results suggest that the 1989 and 1999 wind-

strengthening events clearly lead to a delayed eddy

saturation ocean response. In contrast, the acceleration

response in 1993 is largely barotropic. The 1993 event

FIG. 5. Transport contributions (Sv) in ORCA025 south of New Zealand: (a) southern mode

transports (south of 61.58S), (b) main ACC jets transport (north of 61.58S), and (c) barotropic

and (d) baroclinic anomalies of the mainACC jets transport south of NewZealand. Barotropic

contribution is calculated as the averaged velocity in the lower ocean layer multiplied by the

ocean depth, and baroclinic contribution is calculated as the difference between total transport

and barotropic transport. In (c) and (d), the three curves correspond to different choices of

boundary between upper and lower ocean layers: 989, 1470, and 2054m. The four main wind-

strengthening events (positive SAM events) are highlighted with vertical lines.
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is unique as it coincides with a strong southern mode

transport and no baroclinic response of the main ACC

jets, despite some wind increase over the ACC envelope.

4. Interplay of SAM and ENSO

We next explore the link between the two wind-

forcing terms and the modes of climate variability. The

variability of the zonal wind stress in the Southern

Ocean is dominated by the first three EOFs (O’Kane

et al. 2013). These together explain 62.4% of the vari-

ance with the SAM as the first mode (33%) and the

extratropical signature of ENSO (propagating in the

Southern Hemisphere through atmospheric tele-

connections) expressed both in the second and third

EOFs (17.3% and 12.1%, respectively) (Fig. 1). In-

terestingly, during our study period two of the positive

SAM events (in 1989 and 1999) are out of phase with

ENSO (positive ENSO corresponding to an El Niño
event), one is in phase with positive ENSO (in 1993), and
the last one (2004) is a SAM-only event and is the SAM

event with the smallest amplitude during the study
period.
While SAM is a good quantifier of the wind variability

over the ACC (Thompson and Solomon 2002; Marshall

2003), ENSO can also influence the wind over the ACC

(L’Heureux and Thompson 2006; Fogt et al. 2011;

Schneider et al. 2012) (Figs. 8a,b). Both modes of cli-

mate variability also project onto the wind stress around

Antarctica (Figs. 8a,b). Reconstructing the wind-forcing

time series using only the first three EOFs of the zonal

wind stress (SAM and ENSO), we find that the first

three EOFs explain most of the wind stress variability

along the f/H contour and over the ACC envelope, with

correlation coefficients of 0.85 and 0.84, respectively. If

we use only the first EOF corresponding to SAM, the

correlation coefficients drop to 0.54 and 0.80, re-

spectively. The interplay of SAM and ENSO sets the

variability of the two wind-forcing terms that drive the

ACC: wind over the ACC and close to Antarctica.

We analyze the impact of potential combinations of

SAM and ENSO on the zonal wind stress over the ACC

FIG. 6. (a) Time evolution of the climate indices SAM (solid line) and ENSO (dashed lines),

(b) anomalies of the wind stress projected along the f/H contour equal to 24 3 1028 s21m21,

(c) transport atDrakePassage (708W)and south ofNewZealand (1688E), and (d)EKEanomalies in

the ACC envelope. The four main wind-strengthening events (positive SAM events) are high-

lighted with vertical lines. The EKE time series have been normalized (divided by the standard

deviation of each time series). For easier comparison, the transport time series have been

translated so that the mean transports at Drake Passage are all equal to the mean transport of

BRAN. Results are shown for ORCA025 (black), OFAM2 (dashed blue), BRAN (blue), and

OFAM3 (red). The respective Drake Passage transports are 114, 121, 139, and 152 Sv.
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envelope and wind stress along the f/H contour. We line-

arly combined SAM and ENSO EOFs to get all the po-

tential effects of ENSO on SAMannular winds (Fig. 9). In

comparison with a positive SAM-only event, the combi-

nation of positive SAM and negative ENSO leads to

stronger westerlies over theACC envelope, as reported by

others (L’Heureux and Thompson 2006; Fogt et al. 2011;

Schneider et al. 2012). Weakening of the westerlies occurs

during positive SAM combined with positive ENSO.

Positive phases of SAM and ENSO each induce

westerly anomalies close toAntarctica that act to reduce

the easterlies (Fig. 9). Negative SAM and ENSO phases

produce the opposite effect, reinforcing the easterlies

around Antarctica. This interplay is seen in the major

wind-strengthening events in the time series. In 1989 and

1999, the combination of a positive SAM and negative

ENSO leads to negative and near to zero anomalies of

along f/H wind stress. In contrast, in 1993 both positive

indices work together and reduce the easterlies. For the

wind stress along the f/H contour, the impact of one stan-

dard deviation increase of SAM is equivalent to one stan-

dard deviation increase of ENSO. However, the impact of

ENSO on the wind stress over the ACC envelope is much

smaller than the impact of SAM. ENSO winds have

a stronger impact on along f/H wind stress than on the

zonal wind stress over the ACC envelope.

The spatial pattern of the wind anomalies are also set

by the combination of SAM and ENSO. Wind anoma-

lies during 1989 and 1999 events have similar annular

spatial patterns (Fig. 8d; 1989 anomalies are not

shown). In comparison with the SAM pattern, the

wind-strengthening is associated with an anticyclonic

circulation in the Pacific sector, and the wind anomaly

occurs over a larger latitudinal extent and has larger

amplitude. The 1993 wind-strengthening event shows

a less annular pattern with almost no intensification of

the wind in the South Pacific but an enhancement of the

wind stresses close to Antarctica in the Indo-Pacific

sector (Fig. 8c). In 2004, thewind anomalies resemblewind

anomalies associated with positive SAM (not shown). The

combination of SAM and ENSO explains the differences

in the wind patterns. Correlation coefficients between

the anomalous spatial patterns (Figs. 8c,d) and their re-

constructions using the first three EOFs (Figs. 8e,f) are

0.71, 0.76, and 0.85 for the 1993, 1989, and 1999 wind

anomalies, respectively. The correlation coefficients drop

to 0.59, 0.47, and 0.18, when we use only the first EOF for

the reconstruction of the anomalous spatial patterns (not

shown). The interplay of SAMandENSO shapes thewind

anomalies of the different wind-strengthening events.

5. Discussion and conclusions

Models and observations suggest that the ACC is

close to an eddy saturation regime (Meredith and Hogg

2006; Böning et al. 2008; Screen et al. 2009;Morrow et al.

2010). However, the evidence is not clear-cut, in part

because the eddy saturation is not instantaneous. The

FIG. 7. (a) Time variability of SAM, (b) a measure of the available potential energy, and

(c) EKE anomalies inside the ACC envelope in ORCA025.
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relationship between EKE and wind variability at in-

terannual time scales is therefore complex. Altimetric

observations also show differences in the amplitude of

the EKE response to positive SAM events with an in-

tense delayed response in EKE after the 1999 event and

low or no response after the 1993 event (Fig. 1 of

Meredith and Hogg 2006; Fig. 2 of Morrow et al. 2010).

The time scale at which the eddy mechanisms operate is

also important.While at interannual time scales, Treguier

et al. (2010) found no clear correlation between EKE and

the SAM index in the zonal average; at decadal time

scale, their study showed some relationship between the

FIG. 8. ORCA025 wind stresses: regression of wind anomalies on the (a) SAM index and (b) ENSO index

(anomalies resulting from one standard deviation increase in the indices), anomalies of wind stress during (c) 1993

and (d) 1999 wind-strengthening events, and reconstructed wind stress anomalies in (e) 1993 and (f) 1999 using the

first three EOFs of the zonal wind stress.
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weakening of the ACC density structure and decrease

of EKE.

Our results show that under realistic atmospheric

forcing, increased westerlies do not always favor an in-

crease in eddy activity. We find two distinct responses to

wind increases at interannual time scales: delayed eddy

saturation–like responses after the 1989, 1999, and 2004

wind-strengthening events and an acceleration-like re-

sponse during the 1993 wind-strengthening event. The

different nature of the response to wind-strengthening

events results in a low correlation between wind and

EKE. These different responses are linked to different

baroclinic and barotropic responses to wind increases

and show transport increases at different latitudes. With

regard to transport, in 1989 and 1999, the wind increase

leads to a transport increase only over the main ACC

jets with both barotropic and baroclinic contributions.

The 1993 event coincides with a strong barotropic

transport south of the ACC envelope and no baroclinic

response of the main ACC jets. A barotropic transport

increase occurs over the main ACC jets in 1993, but it is

smaller than in 1989 and 1999.

Both the latitude and vertical structure of the trans-

port response depends on the spatial pattern of the wind

anomaly. We have shown that the transport and EKE

response of the ACC depends on the partition between

wind stress over the ACC envelope and along f/H con-

tours close to Antarctica, the two important drivers of

the ACC transport described in Zika et al. (2013b). The

increase of wind stress over the ACC in 1989 and 1999 is

stronger than in 1993. In 1993, the westerly wind

anomaly is associated with a strong projection of wind

anomalies on the f/H contours close to Antarctica,

leading to weaker easterly wind around Antarctica. In

contrast, there is no change or an increase of the easterly

winds in 1989 and 1999.

During the 1993 event, the barotropic transport re-

sponse close to Antarctica (where f/H contours are

closed) reflects the impact of the free-mode mechanism

(Hughes et al. 1999). The baroclinic transport responses

in 1989 and 1999 reflect the impact of the wind over the

ACC. Increases of the barotropic flow over the main

ACC jets are due to anomalous sea surface slope during

wind-strengthening events and generated via geo-

strophic adjustment (Fig. S2), as described by Hall and

Visbeck (2002) and Sen Gupta and England (2007).

The absence of a baroclinic response of themainACC

jets in 1993 might be linked to two factors. First, as seen

in the NY-ANT experiment, wind anomalies on the

closed f/H contour around Antarctica drive a barotropic

response of the main ACC jets because of changes in sea

surface slope. Second, a change in wind does not nec-

essarily result in a change of baroclinicity, as argued in

Sallée et al. (2008). Ekman pumping anomalies can in-

tensify or shift the ACC fronts (Sallée et al. 2008).
Whether the fronts shift or intensify depends on the

relative position of the fronts and the anomalous wind

(Sallée et al. 2008). In 1993, positive SAMandENSO act

to shift winds farther south than in 1989 and 1999

(Fig. S3). Ekman pumping near the fronts in 1989 and

1999 may have contributed to an increase in isopycnal

tilt, while the stronger southward shift in 1993 may

have shifted the fronts to the south with little change in

baroclinicity.

FIG. 9. Contributions of the first three EOFs to the wind stress in the Southern Ocean: (a) zonal wind stress

anomalies (Nm22) over the ACC envelope and (b) wind stress anomalies (Nm22) along f/H contour equal to243
1028 s21 m21 nearAntarctica generated by linear combinations of SAMand ENSOpatterns. The values on the x and

y axis correspond to the multiplication coefficients applied to the EOFs that result from one standard deviation

increase in the indices. The black crosses and associated year show the four observed SAM/ENSO combinations

during our studied period. Red color means stronger wind stress and blue indicates weaker.
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Complete eddy saturation (Straub 1993) implies no

acceleration of the zonal transport when comparing

two statistically steady states. Our results highlight the

transient adjustment period during which the eddy mech-

anisms operate. Interestingly, the ocean response to wind

increase is not purely baroclinic during the adjustment. A

barotropic increase of the transport over the main ACC

jets occurs systematically during all wind-strengthening

events and is stronger than the baroclinic increase. This

combination of barotropic and baroclinic response to wind

forcing is consistent with results obtained by Sen Gupta

and England (2007). This could explain the partial eddy

saturation found in recent studies where nonzero ACC

transport sensitivity to wind increase is found (Hallberg

and Gnanadesikan 2006; Farneti et al. 2010; Jones et al.

2011; Meredith et al. 2012; Dufour et al. 2012; Morrison

and Hogg 2013). Part of the energy imparted by the wind

may be used to accelerate the barotropic flow and part of it

may feed eddies that dissipate the baroclinic increase in

the flow (on time scales of a few years).

Our analysis of the ACC response to wind increases

differs fromMorrow et al. (2010), where the differences in

the amplitude of the EKE response (between the 1993

and 1999 events) are explained using quasigeostrophic

(QG) dynamics in the context of a pure eddy saturation

regime. The QG model assumes an eddy saturated ocean

where the amplification or reduction of EKE is attributed

to regional modulations of the wind stress amplitude by

ENSO. Lower intensification of wind simply leads to

lower EKE amplitude in the response. Based on our

analysis of several simulations, we propose instead that

the ACC responses correspond to different barotropic

and baroclinic mechanisms.

The interplay of SAM and ENSO plays an important

role in setting the different wind forcing that leads to

different ocean responses. The interplay of SAM and

ENSO controls the intensity of the wind stress over the

ACC envelope and along f/H contours. ENSO weakly

modulates the westerly wind anomalies associated with

SAM but has a strong impact on the wind stress around

Antarctica. A positive ENSO only weakens the west-

erlies anomalies associated with SAM over the ACC,

and it doubles the wind anomalies close to Antarctica

and can shut down the easterlies. The occurrence of

a positive or negative ENSO during a positive SAM

event thenmodifies the relative importance between the

two wind-forcing terms. The interplay of SAM and

ENSO also alters the spatial pattern of wind anomalies

and impacts the position of the wind anomalies relative

to the ACC, which is important for the location of Ek-

man pumping anomalies and for the generation of baro-

clinicity. While the link between the two modes of

climate variability and EKE is further suggested by the

good correlation between the two (Fig. S1), sensitivity

experiments would be required to confirm the link be-

tween themeridional position of thewind anomalies and

the eddy response.

The modulation of the Southern Ocean westerlies by

ENSO is yet to be fully explored in the atmospheric con-

text (Schneider et al. 2012). So far, negative ENSO has

only been shown to reinforce westerly winds during posi-

tive SAM (L’Heureux and Thompson 2006; Fogt et al.

2011; Schneider et al. 2012). Here, we have shown that the

modulation of the westerlies over the ACC is not the only

player in the Southern Ocean and that the interplay of

SAM and ENSO should be further investigated.
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