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ABSTRACT

Observations show that since the 1950s, the Southern Ocean has stored a large amount of anthropogenic

heat and has freshened at the surface. These patterns can be attributed to two components of surface forcing:

poleward-intensified westerly winds and increased buoyancy flux from freshwater and heat. Here we separate

the effects of these two forcing components by using a novel partial-coupling technique. We show that

buoyancy forcing dominates the overall response in the temperature and salinity structure of the Southern

Ocean.Wind stress change results in changes in subsurface temperature and salinity that are closely related to

intensified residual meridional overturning circulation. As an important result, we show that buoyancy and

wind forcing result in opposing changes in salinity: the wind-induced surface salinity increase due to upwelling

of saltier subsurface water offsets surface freshening due to amplification of the global hydrological cycle.

Buoyancy and wind forcing further lead to different vertical structures of Antarctic Circumpolar Current

(ACC) transport change; buoyancy forcing causes anACC transport increase (3.16 1.6 Sv; 1 Sv[ 106m3 s21)

by increasing the meridional density gradient across the ACC in the upper 2000m, while the wind-induced

response is more barotropic, with the whole column transport increased by 8.7 6 2.3 Sv. While previous

research focused on the wind effect on ACC intensity, we show that surface horizontal current acceleration

within theACC is dominated by buoyancy forcing. These results shed light on how the SouthernOceanmight

change under global warming, contributing to more reliable future projections.

1. Introduction

Observations have revealed a complex set of changes in

the Southern Ocean over the past few decades. The most

pronounced is subsurface warming in the Southern Ocean

(Purkey and Johnson 2010; Rhein et al. 2013; Roemmich

et al. 2015; Desbruyères et al. 2016; Cheng et al. 2016; Shi
et al. 2018), which illustrates the important role of the

Southern Ocean in slowing the global surface warming

rate. This significant warming can be traced back to the

1950s (Gille 2002, 2008). A broad-scale salinity decrease

in the surface, mode, and intermediate waters in the

Southern Ocean has also occurred since 1950 (Durack

and Wijffels 2010). The change in surface buoyancy flux,

which is the combination of heat flux and freshwater

flux, supports the temperature and salinity changes

physically (Swart et al. 2018). Moreover, the Southern

Ocean has experienced significant surface wind stress

change (Swart and Fyfe 2012). In particular, observa-

tions show poleward-intensified westerly winds asso-

ciated with a positive tendency of the southern annular

mode (SAM) index (Thompson 2002; Marshall 2003),

which has been found to be forced by both strato-

spheric ozone depletion (Gillett 2003; Waugh et al.

2013) and anthropogenic greenhouse gas emissions
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(Fyfe and Saenko 2006). The observed poleward shift

in Southern Hemisphere westerlies occurs mostly in

austral summer and is compensated by opposing shifts in

other seasons (Lee and Feldstein 2013; Swart et al. 2015).

Manabe et al. (1990) found in a modeling study that

the Southern Ocean dominates anthropogenic heat up-

take. Based on CMIP5 models, more than 70% of an-

thropogenic heat is absorbed by the Southern Ocean

(south of 308S, occupying 30% of global surface ocean

area) during the historical period (Frölicher et al. 2015;
Shi et al. 2018). In the Southern Ocean, deep water

upwells along isopycnals that connect the deep ocean

to the sea surface, where water masses can interact with

the atmosphere, exchanging heat before returning to

the ocean interior. Armour et al. (2016) showed that

the upwelling of pristine, older deep water with sta-

ble temperature under a warming atmosphere leads

to greater heat transfer to the ocean because of the in-

creasing ocean–atmosphere temperature difference. Shi

et al. (2018) showed that the compensating effects of

greenhouse gases and anthropogenic aerosols in the

Northern Hemisphere leads to small ocean heat uptake in

the subpolar North Atlantic, resulting in dominance of the

Southern Hemisphere in global ocean heat uptake. The

subsurface warming or ocean heat content (OHC) increase

in the SouthernOcean corresponds to enhanced ocean heat

uptake at the surface (peaking around558–608S),whilemost

subsurface warming occurs farther equatorward, peaking

around 408–458S (Roemmich et al. 2015; Frölicher et al.

2015; Armour et al. 2016). The equatorward displacement

ofmaximum subsurface warming relative tomaximumheat

uptake is attributed to the background meridional over-

turning circulation (MOC), which redistributes the ab-

sorbed heat (Armour et al. 2016; Liu et al. 2018). The

warmed water is advected northward by Ekman transport,

eventually resulting in enhanced warming on the

northern flank of the Antarctic Circumpolar Current

(ACC) and delayed warming on the southern flank

(Armour et al. 2016). Moreover, amplification of the

global hydrological cycle, manifested as increased at-

mospheric freshwater fluxes over the high-latitude

oceans, is an important factor driving the observed

surface freshening of the Southern Ocean (Durack and

Wijffels 2010; Helm et al. 2010; Durack et al. 2012).

More recent studies suggest that the freshening also

stems from equatorward wind-driven sea ice transport

(Haumann et al. 2016) and enhanced Antarctic glacial

melt (Jacobs 2002; Paolo et al. 2015; Bronselaer et al.

2018; Bintanja et al. 2013; Swart and Fyfe 2013).

Southern Ocean circulations, that is, the MOC and the

ACC, are affected by the overlying strong westerly winds.

Mesoscale eddies can offset the effects of surface wind stress

change on the MOC and ACC due to eddy compensation

andeddy saturation, respectively (Morrison andHogg 2013).

High-resolution ocean models show that wind-driven MOC

intensification is partially compensated by an eddy-induced

MOC; the compensating ratio is about 50% (Gent 2016). In

addition, severalmodeling studies have shown that theocean

state approaches the fully eddy-saturated regime, with the

response of ACC transport insensitive to wind perturbation

(Meredith and Hogg 2006; Hallberg and Gnanadesikan

2006;Farneti et al. 2010). Similarly, theobservationally based

study of Böning et al. (2008) suggested that, because of eddy
saturation, the ACC transport and associated isopycnal tilt

are largely unaffected by the poleward-intensified westerly

winds. Recent studies (Meredith et al. 2012; Dufour et al.

2012; Morrison andHogg 2013) find that surface wind stress

change is indeed capable of driving weak but significant

changes in ACC transport, associated with changes in the

zonal barotropic current rather than with changes in the

density structure (Zika et al. 2013; Langlais et al. 2015).

To isolate the effect of wind forcing change on the

Southern Ocean, several studies have used the wind

pattern derived from global warming experiments as a

perturbation (Fyfe et al. 2007; Spence et al. 2010). They

find that poleward-intensified westerly winds enhance

Southern Ocean warming north of the ACC and lead to

cooling south of the ACC at depth, primarily controlling

the spatial pattern of the warming signal. Buoyancy

forcing change has also been shown to affect the Southern

Ocean. For example, heating and/or freshening of the

Southern Ocean can increase ocean stratification, allow-

ing warming in the atmosphere to accelerate and ocean

heat storage to slow (Russell et al. 2006). The surface

intensified warming also results in a reduction in the

diffusive and advective, southward and upward eddy heat

transport (Morrison et al. 2016). Buoyancy forcing can

also influence ACC transport by altering upper layer strat-

ification and the cross-stream density gradient (Hogg 2010).

Hence it is essential to understand the relative importance

of wind and buoyancy forcing in Southern Ocean climate

change and the fingerprint (forced response) of change as-

sociated with each forcing component.

In this study, we explore the respective effects of

buoyancy and wind (momentum) forcing on transient

climate change in the Southern Ocean by using partial-

coupling model simulations (Liu et al. 2018) in which

wind stress fields are prescribed. Fyfe et al. (2007)

pioneered a similar approach to separating buoyancy and

wind forcing effects, but their simple energy-balance

model of the atmosphere limited the simulation skill,

especially regarding the hydrological cycle and salinity.

Liu et al. (2018) mainly focus on the Eulerian mean and

eddy-induced MOC change due to buoyancy and wind

forcing. Here, we examine the fingerprint of buoyancy

and wind forcing in ocean circulation, temperature, salinity,
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and sea ice changes in idealized experiments with qua-

drupled atmospheric CO2. Previous studies largely focused

on the response of the Southern Ocean to changes in

westerly winds, whereas we find that buoyancy forcing

dominates the overall response in the temperature and

salinity structure of the SouthernOcean. Buoyancy forcing

accounts for 80% of the total heat storage change within a

quadrupled CO2 experiment, and wind forcing accounts

for the rest, the pattern of which is closely linked with the

strengthened residual MOC due to intensified westerly

winds. As an important result, we find that buoyancy and

wind forcing have opposite impacts on salinity: surface

salinity increase over the Southern Ocean driven by

stronger wind-driven upwelling of saline waters in the

MOC can substantially offset surface freshening due to a

global water cycle amplification. Moreover, we find that

the changes in subsurface temperature driven by buoyancy

forcing can further intensify the horizontal (circumpolar)

circulation due to a change in the meridional density gra-

dient, whereas wind stress changes create amore barotropic

increase in circumpolar transport. The surface horizontal

velocity acceleration is primarily driven by buoyancy forc-

ing. Understanding the relative responses to these two

forcing changes is crucial to understanding observed long-

term change in the Southern Ocean.

The rest of the paper is organized as follows. Section 2

describes the models, experiments, data, and methods used

in this study. Section 3 discusses the response of Southern

Ocean temperature to wind change and surface buoyancy

forcing. Section 4 discusses the change of salinity and sea ice

due to both forcing components. Section 5 further investi-

gates the ACC response, including transport and position.

Section 6 provides discussion and conclusions.

2. Data and methods

a. CESM and partial coupling experiments

We use the Community Earth SystemModel (CESM),

version 1.0.5, from the National Center for Atmospheric

Research (NCAR) (Hurrell et al. 2013). The model

consists of the version 5 of the Community Atmosphere

Model (CAM5), run at a nominal 28 resolution (1.98
latitude 3 2.58 longitude) with 26 vertical layers, and

version 2 of the Parallel Ocean Program (POP2), which

has a nominal resolution of 0.58 in latitude and 18 in

longitude over the Southern Ocean. The Community

Land Model, version 4, and Community Ice Code, ver-

sion 4, are coupledwith the atmosphere and oceanmodel.

The ocean model employs a temporally and spatially

varying specification of the Gent–McWilliams (GM)

eddy parameterization (Gent andMcWilliams 1990). For

tracers, such as temperature, the horizontal diffusion

follows the Redi isoneutral diffusion operator as repre-

sented by the GM parameterization, and the vertical

diffusion follows the K-profile parameterization (Large

et al. 1994). NCAR CESM is widely used and has been

extensively evaluated against observations and other cli-

mate models (Kay et al. 2015, 2016; Cheng and Zhu 2016;

Bracegirdle et al. 2018; Beadling et al. 2019).

Here we employ a partial coupling technique (Lu and

Zhao 2012; Liu et al. 2015, 2018) to isolate the effects of the

wind-inducedSouthernOcean climate change. In thepartial

coupling experiments, variables at the air–sea interface (e.g.,

wind stress) from fully coupled runs are prescribed in the

oceanmodel in order to disable the targeted feedback.Here

we use a fully coupled, preindustrial control run (CTRL) as

the baseline run, which starts from the AD 1850 scenario.

We also use a fully coupled, abruptly quadrupled CO2 (43
CO2) run, which branches from CTRL, with the atmo-

spheric CO2 concentration instantly quadrupled from the

1850 level and kept constant through the 90-yr simulation.

Next, we conduct a suite of partial-coupling experiments

with prescribedwind stress and surfacewind speed from the

above-mentioned fully coupled cases (CTRL and 43CO2)

at the daily frequency of air–sea coupling. Here, winds can

affect surface heat uptake and interior ocean heat redistri-

bution either by changing ocean circulation via momentum

flux (dynamic effect) or by modifying ocean–atmosphere

thermal coupling through the wind speed in the bulk for-

mula of turbulent (latent and sensible) heat fluxes (thermal

dynamic effect).Wind stress t, wind speedw, andCO2 level

c are the variables of interest. To target climate response

without wind change, we quadruple the atmospheric CO2

level (c4) with prescribed wind stress (t1) and speed (w1)

fromCTRL;we call this t1w1c4 to specifywind fromCTRL

andCO2 level from 43 CO2. The definition of each term is

shown in Table 1. In sum, we have three partially coupled

experiments: t1w1c1, t1w1c4, and t4w1c4. The transient

responseof theSouthernOcean towind stress changeunder

quadrupled CO2 can be obtained by taking the difference

between the simulations with and without wind stress

changes:

Wstr5 (t4w1c42 t1w1c4): (1)

The buoyancy forcing response can be obtained by taking

the difference between the simulations with and without

changing the external CO2 forcing, while keeping the

surface wind stress and speed from CTRL:

Buoy5 (t1w1c4 – t1w1c1): (2)

Buoy includes effects due to changes in surface heat flux

and freshwater flux. We have previously shown, using

this partial coupling technique, that the surface wind

speed effect on surface heat and freshwater fluxes has a

minimal effect on Southern Ocean climate change (Liu

et al. 2018). Therefore, in this paper, we focus on the
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wind stress effect (Wstr) and the buoyancy forcing effect

(Buoy), both of which we show have significant impacts.

In this partial coupling technique, we represent the total

effect (Total) as the linear sum of Wstr and Buoy:

Total5Wstr1Buoy5 (t4w1c4 – t1w1c1): (3)

The experiments using from the partial-coupling ex-

periments are summarized in Table 2.

Surface wind is coherent with other fields, such as

surface heat flux. The coherence can intertwine the wind-

induced and buoyancy-induced responses. To disrupt this

coherence and to separate responses due to wind change

and buoyancy flux change, wind stress and speed are

shifted forward by one year during the partial coupling. In

addition, the partial coupling technique can generate a

climate drift by disrupting air–sea interaction. The cli-

mate drift due to partial coupling can be largely elimi-

nated by computing the difference between partially

coupled runs because the same drift is present in all runs.

The responses for Total are compared with the fully

coupled experiment (43CO22CTRL; see Fig. S1 in the

online supplemental material). The Total case largely

reproduces 4 3 CO2 2 CTRL in ocean temperature,

salinity, and circumpolar velocity, with a discrepancy

mainly at intermediate depth in salinity change. The

similarities between the Total case and fully coupled run

indicate that the overall effects can be largely represented

by a linear combination of Buoy and Wstr [Eq. (3)]. We

also compare the Southern Ocean temperature, salinity,

and density structure in the partially coupled CESM

simulation (t1w1c1) with the mean state from Argo

profiling float observations (2005–18; section 2c). The

mean state from CESM agrees roughly with observations

(Fig. S2). The zonal-mean CESM and Argo density

structures are very similar (Fig. S2c). However, CESM

shows steeper isothermal slopes in the ACC compared to

Argo, resulting in deeper penetration of heat to the north

of the ACC than is observed. The salinity minimum is lo-

cated at a shallower depth in CESM than in Argo, which

may confine the CESM salinity change within the upper

layer. Last, the ACC volume transport through the Drake

Passage from t1w1c1 is 166.6Sv (1Sv[ 106m3 s21), which

falls within the range (173.36 10.7Sv) observed from the

cDrake experiment byDonohue et al. (2016).More details

about the CESM1 model configuration and setup can be

found in Liu et al. (2018). We analyze changes over years

41–90, which represents the slow (multidecadal) response

(Ferreira et al. 2015) to wind and buoyancy forcing.

b. FAFMIP experiment

In addition to the CESM partial coupling experiments,

this study also uses the output of the Flux-Anomaly-Forced

Model Intercomparison (FAFMIP) experiments from

four models: ACCESS-CM2 (Hirst et al. 2015),MIROC6

(Tatebe et al. 2019),MPI-ESM1.2-HR (Gutjahr et al. 2019),

and MRI-ESM2.0 (Yukimoto et al. 2019). FAFMIP is part

of phase 6 of the Coupled Model Intercomparison Project

(CMIP6). The FAFMIP experiments, branched from pre-

industrial conditions (piControl), prescribe a set of surface

flux perturbations for the ocean. These perturbations are

obtained from the ensemble-mean changes simulated at the

time of doubled CO2 by CMIP5 AOGCMs under the

TABLE 2. Buoyancy andwind forcing effects derived fromexperiments using theCESM1partial-coupling technique. The differences between

individual pairs of partial-coupling experiments reveal the contributions from Buoy and Wstr. The total effect of wind and buoyancy forcing is

Total (Buoy 1 Wstr, or t4w1c4 2 t1w1c1).

Effects Note Derivation

Buoy Buoyancy forcing effect t1w1c4 2 t1w1c1

Wstr Wind forcing effect t4w1c4 2 t1w1c4

Total 5 Buoy 1 Wstr Total effect t4w1c4 2 t1w1c1

TABLE 1. Notations for partial-coupling experiments using NCAR CESM1. In partial coupling, wind stress and wind speed are shifted

forward by one year.

Expt name Note

t1 Wind stress from CTRL

t4 Wind stress from 4 3 CO2

w1 Wind speed from CTRL

c1 1 3 CO2 (preindustrial level) emission (CTRL)

c4 4 3 CO2 emission (4 3 CO2)

t1w1c1 Partial coupling with CTRL variables

t1w1c4 Partial coupling with quadrupled CO2

t4w1c4 Partial coupling with t4 and quadrupled CO2

CTRL Fully coupled, preindustrial control run

4 3 CO2 Fully coupled, abruptly quadrupled CO2
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1pctCO2 scenario (CO2 increases by 1% each year). This

study examines FAFMIP experiments: FAF-Wstr (faf-

stress), imposing perturbation surface wind stress; FAF-

Heat, imposing perturbation surface heat flux; and

FAF-Water, imposing perturbation surface freshwater flux

(Gregory et al. 2016). For FAF-Heat, the heat flux pertur-

bation yields a strong negative feedback due to SST

warming. To avoid this negative feedback and to require all

of the prescribed heat flux perturbation to enter the ocean,

Bouttes and Gregory (2014) used a passive tracer of ocean

temperature to prevent the atmosphere from feeling the

SST change due to the heat flux perturbation. More details

about the treatment of heat flux perturbations can be

found in Gregory et al. (2016).

All FAFMIP experiments considered here were run

for 70 years. We show the anomalies of the 41–70-yr

average relative to the climatology from piControl. In

addition, we linearly combine the results from FAF-

Heat and FAF-Water as FAF-Buoy to represent a

buoyancy forcing experiment. FAF-All represents the

sum of FAF-Wstr and FAF-Buoy. FAF-Wstr and our

CESM Wstr runs may be directly compared to evaluate

the model dependency. Because of the differences in the

experimental design, however, further studies are needed

to understand how to compare FAF-Buoy and our CESM

Buoy runs.

c. Observations

Weuse temperature and salinity products from theWorld

Ocean Atlas 2018 (WOA18; https://www.nodc.noaa.gov/

OC5/woa18/). WOA18 is a uniformly formatted and

quality-controlled dataset based on the World Ocean

Database. Objectively analyzed climatologies of temper-

ature and salinity (1955–64, 1965–74, 1975–84, and 2005–

17) are used in this study. Long-term ocean temperature

and salinity changes are calculated as the difference be-

tween the 2005–17 mean and the mean over the 1955–84

base period. We also use the monthly gridded Argo tem-

perature and salinity data (Roemmich and Gilson 2009;

http://www.argo.ucsd.edu) to show the trend from 2005

through 2018. The data are on a 18 3 18 grid with 58 ver-

tical pressure levels from the surface to 2000m. The an-

nual mean trend from 2005 to 2018 is calculated to

represent the recent temperature and salinity changes in

the Southern Ocean.

d. Latitude of mean ACC transport

Fixed sea surface height contours are often used

to track ACC frontal displacements. This method is

problematic because of large-scale steric expansion

under global warming. To minimize the effect of steric

expansion, we apply the method of Gille (2014) to find

the latitude of mean ACC transport. Zonal ocean

velocity at the surface (Ug) is related to the meridional

gradient of sea surface height (SSH) through the geo-

strophic relationship:

U
g
52

g

f

›SSH

›y
, (4)

where g is gravity, f is the Coriolis parameter, and y is the

meridional length. The ACC fronts are expected to cor-

respond to strong geostrophic velocities. Next, weighted

by surface velocity, the mean latitude of the surface

transport is computed as

u5

ðuN
uS

uU
g
du

ðuN
uS

U
g
du

, (5)

where u is the surface velocity weighted average lati-

tude, uN and uS are the northern and southern integra-

tion limits of latitude, respectively, and Ug is zonal

velocity calculated from Eq. (4). The mean latitude of

theACC is sensitive to the integration limits (Gille 2014),

so we estimate uncertainty by conducting a Monte Carlo

test with 1000 realizations, in which two integration limits

are randomly perturbed usingGaussian random numbers

with mean values at 408 and 608S, respectively, and a

standard deviation of 58 latitude.
We also use the independent method from Sen Gupta

et al. (2009) and Meijers et al. (2012) to locate the po-

sition of the mean ACC, which is calculated at each

longitude as the mean latitude within the latitude range

defined by 50% of the maximum transport.

3. Southern Ocean temperature change

Buoy and Wstr under abrupt quadrupling of CO2

create different zonal mean warming patterns in the

Southern Ocean (Figs. 1c,d). For Buoy, the upper

ocean temperature increases by around 38C on the

northern flank of the ACC and farther north (Fig. 1c).

The warming decays with depth mainly along the cli-

matological isopycnals (contours). South of the ACC,

warming in the surface layer is weaker (by an average

of 1.28C between 608 and 758S), likely due to continu-

ous upwelling by the background ocean circulation

of old deep water without a temperature anomaly

(Armour et al. 2016). The ocean takes up heat where

the deep water outcrops (Figs. 1a,c). The Ekman

transport then advects the warmed water equatorward,

where it is subducted and warms the thermocline be-

tween 208 and 508S (Roemmich et al. 2015; Liu et al.

2018; Shi et al. 2018). The meridional gradient in

temperature change across the ACC leads to greater
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thermal-expansion-induced sea level rise in the north

than in the south (Bouttes and Gregory 2014), resulting

in enhanced zonal geostrophic velocity in the upper

layer (Fig. 7b). We further discuss the important im-

plications of this result in section 5.

Wind stress change (Wstr) also contributes to surface

and subsurface warming between 408 and 558S, with a

maximum warming of over 18C (Fig. 1d). Consistent with

Fyfe et al. (2007), the wind forcing also induces subsurface

cooling both south and north of the warmed region, a tri-

pole pattern distinct from that of Buoy. This wind-driven

subsurface temperature change is due to a combination of

adiabatic and diabatic processes. The wind stress curl

change is positive south of 588S, negative within the ACC,

and positive again but with small magnitude north of

358S (Fig. 1b), leading to corresponding anomalous

Ekman suction/pumping (Fig. 1d). At higher latitudes, the

isopycnal displacements (contours in Fig. 1d) account for

the warming and cooling patterns in different layers. The

wind-forced, deepened isopycnals from 408 to 608S en-

hance the subsurfacewarming that is due toBuoy (Fig. 1c).

At lower latitudes, wind-forced, shoaling isopycnals are

responsible for the cooling patch from 200 to 1000m. The

superposition of ocean vertical velocity change on clima-

tological temperature illustrates this adiabatic heave

process (Fig. S3a). Furthermore, the poleward shift

and intensification of surface wind stress (red curve in

Fig. 1b) leads to anomalous Ekman transport: enhanced

equatorward Ekman transport at higher latitudes and

reduced equatorward Ekman transport at lower lati-

tudes (cyan vectors in Fig. 1d). Therefore, there is an

ocean heat transport convergence in the surface layer in

the vicinity of the ACC, which accounts for the surface

warming induced by wind stress change. Meanwhile, the

FIG. 1. Change of (a) zonally integrated surface heat flux (black) and zonal mean of precipitation minus evap-

oration (green) due to buoyancy forcing (Buoy) and (b) zonal mean of zonal wind stress (red) and wind stress curl

(light blue) due to wind stress forcing (Wstr) over the Southern Ocean for CESM1, calculated as the average of

years 41–90 minus the preindustrial control. The same averaging is used in subsequent figures unless otherwise

specified. Zonal mean temperature change (shading) in the upper 2000m in (c) Buoy and (d) Wstr for CESM1.

Climatological isopycnals are shown as contours: dashed gray contours are from t1w1c1, solid gray contours from

t1w1c4, and red contours from t4w1c4. Zonal mean salinity change (shading) in the upper 2000m for (e) Buoy and

(f) Wstr, with climatological salinity profiles shown as contours. Vertical velocity and meridional surface velocity

changes are shown as black and cyan vectors, respectively. All velocity variables include the eddy-induced velocity.
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wind-induced intensified residual MOC leads to a loss in

surface heat flux around 458S and a gain around 608S
(Liu et al. 2018). Within the ACC, the wind change re-

inforces the ocean warming due to Buoy. The wind-

drivenwarming has a relatively small amplitude over the

Southern Ocean compared with warming due to buoy-

ancy forcing (Fig. S4): about one-fifth of Southern

Ocean OHC change integrated between 308 and 908S is

driven by wind forcing (Fig. S4d). In fact, for the global

ocean, most OHC change is found in Buoy (Fig. S4e),

associated with ocean heat uptake.

The subsurface temperature change from FAFMIP

experiments (Figs. 2a,b) is broadly consistent with the

results from CESM1 (Figs. 1c,d), which confirms the

fingerprints of change driven by Buoy and Wstr, re-

spectively. Furthermore, different FAFMIPmodels also

show similar warming patterns (Fig. S5). The observed

subsurface warming in WOA and Argo is centered near

388–428S and is mainly located within the main ther-

mocline layer (Figs. S6a,c), which is consistent with the

model results (Fig. 1c). The weak subsurface cooling

patch in observations between 400 and 1200m and from

208–308S seems to be driven by wind stress change

(Fig. 1d). For the surface temperature response, the

observations show surface cooling at higher latitudes,

especially regions south of the Subantarctic Front in the

Pacific since the 1980s (Bindoff et al. 2013; Jones et al.

2013), which differs from the simulations. Although a

number of studies have recently explored this difference

between observed and simulated historical changes in

the Southern Ocean (Bitz and Polvani 2012; Pauling

et al. 2016; Kostov et al. 2017; Purich et al. 2018; Zhang

et al. 2019; Rye et al. 2020; Haumann et al. 2020), the

exact causes of this discrepancy are not fully understood.

4. Southern Ocean salinity and sea ice change

The Southern Ocean zonal mean salinity changes in

the CESMpartial-coupling experiments, driven byBuoy

and Wstr, are shown in Fig. 1. For Buoy (Fig. 1e), the

surface salinity change is dominated by strong surface

freshening south of 358S and strong surface salinification

north of 358S. The top panels of Fig. 3 show the 50-yr

average salinity in the surface layer (0–50m) for ex-

periments t1w1c1, t1w1c4, and t4w1c4. Freshening due

to Buoy (Fig. 3d) is widespread in the Southern Ocean

with the highest amplitudes in the Amundsen Sea, the

Weddell Sea, and the Indian sector near the Antarctic

coast. Moreover, the resemblance between zonal mean

climatology (contours in Fig. 1e) and the salinity change

due to buoyancy forcing (shading in Fig. 1e) indicates a

strong global water cycle intensification under global

FIG. 2. Zonal mean temperature change in the upper 2000m from the ensemble mean of FAFMIP experiments:

(a) FAF-Buoy and (b) FAF-Wstr. (c),(d) As in (a) and (b), but showing corresponding zonal mean salinity change.

The anomalies represent the difference between the 41–70-yr average and the climatology from the corresponding

preindustrial control run. Contours show the 30-yr climatology.
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FIG. 3. Fifty-year climatological salinity within the upper 50m for (a) t1w1c1, (b) t1w1c4, and (c) t4w1c4 (see Table 1 for definitions). Change of

salinity in the surface layer (0–50m) in (d) Buoy and (e)Wstr. Change of precipitation minus evaporation over the Southern Ocean in (f) Buoy and

(g)Wstr. The dashed gray contours indicate the northernmost and southernmost barotropic streamfunctions passing through theDrake Passage from

preindustrial control, indicating the ACC envelope. Cyan vectors indicate climatological surface wind stress from preindustrial control.
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warming: salinity decreases in precipitation-dominated

(subpolar) regions and salinity increases in evaporation-

dominated (subtropical) regions (green curve in Fig. 1a).

However, in Buoy (Fig. 1e), the boundary between pos-

itive and negative salinity change (around 358S) is much

farther north than in previous observational and coupled

model studies (Durack and Wijffels 2010; Böning et al.

2008; Swart et al. 2018), in which the boundary latitude is

around 458S (Figs. S6b,d). In the remainder of this sec-

tion, we show that this boundary is mainly set by wind

forcing since the combined results from Buoy and Wstr

are in fact consistent with previous work.

The salinity change due to Wstr is dominated by salini-

fication in the surface layer not only around the Antarctic

coast but also in the vicinity of the ACC (Figs. 1f and 3e),

which partially offsets the freshening driven by Buoy

(Figs. 1e and 3d). Precipitationminus evaporation (P2E)

increases at higher latitudes (Fig. 3g), which seems to be

associated with a wind-induced sea ice coverage decrease

(Fig. 5e), facilitating direct interaction between the atmo-

sphere and ocean. Thus the increased Ekman upwelling,

bringing saltier water from the deep ocean to the surface,

overwhelms surface freshening due to increased freshwa-

ter flux from the atmosphere, leading to a surface layer

salinity increase in the coastal region. The enhanced

Ekman transport at higher latitudes (708–558S) then ad-

vects saltier water northward, leading to a salinity increase

in the vicinity of the ACC. The decline of sea ice cover

results in less freshwater flux from sea ice melt (Fig. 5e),

which further increases surface salinity in the vicinity of the

ACC. The weakened northward Ekman transport from

458 to 208S also contributes to the surface salinity increase

at midlatitudes. This wind-induced subsurface salinity

change pattern is similar to that of temperature change

(Fig. 1d), although the salinity change occurs in a shallower

layer because the climatological salinity (Fig. S3b) is more

stratified than the climatological temperature in the upper

layer (Fig. S3a). In addition, at 408S, salinity has a mini-

mum at around 700m (Antarctic Intermediate Water), so

the wind-driven downward movements of isopycnals in-

tensify the salinification above the minimum salinity layer

and diminish salinification below. Therefore, pronounced

salinity changes are shallower than the subsurface temper-

ature changes. Hence we conclude that the mean stratifi-

cation is critical for setting the warming and salinification

patterns in the Southern Ocean.

For the zonalmean salinity change in the upper layer, the

FAFMIP models show change consistent with CESM1:

surface freshening due to Buoy and salinification due to

Wstr (Figs. 2c,d). Maps of each model’s salinity change in

the upper 50m also show the consistency in broadly dis-

tributed freshening due to buoyancy forcing and salinifica-

tion due to wind forcing (Fig. S7). At intermediate depth

from408 to 608S, all fourFAF-Buoy runs (Fig. S8) andBuoy

from CESM1 (Fig. 1e) show a salinity increase. In the

FAFMIP models, buoyancy forcing can be further decom-

posed into a heat flux perturbation and a freshwater flux

perturbation. The salinification at depthmostly results from

surface heat uptake (Fig. S9c), which strongly increases

stratification and restricts subduction of freshwater masses.

Surface heat uptake contributes little to the surface salinity

decrease, which is dominated by freshwater flux change

(Fig. S9b). The heat uptake effect on salinity change shows

large intermodel variation. For example, ACCESS-CM2

and MPI-ESM1.2-HR show very large salinification along

the salinity minimum, while MIROC6, MRI-ESM2.0, and

our CESM1 show a much weaker increase in salinity. The

large intermodel spread may be related to biases in mean

stratification of salinity, a topic that deserves further inves-

tigation. In addition, FAF-Buoy leads to freshening be-

tween 208 and 358S in the upper layer (Fig. 2c), while

salinification is found in the same region in Buoy (Fig. 1e).

The result from Buoy is consistent with surface P 2 E

change (green curve in Fig. 1a), and surface P2 E change

from FAF-Water (Fig. S9a) is consistent with results from

Buoy, while it is still unclear how FAF-Water gives rise to a

much broader freshening in the Southern Ocean.

For the total response to quadrupled CO2, we linearly

combine the results from Buoy and Wstr (Fig. 4). At

higher latitudes, the surface layer is dominated by

freshening due to more freshwater flux from the atmo-

sphere (Figs. 3f,g), which overwhelms the upwelling of

saltier water driven by wind. This can be attributed to

the imposed strong CO2 forcing (4 3 CO2) which

strongly warms the atmosphere. At midlatitudes (408–
508), the salinity change is dominated by wind forcing.

Overall, the combined response from Buoy and Wstr is

broadly consistent with observed long-term surface

FIG. 4. Zonalmean salinity change (shading) in the upper 2000m

for Total. Climatological salinity profiles are shown as gray con-

tours. Vertical velocity andmeridional surface velocity changes are

shown as black and cyan vectors, respectively.
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salinity change (Fig. S6) and previous studies (Durack

and Wijffels 2010; Swart et al. 2018). A discrepancy at

intermediate depths from 208 to 408S appears to be as-

sociatedwithmodel drift due to prescribing surface wind

stress since the fully coupled run (4 3 CO2 2 CTRL)

shows a different pattern of salinity change (Fig. S1).

The atmospheric warming due to increased CO2 in the

partial-coupling experiments restricts sea ice formation

such that the ice edge is farther south, especially in

winter (Figs. 5a,b). Interestingly, the wind stress changes

also lead to reduced sea ice coverage (solid red contour

in Fig. 5a) because the enhanced vertical advection of

heat driven by increased wind-driven upwelling results

in SST increase (Figs. 6a,b) and sea ice retreat (Fig. 5a).

Ferreira et al. (2015) show that the sea ice response to

stratospheric ozone depletion depends on the time scale:

the fast response is essentially confined to the mixed

layer on short (;1 yr) time scales; the slow time-scale

response (years to decades) is driven by ocean interior

dynamics. The warming that we show 41–90 years after

the CO2 increase is the slow response. To isolate the fast

response, we also show the change over the first two

years (Figs. 6c,d). The sea ice retreat is small during

winter (Fig. 6c), implying that the large seasonal sea ice

cover dampens the wind effect on ocean circulation. In

austral summer (Fig. 6d), the sea ice edge (15% of sea

ice coverage) extends northward around the Weddell

Sea and most of the coastal regions of East Antarctica.

These fast responses are consistent with Purich et al.

(2016), showing that during austral summer the enhanced

FIG. 5. (a) September sea ice thickness change in Total (shaded); sea ice edges (contours) based on 15% sea ice fraction from different

experiments: t1w1c1 (gray), t1w1c4 (dashed red), and t4w1c4 (solid red). (b)Annual cycle of sea ice volume in the SouthernHemisphere.

Annualmean freshwater flux change from sea ice in response to (c) Total, (d) Buoy, and (e)Wstr. Positive values indicatemore freshwater

flux entering the ocean due to sea ice melting. Cyan vectors show climatological surface wind stress from t1w1c1.
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westerly wind leads to increased upwelling of cooler

Winter Water just below the surface, which is conducive

to increased sea ice coverage.As documented by Ferreira

et al. (2015), the effects of wind on SST and sea ice extent

are time dependent, leading to increased sea ice extent on

short time scales but decreased sea ice extent in the longer

term. The intensified wind can increase Antarctic sea ice

extent through stronger equatorwardEkman transport, but

this effect is overwhelmedgradually by enhancedupwelling

of warmer, subsurface water. This nonmonotonic time

evolution of Southern Ocean SST and sea ice extent

driven by wind change, with the initial cooling (more sea

ice extent) followed by long-term slow warming (less sea

ice extent), is well discussed in previous research (Kostov

et al. 2017; Holland et al. 2017; Seviour et al. 2016).

5. Antarctic Circumpolar Current response

We now quantify how buoyancy and wind effects con-

tribute to ACC intensity and position. The major ACC

FIG. 6. Changes of SST (shading) and sea ice edge (contours) due to Wstr for different periods and seasons.

Changes in years 41–90 relative to the control run for (a) JAS and (b) DJF. (c),(d) As in (a),(b), but for changes in

the first two years. The black contour indicates the sea ice edge from t1w1c1, the dashed cyan contour indicates sea

ice edge when CO2 is quadrupled without wind change (t1w1c4), and the solid cyan contour indicates sea ice edge

when both CO2 and wind changes (t4w1c4).
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fronts coincide with strong geostrophic velocityUg, which is

calculated from sea surface height. Zonal geostrophic ve-

locity changes are shown in Fig. 7. In Buoy, surface geo-

strophic velocity within the ACC strengthens on average by

1.25cms21 (115%). In the Atlantic and Indian sectors, this

zonal velocity increase is stronger, which is in line with the

zonal band of warming in the upper 2000m north of the

ACC (Fig. S4b). The meridional asymmetry of warming

across the ACC results in asymmetric sea level rise through

thermal expansion and hence increased zonal geostrophic

velocity. Wind-induced change in surface zonal geostrophic

velocity is positive overall (Wstr; Fig. 7c) but is patchy and

weaker than the increase due to Buoy. The average velocity

increasewithin theACC is 0.52cms21 (16%). Interestingly,

the surface horizontal circulation change within the ACC is

dominated by buoyancy forcing.

The zonal mean patterns of zonal velocity change due

to buoyancy and wind stress forcing changes for the

whole water column are shown in Fig. 8. For Buoy, zonal

velocity change is predominantly baroclinic, confined to

the upper ocean (above 1500m) (Fig. 8a), associated

with density change across the ACC. Buoy increases the

eastward ACC transport in the upper layer from 458 to
608S and creates more westward transport from 358 to
458S (Fig. 8a), consistent with maximum warming at 458S
(Fig. 1c). Freshening in the south and salinification in the

north (Fig. 1e) would act to reduce the eastward ACC

transport. Therefore, the spatial pattern of Southern

Ocean heat uptake is responsible for the intensification of

Buoy-driven circumpolar transport. In contrast, the wind

stress-induced changes in the ACC have an equivalent

barotropic structure, in which surface pressure is coherent

with bottom pressure (Hughes et al. 2014). While it is

vertically sheared, the zonal velocity increase due to wind

stress penetrates to the ocean bottom (Fig. 8b). The excess

wind-driven momentum is transferred downward by the

eddy buoyancy flux and balanced by bottom form drag

(Marshall et al. 2017). The FAFMIP results (Figs. 8c,d)

agree with CESM1. FAF-Buoy leads to a weaker and

shallower zonal velocity increase compared to Buoy from

CESM1, which seems to be related to the relatively weaker

warming (Fig. 2a) due to smaller external radiative forcing.

Whether the ACC shifts in latitude in response to

increased atmospheric CO2 is a commonly posed ques-

tion, especially given the well-documented poleward

shift of the westerly winds under warming (Gille 2008;

Böning et al. 2008; Downes et al. 2011; Meijers et al.

2011; Kim and Orsi 2014; Gille 2014). We calculate the

position of the ACC (Fig. 9) using two methods, from

Gille (2014) and Meijers et al. (2012). Using the Gille

(2014) method (Fig. 9a), Buoy accounts for a 0.38
southward shift of the mean ACCwith a standard deviation

of 0.98 as determined from 1000 Monte Carlo realizations.

Similarly, Wstr accounts for a 0.38 southward shift with a

standard deviation of 0.68. In the Monte Carlo realizations,

the northern and southern integration limits are randomly

perturbed using Gaussian random numbers with a standard

deviation of 58 latitude. The large range indicates the sensi-
tivity of the mean ACC position to the choice of northern

and southern integration limits in this method. Using the

Meijers et al. (2012) method to calculate the ACC location

(Fig. 9b), Buoy leads to a 0.38 6 0.18 southward shift ofACC

core andWstr leads to a 0.48 6 0.18 southward shift, with the
uncertainty range here determined from temporal variabil-

ity. Using this method, the ACC shifts due to both Buoy

and Wstr are statistically significant at the 95% level. The

FIG. 7. Change of surface zonal geostrophic velocityUg (shaded) for (a) Total, (b) Buoy, and (c) Wstr. Climatological ocean velocities in

the surface layer (0–50m) are shown as cyan vectors. The red contours show the ACC envelope. The velocity fields are shown in Fig. S10.
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southward shift primarily takes place in the Atlantic and

Indian sectors where surface fronts are strong. For compar-

ison, the westerly wind position, based on the Gille (2014)

method [substituting zonal wind stress for Ug in Eq. (5)],

shifts southward by 1.28 6 0.38 in latitude (Fig. 9c). All

seasons show southward wind shifts, with maximum south-

ward shift (2.18 6 1.38) in austral summer (December

through February; not shown). This southward shift in an-

nual mean wind is about 3 or 4 times greater than the

southward shift in ACC position.

6. Discussion and conclusions

The Southern Ocean is regarded as a key player in the

response of the global climate system to external forcing

such as the anthropogenic emissions of CO2. External

CO2 forcing gives rise to buoyancy flux change and

surface wind stress change, which can lead to changes in

ocean circulation and tracers. Previous studies largely

focused on the response of the Southern Ocean to

changes in westerly wind, whereas in this study we note

that buoyancy forcing can play an evenmore critical role

in SouthernOcean climate change. Using a novel partial

coupling technique in CESM1, we separate the effects

of buoyancy and wind (momentum) forcing on Southern

Ocean temperature, salinity, and circulation changes

under quadrupled CO2. Since the external CO2 forcing is

large, buoyancy forcing dominates the Southern Ocean

warming, withmorewarming on the northern than on the

southern flank of the ACC due to the mean MOC.

Buoyancy forcing also dominates surface freshening in

the Southern Ocean. We find that the surface salinity

increase over the Southern Ocean driven by wind forcing

can substantially offset surface freshening driven by

buoyancy forcing. Furthermore, buoyancy forcing leads

to an increase in baroclinic transport within the ACC

associated with an increase in the cross-stream density

gradient. In contrast, wind stress change increases baro-

tropic transport by altering the zonalmomentumbalance.

Buoyancy forcing changes dominate the surface hori-

zontal circulation acceleration.

About 80% of the total heat storage change to the

south of 308S from the quadrupling CO2 case is attrib-

uted to buoyancy forcing, which includes the increase in

the surface heat flux. The warming (cooling) pattern

driven by wind forcing is associated with deepening

(shoaling) of isopycnals. For salinity change, interest-

ingly, buoyancy and wind forcing result in opposing

changes, especially within the mixed layer. The surface

freshening induced by buoyancy forcing is mainly at-

tributed to more freshwater flux from the atmosphere,

which is consistent with previous studies (e.g., Swart

FIG. 8. Zonal mean of zonal velocity change in response to (a) Buoy and (b) Wstr from CEMS1 partial-coupling

experiment and (c) FAF-Buoy and (d) FAF-Wstr from FAFMIP. The contours indicate zonal-mean climatology of

zonal velocity from preindustrial control.
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et al. 2018). The wind stress change, however, leads to

surface salinity increase, driven by increased Ekman

upwelling of saltier deep water and northward Ekman

advection. This wind-induced salinity increase offsets

the freshening due to buoyancy forcing. At higher lati-

tudes, the surface layer is dominated by buoyancy

forcing, whereas at midlatitudes (408–508S), the salinity

change is dominated by wind forcing. Hence the relative

strength of buoyancy and wind forcing can significantly

affect the pattern of salinity change. Accurate surface

forcing is crucial to understanding the fingerprint of

salinity change, in addition to the fingerprint of tem-

perature change. Salinity change occurs at a shallower

depth than temperature change, due to shallower strat-

ification in mean salinity compared with temperature.

Buoyancy and wind forcing both trigger retreat of sea

ice extent around the Antarctic, especially during aus-

tral winter when sea ice is formed (Fig. 5b). Thus, the

northward advection of freshwater due to sea ice is re-

duced (Figs. 5c–e; Haumann et al. 2016; Abernathey

et al. 2016). For wind forcing, the intensified upwelling

of warmer subsurface water restricts the formation of

sea ice, which overcompensates the equatorward ex-

tension of sea ice driven by intensified Ekman transport.

Several modeling studies have shown that meltwater

from the Antarctic ice sheet can cause significant global

sea level rise, reduction of global mean atmospheric

warming, and more stratified ocean surface water (de

Lavergne et al. 2014; Fogwill et al. 2015; Bronselaer et al.

2018). Interestingly, even without an interactive ice

sheet in our model (CESM1), we still find large-scale

surface freshening driven by buoyancy forcing (Fig. 1e),

which is consistent with results from Pauling et al.

(2016). The observed SST cooling and expansion of

Southern Ocean sea ice extent is reproduced by neither

the idealized FAFMIP nor our CESM simulations,

which seems to be a common issue in models. The

poleward intensified westerly winds could lead to an

initial surface cooling (Kostov et al. 2017; Holland et al.

2017), which would last only a few years. Surface

freshening is also used in other studies to explain ob-

served sea ice expansion, SST cooling, and subsurface

warming, and is associated with a reduction of deep

convection (Bintanja et al. 2013; de Lavergne et al. 2014;

Purich et al. 2018). Bronselaer et al. (2020) and Rye et al.

(2020) argue that Antarctic glacial melt is essential to

recent Southern Ocean climate trends. However, some

studies argue that the melting of the Antarctic ice sheet is

too weak to trigger sea ice expansion (Swart and Fyfe

2013; Pauling et al. 2016; Haumann et al. 2020), and the

enhanced northward freshwater transport by the sea ice is

found to be the predominant cause of the recent observed

trends in the high-latitude Southern Ocean (Haumann

et al. 2020). Natural variability is also an important factor.

For instance, Zhang et al. (2019) found that natural

multidecadal variability in Southern Ocean convection

may have strongly contributed to the observed temper-

ature and sea ice trend. More work is required to explore

the exact cause of the historical trends in the Southern

Ocean and contribute to reliable future projections.

An increase in ACC transport that is weaker than

expected given the increased winds in these experiments

is consistent with recent studies (Morrison and Hogg

2013; Dufour et al. 2012; Farneti et al. 2015; Langlais

et al. 2015). For example, in Bishop et al.’s (2016) high-

resolution ocean model, a 41% increase in zonal wind

FIG. 9. (a) Positions of themeanACC, based on theweightedmean

zonal surface geostrophic velocity at each longitude. (b) Position of

ACC core based on the method from Meijers et al. (2012). ACC po-

sition from t1w1c1 (black), t1w1c4 (dashed red), and t4w1c4 (solid

red). Climatological ocean velocity in the upper 50m in the prein-

dustrial control (cyan vectors). (c) As in (a), but showing positions of

weighted mean center of zonal surface wind stress. Climatological

surface wind stress from preindustrial control (green vectors).
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stress led to only about a 6% increase in ACC transport;

the weakness of the transport response was attributed to

eddy saturation due to stronger baroclinicity and instability

in the ACC. In our Wstr experiment, we find a 5% (8.76
2.3Sv) increase inDrakePassage transport in response to a

19% increase in westerly winds (10.036Nm22), support-

ing the eddy saturation hypothesis. (Here the uncertainty

denotes interannual variability.) Hogg (2010) and Stössel
et al. (2015) point out that the strength of mean ACC

strongly depends on the surface buoyancy flux. In our

study, we find that buoyancy forcing causes a positive but

weaker Drake Passage transport change (3.1 6 1.6Sv) by

increasing the meridional density gradient due to stronger

warming on the northern flank of the ACC than to the

south. More importantly, we find that wind and buoyancy

forcing lead to different vertical structures of ACC trans-

port change. While previous research has focused on the

effect of wind on ACC change, we find that the surface

horizontal current acceleration within the ACC is domi-

nated by buoyancy forcing, rather than change inwind.We

show that wind changes create a more barotropic increase

in circumpolar transport,manifested as an intensified zonal

circumpolar current from the surface to the bottom. For

buoyancy forcing, ACC strength is mainly governed by

changes in the density structure, in other words, by the

baroclinic thermal wind transport. Farneti et al. (2015)

evaluate the Drake Passage transport change due to wind

forcing and buoyancy forcing for 1958–2007 in a suite of

cases from the second phase of theCoordinatedOcean-Ice

Reference Experiments (CORE-II). They find that wind

forcing dominates the increase in transport despite eddy

saturation. Buoyancy forcing in their experiments, how-

ever, leads to a weak reduction in transport, which is in-

consistent with our results. They attribute this reduction in

transport to a flattening of the isopycnals. We also find

flattening of isopycnals in Buoy (Fig. 1c). However, the

surface pressure gradient force from 458 to 608S increases

in our experiments due to the asymmetric warming across

the ACC, hence leading to a zonal transport increase in

the upper layer (Fig. 7a).One possible explanation for the

discrepancy is that Farneti et al.’s (2015) global mean

surface heat flux during their recent five decades is

2.63Wm22, which is much smaller than in our 4 3 CO2

experiment (6.25Wm22 for the first 10-yr average), so

the ACC response to the meridional gradient of warming

is not significant in their simulations. As a caveat, the

resolution of our model is not fine enough to resolve

mesoscale eddies, so the results shown here are based on

eddy parameterization. Future investigations should con-

sider how eddy resolution contributes to Southern Ocean

responses to buoyancy and wind forcing.

Estimates of the shift in the ACC position can be bi-

ased if based on fixed SSH contours, which are strongly

affected by large-scale steric expansion associated with

warming and freshening of the Southern Ocean. By us-

ing two independent methods from Gille (2014) and

Meijers et al. (2012), associated with meridional gradi-

ent of SSH or streamfunction, we show that Buoy and

Wstr each result in 0.38 6 0.18 southward shifts. The

significance of the shift is based on the method from

Meijers et al. (2012). The small southward shift from

Buoy and Wstr may be associated with the shift of the

Subtropical Front north of the ACC, which is strongly sur-

face intensified and confined in the upper layer (Graham

et al. 2012). In addition, we find that the southward shifts of

the mean ACC mainly occur in the eastern Atlantic and

Indian sectors where the fronts are strongest.

We diagnosed the distinct patterns of SouthernOcean

change driven by buoyancy and wind forcing only due to

an unrealistically strong anthropogenic forcing. The 43
CO2 forcing (around 7Wm22) in our experiments is

much stronger than the actual well-mixed GHG radia-

tive forcing (2.836 0.29Wm22) in 2011 relative to 1750

(Myhre et al. 2013), and is comparable to the radiative

forcing (8.5Wm22) from representative concentration

pathway (RCP) 8.5 in the year 2100. The wind stress

change (10.036Nm22) in our simulation is a little smaller

than that in RCP8.5, at 0.047Nm22 (2080–2100 anomaly

relative to the piControl runs from the ensemble mean of

27 CMIP5 models). Even so, the fingerprint of change due

to the separate effects of buoyancy and wind forcing can

help us better understand the long-term change in the

Southern Ocean. In reality, stratospheric ozone depletion,

which is not considered in our study, can also give rise to

poleward-intensified westerlies (Thompson 2002). In the

future, the relative strength and importance of buoyancy

andwind forcing are likely to change due to the recovery of

stratospheric ozone, which can weaken the westerlies.

Reduction in anthropogenic aerosols might intensify the

westerlies (e.g., Shi et al. 2018). Therefore, the Southern

Ocean responses are likely to evolve with changes in these

forcing terms. For instance, since we find that surface sa-

linity change is determined by the compensation between

buoyancy and wind forcing effects, we would expect a

distinct salinity change pattern in the future relative to the

historical change as the relative strength of buoyancy and

wind forcing evolves.
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