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Ocean warming and accelerating Southern Ocean
zonal flow

Jia-Rui Shi®"2% Lynne D. Talley®?, Shang-Ping Xie ®’, Qihua Peng'? and Wei Liu*

The Southern Ocean (>30°S) has taken up a large amount of anthropogenic heat north of the Subantarctic Front (SAF) of the
Antarctic Circumpolar Current (ACC). Poor sampling before the 1990s and decadal variability have heretofore masked the
ocean's dynamic response to this warming. Here we use the lengthening satellite altimetry and Argo float records to show
robust acceleration of zonally averaged Southern Ocean zonal flow at 48° S-58°S. This acceleration is reproduced in a hierar-
chy of climate models, including an ocean-eddy-resolving model. Anthropogenic ocean warming is the dominant driver, as large
(small) heat gain in the downwelling (upwelling) regime north (south) of the SAF causes zonal acceleration on the northern
flank of the ACC and adjacent subtropics due to increased baroclinicity; strengthened wind stress is of secondary importance. In
Drake Passage, little warming occurs and the SAF velocity remains largely unchanged. Continued ocean warming could further

accelerate Southern Ocean zonal flow.

30°S, has experienced pronounced subsurface warming,

widespread surface freshening, increasing anthropogenic
carbon and changes in oxygen and chlorofluorocarbons over the
past several decades of observations'~”. Modelling studies suggest
that greenhouse gas increase and stratospheric ozone depletion
are major drivers of Southern Ocean change®''. The strength of
overturning circulation plays an important role in regulating the
exchange of anthropogenic heat at the sea surface and in redistrib-
uting oceanic tracers''"'". Moreover, horizontal ocean circulation,
including the Antarctic Circumpolar Current (ACC) and sub-
tropical gyres, facilitates the exchange of properties across ocean
basins'®. Hence, quantifying how the horizontal circulation changes
in the context of global warming is vital to interpreting past climate
change and for reliable future climate projections.

Previous studies of changing Southern Ocean circulation have
focused mostly on the response to changes in westerly winds, which
are shifting poleward and intensifying. These observational and
modelling studies, which have largely focused on the ACC in the
Drake Passage, have concluded that the Drake Passage transport is
insensitive to the increasing wind stress'® and that the additional
energy imparted by the wind increase mostly goes into mesoscale
eddies”, an effect known as eddy saturation®. Analyses of Argo pro-
filing float and oceanographic data carried out a decade ago showed
little change in ACC isopycnal slopes and transport before 2006
even as the winds strengthened’. Looking to the north of the ACC,
the observed spin-up and ventilation of the subtropical gyres has
been hypothesised to coincide with the enhancement of wind-stress
forcing®***. A recent analysis, using data-assimilating models and
observations, shows increasing Southern Ocean kinetic energy
over recent decades, with speculated attribution to increased wind
energy’*.

The relationship between changes in the buoyancy distribu-
tion/forcing and Southern Ocean responses has been examined in
models”~*. It has been shown that surface buoyancy flux change
can have an important impact on the subtropical gyres without

| he Southern Ocean, often defined as the ocean south of about

wind-stress change’’!. Buoyancy forcing due to ocean warming
has recently been shown to strongly accelerate the zonally averaged
Southern Ocean zonal flow in the upper layer (that is, 0-2,000 m),
in contrast to much weaker acceleration induced by increased wind
stress', using the Community Earth System Model (CESM)***. This
is due to the thermal wind response of the zonal flow to greater heat
content increase north of the ACC than within it and to the south,
which increases the meridional density gradient'*. This asymmetric
warming is due to the background meridional overturning circula-
tion, with deep water upwelling at higher latitudes and northward
Ekman transport that redistributes the absorbed heat under global
warming'>*.

What we add here is clear, observational evidence of upper-layer
zonal-velocity changes associated with the observed heat-content
changes. Argo float observations show remarkable north-south
asymmetry in warming over the 0-2,000m layer in the Southern
Ocean during 2006-2013 (ref. °). This warming has continued, as
shown here, and continues to be much greater in the subtropical
region just north of the ACC than within and south of it (Fig. 1).
Associated with this warming distribution, we show here a statis-
tically significant acceleration of the Southern Ocean zonal flow
between 48°S and 58°S, based on satellite altimeter and Argo float
data, independently. We compare the observed buoyancy and veloc-
ity changes with historical simulations from the sixth phase of the
Coupled Model Intercomparison Project (CMIP6) models and large
ensemble simulations and show the connection between external
buoyancy forcing and acceleration of Southern Ocean zonal flow.
This conclusion is also supported by a CESM eddy-resolving
model. Using a hierarchy of idealized general circulation model
(GCM) simulations, we find that the magnitude and spatial pattern
of the observed zonal flow changes are more likely to arise from
buoyancy-forcing change than from wind-stress change.

Observed acceleration of Southern Ocean zonal flow
Zonally averaged sea level has been rising at all latitudes in the
Southern Ocean over the 27 years since 1993, based on Archiving
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Fig. 1| Zonal mean sea-level, subsurface temperature and geostrophic velocity trends from observations. a, Zonal mean sea-level trend from AVISO

for 1993-2019 (black) and 2005-2019 (red). The global mean sea-level trend (0.33 cm per year from 1993 to 2019) is the dashed black line. b, Potential
temperature trend (2005-2019) from Argo. ¢, Zonal geostrophic velocity (U,) trend from AVISO. Climatological (1993-2019) surface U, (cms™) from
AVISO is the solid grey curve. d, The same from Argo relative to 2,000 dbar. Grey contours in b and d are the climatological U, based on Argo (cms™), with
solid contours representing eastward flow and dashed contours representing westward flow. Hatched regions in b and d indicate that the trends are not
significant at the 95% confidence level from the two-tailed t test. Thick curves in a and ¢ show latitudes exceeding 95% statistical significance.

Validation and Interpretation of Satellite Oceanographic (AVISO)
observations (Fig. la). Maximum sea-level rise, larger than the
global mean, has been at about 45°S, while sea-level increase has
been slower within 65°S-50°S. The increasing sea level is attrib-
utable to thermal expansion based on gridded Argo temperature
data® (Fig. 1b). Subsurface zonal-mean warming is maximum
at about 45°S on the northern flank of the broad, climatological,
zonal-mean eastward flow. On the southern flank, the warming rate
is insignificant or much slower, attributed to the upwelling of deep
water that has been shown in previous studies'*'.

Acceleration of the surface eastward geostrophic velocity (U,) is
associated with the increasing sea-level gradient and hence meridi-
onal pressure gradient within 45°S-60°S (Fig. 1¢). The significant
acceleration is concentrated around 48°S-58°S. U, shows mostly
insignificant negative (westward) trends on the north and south
sides of the significant positive trend. Thus, the Southern Ocean’s
eastward flow has intensified and possibly narrowed.

Acceleration of U, is also apparent from Argo data® and decays
with depth (Fig. 1d). This baroclinic structure is consistent with
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buoyancy forcing that creates stronger warming in the upper layer
north of the ACC (Fig. 1b), as opposed to wind-forcing changes
that have a more barotropic response'“. For the absolute geostrophic
velocity referenced to the U, based on surface altimetry, we also find
acceleration of eastward flow in the upper layer between 48°S and
58°S (Extended Data Fig. 1).

The surface U, from AVISO altimetry, averaged between 48°S
and 58°S, increased for 1993-2019 (Fig. 2). The 27-year linear
trend and 95% confidence interval was 0.74+0.25 cms™ per
century. The corresponding trend for 2005-2019 from Argo
was a comparable 0.84+0.21 cms™' per century (Fig. 3c). We
also examine datasets from the Institute of Atmospheric Physics
(IAP), Met Office Hadley Centre (EN4) and World Ocean Atlas
2018 (WOAI18) (Fig. 2a). All three show a significant eastward
acceleration of the geostrophic flow relative to 2,000 m since 1993
(Fig. 3c). In addition to the long-term eastward acceleration,
the AVISO-based surface U, shows strong decadal variability as
corroborated by EN4 and IAP datasets. In AVISO, the decadal
variability obscured the U, trend through 2010. The eastward
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Fig. 2 | Time series of the observed zonal geostrophic velocity averaged
between 48°S-58°S. a, Time series of observed surface zonal geostrophic
velocity U, anomaly from: AVISO (black), IAP (brown), EN4 (green) and Argo
(red; since 2005). The blue triangles are decadal averages of U, anomaly
from WOAT18. The dashed black line shows the linear trend of AVISO. U, from
ocean measurements are relative to 2,000 m depth. b, Hovmoller diagram of
U, (cms™) anomaly from IAP (shading) and Argo (contours).

acceleration emerged from the background variability only during
the recent decade.

For longer periods, the evidence for acceleration is even stronger.
The trend in U, from IAP for 1979-2019 (Fig. 4a) is similar to the
Argo trend (Fig. 1d). Maximum warming is located north of 50°S
(Extended Data Fig. 2a). South of the maximum warming, eastward
zonal flow is intensified with stronger vertical shear. North of the
maximum warming, negative change (weakened eastward or inten-
sified westward flow) occurs along the boundary between eastward
and westward flows, suggesting a southward shift of zonal flow and
intensification of the zonally averaged subtropical gyres consistent
with previous indications of subtropical gyre intensification®”**. To
quantify the net acceleration of eastward flow, we calculate the east-
ward baroclinic transport in the upper 2,000 m based on IAP since
1940 (Supplementary Fig. 1). For all regions of eastward flow, the
net intensification is about 2 Sv for 1940-2019.
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The consistency across different observational datasets and anal-
yses suggests a robust increase in zonally averaged eastward flow
in the latitude band 48°S-58°S, associated with strongest warming
north of the ACC and weak warming within and south of the ACC.
We note that this latitude band is mostly north of Drake Passage
and that the causative heating distribution is also north of Drake
Passage. Hence this acceleration response to heating is weak in
Drake Passage, where much of the trend analysis of the ACC has
been carried out”. As a caveat, the Southern Ocean is subject to
strong internal climate variability and the observations are sparse.
We turn to numerical climate model simulations to corroborate the
acceleration and for attribution of the physical mechanisms.

Mechanism for acceleration of flow using climate models
Acceleration of Southern Ocean zonal flow appears also in multiple
climate model simulations that are subjected to anthropogenic forc-
ing. We first use the multi-model mean (MMM) of 21 CMIP6 his-
torical and SSP585 simulations. For comparison with observations,
the difference between the zonal velocity in the upper 100m and at
2,000 m depth, averaged between 48°S and 58°S, shows a long-term
linear trend of 0.45+0.33 cms™ per century for 1993-2019 (Fig.
3¢). To test the sensitivity of this result to our practical use of a level
of no motion (LNM) at 2,000 m for the observations, we examine the
modelled velocity change at 2,000 m and the difference in transport
between using the full velocity and a 2,000m LNM in models. We
find that modelled velocity changes at 2,000 m are insignificant and
much smaller than the changes in the upper layer (Extended Data
Fig. 3). Moreover, the baroclinic transport in the upper 2,000 m with
no motion at 2,000m dominates the change in the total transport
with a very similar meridional structure (Extended Data Fig. 4a).
Transports of both the eastward flow, centred at 50°S, and westward
flow, centred at 39°S, intensify by around 3 Sv from 1955 to 2035
(Supplementary Fig. 2). This indicates a substantial spin-up of the
subtropical gyre. Overall, the practical choice of an LNM at 2,000 m
does not have a major impact on these trends.

Internal climate variability and model structural difference cre-
ate large inter-model variability in CMIP6 (ref. *°) (Fig. 3a,c). To
separate internal from forced variability, we use large ensemble
simulations”* to interpret the observed structure. The meridional
structures in ensemble mean are similar to the observed AVISO
trend (Supplementary Fig. 3), supporting our hypothesis that the
observed eastward acceleration is of anthropogenic origin. This,
along with the result that the CESM1 Large Ensemble (LENS) mean
trend is larger than the uncertainty (0.44+0.16 cms™' per century
for 1993-2019), leads us to conclude that the forced change has
exceeded internal variability for the altimeter era. AVISO data
alone may not fully justify the conclusion, but the agreement among
models and with observations greatly strengthens the case.

The observed zonal velocity change since 1993 includes not only
a trend but a large decadal oscillation through 2010 (Fig. 2a). This
oscillation is not present in the multi-model mean, which suggests
that it is internal variability. Individual LENS runs (for example,
thin red curve in Fig. 3b) exhibit the forced response with internal
variability that is similar in magnitude to the observed oscillation.
The observed trends seem larger than model ensemble mean results
within the uncertainty due to internal variability (Fig. 3c). For a
longer period, since 1979 when the zonal velocity started climbing
from a relatively stable state, the forced signal is more evident as
the effect of internal variability weakens. Hence the longer-period
observed trend is much closer to the ensemble mean results from
CMIP6 and LENS (Fig. 3d).

Does model resolution matter? The models considered thus far
are ‘standard’ resolution (about 1°) with eddy parameterizations and
capture the observed maximum warming around 45°S and zonal
velocity acceleration around 50°S (Fig. 4b). Comparison of a stan-
dard resolution CESMI1-SR with the eddy-resolving CESM1-HR
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Fig. 3 | Comparison between the observed and simulated time series and trends of zonal velocity averaged between 48°S-58°S. a, Time series of upper
100 m zonal velocity (minus 2,000 m velocity) relative to the average of 1955-2004 from CMIP6 historical simulations. CMIP6 MMM is the black curve,
with superimposed observation-based products: IAP (brown), EN4 (green), WOAT18 (blue triangle) and Argo (red; since 2005). b, Time series of upper
100 m zonal velocity relative to the velocity at 2,000 m depth from LENS. LENS ensemble mean is shown as the thick red curve and an individual run is
shown as the thin red curve. ¢, Trend of zonal velocity from observations (squares) and simulations (circles) in a and b from 1993 to 2019. For Argo, the
trend is for 2005-2019. For CMIP6 runs, the trend is for 1993-2019. The error bar represents the 95% confidence interval for the linear trend. For WOA18,
the changing rate is estimated based on the difference between 2005-2017 and 1995-2004 and then divided by 12 years. Small dots are results from
individual runs from CMIP6 and LENS. d, Same as ¢ but for the trend from 1979 to 2019.

(Methods) shows that the trends for 1979-2019 (Fig. 4c,d) and time
evolution of zonal velocity (Supplementary Fig. 4) are similar. The
small difference in trend is partly attributed to large internal vari-
ability, as shown by LENS. Thus, the eddy parameterizations in the
standard resolution ocean models effectively reflect eddy activity
under global warming.

Previous studies focused on wind effects on Southern Ocean cli-
mate change'””. To compare buoyancy and wind-forcing changes,
we define two indices: (1) the index ‘AT of buoyancy change is the
zonal-mean upper 2,000m temperature difference between 45°S
and 60°S, latitudes where the maximum and minimum of warming
occur, respectively; (2) the index ‘SAM’ of wind-stress change is the
zonal-mean atmospheric surface pressure difference between 40°S
and 65°S, which is the Southern Annular Mode index®. Across the
CMIP6 models, the correlation coefficient between the 1979-2014
trends of AT and zonal flow change over the upper 100m (AU) is
0.71, which is much larger than the correlation of 0.16 between the
trends of SAM and AU (Extended Data Fig. 5). This demonstrates
that AU is largely associated with the meridional gradient of ocean
buoyancy change rather than wind stress change.

To further compare surface warming versus wind effects, we per-
formed idealized experiments with two GCMs: the air-sea coupled
CESM1 and the ocean-only MITgecm model (Methods). The buoy-
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ancy experiment from CESM1 (CESM1_ABuoy) largely reproduces
the zonal-mean velocity trend from observations and CMIP6 (Fig.
4e). This result was confirmed with the buoyancy experiment from
the ocean-only MITgem (MITgem_ASST). It captures the principal
features from observations, CMIP6 and CESM1_ABuoy (Fig. 4f).

Idealized simulations with surface wind-stress changes show
only small velocity changes (Extended Data Fig. 6) compared with
those driven by SST change. Moreover, the wind-change-induced
responses show maximum zonal flow change at mid-depth, unlike
the surface-intensified flow change in observations, CMIP6 histori-
cal runs and the buoyancy-forcing experiments.

Overall, both sets of idealized simulation results suggest that
acceleration of zonal flow in the Southern Ocean is a general feature
of the ocean’s response to surface warming and that wind changes
play a secondary role in shaping the Southern Ocean response.

Spatial structure of Southern Ocean velocity response

If viewed only as a zonal mean, acceleration of the zonal flow and
associated temperature changes might be interpreted as the inten-
sification of a zonally oriented ACC at all longitudes. However, the
accelerations/decelerations are localized to different parts of the
Southern Ocean’s zonal flows (Fig. 5). The strongest mean flows
from AVISO data follow the Subantarctic Front (SAF), which is the
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. b, Surface U, trend from AVISO (1993-2019). ¢,d, Upper 100 m U trend from
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(Methods). Mean zonal velocities of 6cm s~ and 12 cm s~ are shown as thin and thick green contours, respectively. Stippling indicates regions exceeding
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northern boundary of the ACC, and the Agulhas Return Current.
Observed eastward zonal flow acceleration has occurred mainly
along the tilted SAF and Agulhas Return Current (Fig. 5a,b), whose
latitudes vary from 40°S to 60°S. There is a slight negative trend
(westward acceleration) north of and along the SAF in the Atlantic
and eastern Indian oceans, suggesting a poleward shift of the
SAFE The maximum SAF acceleration in the Pacific sector might
be associated with spin-up of the subtropical gyre®****, but is
probably natural variability based on the ensemble-mean result
from LENS (Supplementary Fig. 5). To account for the meridional
meanders of the ACC, we defined the ‘SAF’ based on the northern-
most sea-surface-height contour passing through the Drake Passage
and calculated the streamwise mean (Methods). In both the
observed and simulated streamwise mean, the eastward acceleration
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occurs on both sides of the ‘SAF, that is, within and to the north of
the ACC. This pattern of eastward acceleration is associated with
the ocean warming pattern displaced north of the ACC due to
the upwelling damping within the ACC. The ocean warming is
due to anthropogenic heat, which is modified by but cannot
be removed by ocean eddies. We note that the ACC does not accel-
erate in Drake Passage in observations for 1993-2019 (Fig. 5a,b).
We suggest that the eastward accelerations centred on the ‘SAF
are associated with a spin-up and poleward shift of the subtropical
gyre as implied by the westward current anomalies further to the
north (Extended Data Figs. 7,8). The eastward acceleration remains
centred on the ‘SAF’ even when the small ‘SAF shifts during
different periods are considered in calculating the streamwise mean
(Supplementary Fig. 6).
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The three observational products covering longer periods also
show SAF-intensification (Extended Data Fig. 9). The potential
density trends are dominated by temperature trends. The most zon-
ally coherent accelerations have meridional dipole structure and are
strongest in longitudinal sectors where the subtropical temperature
trends are strongest.

The CESM1-SR model velocity trend for 1993-2019 is similar
to AVISO observations, with a meridional dipolar change in the
Atlantic and Indian sectors (Fig. 5¢). Although the zonal means in
CESM1-SR and CESM1-HR are similar, the horizontal structure is
sensitive to ocean model resolution: the magnitude and regional
pattern from CESM1-HR are larger and more concentrated where
ocean jets are stronger (Fig. 5d) compared with CESM1-SR (Fig.
5c). Here we see that the horizontal warming patterns in both
observations and models (Extended Data Fig. 10) are tightly linked
with velocity change patterns (Fig. 5).

The idealized buoyancy-driven GCM experiments (Fig. 5e,f)
show the eastward accelerations mostly on the northern flank of the
ACC, linked to the maximum AOHC, and mainly along the ocean
fronts. The modelled acceleration is stronger and to the south of
the observed. The current change in the Drake Passage, inconsis-
tent with observations, remains to be investigated and could be
due to strong warming in these experiments. For comparison, the
wind-change-driven GCM experiments accelerate eastward flow
much farther to the south and are much patchier (Extended Data
Fig. 6e,f).

Summary and discussion

We find statistically significant acceleration of Southern Ocean
zonal flow in the upper ocean between 48°S and 58°S, based
on satellite altimeter and hydrographic data since 1993 and
supported by multi-decadal hydrographic data analyses reach-
ing back to 1979. The observed buildup in heat north of the ACC
most likely caused the observed acceleration. Multiple model
simulations and idealized experiments support attribution of the
acceleration to the warming distribution, while wind change plays
only a secondary role in the acceleration. We suggest that the
negligible Southern Ocean current changes reported previously
are the consequence of (1) the short observational record” and/or
(2) the focus on the ACC transport through the Drake Passage*'-*,
where the observed acceleration is weak (Fig. 5a,b). Guided by
the model ensemble, the observed acceleration has just emerged,
centred on the SAF on the northern flank of the ACC and in sub-
tropical regions, associated with the spin-up and poleward shift
of subtropical gyres, and is now distinguishable from the decadal
variability. Given the continuing role of the Southern Ocean in oce-
anic heat uptake'' and equatorward heat transport, we expect the
zonal acceleration to continue and even increase, facilitating prop-
erty exchange between ocean sectors and increasing ventilation of
the subtropical thermocline as water moves along the accelerating
SAF and enters the gyres. Further studies are needed to explore
how the subtropical gyres, bathymetry, standing meanders and
deep-mixed-layer distribution affect the regional or sectoral distri-
bution of the greatest warming north of the ACC and the associated
ocean current changes.
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Methods

Observations. Satellite-based sea-surface heights (SSH) relative to the geoid (data
from AVISO satellite altimetry) were used to investigate dynamic changes of the
ocean surface. The surface geostrophic velocity is:

Uy (surface) = _$ a—n (1)

foy

where 7 is the altimetric SSH, y represents the meridional direction, g is the
acceleration due to gravity and fis the Coriolis parameter. The spatial resolution
of the product is 1/4° (720 latitude X 1,440 longitude). Observed altimeter trends
(1993-2019) were smoothed to spectral wavenumber 42 to remove higher
frequencies from the field”” and then remapped to 1°X 1° for comparison with
other observations.

The Argo programme, consisting of a global array of 3,800 free-drifting
profiling floats, provides systematic coverage of global ocean temperature and
salinity of the upper 2,000 m since 2005 (ref. ), before which the sampling was
spatially and temporally sparse, especially in the Southern Hemisphere. Here we
used the monthly gridded Argo temperature and salinity data®™ from 2005 to 2019
to examine recent trends and to compute dynamic height and geostrophic velocity
relative to 2,000 dbar:

1 /71
D=—- —d, 2
g/pof) b @
oD
Ug (p) — Ug (po) = 71‘%67)1 (3

where D is the dynamic height at pressure p relative to reference pressure p, and
p is density. The relative zonal geostrophic velocity is the velocity relative to

the velocity at the reference level, p,. Although 2,000 dbar is not actually an

LNM in the ACC, here we use it as a reference level of no motion, U, (po) =0, to
compute the geostrophic shear. To validate the usage of LNM here, we show the
2,000 m velocity change from models, which is much smaller than the change in
the upper layer (Extended Data Fig. 3). We also compute the absolute geostrophic
velocity by using surface geostrophic velocity from AVISO as the reference
(Extended Data Fig. 1). The data are on a 1° X 1° grid with 58 vertical levels from
the surface to 2,000 m.

IAP, EN4 and WOA 18 datasets (temperature and salinity) were used to
examine the trends of potential temperature and geostrophic velocity for longer
periods. The calculation of geostrophic velocity is the same as that for Argo data
(Equations (2) and (3)). These observationally based products include shipboard,
mechanical bathythermograph, eXpendable BathyThermograph (XBT) and Argo
profiles. IAP provides monthly mean ocean temperature and salinity from 1940
through 2019 (ref. **). The data are on a regular 1°X 1° grid with 41 vertical depth
levels in the upper 2,000 m. The data gaps are filled by the first-guess field from
time-evolving outputs from an ensemble of Coupled Model Intercomparison
Project 5 (CMIP5) models*. EN4 (version EN4.2.1) is a subsurface temperature
and salinity dataset for the global oceans, spanning 1900 to 2019 with monthly
timesteps™. The XBT bias was corrected using the methods from ref. *'. The data
are on a regular 1°X 1° grid with 42 vertical depth levels in the upper 2,000 m.
WOA18 is a uniformly formatted and quality-controlled dataset based on the
World Ocean Database. Objectively analysed climatologies of temperature and
salinity® (1955-1964, 1965-1974, 1975-1984, 1985-1994, 1995-2004 and 2005—
2017) were used in this study to calculate geostrophic velocity for corresponding
decades. To infill gaps, the first-guess field for each of these climatologies is from
‘all-data; which is time-indeterminant™. It may contribute to the nearly constant
zonal geostrophic velocity, compared with the results from the IAP data, before the
Argo era (Fig. 3a). The data are on a 1°x 1° grid from the surface to 5,350 m depth.
Here we focus on the fields in the upper 2,000 m.

CMIP6 simulations. A set of CMIP6 historical and Shared Socioeconomic
Pathway (SSP) 5-8.5 (SSP585) simulations™, including solar, volcanic,
anthropogenic aerosol, ozone depletion, land-use change and greenhouse gas
effects, was used here. One of the advantages of CMIP6 compared with CMIP5 is
that the CMIP6 historical simulation extends to the near present, the year 2014. We
append SSP585 runs, which approximately follow Representative Concentration
Pathway 8.5 (RCP8.5) scenarios global forcing pathway in CMIP5 with SSP5
socioeconomic conditions®, to historical runs. Linear trends are calculated

over different periods, such as 1979-2019 and 1993-2019, for ocean potential
temperature and ocean zonal velocity. Velocity at 2,000 m depth is subtracted from
the modelled velocity trends to be consistent with geostrophic velocity relative

to 2,000 dbar calculated from observations. The results from the multi-model
ensemble mean of 21 CMIP6 models represent the externally forced responses.
Uncertainty ranges stated in the text are +1 standard deviation across the models.
The CMIP6 models used in this study for the ocean potential temperature and
zonal velocity are listed in Supplementary Table 1. We regridded all model output
to a regular 1°x 1° latitude-longitude grid.

Streamwise mean. To separate the ACC regions and the subtropical gyres, we
defined a ‘Subantarctic Front’ (‘SAF’) as the circumpolar sea-surface-height
contour passing through the Drake Passage at the point 67.5°W, 57.5°S. It is

the northernmost point where all CMIP6 model simulations have values. The
so-defined ‘SAF’ is not based on the large SSH gradient, but it approximates the
front location (green contours in Fig. 5). We then averaged the zonal velocity in the
‘SAF’-following coordinate system. The streamwise coordinate covers the regions
from 10° south to 10° north of the latitude of the ‘SAF. We then calculated the
mean along the streamlines based on observations and model simulations. The
results are not sensitive to the choice of this point close to the northern edge of the
Drake Passage. In addition, the ‘SAF’ has been shifted poleward, but the magnitude
is very small based on models: less than 0.2° in latitude in zonal mean from
1940-1960 to 1998-2018. Two ‘SAF'’s at different periods were used to calculate

the streamwise mean at corresponding periods. This method clearly separates the
ACC and subtropical regions. We noted that it has limited utility with respect to
quantifying the shifting effect on temperature responses precisely due to its small
displacement in ‘SAF’ compared with the model grid.

Large ensemble simulations. We used two sets of large ensemble simulations:
the CESM1 Large Ensemble (LENS) and the Canadian Earth System Model
version 5 (CanESM5) large ensemble; CanESMS5 is part of CMIP6. LENS includes
40 realizations that start with different initial conditions for the air temperature
to drive ensemble spread, but with identical radiative forcing”. The effects of
external forcing and internal climate variability can be isolated by analysing the
ensemble mean and deviations, respectively. All the external anthropogenic and
natural forcings are applied to force the fully coupled model following historical
(1920-2005) and the RCP8.5 scenarios (2006-2100). Similarly, CanESM5 includes
25 members with different atmospheric initial conditions under historical (1850
2014) and future radiative-forcing scenarios (RCP8.5: 2015-2100)**. The linear
trends are calculated for ocean zonal velocity and surface geostrophic velocity
based on sea-surface height from these two sets of large ensemble simulations.
Uncertainty ranges stated in the text are +1 standard deviation across the
realizations, representing the internal variability.

CESM high-resolution and standard-resolution simulations. The CESM
high-resolution simulation (CESM1-HR or CESM1-CAMS5-SE-HR) used in

this study is version 1.3 at 0.25° resolution for the atmosphere and land and 0.1°
resolution for the ocean and sea-ice components, performed under the umbrella
of the International Laboratory for High-Resolution Earth System Prediction.

The transient simulation with future extension as close to RCP8.5 as possible
within CMIP6, spanning from 1950 to 2050, is part of the High-Resolution Model
Intercomparison Project (HighResMIP)*. Mesoscale eddies in the ocean are resolved
in CESM1-HR. To diagnose the sensitivity of our results to the model resolution,
we also used CESM version 1.3 standard-resolution simulation (CESM1-SR or
CESM1-CAMS5-SE-LR) for comparison. The atmosphere and ocean model in
CESM1-SR has an approximate grid spacing of about 1°, with other setups the
same as CESM1-HR. The ocean model employs a temporally and spatially varying
specification of the Gent-McWilliams eddy parameterization®*’. We investigated
long-term trends of zonal velocity for 1979-2019 and 1993-2019 and discussed
whether the parameterized and resolved mesoscale eddies affect our conclusions.

Idealized GCMs. Here we employed a partial coupling technique™ to isolate the
effects of the atmosphere-warming-induced and wind-change-induced Southern
Ocean climate change. We used the CESM version 1.0.5, in which version 5 of

the Community Atmosphere Model (CAMS5) runs at a nominal 2° resolution

(1.9° latitude X 2.5° longitude) with 26 vertical layers, and version 2 of Parallel
Ocean Program (POP2) runs at a nominal resolution of 0.5° in latitude and 1° in
longitude over the Southern Ocean. The Community Land Model, version 4, and
Community Ice Code, version 4, are coupled with the atmosphere and ocean model.
A temporally and spatially varying specification of the Gent-McWilliams eddy
parameterization is employed in the ocean model. First, we ran a fully coupled,
preindustrial control run (CTRL) as the baseline, which starts from the AD 1850
scenario. We then ran a simulation (CESM1_ABuoy) with the atmospheric CO,
level quadrupled but prescribing the surface wind from CTRL. The transient
response to surface buoyancy change can be obtained by taking the difference
between CESM1_ABuoy and CTRL. To isolate the effect of the wind change under
global warming, we also ran a simulation (CESM1_AWind) with the atmospheric
CO, level quadrupled and prescribing the surface wind from a fully coupled,
abruptly quadrupled CO, run. Sea surface temperature (SST) and sea surface salinity
(SSS) interact with the atmosphere and evolve in time. Therefore, the responses to
wind change can be obtained by taking the difference between CESM1_AWind and
CESM1_ABuoy. More details about this CESM1 model configuration and setup can
be found in ref. **. All of these cases were run for 90 years (Supplementary Table 2).
The Southern Ocean zonal velocity and potential temperature shown are changes
due to surface buoyancy and wind change over years 41-90.

We also used an ocean-only GCM to investigate the changes driven by surface
warming and wind change. The ocean-only GCM utilized in this study is the
Massachusetts Institute of Technology General Circulation Model (MITgcm). The
model is based on the LLC90 grid*” and the horizontal resolution is 1°X 1/3° at low
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and high latitudes and gradually changes to 1°x 1° at midlatitudes. The model has
50 layers in the vertical direction, with the layer thicknesses ranging from 10 m at
the surface to 456 m at the ocean bottom. Isopycnal diffusion and eddy-induced
mixing were parameterized with the GM/Redi scheme®**. The vertical mixing
follows the GGL90 turbulent kinetic energy vertical-mixing scheme®. The initial
state, as well as surface-forcing fields such as 6-hour zonal and meridional surface
wind speed, 2-m air temperature and specific humidity, downward longwave and
shortwave and precipitation, are obtained from the Estimating the Circulation
and Climate of the Ocean Version 4 Release 4 (ECCO v4r4)*”. The model is first
integrated forward from 1 January 1992 to 31 December 2017. The monthly
climatological SST, SSS, surface-wind stress and air-sea fluxes including surface
net heat flux, surface net short wave flux and surface net freshwater flux are stored
as new forcing fields. With these new forcing fields, the model is further integrated
for 100 years to reach a quasi-equilibrium state. Variants of this configuration have
been successfully used to address ocean dynamic and thermodynamic processes®'.
To assess the specific oceanic response to global warming-induced SST and
wind-stress changes (denoted as A), we performed three experiments with the
MITgcm (Supplementary Table 3). The multi-model (Supplementary Table 4)
ensemble mean ASST and AWind used in the experiments are calculated as the
years 100-140 mean difference between CMIP6 abrupt-4XCO, and pre-industrial
control (piControl) experiments. Restarting from the spun-up solution of year
100, the three experiments are integrated forward an additional 140 years; the
results shown in this study are the average of the last 40 years (100-140) of each
experiment. In the control run (MITgem_CTL), we forced the model using the
present-day monthly climatological wind field (WindClim) and the SST and SSS
are strongly restored to the current monthly climatological SST (SSTClim) and
SSS (SSSClim). The restoring timescale is 10 days for SST (~50 W m~K for the
10m upper layer) and SSS. The output of MITgem_CTL is thus the ocean state
forced by current forcing fields. In the MITgem_ASST, the forcing fields are the
same as MITgem_CTL but SST is restored to the prescribed SSTClim + ASST.
The difference, MITgecm_ASST minus MITgem_CTL, yields the oceanic response
to ASST induced by the increases of greenhouse gas concentrations. In the
MITgem_AWind, wind stress is restored to WindClim + AWind and SST/SSS
are restored to SSTClim/SSSClim. The difference between MITgecm_AWind and
MITgecm_CTL isolates the impacts of wind-stress change.

Data Availability

Argo data are available at: http://www.argo.ucsd.edu. IAP data are available

at: https://climatedataguide.ucar.edu/climate-data/ ocean-temperature-
analysis-and-heat-content- estimate-institute-atmospheric-physics. EN4 data

are available at: https://www.metoffice.gov.uk/hadobs/en4/. WOA18 data are
available at: https://www.nodc.noaa.gov/OC5/woal8/. Satellite altimetry data are
available at: https://www.aviso.altimetry.fr/en/data.html. The CMIP6, CanESM5
large ensemble, CESM1-HR and CESM1-SR data are available on the Program
for Climate Model Diagnostics and Intercomparison’s Earth System Grid (https://
esgf-node.llnl.gov/search/cmip6/). The CESM LENS simulations are available on
the Earth System Grid (www.earthsystemgrid.org). The CESM and MITgcm model
data used in this study are available from the corresponding author upon request.
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Extended Data Fig. 1| Absolute geostrophic velocity trend from observations. (a) Ug from AVISO, same with Fig. 1c. (b) Zonal absolute geostrophic
velocity (Ug) trend applying the surface AVISO-based Ug in (a) as a reference velocity. Gray contours are climatological absolute Ug, with solid contours
representing eastward flow and dashed contours representing westward flow.
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Extended Data Fig. 2 | Zonal mean patterns of potential temperature trend/change from observations and models. Potential temperature trend from
1979 to 2019 from (a) IAP (observations), (b) CMIP6 MMM, () CESM1-SR, and (d) CESM1-HR. (e) Zonal mean potential temperature change from the
CESM1_ABuoy experiment relative to the control run. (f) Zonal mean potential temperature change from the MITgcm_ASST experiment relative to the
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apply the surface altimetry-based Ug as a reference velocity. (¢, d), Same with (a, b), but for the 2,000 m zonal velocity.
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Extended Data Fig. 5 | Scatter plot of zonal velocity trend against temperature trend and against wind trend. (a) Scatter plot of trend (1979-2014) of
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the CMIP6 models: BBC-CSM2-MR, BCC-ESM1, CAMS-CSM1-0, CanESM5, CAS-ESM2-0, CESM2, CESM2-FV2, CESM2-WACCM, CESM2-WACCM-FV2,
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Extended Data Fig. 6 | Wind-change-induced temperature and zonal velocity changes. (a, ¢) Zonal mean potential temperature change and (b, d) U
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Extended Data Fig. 9 | Zonal velocity, potential density and potential temperature changes from observed datasets. Upper 100 m zonal geostrophic
velocity, Ug, trend (1993-2019) from the IAP, EN4 and change from WOA18 (1985-2017 mean minus 1955-1984 mean) (top row). Corresponding trend/
change of upper 2,000 m averaged potential density and potential temperature are shown in middle row and bottom row, respectively. Black contours

indicate Subantarctic Front and Southern ACC Front. Stippling indicates regions exceeding 90% statistical significance computed from the two-tailed
t-test.
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