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Competing impacts of tropical Pacific and
Atlantic on Southern Ocean inter-decadal
variability
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The observed Southern Ocean sea surface temperature (SST) has experienced prominent inter-
decadal variability nearly in phase with the Inter-decadal Pacific Oscillation (IPO), but less associated
with the Atlantic Multidecadal Variability (AMV), challenging the prevailing view of Pacific-Atlantic
synergistic effects. Yet, the mechanisms of distinct trans-hemispheric connections to the Southern
Ocean remain indecisive. Here, by individually constraining the observed cold-polarity and warm-
polarity IPO and AMV SSTs in a climate model, we show that the IPO is influential in initiating a basin-
wide Southern Ocean response, with the AMV secondary. A tropical Pacific-wide cooling triggers a
basin-scale Southern Ocean cold episode through a strong Rossby wave response to the north-to-
south cross-equatorial weakened Hadley circulation. By contrast, due to the competing role of tropical
Pacific cooling, an Atlantic warming partly cools the Southern Ocean via a weak Rossby wave
response to the south-to-north cross-equatorial enhanced Hadley circulation. Conversely, tropical
Pacific warming leads to a warm Southern Ocean episode. Our findings highlight that properly
accounting for the tropical Pacific SST variability may provide a potential for skillful prediction of
Southern Ocean climate change and more reliable estimates of climate sensitivity, currently
overestimated by the misrepresented Southern Ocean warming.

The Southern Ocean (SO), as a vital sink of anthropogenic heat and carbon
on the Earth'’, has accounted for about 70% and 40% of the global ocean
uptake of anthropogenic heat™ and carbon dioxide®’, respectively. It
thereby sets the growth rates of global warming and atmospheric carbon
levels. Despite rapidly increasing atmospheric CO, concentrations since the
industrial revolution, the SO sea surface temperature (SST; 50°S-70°S)
displays considerable inter-decadal fluctuations (Supplementary Fig. 1),
with alternating cooling and warming episodes in various observational
datasets®” and paleoclimate reconstructions®, in striking contrast to a pro-
gressively mounting response to anthropogenic warming under the sixth
Coupled Model Inter-comparison Project (CMIP6) historical runs (Sup-
plementary Fig. 1). The CMIP6-projected SO excessive warming produces
generally higher climate sensitivity through a stronger low-cloud-SST
positive feedback in the SO than previous generations™"’, posing a too-hot-
model dilemma in the climate community and even an illusion of a looming

1.5°C warmer world™'". Given the interconnected climate ramifications,
there is an urgent socio-economic need to understand the causes of SO SST
variability to confirm the validity of near-future climate projections com-
monly adopted for climate adaptation, mitigation, and resilience options.
Two major hypotheses have been invoked to decipher the satellite-era
observed SO SST cooling. One points to an anthropogenic origin, including
the accelerated westerly wind-driven equatorward Ekman transport of
colder waters in response to stratospheric ozone loss'>"* (Note that stra-
tospheric ozone concentration has depleted during the late twentieth cen-
tury and gradually recovered since the turn of the millennium) and GHG
increase'*"”, and the suppressed upwelling of warmer subsurface waters
caused by the increased surface freshening via Antarctic ice sheet and shelf
meltwater and sea-ice transport under anthropogenic warming'®™”'.
Although anthropogenic warming may potentially contribute to recent
SO cooling, the incongruence between the observed expansion and
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GHG-simulated decline in the Antarctic sea ice”” exemplifies the per-
plexing Antarctic sea ice paradox™ in a warming climate. The other high-
lights the dominance of internal variability, locally forced by the halted
Weddell-Sea deep convection of centennial variability inherent in the
SO™* or remotely influenced by the cold-phase Inter-decadal Pacific
Oscillation (IPO)****”” and the warm-phase Atlantic Multidecadal Varia-
bility (AMV)****. However, the incompatible chronologies of SO internal
centennial varijability between global climate models and limited
observations”**** inhibit directly quantifying the full extent of observed SO
SST internal variability. Additionally, owing to irregularities in the magni-
tudes and phase transitions of the IPO and the AMV across models”, efforts
to establish a trans-hemispheric tropical-SO teleconnection in a wider
context of historical SO cooling and warming regimes have been hitherto
overlooked. Due to the prevalence of the inter-decadal variability in
observed SO SSTs, we need to gain deeper insight into what degree the IPO-
related and AMV-related SST anomalies contribute to the SO SST inter-
decadal variability of alternating warm and cold episodes.

A better approach to remedy the model limitations is to adopt an
idealized restoring framework that paces the model with the time-invariant
spatial patterns of the IPO and AMYV, corresponding to the internally
generated component of observed IPO-SST and AMV-SST anomalies. This
method is highly beneficial to singling out the trans-hemispheric tropical-
SO teleconnections and, more accurately, quantifying the respective roles of
IPO and AMV in triggering the SO SST inter-decadal variability (SOIDV).
Here, we provide evidence that the IPO is a decisive driver in modulating the
SOIDV through the mid-to-high-latitude Rossby wave train, with the AMV
playing a smaller role.

Results
Observed linkage between the SOIDV and IPO
To objectively determine the observed SOIDV, we apply an empirical
orthogonal function (EOF) analysis to the quadratically detrended, 10-year
low-pass-filtered annual-men SST anomalies over the SO domain in five
different observational datasets (Methods). We extract the first three
dominant modes (all together explaining more than 50% of the total var-
iance in Supplementary Fig. 2) and their corresponding principal compo-
nents (Supplementary Fig. 3) in each data, with the three modes being well
separated. The most dominant mode describes a physically consistent basin-
wide warming anomaly over the whole SO, coexisting with a warm-polarity
IPO-like pattern (EOF1 patterns for ERSST v4, v5, COBE, and COBE2;
EOF2 for HadISST in Supplementary Fig. 2). The second mode shows a
dipole pattern of opposite signs in the southeastern Pacific sector and other
regions of the SO. The third mode is characterized by a zonally elongated
zone stretching into a large swath of the SO. Because the last two modes
diverge from one data to another (Supplementary Fig. 2), we use the EOF1
(EOF2 for HadISST) and its corresponding principal component to
characterize the SOIDV pattern and temporal evolutions, respectively
(Fig. 1a, b).

The SOIDV index features a quasi-40-year periodicity (Supplementary
Fig. 4) with marked inter-decadal fluctuations roughly in phase with the IPO
index (Fig. la). Significant simultaneous correlations exist between the
SOIDV and IPO indices (R =0.65 for ERSST v4 and R>0.7 for other
datasets at a 95% confidence level in Supplementary Fig. 5), indicating that
the TPO accounts for about 40-50% (the square of correlation coefficients)
of the SOIDV. However, no significant concurrent correlations appear
between the SOIDV and AMV because the AMV impacts on the SO are
entangled in the remaining modes (Supplementary Fig. 2). The stronger
linkage of the SOIDV to IPO also manifests in the spatial homogeneity,
especially the SO-wide same sign SST anomalies comparable to those in the
tropical central-eastern Pacific (Fig. 1b). The correlation between the IPO
and global SST further illustrates that a cold-phase IPO-SST anomaly
generates a broad SO cooling (Fig. 1c), similar to the observed SO SST
trend”>” for 1980-2013 (Fig. 1d).

To better understand the potential origin of recent SO cooling, we
calculate the moving-window 34-year trends of SO SST linearly congruent

with the observed IPO trends using the linear regression coefficients of IPO
against the global SST over 1900-2013 (termed IPO-congruent in Meth-
ods). The larger the observed IPO-index trends, the stronger the IPO-
congruent trends of observed SO SST. Over the past century, the IPO-
congruent trends in sign agree well with the observed (Supplementary
Fig. 6a), albeit with reduced magnitudes in a few time windows. Particularly
for three periods with maximum cooling of the SO SST during 1900-1933,
1977-2010, and 1980-2013 (Fig. le), and one period with maximum
warming during 1953-1986 (Supplementary Fig. 6), an IPO-phase transi-
tion toward negative (positive) concurs with a SO cold (warm) episode. The
broad agreement between the IPO-congruent and observed trends suggests
the predominant influence of IPO on the SOIDV.

Primary pathways for the IPO-SST anomaly triggering sub-
stantial SO climate change

We examine the physical pathways for conveying the IPO-SST signal to SO
by restoring cold-polarity and warm-polarity IPO-SST patterns to obser-
vations in a state-of-the-art fully coupled climate model, IPSL-CM6A-LR
(see Methods and Supplementary Fig. 7). We estimate the cold-phase IPO-
induced SO climate response averaged over 10 years by subtracting an
ensemble mean of the 10-member warm-phase IPO-SST restoring experi-
ments from the cold-phase counterparts (denoted -IPO in Fig. 2). The cold-
polarity IPO-SST restoring simulations produce a zonally asymmetric SST
cooling over the SO (Fig. 2a), with strong cooling occupying the Pacific
sector and moderate cooling across the Atlantic-Indian Ocean sectors,
similar to the post-satellite observed trends"**"'. However, a modest warm
patch, not seen in observations (Fig. 1d and other SST datasets, including
HadISST), appears in the Atlantic sector adjacent to the Antarctic Peninsula.
This warming response may be initially triggered by the Ekman advection of
warm waters southwards due to anomalous surface easterly winds and, after
about 10 years, further maintained by the Ekman upwelling of warmer
subsurface waters south of the Antarctic Circumpolar Current™**.

The trans-hemispheric IPO-SO teleconnection is well-established via
equivalent barotropic Rossby wave trains’** (Fig. 2b, c), with alternating
high-pressure and low-pressure anomalies that veer poleward and eastward,
culminating in traversing the whole SO, as evidenced by the year-round
wave activity” (Fig. 2b and Supplementary Fig. 8). Such anomalous circu-
lation features facilitate a positive-polarity southern annular mode (SAM)
tendency”** (Fig. 2d), manifested as a dipole-like sea-level pressure pattern™
with high-pressure centers near 40°S and low-pressure centers near 65°S,
leading to a strengthening of the poleward-shifting westerlies across the SO
(cf. Fig. 2a and Supplementary Fig. 7j).

Unlike typical La Nifia episodes’””, a cold-phase IPO-SST anomaly
features meridionally broader cooling concurrent with larger warming over
the diagonal poleward-extended South Pacific Convergence Zone (SPCZ).
In response to the tropical Pacific basin-wide cooling, a strong
southwestward-displaced SPCZ rainfall™* (Fig. 3a), enhanced upper-level
(200-hPa) convergence over the tropical western Pacific (Fig. 3b), and a
reduced north-to-south cross-equatorial Hadley circulation subsequently
ensue (Fig. 3¢). Such conditions act in concert to sustain the year-round
Rossby wave source situated south of the SPCZ*' (Supplementary Fig. 9). As
such, the cold-phase IPO-related SST cooling of tropical Pacific triggers the
large-scale Rossby wave response that initially emanates over the subtropical
western South Pacific and then propagates to the SO following a great arc.
This Rossby wave train is characterized by anticyclonic anomalies east of
New Zealand, cyclonic anomalies over the Amundsen Sea, and anticyclonic
anomalies southeast of South America (Supplementary Fig. 8), reminiscent
of the Pacific-South American-like pattern®.

Earlier studies indicate that the IPO and Pacific Decadal Oscillation
(PDO) indices are highly correlated (R = ~0.9, P < 0.05)****. Still, the IPO has
a tropical Pacific origin, and the PDO has a more North Pacific focus®.
These two distinct physical origins can communicate the tropical Pacific
SST signal to SO through different physical pathways. To isolate the PDO-
SO connection, we analyze the cold-phase and warm-phase PDO-SST
restoring experiments (Methods). Compared to the cold-phase IPO, the
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Fig. 1 | The positive relationship between the inter-decadal Pacific Oscillation
and the Southern Ocean inter-decadal variability. a Time series of observed SO
(50°S-70°S) annual-mean SST anomalies (black), the normalized Southern Ocean
inter-decadal variability (SOIDV) index (red), and normalized inter-decadal Pacific
Oscillation (IPO) index (blue) over 1900-2013. The observed SO SST anomalies are
referenced to the climatology of 1900-2013. b The first principal pattern, repre-
senting the SOIDV spatial pattern, is obtained by applying an EOF to the quad-
ratically detrended, 10-year low-pass-filtered annual-mean SST anomalies over the
SO domain, explaining 28.2% of the total variance (ERSST v4). Beyond the SO
domain, the associated pattern is obtained by regressing SST anomalies onto the first
principal component (representing the SOIDV in a). ¢ the synchronous correlation

coefficients with the IPO index. The global SST has been quadratically detrended and
10-year low-pass filtered. All correlation coefficients are multiplied by —1 to facil-
itate the comparison with recent observed SST trends. d Observed SST trends during
1980-2013. e The 1980-2013 observed SST trends linearly congruent with the IPO-
index trend (IPO-congruent). The IPO-congruent trends are computed by multi-
plying the regression coefficients for the IPO at each grid point in the linear
regression of annual-mean SST anomalies against the IPO during 1900-2013 by the
observed IPO-index trend over 1980-2013 (see Methods). Stippling indicates
regions above the 95% significant level based on a Student’s two-sided t-test (b, ¢)
and the Mann-Kendall test (d, e). The purple lines demarcate the SO domain (50°S-
70°S). The observed SST dataset is based on ERSST V4.

negative-phase PDO-SST restoring reproduces weaker cooling across the
SO (Fig. 2e), except for some patches of minor warming over the Pacific and
Atlantic sectors. The modest SO cooling is linked to a diminished Rossby
wave response (Fig. 2f, g), with anticyclonic anomalies east of New Zealand,

cyclonic anomalies over the Ross Sea, and anticyclonic anomalies southwest
of South America before crossing the SO (Supplementary Fig. 8). Con-
sistently, a positive-phase SAM anomaly of comparatively minor magnitude
causes weak westerlies in the SO (0.28 in Fig. 2d and 0.25 in Fig. 2h for the
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Fig. 2 | Physical pathways for a cold-polarity IPO-SST to force the SO basin-wide
SST changes. a The SST (shading) and 850-hPa winds (vectors) responses to a
warm-to-cold-phase switch of IPO in idealized restoring simulations. These
responses are estimated by differencing annual-mean SST (850-hPa wind) changes
averaged over ten years in the warm-phase IPO-SST runs from that in the coun-
terpart cold-phase runs. b Same as in (a), but for 200-hPa geopotential height (Z200;
shading) and wave activity flux (vectors) responses. ¢ Same as in (a), but for 500-hPa
geopotential height (Z500) response. d Same as in (a), but for sea-level pressure

(SLP). e-h Same as in a-d, but for responses to a warm-to-cold-phase transition of
PDO. Note that the zonal mean of Z200 (Z500) at each latitude in b, c and £, g has
been removed to illustrate the propagation of Rossby wave trains. The magnitude of
the southern annular mode (SAM) index is estimated as the difference in the nor-

malized zonally averaged SLP anomalies between 40°S and 65°S (0.28 for -IPO and
0.25 for -PDO). Stippling and vectors are only shown over regions where the changes
are statistically significant above the 95% confidence level based on a Student’s two-
sided t-test.
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Fig. 3 | The cold-polarity IPO-SST teleconnection to Southern Hemisphere
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estimated by subtracting annual-mean precipitation changes averaged over ten years
in the warm-phase IPO-SST experiments from that in the counterpart cold-phase
experiments. b Same as in (a), but for 200-hPa divergence response (shading in units
of 10 °s™"). ¢ Same as in a, but for meridional mass stream function response
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(dashed lines for negative values and solid lines for positive values) with an interval
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cate clockwise flows and vice versa. d-f Same as in a—c, but for responses to a warm-
to-cold-polarity transition of PDO. Stippling denotes regions where the changes are
statistically significant above the 95% confidence level based on a Student’s
two-sided ¢-test.

SAM index strength). This anomalous Rossy wave train activity largely
corresponds to reduced cooling across the tropical Pacific (Fig. 2e), followed
by slight northeastward extension of the weak SPCZ rainfall (Fig. 3d),
attenuated upper-level convergence in the equatorial western Pacific
(Fig. 3e), and diminished southward migration of the Hadley circulations
(Fig. 3f). These unfavorable conditions collectively induce a modest Rossby
wave source located south of SPCZ (Supplementary Fig. 9), thereby
resulting in persistent Rossby wave trains of smaller magnitude compared to
the cold-polarity IPO-SST-driven response. The sharp contrast between the

trans-hemispheric IPO-SO and PDO-SO teleconnections suggests that
the tropical Pacific is an essential hotspot for transmitting the IPO-SST
signature to the SO.

Secondary pathways for the AMV-SST anomaly inducing mod-
erate SO climate change

Previous studies corroborate that a warm-phase AMV-SST forcing favors a
cold-phase IPO-like SST anomaly through a strengthened Walker
circulation™", implying an indirect influence on the SO from the
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AMV-SST warming-forced tropical Pacific cooling similar in style to the
IPO-SST-induced dynamical pathway (recall Fig. 2), in addition to a direct
atmospheric response to the AMV-SST forcing™**. We disentangle the two-
pronged AMYV teleconnections to the Southern Hemisphere extratropical
atmosphere in the warm-phase and cold-phase AMV-SST restoring fra-
mework (Methods), wherein the AMV-SST pattern is further split into the
tropical and extratropical domains to clarify their respective importance.

For a full AMV warm-polarity case, a prominent feature is that a
negative-phase IPO-like SST response and a zonal cooling strip over the SO
extending from the Indian Ocean sector to the Amundsen-Bellingshausen
Seas emerge together (Fig. 4a), coinciding with the cyclonic wind pattern
and associated low-pressure anomalies spanning from the Ross Sea to the
Bellingshausen.

Sea (Fig. 4b). When forced by a tropical-only AMV-SST warming,
SO SST cooling and cyclonic circulation anomalies are largely confined to
the vicinity of the Amundsen Sea (Fig. 4c, d), despite broader cooling in
the tropical Pacific. These AMV-SST warming-forced climatic changes
are fairly distinct from ones by the IPO-SST cooling due to a southward
extension of the weakened Hadley circulations (Fig. 3). Anomalous
Atlantic warming, particularly in the tropical domain, triggers a strong
northward displacement of the Atlantic inter-tropical convergence zone
(ITCZ) (Fig. 5a, c). The corresponding upper-level (200-hPa) divergence
fuels perturbations to a northward displacement of the intensified Hadley
cells (Fig. 5b, d and Supplementary Fig. 10a, b), thus creating a stationary
Rossby wave path from the subtropical South Atlantic to the Amundsen-
Bellingshausen Seas (Supplementary Fig. 11). As a result, the trans-
hemispheric AMV-SO teleconnections are likely a combination of two
distinctive and contrasting Rossby wave trains. Specifically, an AMV-SST
warming-induced Rossby wave response to a south-to-north cross-
equatorial Hadley circulation intensification, partly negating the IPO-SST
cooling-driven counterpart to a north-to-south cross-equatorial Hadley

cell weakening, contributes effectively to SST cooling across the Ross and
Amundsen Seas.

By contrast, an extratropical-only AMV-SST forcing fails to capture
the large tropical Pacific cooling, except for some patches of smaller cooling
(Fig. 4e). Still, it forces a zonally elongated cooling band in the SO, albeit with
a relatively weak magnitude than those generated by the cold-polarity IPO-
SST and PDO-SST forcing (cf. Figs. 2, 4e). The SO-wide weak cooling is in
better agreement with a poleward-extended westerly strengthening (Fig. 4e)
and a positive-phase SAM anomaly (Fig. 4f), with the Amundsen Sea Low
being shifted westward to the Ross Sea relative to the full and tropical-only
AMV-SST forcing (Fig. 4). While the northward-displaced Atlantic ITCZ
and the ensuing upper-level divergence have smaller strength compared to
those in the full and tropical-only AMV-SST simulations (Fig. 5 and Sup-
plementary Fig. 10), northward migration of the accelerated Hadley cells
forms a westward-shifted planetary wave pathway, which is initially acti-
vated in the subtropical south Atlantic, and then steers eastward into the SO
and ends in the Ross Sea (Supplementary Fig. 11). It is noteworthy that the
sum of extratropical atmospheric responses to the extratropical-only and
tropical-only AMV-SST forcing is not identical to the responses to the full
AMV-SST forcing (cf. Fig. 4c, e, a), possibly owing to nonlinear processes or
the model dependency**".

The distinct SO climatic responses to the cold-phase IPO-SST and
warm-phase AMV-SST forcing in idealized restoring experiments provide
sufficient evidence that the IPO is of first-order importance in modulating
the SO SST inter-decadal variability, with the AMV being of subsidiary role.
Although the cold-phase PDO and the extratropical-only AMV warm-
polarity SSTs, to a lesser extent, act to cool the SO SST, they tend to provide
an additional source of the SO inter-decadal variability in the absence of
significant tropical Pacific cooling. The remainder of the study sheds light on
the specific physical processes underpinning a cold IPO-SST phase to trigger
basin-scale cooling in the SO.
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Key physical processes for a cold-phase IPO-SST governing SO
basin-scale cooling
To single out the potential causes of SO SST cooling, we decompose the
cold-phase IPO-driven SO SST variability into dynamic (ocean dynamic
processes) and thermodynamic (surface heat fluxes) components based on
the ocean mixed-layer heat budget analysis*’ (Methods). Forced by the cold
IPO-SST phase, a positive-phase SAM tendency translates into anomalous
Ekman advection (Figs. 2, 6a). The resultant poleward-shifted westerly
acceleration advects more cold waters northwards (Fig. 6b), leading to
extensive cooling across a large swath of the Pacific sector (50°S-65°S) and
the Atlantic and Indian Ocean sectors (55°S-70°S). Conversely, the easterly
anomalies enhance the poleward Ekman transport of warmer waters,
forming a narrow corridor of significant warming that spreads from the
Ross Sea (65°S-70°S) into the South Atlantic sector (50°S-60°S), crossing the
Drake Passage (Fig. 6b). Although the cold-polarity IPO-induced zonal-
mean SST of SO exhibits a poleward-swelling cooling (Fig. 6¢), the zonal-
mean westerly peaks around 55°S (Fig. 6d), with remarkable physical con-
sistency to the zonal-mean Ekman advection and equatorward Ekman
transport of colder waters (Fig. 6e). It is important to note that the mer-
idional SST gradients are relatively small in regions with climatological sea-
ice cover. The weak meridional Ekman transport exerts little influence on
SST changes. This discrepancy between the zonal distributions of SO SST
and northward Ekman transport of cold waters indicates that other factors
are required to explain sufficiently the poleward-growing SO cooling.
However, both geostrophic advection and eddy diffusion are sporadic, and
the vertical entrainment is negligible. Thus, they cannot adequately explain
the large-scale SO cooling (Supplementary Fig. 12).

On the other hand, surface net shortwave radiation reduction closely
matches the poleward-accumulative cooling across the Ross-Amundsen

Seas (Fig. 6f), primarily through the shortwave cloud-radiative effect
because of the increased total cloud fraction (Fig. 6h and Supplementary Fig.
12f). A small diminution of surface net longwave radiation is conducive to
yielding moderate cooling across parts of the Ross-Amundsen Seas and
South Atlantic-Indian Ocean sectors (Fig. 6g) due to the reduced cloud
cover (Supplementary Fig. 12f). However, the increased cloud cover over
much of the Pacific sector may cause warm SST anomalies via longwave
cloud-radiative effect (Fig. 6i), partially compensating for cold SST
anomalies induced by shortwave cloud-radiative effect. Eventually, the
shortwave cloud-radiative effect dominates the poleward-growing cooling
in the Pacific domain of the high-latitude SO (cf. Fig. 6h, i). Decreases in the
latent and sensible heat flux also generate cooling patches in the SO (Sup-
plementary Fig. 12), albeit with comparatively weaker magnitude than the
shortwave cloud-radiative effect. Taken together, the diagnosis of SO surface
heat balance offers confidence that the enhanced northward Ekman
transport of cold waters and shortwave cloud-radiation effect should be
collectively responsible for the SO basin-wide cooling response to a cold-
polarity IPO-SST anomaly, given the complexity of SO SST inter-decadal
variability.

Discussion

The proposed physical mechanisms underlying the decadal-timescale
impact of the tropical Pacific on the SO are only based on the IPSL-CM6A-
LR model. Whether the main results operate in other model configurations,
such as CNRM-CMB6-1 (ref. 50), has yet to be determined. In the two global
climate models, the identical restoring framework is adopted to perform
idealized experiments forced with the IPO-SST and AMV-SST anomalies as
part of the Decadal Climate Prediction Project’™ of CMIP6. In response to a
cold-phase TPO-SST anomaly, both models show a similar broad cooling
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Fig. 6 | Physical processes involved in the SO SST variability driven by a cold-
polarity IPO-SST anomaly. a The Ekman advection response (shading) to a warm-
to-cold-polarity shift of IPO in idealized restoring simulations. The responses are
computed by subtracting annual-mean Ekman advection changes averaged over ten
years in the warm-phase IPO-SST experiments from its cold-phase counterparts.
b Same as in (a), but for the meridional Ekman transport. Negative (Positive) values
in a and b denote the northward (southward) Ekman transport of cold (warm)
waters, cooling (heating) the SO SST. ¢ The zonal average of SST response (black thin
line). d The zonal mean of zonal wind stress (blue thin line). e The zonal mean of
Ekman advection (blue thin line) and meridional Ekman transport (red thin line).

f Same as in (a), but for net surface shortwave radiation. g Same as in (a), but for net
surface longwave radiation. h Same as in (a), but for shortwave cloud-radiative effect.
i Same as in (a), but for longwave cloud-radiative effect. The cloud-radiative effect is
calculated by taking the difference between all-sky and clear-sky net irradiance flux
at the top of the atmosphere. Positive radiation flux denotes that the ocean absorbs
heat from the atmosphere, heating the SO SST. In contrast, negative radiation flux
indicates that the ocean loses heat to the atmosphere, cooling the SO. The stippling
area and thick lines are statistically significant above the 95% confidence level based
on a Student’s two-sided ¢-test.

pattern and circumglobal teleconnection structure of distinct wavenumber-
3 shape over the SO (cf. Fig. 2 and Supplementary Fig. S13). Although a cold-
polarity PDO-SST anomaly also drives a relatively weak SO large-scale
cooling and a circum-SO teleconnection pattern in both models, the
anomalous Amundsen Sea Low is considerably shifted eastward by

~40°-50° longitudes in CNRM-CM6-1 relative to IPSL-CM6A-LR (cf. Fig. 2
and Supplementary Fig. S13). Notably, in the IPO-SST and PDO-SST
simulations, the CNRM-CM6-1 cannot successfully reproduce a positive-
phase SAM anomaly due to the model deficiencies and atmospheric internal
variability in the Southern Hemisphere compared to the IPSL-CM6A-LR.
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Moreover, a warm-polarity AMV-SST anomaly in CNRM-CM6-1,
particularly in the extratropical part, creates significant cooling con-
centrated in the Amundsen Sea (Supplementary Fig. S14), quite distinct
from extensive cooling over the whole SO in IPSL-CM6A-LR (cf. Fig. 4 and
Supplementary Fig. S14). This disagreement in the two models suggests that
the simulated SO SST response to an AMV-SST forcing is somewhat model-
dependent. The quantitative comparison of the two models supports our
conclusion that the tropical Pacific is decisive for modulating the SO basin-
wide SST changes on the decadal timescales, with a small yet distinct con-
tribution from the Atlantic. Thus, we argue that, due to the compensating
effects of the IPO-SST and AMV-SST forcing, the out-of-phase relation
between the IPO and AMYV leads to strong SO SST inter-decadal variability.
By contrast, the in-phase relationship between the IPO and AMV produces
relatively weak SO SST inter-decadal variability. Since around 2015, the IPO
phase has experienced a shift from cold-to warm, and the warm-polarity
AMYV has persisted since 1980. The in-phase effects of the IPO and AMV
would likely weaken the SO SST inter-decadal variability in the forthcoming
decades (e.g., 20-30 years).

The current global climate models may have underestimated the SO
SST inter-decadal variability due to the unrealistic representation of inter-
decadal to multidecadal SST variability associated with the IPO and AMV.
For example, a cold-phase IPO-SST anomaly facilitates stronger cooling
in the Pacific sector of SO in IPSL-CM6A-LR than in CNRM-CM6-1
(cf. Fig. 2a and Supplementary Fig. S13a). By comparison, a cold-polarity
PDO-SST anomaly produces broader cooling in the tropical Pacific and,
thus, more extensive cooling over the SO in CNRM-CM6-1 than in IPSL-
CMB6A-LR (cf. Fig. 2e and Supplementary Fig. S13e). Additionally, a warm-
polarity AMV-SST anomaly, especially in the tropical domain, triggers a
cold-polarity IPO-like pattern in IPSL-CM6A-LR (Fig. 4a, c), consistent
with earlier findings*~", which is missing in CNRM-CM6-1 (Supplemen-
tary Fig. S14a, ¢). A warm-phase extratropical-only AMV-SST anomaly
forces significant cooling across the SO in IPSL-CM6A-LR (Fig. 4e), but a
significant cooling belt is only confined to the Amundsen Sea in CNRM-
CMB6-1 (Supplementary Fig. S14e). While these potential biases persist in
current climate models participating in the Decadal Climate Prediction
Project’" as part of CMIP6, the multi-model idealized restoring experiments
with the IPO-SST and AMV-SST anomalies provide great impetus to
improve our understanding of the trans-hemispheric tropical-SO connec-
tions on decadal timescales.

We have revealed a strong positive relationship between the IPO and
the SO SST inter-decadal variability in observations. When a simulated IPO
phase shifts from positive toward negative, a basin-wide SO cooling arises
mostly from a strong Rossby wave response to a southward-displaced
Hadley cell weakening forced by tropical Pacific broad cooling. The con-
verse occurs for a cold-to-warm-phase transition of IPO. In a distinct style to
the IPO, a warm-polarity AMV-SST anomaly, especially spawned in the
extratropical part, contributes partly to SO SST large-scale cooling through a
weaker Rossby wave response to a northward-shifted Hadley circulation
intensification. Our results suggest that the tropical Pacific is a fundamental
determinant for establishing the tropical-SO teleconnections on decadal
timescales, with the Atlantic playing a smaller role. Furthermore, in a
negative-polarity IPO case, the enhanced northward Ekman transport of
colder waters associated with the poleward westerly strengthening acts in
tandem with the shortwave cloud-radiative effect to make the SO SST basin-
wide cooling persist for a period (i.e., ~10 years).

While the IPO explains ~40-50% of the SO SST inter-decadal varia-
bility through a fast mixed-layer response (~10 years) to the tropical Pacific-
SO teleconnection, the other driver, such as the deep convection of multi-
decadal climate variability intrinsic to the SO associated with the Antarctic
Bottom Water (AABW) formation™”’, may play an indispensable part
through a slow adjustment process (~30 years or even longer). For example,
the SO SST experienced substantial cooling over the post-satellite period of
1980-2013 (Fig. 1d), concurring with a negative-phase IPO-SST pattern. In
addition to a transient response to the tropical Pacific cooling, the long-
lasting cooling in the SO may be further sustained by the halted deep

convection due to a spin-down of the AABW””. Further, our findings of the
tropical Pacific-to-SO decadal teleconnection and recent results of the SO-
to-southeastern tropical Pacific teleconnection™ suggest the sequential
two-way interactions between the tropical Pacific and the SO, both widely
underrepresented in current climate models. Thus, an in-depth under-
standing of SO SST inter-decadal variability could be imperative to con-
strain near-term predictions and future projections of tropical Pacific
climate, which, in turn, provides the potential to improve model estimates of
climate sensitivity™* and climate feedback.

Methods

Observational and CMIP6 datasets

Five different SST products, including ERSST v4, v5 (Extended Recon-
structed Sea Surface Temperature version 4 and 5)***°, COBE-SST and
COBE-SST2 (Centennial in situ Observation-Based Estimates of Sea Surface
Temperature)”’, and HadISST (Hadley Center Sea Ice and SST dataset)*
spanning from 1891 to 2019, were employed to characterize the pronounced
inter-decadal fluctuations in the observed Southern Ocean (SO; 50°S-70°S)
SST (Supplementary Fig. 1). Because the observed SSTs are more reliable
over the common period 1900-2013, annual anomalies of observed SST's
were constructed relative to annual-mean climatology of 1900-2013 in each
dataset and then quadratically detrended to remove the influence of
greenhouse-induced warming. The observed SO SST before the satellite-era
may not be high-quality™’. However, establishing whether recent SO
cooling is unusual and whether the SO inter-decadal variability is robust
requires more past climate information that extends beyond the satellite-era
period.

We applied an Empirical Orthogonal Function (EOF) decom-
position into the 10-year low-pass-filtered (Butterworth filter) SO SST's
in each dataset to extract the observed SO inter-decadal variability. The
leading EOFs (EOF1; EOF2 for HadISST), representing the SO SST
inter-decadal variability pattern (Supplementary Fig. 2), explain
~21.8-33.9% of the decade-to-decade variance and are distinctly sepa-
rated from the remaining eigenvectors (e.g., EOF2 and EOF3) based on
the North et al. criterion (ref. 60). The principal component (PC1; PC2
for HadISST) associated with EOF1 (EOF2 for HadISST) is defined as
the SO inter-decadal variability (SOIDV) index (Fig. 1 and Supple-
mentary Fig. 3). The EOF2 and EOF3 patterns differ from one data to
another, implying that uncertainties and potential errors exist among
different SST datasets.

Given the discrepancy between HadISST and other SSTs (Supple-
mentary Figs. 2-5), we should be cautious in interpreting the observed
characteristics of SO inter-decadal variability. We emphasize that this study
is intended to quantify the relative importance of the IPO and AMV in
mediating the SO inter-decadal variability and further shed light on the
underlying physical mechanisms but rather to give a quantitative evaluation
of observed SO inter-decadal variability. Unless otherwise stated, the
observed and simulated results in the main text are based on ERSST v4
because of its more common usage in the Decadal Climate Prediction
Project designed for the CMIP6.

We also take model outputs from the sixth Coupled Model Inter-
comparison Project (CMIP6) historical runs to demonstrate that the
external forcing fails to reproduce the pronounced inter-decadal variability
observed in the SO SST (Supplementary Fig. 1).

Analyses methods and significance testing

The Theil-Sen method®' was utilized to compute the observed SST trends
with 95% confidence intervals based on the Mann-Kendall test (Fig. 1 and
Supplementary Fig. 6). We measured the statistical significance of the cor-
relation and linear regression coefficients according to a Student’s two-sided
t-test in which the effective number of degrees of freedom was estimated
using the lag-1 autocorrelation of the two series”. We also employed the
Student’s f-test to examine the confidence interval of the simulated SO
climate responses to the IPO-SST and AMV-SST anomalies in idealized
restoring experiments described below.
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IPO and AMV indices and their corresponding spatial patterns
Following the previously proposed methods****”, we estimated the
internally generated components of observed Inter-decadal Pacific Oscil-
lation (IPO) and Atlantic Multidecadal Variability (AMV). By conducting a
signal-to-noise maximizing EOF decomposition into global annual-mean
SST from the CMIP5 multi-model historical experiments covering 1890-
2005 and representation concentration pathway 8.5 (RCP8.5) until 2020, we
extracted the first principal component (PC1) associated to the leading
global signal-to-noise EOF SST. The spatial pattern associated with the
externally forced component of SST was taken by regressing the observed
global annual-mean SST against PC1.

After subtracting the CMIP5-based radiatively-forced component
from the observed annual-mean SST, we performed an EOF analysis of the
residual SST over the Pacific-wide domain (40°S-70°N, from Indonesia to
the American coast). The first principal component was extracted and fil-
tered via a zero-phasing Butterworth filter to reflect the temporal evolution
of the IPO index. Correspondingly, regression of the residual SST at each
grid point upon the IPO index over 1900-2013 represents the IPO-SST
spatial pattern (Supplementary Fig. 7). Similarly to the IPO, the weighted
average of the residual annual-mean SST over the North Atlantic domain
(0°-60°N, from the American coast to Africa/Europe) is defined as the AMV
index after filtering using a zero-phasing Butterworth filter. We obtain the
AMV-SST spatial patterns by regressing the residual annual-mean SST at
each grid point onto the AMV index over 1900-2013 (Supplementary Fig.
7). Notably, introducing the same zero-phasing Butterworth filter to the
SOIDV, IPO, and AMYV indices in each data enables us to make an objective
assessment of their lead-lag statistical relationships (Supplementary Fig. 5).
The IPO-SST and AMV-SST spatial patterns (ERSST v4) are prescribed in
idealized restoring experiments described below to examine their respective
importance to the SOIDV.

Observed SO SST changes linearly congruent to the observed
IPO trends

Given the irregularity of IPO in terms of magnitude and phase transition,
we examine the role of the IPO phase shift in generating the observed SO
SST changes by quantifying how much observed SO SST trends are linearly
congruent with the observed IPO trends (hereafter called IPO-congruent
trends). For example, during 1980-2013, the IPO phase shifted toward
warm from cold, and the SO SST underwent extensive cooling (Fig. 1). We
first regress the observed annual-mean global SST (ERSST v4) at each grid
point onto the observed IPO index over 1900-2013. The consequent
regression coefficients over the SO are then multiplied by rolling-window
34-year trends of the observed IPO index ranging from 1900-1933 to
1980-2013 (Fig. 1 and Supplementary Fig. 6).

Idealized restoring experiments
To disentangle the physical pathways communicating the IPO-SST and
AMV-SST signals to the SO, we analyze five suites of IPO-SST and AMV-
SST-nudging experiments conducted with a fully coupled climate model,
termed IPSL-CM6A-LR®, as a contribution to the CMIP6 Decadal Climate
Prediction Project’. The IPSL-CM6A-LR has an equilibrium climate sen-
sitivity (ECS: 4.7 °C) and transient climate response (TCR: 2.35 °C) close to
the mean ECS and TCR estimated by previous studies”. We evaluate the
present-day climatology of SST and precipitation in IPSL-CM6A-LR
against observations by considering the common period of 1980-2013
(Supplementary Fig. 7). Although the IPSL-CM6A-LR is greatly improved
compared to previous versions, the common biases and shortcomings,
including an excessively westward-extended cold tongue, double Inter-
tropical Convergence zone, etc., persist. However, as shown in previous
studies”"” of the detailed model configurations, the IPSL-CM6A-LR idea-
lized restoring simulations have successfully captured the tropical Pacific-
Atlantic inter-basin climate interactions on decadal timescales.

In the first two experiments, SST's over the whole Pacific (40°S-70°N)
and North Pacific (20°N-70°N) are nudged, respectively, towards both
negative-polarity and positive-polarity patterns of IPO and PDO

superimposed on the climatologically-varying model control-run SST
(Supplementary Fig. 7). Although the IPO and PDO indices are significantly
correlated (R=~0.9, P>0.05)", they have distinctive physical origins®.
Specifically, the IPO primarily reflects the tropical Pacific processes, with
high coherence over the North and South Pacific®’. Instead, although the
PDO represents a combination of remote tropical forcing and local North
Pacific variability, it has more of a North Pacific focus. Accordingly, the IPO-
SST and PDO-SST restoring experiments could help us distinguish their
relative importance to the SO SST inter-decadal variability.

In the remaining three experiments, SSTs over the full North Atlantic
(0°-60°N), tropical North Atlantic (0°-30°N), and extratropical Atlantic
(30N-60°N) are constrained, respectively, to both warm-phase and cold-
phase patterns of full AMV, tropical-only AMV, and extratropical-only
AMV overlaid on model control-run climatology (Supplementary Fig. 7).
These distinct AMV-SST-nudging experiments aim to single out their
respective role in forcing the SO SST variability.

The targeted SST patterns are kept constant in these SST-nudging
simulations. Each experiment lasts ten years, and all radiative forcing agents
are fixed at the pre-industrial levels. There are ten ensemble realizations for
the IPO-SST and PDO-SST restoring simulations and 25 ensemble mem-
bers for the AMV-SST restoring simulations. To maximize the signal-to-
noise ratio and determine more reliably the influence of a warm-to-cold-
phase transition of IPO or PDO (overlooking a neutral state), we estimate
the simulated SO climate response to a cold-phase IPO-SST (PDO-SST)
forcing by comparing the ensemble mean of 10-member cold-polarity IPO-
SST (PDO-SST) runs averaged over 10 years to their warm-polarity coun-
terparts (Figs. 2, 3). A similar procedure is performed for the AMV-SST
restoring experiments to calculate their respective model responses (Figs. 4,
5). When separately taking ten ensemble members of IPO-SST (PDO-SST)
and AMV-SST restoring experiments as the ensemble mean, our main
conclusions hold that the SO SST inter-decadal variability mostly stems
from the IPO, with a smaller contribution from the AMYV, especially in the
extratropical domain.

The five idealized restoring experiments with CNRM-CM6-1 partici-
pating in the Decadal Climate Prediction Project of CMIP6 are also pre-
sented to test whether the dominance of tropical Pacific over the trans-
hemispheric tropical-SO teleconnections on decadal timescales derived
from IPSL-CM6A-LR is model-dependent (Supplementary Figs. S13, S14).
The comparison of idealized restoring simulation results from the two cli-
mate models adds model diversity to our diagnosis and confidence in the
robustness of our main conclusion.

Rossby wave activity flux

Using idealized restoring experiments described above, we diagnose wave
activity flux™ to detect large-scale quasi-stationary Rossby wave propagation
in the Southern Hemisphere extratropical atmosphere. The wave flux vec-
tors (Fig. 2), highly parallel to the group velocity of stationary Rossby waves,
are useful for uncovering an eastward-propagating large-scale Rossby wave
train initiated by a cold-phase IPO-SST or warm-polarity AMV-SST
forcing.

Rossby wave source

To validate the initiation and development of extratropical atmospheric
Rossby waves in the Southern Hemisphere, we gauge the Rossby wave
activity by diagnosing the 200-hPa barotropic vorticity equation following
an earlier study”. The Rossy wave source (RWS) is well approximated as

RWS=-V, -V(E+f)— (E+f)D 1)

where V, and D denote the divergent wind and divergence at 200 hPa,
respectively; & is relative vorticity, and f the Coriolis parameter. The two
right-hand terms in Eq. (1) represent the vorticity advection linked to the
divergent wind and the vorticity generation by vortex stretching,
respectively. Because of the high dependence on the divergent flow and
nonzero absolute vorticity, RWS is comparatively weak over the equatorial
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domain but is nonlocal and centralized in the subtropics, wherein the
climatological westerly flow facilitates the generation of the Rossby wave.

Atmospheric meridional mass stream function

We calculate the meridional mass stream function to reveal the IPO-SST
and AMV-SST impacts on Southern Hemisphere atmospheric meridional
circulation (Figs. 3, 5). The meridional mass stream function (y,,) is esti-
mated by vertically integrating the zonal-mean meridional wind from the
top of the atmosphere to the surface, defined as follows:

2maccos(¢) [P
= d
Vin g / L p @

Here v is zonal mean meridional winds; « is Earth’s radius (~6378 km);
¢ is latitude (radians); g is the acceleration of gravity (9.8 ms™"); p is the
pressure, and p, denotes the surface pressure.

While cold-polarity TPO-induced and warm-phase AMV-induced
Hadley circulation modifications are more regional, these local perturba-
tions are sufficient to influence zonal-mean meridional stream functions
(Figs. 3, 4).

Mixed-layer heat budget analysis

The SO SST variability is controlled through the heat balance in the ocean
mixed layer”, comprising surface net air-sea heat flux (the first four right-
hand terms in the equation below), Ekman and Geostrophic horizontal
advection (5th and 6th terms), and diffusive process (7th term) in the
mixed-layer depth, and Entrainment process (8th term) at the bottom of the
mixed layer.

oT 1 — —
EZ;W(st‘*'()zw*'QIN‘QSh) — Vg VI = Vg VT
0~p''m
(3)
+x VZT—i—iw‘a(Tb_T)
H h

m

where T, T}, and h,, are SST, the ocean potential temperature just below the
mixed-layer depth, and the mixed-layer depth, respectively; p,
(1027 kgm™) is the reference density of seawater; C, (4000 Jkg™" K™) is
the specific heat capacity of seawater at constant pressure; Q,,,, Qy,» Qy> and
Qy, indicate surface net shortwave radiative flux, netlongwave radiative flux,
latent heat flux, and sensible heat flux, respectively; V and V are Ekman
and Geostrophic current velocities, respectively; «;; is the eddy diffusivity
(here set to be 500 m*s™); w, denotes the entrainment rate and is estimated
as the sum of the rate of change in the mixed layer depth and the Ekman
vertical current velocity. The downward shortwave radiative flux at the base
of the mixed-layer depth serves as a second-order factor compared to other
terms in Eq. (3) and hence is ignored.

Here, we focus on the simulated SO heat balance derived from the cold-
polarity IPO-SST restoring experiments. Specifically, a cold-phase IPO-SST
anomaly leads to SO SST basin-scale cooling via the enhanced northward
Ekman transport of colder waters associated with the accelerated westerly
anomalies (Fig. 6 and Supplementary Fig. 12). Conversely, a warm-phase
IPO-SST anomaly forces basin-scale warming in the SO. We also calculate
the simulated SO heat balance in the cold-phase PDO-SST and warm-
polarity AMV-SST restoring experiments. Compared to a cold-polarity
IPO-SST forcing, the PDO-SST cooling and the AMV-SST warming, par-
ticularly in the extratropical part, are both minor in generating the SO SST
large-scale cooling, primarily due to the comparatively weak poleward-
shifted westerlies forced by the tropical Pacific small cooling and the Atlantic
SST warming, respectively (not shown).

Data availability

The observed SST datasets and model outputs that support this study are
publicly available from the following websites: ERSST v4 and v5 (https://
www.ncei.noaa.gov/products/extended-reconstructed-sst), COBE SST and

SST2  (https://psl.noaa.gov/data/gridded/index.html), and HadISST
(https://www.metoffice.gov.uk/hadobs/hadisst/). All the CMIP6 model
outputs are available at https://pcmdi.llnl.gov/CMIP6. More data about the
idealized restoring experiments are provided upon reasonable request.

Code availability

The codes used here to generate all the main figures are available upon
request from the corresponding author, S.L.Y. The codes are created using
the NCAR Command Language (NCL: https://www.ncl.ucar.edu/), a public
access software.
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