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Abstract

During the 1979-2013 satellite observation period, the sea surface temperature (SST) has cooled
substantially in the high-latitude Southern Ocean, with the most pronounced cooling tendency
centered in the southeastern Pacific domain. Previous hypotheses have commonly ascribed the
recent Southern Ocean cooling to either the tropical eastern Pacific cooling or North Atlantic and
tropical Indian Ocean SST warming. However, the mechanisms underpinning significant cooling
in the southeastern Pacific sector remain debatable. By diagnosing three pacemaker experiments
with a state-of-the-art global climate model in which SSTs in the North Atlantic, tropical
central-eastern Pacific, and tropical Indian Ocean-western Pacific are individually nudged to
mimic the observed trajectory, we show that the North Atlantic dominates in the cold SST response
of the southeastern Pacific sector during 1979-2013. Anomalous North Atlantic warming initiates
a quasi-stationary Rossby wave response to a south-to-north cross-equatorial Hadley circulation
strengthening, leading to an enhanced Amundsen Sea Low. As a result, due primarily to the
increased low-level marine cloud cover, the net surface shortwave radiation reduction triggers
rapid SST cooling in the southeastern Pacific domain. The southeastern Pacific cold SST anomalies
are further maintained via the shortwave radiation-low-cloud-SST positive feedback on decadal
timescales. Our results suggest that the shortwave radiation-low-cloud SST feedback is
fundamental to the observed long-term cooling of the high-latitude Southern Ocean, with

profound climate consequences worldwide.

1. Introduction

Despite continuous increase in the heat-trapping
atmospheric greenhouse gas concentration during
the satellite-monitoring period of 1979-2013, the
observed sea surface temperature (SST) has experi-
enced a cold-phase Inter-decadal Pacific Oscillation
(IPO)-like anomaly in the whole Pacific basin (Power
et al 1999) and conspicuous cooling in the high-
latitude Southern Ocean (50° S-70° S; the blue box
in figure 1), with prominent cold tendency occupy-
ing the southeastern Pacific domain (50° S-70° S and

© 2024 The Author(s). Published by IOP Publishing Ltd

160° W—80° W; the green box in figures 1(a) and (¢)).
The marked SST cooling across the tropical eastern
Pacific and high-latitude Southern Ocean, prevalent
in different observations (figure S1), generates anom-
alously negative climate feedback and partly coun-
teracts the greenhouse gas-induced warming, thus
contributing to the early twenty-first-century global
warming slowdown (Meehl et al 2011, 2016, Kosaka
and Xie 2013, Yao et al 2017) and accelerated Arctic
sea-ice loss (Baxter et al 2019). However, the trop-
ical Pacific and Southern Ocean SST-driven cooling
effects, especially for recent decades (Stevens et al
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Figure 1. Linear trends of sea surface temperature (SST), 850 hPa winds, and meridional-mean sea water potential temperature
(averaged over the zonal belt of 50° S-70° S) for observations (Obs); (a), (b) and North Atlantic Ocean pacemaker experiments
(NAT); (c), (d) for 1979-2013. Observed trends are computed from ERSST v3b and an ensemble mean of four different reanalysis
datasets, including 20CR3, ERA-interim, ERA5, JRA55 (a), and ORAS5 datasets (b). Simulated trends are estimated from the
10-member ensemble mean of North Atlantic Ocean pacemaker simulations (NAT); (c), (d). The green boxes in the left (a), (c)
and right (b), (d) panels indicate surface and subsurface cold anomalies in the southeastern Pacific sector (50° S-70° S and

160° W—80° W outlined by the green box) of the high-latitude Southern Ocean (50° S-70° S demarcated by the blue box).
Stipplings and vectors are only shown where trends are statistically significant above the 95% confidence level based on the
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2016, Kang et al 2023), are misrepresented in almost
all the global climate models participating in the sixth
Coupled Model Inter-comparison Project (figure S2),
rendering our low confidence in near-term climate
predictions and future climate projections. Thus,
uncovering the causes of significant cooling over the
tropical Pacific and high-latitude Southern Ocean is
pressing to provide accurate estimates of future global
warming rates and determine the time of emergence
of the 1.5 °C warming target.

Although the tropical Pacific cooling has been
well recognized to be partly tied to the cold-phase IPO
and partially forced by the North Atlantic warming
related to the warm-polarity Atlantic Multidecadal
Variability via the intensified Pacific Walker circula-
tion (McGregor et al 2014, Li et al 2016, Ruprich-
Robert et al 2017, Meehl et al 2021, Yao et al 2021,
2023), the mechanisms behind remarkable high-
latitude Southern Ocean cooling remain controver-
sial. One major hypothesis considers a strengthening
of the poleward-shifted surface westerlies due to stra-
tospheric ozone depletion (Sigmond and Fyfe 2010,

Bitz and Polvani 2012, Ferreira et al 2015) and green-
house gas increase (Hall and Visbeck 2002, Arblaster
and Meehl 2006). The accelerated surface westerlies
enhance northward Ekman advection of cold waters
and cool the Southern Ocean (Hall and Visbeck
2002). Additionally, the enhanced surface freshening
due to Antarctic ice-sheet and ice-shelf meltwater and
sea-ice transport under greenhouse warming favors
the increased stratification of vertical density and the
suppressed mixing with warmer deep-layer waters,
leading to the Southern Ocean cooling (Haumann
etal 2016, 2020, Pauling et al 2016, Purich et al 2018).
Alternatively, recent high-latitude Southern Ocean
cooling may be caused by the ceased Weddell Sea deep
convection of the Southern Ocean centennial-scale
natural variability (Latif et al 2013, De Lavergne et al
2014, Zhang et al 2019). Because these above hypo-
theses are poorly represented in global climate models
(Bourassa et al 2013, Haumann et al 2020), the tim-
ing, magnitude, and spatial pattern of high-latitude
Southern Ocean cooling, particularly the southeast-
ern Pacific, has yet to be rigorously quantified.
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Besides those aforementioned local drivers,
remote drivers originating from tropical SST vari-
ability are also invoked to explain the high-latitude
Southern Ocean cooling. For example, not only trop-
ical eastern Pacific cooling (Liet al 2021, Ibebuchi and
Richman 2024) but also Atlantic or Indian Ocean
warming (Li et al 2014, Simpkins et al 2014, 2016,
Nuncio and Yuan 2015, Yuan et al 2018) can excite
the Rossby wave trains that propagate poleward and
ultimately induce the Southern Ocean SST changes.
To what degree SST variability in individual basins
creates significant cooling in the southeastern Pacific
sector (50° S-70° S and 160° W-80° W; the green box
in figures 1(a) and (c)) remains elusive. Our model-
ing study aims to gain deeper insight into the pro-
nounced cooling in the southeastern Pacific sector.
We first single out the main driver of rapid south-
eastern Pacific cooling in the high-latitude Southern
Ocean. Then, we shed light on the dynamic path-
ways and physical process for the trans-hemispheric
teleconnections.

2. Observations and model experiments

2.1. Reanalysis datasets

We utilize six different SST datasets to examine
the robustness in the southeastern Pacific cooling
during 1979-2013, including the NOAA Extended
Reconstruction Sea Surface Temperature (ERSST)
version 3b, 4, and 5 (Huang et al 2015, 2017),
Centennial in situ Observation-Based Estimates
SST (COBE-SST and v2) (Hirahara et al 2014),
and Hurrell SST (Hurrell et al 2008). The observed
southeastern Pacific cooling is not so sensitive to the
choice of the ending year, such as 2013 and 2019
(figure S1). Due to the limited data coverage over
the Southern Ocean before the 1970s (Smith et al
2008), we select the period 1979-2013 to better con-
trast with CMIP6 historical simulations in which the
reliable time-varying radiative forcing ends in 2014.
We also take four atmospheric reanalysis datasets
to reveal the poleward-shifting westerly strengthen-
ing, including the NOAA twentieth-century reana-
lysis version 3 (20CR v3) (Slivinski et al 2019),
the European Center for Medium-Range Weather
Forecasts (ECMWEF) Reanalysis (ERA-interim) and
(ERA5) (Dee et al 2011), and the Japanese Reanalysis
(JRA-55) (Kobayashi et al 2015) covering 1979-2013.
The ECMWF oceanic reanalysis system (ORAS5)
is used to inspect subsurface cold conditions of
seawater potential temperature for 1979-2013.
The reanalysis datasets above are summarized in
table SI.

2.2. Pacemaker experiments
To delve into the potential drivers of significant
southeastern Pacific cooling, we evaluate three
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time-evolving pacemaker experiments with the
Community Earth System Model version 1.1
(CESM1) following the methodology of previous
studies (Kosaka and Xie 2013, Deser et al 2017, Meehl
et al 2021). The good performance of CESM1 in cap-
turing tropical Pacific and Atlantic climate variability
has been identified in earlier studies (e.g. Deser et al
2017, Meehl et al 2021). In these simulations (table
S2), SST anomalies in the North Atlantic (NAT: 5° —
55° N, the American coast to Africa/Europe with
5° tapering buffer zones in southern and northern
boundaries), tropical central-eastern Pacific (TEP:
15° S-15° N, 180° to the American coast with 5°
buffer zones in the western, northern, and south-
ern boundaries), and tropical Indian Ocean-western
Pacific (IOWP: 15° S—-15° N, African coast to 174° E
with 5° buffer zones in the eastern, northern, and
southern boundaries) are separately nudged to the
observed trajectories (figure $3). Outside the nudging
regions, the ocean-air systems are free to evolve and
fully coupled. Each run is also forced with histor-
ical radiative forcing (1920-2005) and RCP8.5 scen-
ario (2006-2013). It consists of ten ensemble mem-
bers initialized with slightly different initial atmo-
spheric conditions. The pacemaker experimental
setup enables us to systematically investigate the
extent to which SST variability in each basin pro-
duces climate changes in the high-latitude Southern
Ocean.

All the linear trends from observations and pace-
maker experiments presented here are estimated
using Sen’s slope method (Sen 1968), with a 95% stat-
istical significance according to the Mann—Kendall
test.

3. Results

3.1. Observed and simulated climate changes in the
high-latitude Southern Ocean

We first examine the role of North Atlantic warm-
ing in driving climatic changes in the high-latitude
Southern Ocean by constraining North Atlantic SST
anomalies to observations in the pacemaker exper-
iments. Figure 1 compares observed and simulated
linear trends of SST, 850 hPa winds, and ocean
potential temperature for 1979-2013. For observa-
tions, significant surface and subsurface cooling occur
across a large swath of the Southern Ocean (south
of 50° S), with the largest cooling signal concen-
trated in the southeastern Pacific and penetrating
deep into ~150 m (figures 1(a) and (b)), except for
small patches of warming at the surface (50° S-70° S)
and in the subsurface (90° E-110° E) of the Indian
Ocean. Correspondingly, a strengthening of westerly
winds in the Southern Ocean is also evident com-
pared to the climatological mean westerlies north of
70° S (cf figures 1(a) and S4). In the southeastern



10P Publishing

Environ. Res. Lett. 19 (2024) 064025

Pacific domain (50° S=70° S and 160° W-80° W),
the SST cooling and westerly wind trends reach
—0.117 °C/10 yr and 0.151 ms™~!/10 yr, respectively,
similar to earlier findings of different data sources
(Armour et al 2016, Jones et al 2016, Zhang et al 2019,
2021, Xu et al 2022). North Atlantic pacemaker sim-
ulations reproduce observed trends in the southeast-
ern Pacific domain relatively well, with SST cooling
of —0.074 °C/10 yr and westerly wind strengthen-
ing of 0.183 ms™!/10 yr (figure 1(c)). Remarkably,
the North Atlantic warming-induced surface and sub-
surface cooling signals are mainly limited to the
southeastern Pacific sector (figures 1(c) and (d)),
with comparatively weaker magnitudes than obser-
vations. The simulated subsurface cooling extends
downward to a deeper depth (~700 m), distinct from
the observed surface cooling and subsurface warm-
ing (cf figures 1(d) and (b)). The observation-model
mismatch may be due to the unrealistic representa-
tion of sea-ice-ocean freshwater fluxes by the lack of
Antarctic glacial meltwater increase in global climate
models (Bourassa et al 2013, Bronselaer et al 2020,
Haumann et al 2020, Rye et al 2020). Surface cool-
ing and the underestimated high-latitude freshwater
flux induce the reduced density stratification and the
deeper mixed layer (Gupta et al 2009), thus allow-
ing surface cooling to intrude into a deeper layer with
persistence.

To fully understand the remote drivers of rapid
southeastern Pacific cooling, we quantify the respect-
ive contributions of the TEP cooling and IOWP
warming using pacemaker experiments (figure S5).
The TEP pacemaker simulations produce weak
warming in the southeastern Pacific and significant
warming in other parts of the high-latitude Southern
Ocean (figure S5(a)). The IOWP pacemaker exper-
iments also create extensive warming in the high-
latitude Southern Ocean (figure S5(b)). Although
both simulations replicate the intensified wester-
lies in the Southern Ocean, the southeastern Pacific
warming response fundamentally disagrees with the
observed and the North Atlantic warming-forced
cooling (figure 1). Furthermore, previous studies
report that stratospheric ozone loss possibly contrib-
utes to the Southern Ocean surface cooling through
the poleward-intensifying westerlies associated with
a positive-phase Southern Annular Mode (SAM)
(Fyfe et al 2007, Ferreira et al 2015, Kostov et al
2017, Ibebuchi 2021). We systematically assess the
importance of stratospheric ozone-depleting on the
Southern Ocean SST changes by analyzing the stra-
tospheric ozone single-forcing historical experiments
of five CMIP6 models (figure S6). The southeast-
ern Pacific SST response is ambiguous and varies
widely across models. These model results demon-
strate that North Atlantic warming contributes more
to cooling in the southeastern Pacific sector for
1979-203.

S-L Yao et al

3.2. Dynamics governing North Atlantic warming
to force the southeastern Pacific cooling

Next, we unravel the dynamic pathways by which
the North Atlantic SST warming signal is conveyed
to the high-latitude Southern Ocean. North Atlantic
pacemaker experiments well reproduce an enhanced
north-minus-south meridional SST gradient across
the tropical Atlantic (Levine et al 2018), albeit with
larger cooling in the tropical South Atlantic than
observations (cf figures 1(a) and (c)). In response to
anomalous North Atlantic warming, a strong Atlantic
inter-tropical convergence zone migrates northward
and resides north of the equator (cf the increased
precipitation trend and climatological-mean precip-
itation in figure 2(a)). The associated atmospheric
convective heating induces anomalous tropospheric
upper-level divergence extending from the equatorial
Atlantic to the tropical North Atlantic and anomal-
ous convergence over the South Atlantic (figure 2(b)).
Consequently, these atmospheric perturbations res-
ult in a northward-extended strengthened Hadley
circulation (figure 2(c)). While the North Atlantic
warming-forced Hadley cell adjustment is initially
local, the succeeding perturbation is large enough to
affect the zonal-mean meridional stream functions
(figure 2(c)). The descending branch of Hadley cir-
culation intensification favors the increased upper-
level convergence in the subtropical South Atlantic,
ultimately forming anomalous Rossby wave sources
south of the subtropical jet (Simpkins et al 2014, Li
etal 2015, 2021).

The atmospheric circulation anomalies favor an
equivalent barotropic Rossby wave pathway spread-
ing from the mid-to-upper-level troposphere in
the mid-to-high Southern Hemisphere (figures 2(d)
and (e)). Specifically, a Rossby wave train ini-
tially emanates from the subtropical South Atlantic.
Then, it propagates eastward within the clima-
tological mean subtropical jet, ending over the
Amundsen and Bellingshausen Seas following a great
arc. This Rossby wave response features a distinct-
ive zonal wavenumber-3 structure of alternating low-
pressure and high-pressure anomalies of active cen-
ters (figures 2(d) and (e)), manifesting as a deepened
Amundsen Sea Low and a positive-polarity SAM (Li
et al 2014, Simpkins et al 2014). A dipole-like sea level
pressure pattern, with anomalous high-pressure cen-
ters near 40° S and low-pressure centers near 65° S
(Thompson and Wallace 2000, Ding et al 2012), char-
acterizes a positive-phase SAM anomaly (figure 2(f)),
corresponding to the poleward-shifted westerly wind
intensification (figure 1(c)).

Indeed, the trans-hemispheric North Atlantic-
Southern Ocean teleconnections are established via a
two-pronged pathway: a direct Rossby wave response
to a northward-displaced accelerated Hadley circu-
lation induced by North Atlantic warming and an
indirect response to a southward-shifted weakened
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Figure 2. Dynamic pathway for North Atlantic warming to generate the Southern Hemisphere extratropical circulation changes.
Linear trends of precipitation (a); units in mm d !, 200 hPa divergence (b); units in 10~° s~!, meridional mass stream function
(c); 10! kg s—!, 200 hPa geopotential height (d); (Z200), 500 hPa geopotential height (e); (Z500), and sea level pressure (f); (SLP)
for 1979-2013. The purple solid lines in (a) denote the climatological precipitation of 60 mm d~!. The black lines represent the
climatological meridional mass stream function (dashed contours for negative and solid contours for positive values) with an
interval of 0.2 X 10" kg s™! from —1.0 x 10! kg s™! to 1.0 x 10! kg s~!. Positive values indicate the clockwise flow and vice
versa. The zonal mean of Z200 (d) and Z500 (e) at each latitude has been removed to illustrate the propagation of the Rossby wave
train. Results are computed from the 10-member ensemble mean of North Atlantic Ocean pacemaker simulations. Stippling
signifies regions where trends are statistically significant above the 95% confidence level according to the Mann—Kendall test.
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Hadley cell due to TEP cooling forced by North
Atlantic warming (figures 2 and S7). In TEP pace-
maker simulations (figure S7), meridionally wide
tropical Pacific cooling tied to a cold-phase IPO
and a strong southwestward-shifted South Pacific
Convergence Zone (SPCZ) work together to pro-
duce the Rossby wave sources located south of the
SPCZ (Folland et al 2002, Clem and Fogt 2015,
Brown et al 2020). As such, a distinct Rossby
wave pathway is formed, which is initially excited
in the subtropical western South Pacific and then
propagates eastward to traverse the Southern Ocean

in a great circle (figure S7). This strong Rossby
wave response translates well into a larger positive-
polarity SAM anomaly and a stronger strengthen-
ing of the poleward-extended westerly winds (figure
S5) than those induced by North Atlantic warming
(figures 1(c) and 2(f)). While tropical Pacific cool-
ing causes much stronger westerly winds in the south-
eastern Pacific, the marked southeastern Pacific cool-
ing is more sensitive to North Atlantic warming than
TEP cooling, suggesting that the key physical pro-
cesses might be required to resolve the intriguing
paradox.
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3.3. Physical processes underlying the pronounced
southeastern Pacific cooling response to North
Atlantic warming

We further disentangle the primary physical processes
responsible for North Atlantic warming to drive the
significant cooling in the southeastern Pacific sec-
tor. Because the ocean mixed-layer heat balance gov-
erns the Southern Ocean SST changes (Dong et al
2007, Sallée et al 2010, Xu et al 2022), we determ-
ine the relative importance of thermodynamic com-
ponents (surface heat flux in the first four terms
below) and ocean dynamic components (Ekman and
Geostrophic horizontal advection, diffusive process,
and Entrainment process in the last four terms) based
on the mixed-layer heat budget analysis as follows
(Dong et al 2007):

oT 1 —
. - T~ 1 sw w S| —Vg-VT
9t~ poCylim (Qsw+ Qi+ Qn+ Q) — VE- V
(Ty— T
—VC,)'VT-FHHVZT'F% (1)

where T, Ty, and h,, represent SST, sea water
potential temperature below the mixed-layer
depth, and the mixed-layer depth, respectively; po
(1027 kg m~—3) denotes the seawater reference density;
Cp (4000 J kg=! K™') signifies the seawater-specific
heat capacity at constant pressure; Qsy, Qw> Qmn, and
Qs are net surface shortwave radiation, longwave
radiation, latent, and sensible heat flux, respectively;
\7:5 and \7>G indicate Ekman and Geostrophic current
velocities, respectively; ry (500 m? s=!) is the eddy
diffusivity; w. is the entrainment rate derived from
the Ekman vertical velocity. We discard the down-
ward shortwave radiative flux through vertical tur-
bulent mixing and seawater absorption of the mixed
layer due to its negligible effect relative to other terms
in the equation (1).

We focus on the spatial distribution of indi-
vidual term trends to better identify the principal
physical factors controlling pronounced southeast-
ern Pacific cooling (figure 3). Amongst all the sur-
face heat fluxes, the net shortwave radiation reduc-
tion best matches the spatial pattern of southeastern
Pacific SST cooling during 1979-2013 (cf figures 3(a)
and 1(c)). Consistently, the area-averaged cooling
trend caused by the diminished net shortwave radi-
ation is —0.06 °C/10 yr, accounting for ~81% of the
southeastern Pacific SST cooling response to anom-
alous North Atlantic warming (—0.074 °C/10 yr in
figure 1(c)). Although the reduced net surface long-
wave radiation, latent, and sensible heat fluxes con-
tribute potentially to cooling in some parts of the
southeastern Pacific domain (figures 3(b)—(d)), their
spatial patterns are strikingly at odds with the distri-
bution of marked southeastern Pacific cooling.

By comparison, ocean dynamic processes cannot
properly explain remarkable cooling in the south-
eastern Pacific domain. Large warming north and

6
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small cooling south of 65° S caused by Ekman hori-
zontal advection, especially the meridional Ekman
transport, are seen over the southeastern Pacific
(figure 3(e)). The north-south opposing responses of
Ekman advection are mainly controlled by anomal-
ous easterly-induced southward Ekman advection of
warm waters and anomalous westerly-driven equat-
orward Ekman advection of cold waters (Hall and
Visbeck 2002, Fyfe et al 2007, Bitz and Polvani 2012).
The zonal distributions of Ekman advection and
meridional Ekman transport also closely align with
surface zonal wind stress (figure S8). Furthermore,
the southeastern Pacific SST trends linked to the geo-
strophic advection are highly irregular, quite incon-
sistent with the spatial pattern of marked south-
eastern Pacific cooling response to North Atlantic
warming (cf figures 3(f) and 1(c)), even though
some cooling patches emerge. The effects from dif-
fusion and entrainment processes are mostly negli-
gible (figures 3(g) and (h)) and do not conform to
the southeastern Pacific cooling pattern. The quant-
itative assessment provides evidence that the net sur-
face shortwave radiation reduction is an import-
ant process underlying the significant southeastern
Pacific cooling response to anomalous North Atlantic
warming.

Previous observation-based and coupled model-
based studies emphasize that the increasing westerly-
driven northward Ekman advection of cold waters
contributes to the Southern Ocean basin-scale cool-
ing (Hall and Visbeck 2002, Dong et al 2007, Bitz
and Polvani 2012, Kostov et al 2017, Xu et al
2022). Yet, North Atlantic pacemaker simulations
fail to capture the large-scale cooling effects from
the enhanced northward Ekman transport of cold
waters (figure 3(e)). Although there is a broad agree-
ment on the zonal-mean distributions of SST cool-
ing and northward Ekman transport of cold waters
south of 65° S across the southeastern Pacific sec-
tor (figure S8), the SST cooling responses to equat-
orward Ekman advection of colder waters are min-
imal. A possible explanation is that, in response to the
poleward-shifted westerly wind intensification linked
to a positive-polarity SAM anomaly, the initial fast
cooling response lasts for a few years, and, after about
ten years, it gradually begins to be overwhelmed
by the accelerated upwelling of warmer deep-layer
waters (Ferreira et al 2015, Kostov et al 2017) and
additionally enhanced by the eddy compensation-
induced warming (Doddridge et al 2019). This mod-
eling evidence is compatible with the statistical ana-
lysis that the direct impact of the SAM on the south-
eastern Pacific sector is relatively weak over a long
period (see text S1 in the supplementary informa-
tion for more details). Thus, the net surface shortwave
radiation reduction is more efficient in triggering and
maintaining the SST cooling over the southeastern
Pacific domain on decadal timescales (e.g. three dec-
ades or even longer).
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Figure 3. Physical processes for North Atlantic warming driving the Southern Ocean SST changes. The Southern Ocean SST
changes are governed by net surface shortwave radiation (a), net surface longwave radiation (b), latent heat flux (c), sensible heat
flux (d), horizontal Ekman advection (e), horizontal geostrophic advection (f), diffusion (g), and entrainment (h) during
1979-2013. Positive radiation flux downward denotes that the ocean absorbs heat from the atmosphere, thus heating the
Southern Ocean SST. In contrast, negative radiation flux upward indicates that the ocean loses heat to the atmosphere, thus
cooling the Southern Ocean. Negative (Positive) values in (e) denote the northward (southward) Ekman transport of cold (warm)
waters, cooling (heating) the Southern Ocean SST. The purple box denotes the southeastern Pacific sector of the high-latitude
Southern Ocean (50° S-70° S and 160° W—80° W). Results are calculated from the 10-member ensemble mean of North Atlantic
Ocean pacemaker simulations. Stipplings denote regions where trends are statistically significant above the 95% confidence level
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We notice that the spatial pattern of net surface
shortwave radiation mostly agrees with changes in
the net shortwave radiation at the top of the atmo-
sphere (figures 3(a) and 4(a)), particularly in the
South Pacific (south of 30° S) in association with
variations in cloud cover (figures 4(b) and (c)). The
total cloud cover, mainly in the low-level troposphere,

increases markedly in regions where the net short-
wave radiation at the top of the atmosphere signi-
ficantly declines. Eventually, the resulting net surface
shortwave radiation reduction facilitates SST cool-
ing trends in the South Pacific. The enhanced mid-
level cloud cover may attenuate the net surface short-
wave radiation in the southeastern Pacific sector and
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Figure 4. Responses of net shortwave radiation at the top of
the atmosphere and cloud cover to the North Atlantic
warming forcing. Linear trends of net shortwave radiation
at the top of the atmosphere (a), total cloud cover (b), and
low-level cloud cover (c) during 1979-2013. Positive
(Negative) values for the net shortwave radiation flux at the
top of the atmosphere go downward (upward). Positive
(Negative) values for the cloud cover denote the cloud cover
increases (reduction). Results are computed from the
10-member ensemble mean of North Atlantic Ocean
pacemaker simulations. The purple box in each panel
indicates the southeastern Pacific sector of the high-latitude
Southern Ocean (50° S-70° S and 160° W-80° W).
Stipplings domains are statistically significant above the
95% confidence level based on the Mann—Kendall test.

cool the SST there (figure S9). Still, it cannot reas-
onably explain the reduced net shortwave radiation
at the surface and the top of the atmosphere in
other parts of the South Pacific. As anomalous cold
SSTs occur in the southeastern Pacific domain, the
low-level marine cloud cover tends to increase, and
more incident solar radiation is reflected into space,
thus leading to further SST cooling and additional
cloud formation (Mechoso et al 2014, 2016). Such
favorable conditions are likely to trigger the short-
wave radiation-low-cloud-SST positive feedback that
helps to maintain the multidecadal SST cooling of
the southeastern Pacific. These results suggest that
the shortwave radiation-low-cloud-SST positive feed-
back dominates over the southeastern Pacific cold
SST response to anomalous North Atlantic warm-
ing on decadal timescales. Notably, since the cloud
cover is negligible and, subsequently, the shortwave
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radiation-low-cloud-SST positive feedback is minor,
a slight warming appears in the southeastern Pacific
sector in response to anomalous TEP cooling tied to
a cold-phase IPO (see text S2 in the supplementary
information for more details).

4. Summary and discussion

During 1979-2013, the observed Southern Ocean
SST cooled considerably, with the largest and most
consistent cooling trends in the southeastern Pacific
sector among different observations (figure SI).
Using three pacemaker experiments with CESM1
wherein SSTs in the North Atlantic, TEP, and trop-
ical Indian-western Pacific are separately nudged to
follow the observed evolutions, we systematically
quantify the respective role of SST variability in each
basin in generating SST changes in the southeast-
ern Pacific domain. North Atlantic nudging simula-
tions capture the observed significant cooling in the
southeastern Pacific well, while the remaining two
pacemaker experiments produce anomalous warm-
ing there. We further elucidate the dynamic pro-
cess through which North Atlantic warming drives
rapid southeastern Pacific cooling. Anomalous North
Atlantic warming induces a northward-migrated
enhanced Hadley circulation. Subsequently, it excites
a quasi-stationary Rossby wave train traversing the
high-latitude Southern Ocean, culminating with a
deepened Amundsen Sea Low. As a result of the
heightened low-level marine cloud cover, the net sur-
face shortwave radiation reduction cools the south-
eastern Pacific. The southeastern Pacific cold SST
response to anomalous North Atlantic warming is
further maintained via the shortwave radiation-low-
cloud-SST positive feedback on decadal timescales.
Here, we highlight that the CESM1 pacemaker sim-
ulations are not intended to offer exact details of the
marked southeastern Pacific cooling response during
1979-2013 but to systematically evaluate the respect-
ive role of individual ocean basins.

A new aspect of the study is that we employ the
identical pacemaker experimental framework to rig-
orously quantify the relative importance of SST vari-
ability in three ocean basins, including the North
Atlantic, TEP, and tropical IOWP, in forcing the high-
latitude Southern Ocean SST changes. We argue that
North Atlantic warming is decisive for driving the
observed multidecadal SST cooling of the southeast-
ern Pacific sector, whereas earlier studies have widely
stressed the role of tropical Pacific and Indian Ocean
SSTs (Simpkins et al 2016, Yuan et al 2018, Li et al
2021, Chung et al 2022). Distinct from the observed
Southern Ocean broad cooling, North Atlantic pace-
maker simulations capture only the southeastern
Pacific cooling, implying that the observed cooling
in other parts of the Southern Ocean is probably
related to the Southern Ocean internal variability as



10P Publishing

Environ. Res. Lett. 19 (2024) 064025

a consequence of the halted Weddell Sea deep con-
vection (Latif et al 2013, Cabré et al 2017, Zhang
et al 2019). Given that our analysis is solely building
on the CESM1 (Deser et al 2017, Meehl et al 2021),
the multi-model pacemaker experiments are urgently
needed to reliably determine the relative importance
of the North Atlantic SST variability and Southern
Ocean internal variability in generating the observed
long-term cooling of the Southern Ocean basin-scale
SST.

Our results report that the shortwave radiation-
low-cloud-SST positive feedback is key to the
observed multidecadal cooling of the southeastern
Pacific sector. However, the shortwave radiation-
low cloud feedback is misrepresented in the current
global climate models participating in the CMIP6
(Mechoso et al 2014, 2016, Zelinka et al 2020).
For example, the equilibrium climate sensitivity in
CMIP6 is higher on average than in previous gener-
ations of Coupled Model Inter-comparison Project,
owing mostly to the stronger low cloud-SST positive
feedback over the Southern Ocean through more dra-
matic reductions in low cloud amount and smaller
increases in cloud liquid water (Zelinka et al 2020).
These systematic biases greatly reduce the validity of
the model attribution of Southern Ocean climatic
changes to anthropogenic warming in recent dec-
ades. While early modeling studies of constraining
tropospheric wind changes in global climate models
attempt to uncover the causes of observed multi-
decadal Southern Ocean cooling (Pauling et al 2016,
Blanchard-Wrigglesworth et al 2021), unraveling
the large biases involving the absence of simulated
Southern Ocean cooling, enhanced surface freshen-
ing, and Antarctic sea-ice modest increases remains
challenging. Reducing these biases in global climate
models through improving cloud physical processes
and constraining the incoming shortwave radiation
flux in the Southern Ocean might provide new insight
into the origin of recent climate consequences in
the Southern Ocean (Mechoso et al 2016), with far-
reaching implications for the Antarctic sea-ice para-
dox (Li et al 2014).

Data availability statements

The reanalysis datasets used here are publicly
available following the websites: the 20-century
reanalysis product version 3 (https://psl.noaa.gov/
data/gridded/index.html), ERA-interim (https://
apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/), ERA5 (https://cds.climate.copernicus.
eu/#!/search?text=ERA5&type=dataset), JRA55
(https://climatedataguide.ucar.edu/climatedata/
jra55#:~:text=JRA%2D55%20is%20the%20first,
%2DVar)%20t0%20this%20period). ORAS5 data-
sets are available at https://cds.climate.copernicus.
eu/cdsapp#!/search?type=dataset&text=ORAS5. All
SST datasets used in this study are downloaded from
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the following websites: ERSST v3Db, v4, and v5 (www.
ncei.noaa.gov/products/extended-reconstructed-
sst). COBE SST and COBE2 SST (https://psl.noaa.
gov/data/gridded/index.html), Hurrell SST (https://
psl.noaa.gov/data/gridded/). All model outputs are
available at www.earthsystemgrid.org/dataset/ucar.
cgd.ccsm4.output.html.

All data that support the findings of this study are
included within the article (and any supplementary
files).
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