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ABSTRACT: Despite substantial global mean warming, surface cooling has occurred in both the tropical eastern Pacific
Ocean and the Southern Ocean over the past 40 years, influencing both regional climates and estimates of Earth’s climate
sensitivity to rising greenhouse gases. While a tropical influence on the extratropics has been extensively studied in the lit-
erature, here we demonstrate that the teleconnection works in the other direction as well, with the southeast Pacific sector of
the Southern Ocean exerting a strong influence on the tropical eastern Pacific. Using a slab ocean model, we find that the
tropical Pacific sea surface temperature (SST) response to an imposed Southern Ocean surface heat flux forcing is sen-sitive
to the longitudinal location of that forcing, suggesting an atmospheric pathway associated with regional dynamics rather
than reflecting a zonal-mean energetic constraint. The transient response shows that an imposed Southern Ocean cooling
in the southeast Pacific sector first propagates into the tropics by mean-wind advection. Once tropical Pacific SSTs are
perturbed, they then drive remote changes to atmospheric circulation in the extratropics that further enhance both
Southern Ocean and tropical cooling. These results suggest a mutually interactive two-way teleconnection between the
Southern Ocean and tropical Pacific through atmospheric circulations, and highlight potential impacts on the tropics from
the extratropical climate changes over the instrumental record and in the future.
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1. Introduction

Observed global sea surface temperatures (SSTs) have
exhibited a unique pattern of trends since the early 1980s:
despite global mean warming induced by the greenhouse gas
forcing, broad cooling has occurred in the tropical eastern
Pacific Ocean and the Southern Ocean (Fig. 1). In the tropi-
cal Pacific, the enhanced west–east SST zonal gradient has
been accompanied with a strengthening of the Walker circu-
lation along with strengthened trade winds (L’Heureux et al.
2013; Kociuba and Power 2015; England et al. 2014). In the
Southern Ocean, the observed surface cooling has been ac-
companied by an expansion of sea ice (Turner et al. 2013;
Polvani and Smith 2013; Fan et al. 2014) and surface freshen-
ing (Durack and Wijffels 2010; De Lavergne et al. 2014), as
well as a positive trend in the southern annular mode (SAM)
with intensified and poleward shifted surface westerly winds
(Thompson and Solomon 2002; Marshall 2003). The SST
trend pattern in the tropical Pacific and the Southern Ocean
has had impacts not only on local climates such as tropical
precipitation (Ma and Xie 2013; Chadwick et al. 2014) but
also on the global warming rate (Kosaka and Xie 2013; Zhou et
al. 2016) and on estimates of equilibrium climate sensitivity
(ECS) through interactions between SST patterns and radia-
tive feedbacks (Andrews et al. 2018; Ceppi and Gregory 2017;
Dong et al. 2019, 2021).

Correctly simulating the observed surface cooling trends in
the tropical eastern Pacific and the Southern Ocean remains
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challenging for global climate models (GCMs; Fyfe et al.
2013; Kociuba and Power 2015; Coats and Karnauskas 2017;
Kostov et al. 2018; Luo et al. 2018; Rye et al. 2020; Dong et al.
2021). The fact that GCMs under historical forcings tend to
produce warming trends or less-cooling trends over these
regions calls into question the fidelity of model projections
under greenhouse gas forcing (Plesca et al. 2018; Dong et al.
2021), including the projected long-term warming pattern with
enhanced warming in the tropical eastern Pacific and South-
ern Ocean (Li et al. 2013; Andrews et al. 2015; Dong et al.
2020; Heede et al. 2020). Importantly, this projected long-
term warming pattern is expected to give rise to less-negative
radiative feedbacks, and therefore higher values of ECS esti-
mates than values inferred from recent observations (Andrews
et al. 2018; Marvel et al. 2018; Gregory et al. 2020; Dong et al.
2021).

Yet the causes of the model–observational discrepancy re-
main unclear. The hypotheses for the observed tropical Pacific
SST trend pattern over the last few decades include natural
variability in the coupled atmosphere–ocean system inherent
to the Pacific basin (Kosaka and Xie 2013; England et al.
2014; Watanabe et al. 2021) and impacts from the Atlantic
multidecadal variability through interbasin teleconnection
(Wang 2006; Kajtar et al. 2018; Kucharski et al. 2015; McGregor
et al. 2014, 2018; Li et al. 2016; Meehl et al. 2021). Others have
hypothesized that the observed tropical Pacific SST trend pat-
tern could be a response to external forcings, such as anthropo-
genic aerosols (Takahashi and Watanabe 2016; Smith et al.
2016; Heede and Fedorov 2021), volcanoes (Gregory et al.
2020), and CO2 (Seager et al. 2019), with either the forcings
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FIG. 1. (a) Observed annual-mean SST trends over 1979–2019 from ERSSTv5b (Huang et al. 2017). (b) Running 40-yr trend of SSTs
averaged over the tropical-EP region (108S–108N, 1608–808W) and SEP-SO region (628–478S,1408–708W) from the Last Millennium
Reanalysis dataset. Also shown are the composite-mean SST trend patterns associated with significant (c) tropical-EP cooling or (d) SEP-SO
cooling. The tropical-EP and SEP-SO regions are illustrated by the black patches in (a), (c), and (d).

or forced responses being misrepresented by models (Kohyama
et al. 2017; Coats and Karnauskas 2018; Seager et al. 2019). The
observed surface cooling of the Southern Ocean also has multi-
ple potential drivers. While the mean ocean circulation has been
proposed to largely account for the delayed Southern Ocean
warming in response to greenhouse gas forcing (e.g., Armour et
al. 2016), the extent to which the observed surface cooling in the
Southern Ocean is caused by external forcing or internal var-
iability remains unclear. It could have resulted from meltwater
input from retreating Antarctic ice sheets reducing deep ocean
convection (Bintanja et al. 2013; Bronselaer et al. 2018; Purich et
al. 2018; Rye et al. 2020), from intensified surface westerlies
associated with the positive SAM (Holland and Kwok 2012;
Purich et al. 2016; Kostov et al. 2018), or from internal vari-
ability (Cabre et al. 2017; Latif et al. 2013; Zhang et al. 2019).

Although there is no consensus on what has caused the ob-
served cooling in the tropical eastern Pacific and the Southern
Ocean respectively, the two locations could be connected
through teleconnections. The tropical forcing on the extra-
tropics has long been appreciated in the literature through an
“atmospheric bridge” via Rossby wave trains generated from
changes in tropical convection [e.g., Alexander 1992; Garreaud
and Battisti 1999; Ding et al. 2011, 2012; Yuan et al. 2018; see
also a recent review by Li et al. (2021)]. The tropical response
to extratropical forcing has also been shown in previous stud-
ies, with two leading mechanisms proposed to account for dif-
ferent pathways: an atmospheric pathway through zonal-mean
energetic constraints and an oceanic pathway through mean
ocean circulation. The former has been demonstrated using
aquaplanet slab ocean simulations, where tropical precipita-
tion and the Walker circulation have been found to respond to
extratropical thermal forcing via anomalous cross-equatorial

atmospheric heat transport, as required by zonal-mean energy
budget constraints (Kang et al. 2008, 2009; Hwang and Frierson
2013; Hwang et al. 2017; Kang et al. 2020). The latter has been
studied using coupled atmosphere–ocean GCMs, with tempera-
ture changes of the tropical upwelled waters traced to tempera-
ture changes of the extratropical subducted waters through
mean advection by subtropical cells (e.g., Gu and Philander
1997; Burls and Fedorov 2014; Fedorov et al. 2015; Heede et al.
2020).

We find that SSTs over these two key regions (boxes in
Fig. 1) closely covary with each other on multidecadal time
scales in the past 2000 years in a paleo dataset: the Last
Millennium Reanalysis version 2.0 (LMR; Tardif et al.
2019). This paleo reconstruction dataset is derived from the
Last Millennium simulations of the Community Climate System
Model version 4 (CCSM4), combined with proxy data and
linear forward models. In Fig. 1b, we show the running 40-yr
trends of 30-yr low-pass filtered annual-mean SSTs, averaged
over the tropical eastern Pacific (108S–108N, 1608–808W,
denoted herein as “tropical-EP”) and part of the Southern
Ocean in the southeast Pacific sector that has cooled the most
in recent decades (628–478S, 1408–708W, referred to herein as
“SEP-SO”). Both regions exhibit low-frequency variabilities
that covary with each other (a correlation of 0.78). We then
build SST composite maps of tropical-EP warming/cooling
trends and SEP-SO warming/cooling trends to look into po-
tential connections between these two regions. Specifically,
for tropical-EP composites, we average the global 40-yr trend
maps of SSTs over the 40-yr periods where tropical-EP warm-
ing or cooling trends exceed two standard deviation. Taking
the difference between the warming and cooling composite-
mean SST trend maps (cooling minus warming) illustrates how
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global SSTs are changing when the tropical-EP region is un-
dergoing a substantial cooling on multidecadal time scales
(Fig. 1c). The same process is applied for the SEP-SO compos-
ite based on SEP-SO 40-yr SST trends (Fig. 1d). The mean
SST trend maps of tropical-EP composite and SEP-SO com-
posite show a strong similarity (Figs. 1c,d), with cooling or
warming occurring in both regions simultaneously, as expected
from the high correlation in Fig. 1b. This common pattern also
resembles the pattern of observed SST trends over the past
40 years (Fig. 1a), with cooling in the tropical eastern Pacific
and part of the Southern Ocean near the southeast Pacific de-
spite broad warming elsewhere. Note that the LMR dataset
exhibits greater decadal-scale SST trends in the tropical east-
ern Pacific than in the Southern Ocean (Figs. 1b–d), yet the re-
cent observation shows more cooling in the Southern Ocean
than in the tropical eastern Pacific. This mismatch may be due
to limitations of the LMR reconstruction, which is constrained
by both local proxies that are sparse in the Southern Ocean
and covariance from the model prior, so the reconstructed
Southern Ocean SSTs may lack local information but largely
encapsulate remote impacts of the reconstructed tropical SSTs;
or it may suggest that something else has influenced Southern
Ocean SST trends over the historical record that is not captured
by the LMR reconstruction.

These findings suggest that the observed multidecadal cool-
ing trends in the tropical eastern Pacific and the Southern
Ocean may be connected and that there may be a two-way
teleconnection between these two regions. While the tele-
connection from the tropics to the extratropics has been well
established, what is less understood is how the Southern
Ocean SSTs influence the tropical Pacific SSTs. Thus, the key
questions we aim to answer in this study are these: Is the ob-
served tropical eastern Pacific cooling connected to the ob-
served Southern Ocean cooling, particularly in the southeast
Pacific sector? If so, what is the mechanism for the two-way
teleconnection between these two regions? Furthermore, what
implications does this teleconnection have for our interpreta-
tion of the recent and future warming patterns? In the follow-
ing section, we first describe our idealized simulations using a
slab ocean model to study the Southern Ocean–tropics tele-
connections. In section 3, we propose a new mechanism for
the two-way teleconnection between the Southern Ocean and
the tropical Pacific, with a dynamic feedback through atmo-
spheric circulation. In section 4, we show that our proposed at-
mospheric pathway operates within coupled atmosphere–
ocean GCMs. In section 5, we summarize our findings and
discuss their potential caveats and implications.

2. Idealized Southern Ocean thermal forcing
experiments within a slab ocean model

a. Model setup and experiment design

We first investigate the pathways linking tropical Pacific
SST changes and Southern Ocean SST changes using a slab
ocean (mixed layer) model with prescribed ocean heat flux
convergence (“qflux”). We use a slab ocean version of the
Community Atmospheric Model version 4 (CAM4), with a

uniform and annual-mean mixed layer depth of 50 m and hor-
izontal resolution of 1.98 latitude 3  2.58 longitude. There are
no interactive ocean dynamics in the slab ocean model, which
allows us to separate atmospheric teleconnection pathways
from oceanic pathways. In section 4, we further examine the
atmospheric pathways in two coupled GCM simulations that
include ocean dynamics, finding a strong consistency with our
slab ocean results.

We perform a control run and then two qflux-perturbation
experiments with anomalous qflux imposed in the tropical-EP
or SEP-SO regions}the two regions where SSTs may be mu-
tually connected based on recent observations and the LMR
dataset. In both the control run and the experiments, all radia-
tive forcing agents are fixed at year 2000 levels. For the control
run, we use an annual-mean qflux climatology constructed
from a preindustrial control run within the parent fully cou-
pled model CCSM4. This fully coupled control run has been
nudged to reproduce the observed tropical SST climatology
(taken from the NOAA ERSSTv3b; Smith et al. 2008) aver-
aged over 1970–2009. The nudging is achieved through adding
an annual cycle of additional surface heat fluxes known as the
“flux correction” technique (Zhang et al. 2018; Hu and
Fedorov 2018). This adjustment largely reduces the common
biases in the climatological mean seasonal cycle in fully cou-
pled atmosphere–ocean models, such as a too-cold bias of cold
tongue SSTs (Capotondi et al. 2020), too-excessive precipita-
tion off the equator [known as the double intertropical conver-
gence zone (ITCZ) problem; Li and Xie 2014], and the bias in
the cross-equatorial winds (Hu and Fedorov 2018). Deriving
qflux climatology from the flux-corrected fully coupled control
run thus provides a realistic tropical mean state of SST, precip-
itation, and surface winds in the slab ocean model (Fig. 2a).
We only apply this observation-corrected qflux to open waters;
for regions where sea ice exists, we use a qflux climatology cal-
culated from a freely evolving preindustrial control run of the
fully coupled CCSM4, while keeping the global-mean qflux cli-
matology to be zero (no net gain or loss of heat).

For the qflux-perturbation experiments, we add a constant
qflux anomaly of 220 W m2 2  (i.e., a heat flux divergence from
the mixed layer) on top of the qflux control climatology over the
tropical-EP or SEP-SO patch. Since the qflux forcing we impose
acts as a constant heat sink to the mixed layer, the global mean
SSTs are expected to cool toward a new equilibrium until anom-
alous top-of-atmosphere radiation balances net mixed-layer
heat loss. Note that we impose the qflux forcing in localized re-
gions rather than in zonal bands as in previous studies (Kang et
al. 2008; Hwang et al. 2017; Stuecker et al. 2020; Kang et al.
2020), which allows us to investigate mechanisms associated
with regional dynamics in a more realistic configuration. We run
these simulations for 60 years and use an average over the last
30 years to compute the equilibrium responses calculated as the
difference between control and qflux-perturbation experiments.

b. Teleconnections between the tropical-EP and SEP-SO
regions in slab ocean simulations

As expected, the imposed qflux forcing drives global mean
cooling in both experiments. Despite having smaller global-mean
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FIG. 2. (a) Mean-state climate of the slab ocean control run.
Shading denotes SSTs; arrows denote surface winds; white contour
denotes 6 mm day21 mean precipitation. (b),(c) SST response to the
qflux anomaly imposed in the tropical eastern Pacific (tropical-EP)
or the southeast Pacific sector of the Southern Ocean (SEP-SO),
respectively. Stippling indicates statistically significant response at
the 95% level. The location of the qflux forcing is illustrated by the
black patch. The number in the top right in each panel denotes the
global mean of the SST response.

qflux anomalies, the extratropical qflux forcing produces greater
global-mean cooling than the tropical qflux forcing (Fig. 2b).
This is consistent with the result of earlier studies (Rose et al.
2014; Kang and Xie 2014) that the high-latitude surface heat
flux forcing is more efficient at changing global temperatures
than the tropical forcing, revealed by multiple slab ocean models
with distinct zonal-mean qflux forcings. The spatial patterns of
SST changes in these two experiments also exhibit some com-
mon features. The qflux forcing in the tropical-EP patch drives
remote SST changes extending to the extratropics, yielding SST
cooling in the vicinity of the SEP-SO patch in the southeast
Pacific sector of the Southern Ocean (Fig. 2b). The qflux forcing
in the SEP-SO patch in turn drives substantial tropical cooling,
with more cooling in the eastern Pacific than in the western
Pacific, producing a La Nina–like tropical SST pattern (Fig. 2c).
These simulations are consistent with the results of the LMR
dataset}the tropical eastern Pacific and the Southern Ocean

near the southeastern Pacific can influence each other, resulting
in same-sign SST changes in both regions. Moreover, the results
from the slab ocean model suggest that the teleconnection be-
tween these regions can be established through atmospheric
pathways without ocean circulations.

The prevailing atmospheric pathway proposed for the
extratropics-to-tropics teleconnection has been linked to a
zonal-mean energetic constraint, derived from idealized simu-
lations with zonal-mean extratropical thermal forcing (Kang
et al. 2008, 2009; Hwang et al. 2017; Kang et al. 2020). That is,
an anomalous interhemispheric gradient in an imposed forcing
is expected to induce anomalous cross-equatorial atmospheric
heat transport, accomplished via Hadley cell adjustment. As a
result, the ITCZ tends to shift toward the warmer hemisphere
(i.e., away from the hemisphere with a negative qflux forcing),
resulting in changes in the surface winds and zonal SST con-
trast through wind–evaporation–SST (WES) feedback (Xie
and Philander 1994).

To test this theory, we next show three similar slab ocean
experiments, with the same zonal-mean qflux forcing imposed
over the same latitudes (558–358S) but over different longitude
bands. Here we add a uniform qflux anomaly of 215 W m2 2

(heat flux divergence from the mixed layer) in the southwest
Pacific (1308E–1708W), southeast Pacific (1408–808W), and
South Atlantic (608W–08), illustrated in Figs. 3a–c respectively.
These patches are located slightly north of the SEP-SO patch
shown previously, to avoid potential impacts of changes to the
sea ice edge. All three patch simulations are run for 60 years,
following the same setup described in the previous section.

In all cases, the imposed qflux forcing drives broad surface
cooling and an increase in precipitation in the northern branch
of the ITCZ, consistent with previous studies (Hwang et al.
2017; Kang et al. 2020). The zonal-mean precipitation changes
(Fig. 3g) and zonal-mean SST changes (Fig. 3h) are similar
across cases, suggesting that the zonal-mean climate changes
are indeed largely determined by the zonal-mean forcing.
However, the degree of zonal asymmetry of tropical SST
changes varies by case (Fig. 3i). When the qflux forcing is im-
posed in the southeast Pacific, a strong and significant cooling
occurs in the tropical eastern Pacific, forming a La Nina–like
tropical SST pattern (Fig. 3b). This anomalous zonal SST gradi-
ent is weaker in the other two runs (Figs. 3a,c; also see Fig. 3i),
which suggests that the Southern Ocean-to-tropics teleconnec-
tion is not solely dependent on the zonal mean energetics and
instead depends on the region over which that forcing is ap-
plied. Interestingly, the strongest teleconnection to the tropical
Pacific is from the southeast Pacific, which is also the region in
the Southern Ocean that is most influenced by the tropical qflux
forcing (Fig. 2b) and where observations have showed the great-
est cooling trends since approximately the 1980s (Fig. 1a). A key
question follows: Why does this region produce a particularly
strong Southern Ocean–tropical Pacific teleconnection?

3. Mechanisms for the Southern Ocean-to-tropical
Pacific atmospheric teleconnection

To investigate the mechanism for the teleconnection from
the southeast Pacific to the tropical Pacific, we first look into
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FIG. 3. Responses to qflux anomaly imposed in the (left) southwest Pacific, (center) southeast Pacific, and (right) South Atlantic.
(a)–(c) Changes in SST. (d)–(f) Changes in precipitation. Pink lines denote the mean-state precipitation of 6 mm day21 from control run
(same as the white contour in Fig. 2a). (g) Zonal mean changes of precipitation. (h) Zonal mean changes of SST. (i) Changes of SST in the
equatorial Pacific averaged over 58S–58N. Stippling in (a)–(f) indicates statistically significant response at the 95% level.

the time evolution of transient response in the slab ocean run
forced by the southeast Pacific qflux anomaly shown in the
above section (Fig. 3b), demonstrating two stages of the tele-
connection with a positive feedback associated with atmospheric
circulation changes (section 3a). We then validate the dynamical
process of the positive feedback by additional prescribed-SST
simulations within an atmospheric GCM (AGCM; section 3b).
Finally, we show that changes in atmospheric circulation needed
for the teleconnection have occurred in observations (section 3c).

a. Slab ocean transient response reveals a dynamic
positive feedback

To examine the transient response in the slab ocean run,
we perform an ensemble of 20 members with the same qflux
forcing in the southeast Pacific as in Fig. 3b (i.e., a uniform qflux
anomaly of 215 W m2 2  added over 558–358S, 1408–808W).
Each is branched from a different day of January in the control
simulation and run for 6 years. We present results from the aver-
age of the 20 ensemble members to reduce noise from random
natural variability, and below we only show the ensemble mean
responses that are statistically different from zero at 95% level.

Figure 4 shows that over the first 2 years, the Southern
Ocean SSTs over the patch of qflux forcing cool substantially,
with relatively little cooling outside the patch. But by year 3, a
weak cooling signal reaches the southeast tropical Pacific,

enhancing the climatological east–west SST gradient (Fig. 4c,
left column). The weak cooling in the southeastern tropical
Pacific is not accompanied by a robust change in the surface
winds over the tropics on this time scale. This suggests that the
leading process for the extratropical to tropical teleconnection
at this first stage is advection by climatological mean winds.
The mean-state surface westerlies over the Southern Ocean
forcing patch blow toward the Andes in high latitudes, and de-
flect equatorward and merge to form the southeasterly trade
winds in the southeast tropical Pacific (Fig. 2a), resulting in a
climatological subtropical high sea level pressure (SLP). Hence,
the climatological mean winds can efficiently advect surface
temperature anomalies from the southeast Pacific to the trop-
ical eastern Pacific. However, the advection by the mean
winds only results in a weak cooling in the tropical eastern
Pacific during this first stage (by year 3).

The first stage is followed by a more substantial cooling of
the tropical Pacific in year 4, accompanied by anomalously
strong trade winds in the Pacific (Fig. 4d, left column). While
the trade winds in general can be influenced by multiple pro-
cesses, we find that the strengthening of the trade winds in
year 4 is primarily caused by a strengthening of subtropical high
SLP in both hemispheres (Fig. 4d, middle column), which itself is
a result of tropics-originated Rossby wave teleconnections. As
shown in Fig. 4, the weak cooling in the tropical eastern
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FIG. 4. (a)–(f) Annual mean changes of (left) SST (shading) and surface winds (arrows), (center) SLP,
and (right) net precipitation in the first 6 years averaged over the 20 members of southeast Pacific qflux
ensemble. The imposed qflux forcing is as same as in the equilibrium run shown in Fig. 3b. (g) The
equilibrium responses (from the equilibrium run shown in Fig. 3, averaged over years 31–60). For all
panels, only statistically significant ensemble-mean responses above the 95% level are shown.
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Pacific that is developed in the first stage (by year 3) forms a
La Nina–like tropical SST pattern (Fig. 4c, left column),
causing atmospheric convection to contract westward over the
Maritime Continent (Figs. 4c, right column). The increase in
convective heating in the far western Pacific and a decrease in
the central Pacific forces anomalous Rossby wave teleconnec-
tions toward higher latitudes, yielding anomalous strengthening
of the subtropical highs in the southeast Pacific and the North
Pacific in year 4 (Fig. 4d, middle column; see also Garreaud and
Battisti 1999). The subtropical SLP anomalies amplify the trade
winds in the tropics in both hemispheres, which cause further
cooling in the tropical eastern Pacific via the WES feedback.
Additionally, in the Southern Hemisphere (SH) extratropics,
the subtropical SLP anomalies enhance southerly flows in the
southeast Pacific and westerlies in the vicinity of the cooling
patch in the Southern Ocean (Fig. 4d, left column). The anoma-
lous southerly flows lead to further tropical cooling via anoma-
lous advection from the Southern Ocean toward the tropics.
The anomalous extratropical westerlies cause further cooling
near the Southern Ocean forcing patch via increased evapora-
tion, which can be ultimately advected into the tropics by both
climatological mean winds and the strengthened southeasterlies
associated with SLP anomalies. Together, these tropically in-
duced circulation changes can feed back onto the tropical
SSTs by amplifying the tropical eastern Pacific cooling}a pos-
itive feedback of the mutually interactive teleconnection be-
tween the Southern Ocean and the tropical Pacific.

In summary, the response to an imposed southeast Pacific
qflux forcing evolves in two stages. First, over years 1–3, a
small portion of the qflux-forced Southern Ocean cooling in
the southeast Pacific propagates to the tropical southeast
Pacific by way of advection by climatological mean winds.
Since this stage mostly involves atmosphere–ocean thermal
coupling, its time scale depends on the time scale of the
mixed-layer adjustment, which is on the order of 2 years in
our simulations that used a uniform 50-m mixed layer. Second,
once the tropical eastern Pacific cooling emerges, changes in
the location of the tropical convective heating produce Rossby
wave teleconnections to the extratropics, enhancing the trade
winds, SH extratropical winds, and Southern Ocean cooling}all
of which are conducive to further amplifying the cooling in the
southeast tropical Pacific (though by decomposing the total
anomalous advection, we find changes in tropical and extra-
tropical winds contribute more than changes in Southern Ocean
surface temperatures). This positive feedback between the ex-
tratropics and the tropics in stage 2 appears to account for the
majority of the equilibrium tropical SST response to the im-
posed Southern Ocean cooling (cf. Figs. 4d and 4g). Although
persisting to equilibrium, this stage develops quickly once the
tropical Pacific zonal SST gradient begins to change (from year 3
to year 4) because it is mostly mediated by changes in atmo-
spheric circulation. The two stages of the teleconnection and
their time scales can also be seen in the transient zonal-mean
SST response averaged globally (Fig. 5), with a slow propagation
of cooling from the Southern Ocean to the tropics in years 2–3,
followed by an enhancement of cooling in both the tropics and
the Southern Ocean in year 4, which persists to the end of the
integration.

FIG. 5. Monthly zonal-mean SST response to the southeast
Pacific qflux forcing over the first 6 years. Only statistically signifi-
cant ensemble-mean responses above the 95% level are shown. The
dashed lines illustrate the latitudes of the imposed qflux forcing
(558–358S), although the qflux forcing is applied not over the entire
zonal band but only in the southeast Pacific sector (1408–808W).

b. Prescribed-SST simulations confirm the tropical origin
of the positive feedback

The slab ocean transient response reveals a positive feed-
back in the second stage associated with changes in extratropi-
cal atmospheric circulation. While the tropical origin of the
subtropical SLP changes seen in year 4 has long been appreci-
ated in the literature through Rossby wave dynamics (e.g.,
Alexander 1992; Garreaud and Battisti 1999; Ding et al. 2011,
2012), in this subsection we perform additional experiments to
confirm that the extratropical atmospheric circulation changes
in the second stage arise due to the tropical SST change rather
than the qflux-forced Southern Ocean SST change.

We use the same atmospheric model (CAM4) as was used in
the coupled slab ocean model, except in an AGCM setup where
SSTs and sea ice concentration are prescribed everywhere.
Consistent with the slab ocean simulations, the prescribed-SST
simulations also use a modern-day observed SST climatology,
and all radiative forcing agents are fixed at year 2000 levels. On
top of those SSTs, we prescribe the annual-mean equilibrium
SST anomalies induced by the southeast Pacific qflux forcing
(applied in the slab ocean ensemble in section 3a) onto differ-
ent regions separately. Both the control simulation and SST-
perturbed simulations are run for 15 years; the responses
are averaged over the last 10 years.

In the first simulation, we prescribe SST anomalies only
within the southeast Pacific qflux forcing patch (i.e., the same
patch illustrated in Fig. 4), while keeping SSTs over the rest of
global oceans unchanged (Fig. 6a), to test if the SH sub-
tropical SLP anomalies could be driven by the qflux-forced
Southern Ocean cooling. We find that this extratropical SST
forcing only drives weak and local SLP changes, without
much remote influence on the subtropical SLP or tropical sur-
face winds (Fig. 6d). In the second simulation, we instead pre-
scribe SST anomalies within the tropical Pacific (208S–208N,
1208E–808W), with most of the cooling in the eastern Pacific
(Fig. 6b). This tropical SST forcing drives substantial responses
at global scale that extend to the high latitudes in both hemi-
spheres. Notably, it produces a pattern of SLP and surface
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FIG. 6. Prescribed SST simulations and their responses. (a)–(c) Prescribed SST anomalies in the southeast Pacific (the same patch shown in
Fig. 4), the tropical Pacific, and global oceans except the tropical Pacific, respectively. (d)–(f) SLP and surface winds responses to the
corresponding SST forcing. All the SST anomalies are taken from the annual-mean equilibrium SST changes in the southeast Pacific qflux
experiment (left panel of Fig. 4g). The tropical Pacific is defined as 1208E–808W, 208S–208N.

winds that resembles the pattern of transient climate response
starting in year 4 in Fig. 4, featuring a heightening of subtropical
highs in both hemispheres, as well as strengthened southeasterly
trade winds in the tropical Pacific and strengthened surface
westerlies in the southeast Pacific sector of the Southern Ocean.
To further illustrate the comparison between tropical Pacific
SST forcing and extratropical SST forcing, we perform another
simulation where we prescribe the SST anomalies induced by
the southeast Pacific qflux forcing throughout the global ocean
except over the tropical Pacific (Fig. 6c). This broad extratropi-
cal SST forcing (which includes some tropical regions in the
Indian Ocean and the Atlantic Ocean) has little impact on the
SH subtropical SLP in the Pacific sector, and even produces an
opposite sign of the Northern Hemisphere subtropical SLP
and tropical surface winds (Fig. 6f).

Thus, these prescribed-SST simulations confirm that the
changes in the subtropical SLP and associated surface winds
that arise in year 4 (the second stage) are not directly forced by
the cooling in the Southern Ocean, but are instead due to a tele-
connection forced by SST changes in the tropical Pacific, which
were born from the SST changes in the Southern Ocean
through advection by mean winds.

c. The two-way teleconnection between the Southern
Ocean and the tropics in observations

Based on both the slab ocean and the AGCM prescribed-
SST simulations, we find that there is a two-way teleconnec-
tion between the Southern Ocean and tropical Pacific. SST
changes in the southeast Pacific sector of the Southern Ocean
can trigger teleconnections to the tropical eastern Pacific through
advection by mean winds. In turn, tropical Pacific SST changes
can drive remote changes to extratropical atmospheric circula-
tion that are conducive to amplifying SST changes in both the
tropical eastern Pacific and the southeast Pacific sector of the
Southern Ocean. This finding suggests that the observed multi-
decadal surface cooling in the Southern Ocean and tropical

eastern Pacific may be mutually connected and amplified by
each other.

Indeed, the key circulation changes needed for the telecon-
nection can also be seen in observations and the LMR data-
set. In Fig. 7a, we show the 40-yr trends of annual-mean SLP
and 10-m surface winds over 1979–2019 from ERA5 reanaly-
sis data (Hersbach et al. 2020). The observed trend pattern
highlights a strengthening of the subtropical highs in the
Pacific in both hemispheres, along with strengthened trade
winds in the tropical eastern Pacific and strengthened wester-
lies in the southeast Pacific sector of the Southern Ocean. In
addition, we repeat the composite analysis with the LMR data-
set (as done for Figs. 1c and 1b), except computing 40-yr trend
maps of global SLP associated with substantial cooling of the
tropical-EP and SEP-SO regions. The composite-mean SLP
trend maps also show similar features with a strengthening of
the subtropical highs in both hemispheres (Figs. 7b,c). Both
datasets show a pattern of circulation changes consistent with
the results of our simulations.

However, these findings are not sufficient to determine
whether the observed teleconnection is activated by a tropical
change or a Southern Ocean change in the first place, or
whether the initial surface cooling (over either of these two
regions) is driven by internal variability or external forcing.
While the underlying causes of the observed SST trend pat-
terns remain to be further investigated, in the following sec-
tion we discuss one possible perspective that the observed
eastern tropical Pacific cooling trends may be driven by re-
cent changes in the Southern Ocean.

4. Tropical Pacific S S T  response to Southern Ocean
non-thermal forcings in fully coupled simulations

Having established a mechanism for the two-way atmo-
spheric teleconnection between the tropical Pacific and the
Southern Ocean, next we evaluate whether the mechanism
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FIG. 7. (a) Observed annual-mean SLP (shading) and 10-m surface
winds (arrows) trends over 1979–2019 from ERA5. (b),(c) Composite
mean of 40-yr SLP trends, associated with significant cooling trends in
the EP and SO regions respectively (consistent with Figs. 1c,d).

operates in coupled atmosphere–ocean GCM simulations from
two recently published studies that applied non-thermal forc-
ings over the Southern Ocean: one simulates the effects of
Antarctic meltwater discharge to the Southern Ocean (Sadai
et al. 2020) and the other simulates the effects of changes in SH
extratropical atmospheric circulation (Blanchard-Wrigglesworth
et al. 2021). By analyzing the results of tropical SST responses in
these studies, we address two questions: Does the atmospheric
teleconnection found in our slab ocean results also exist in a fully
coupled configuration with dynamic oceans? What implications
does this teleconnection have for observed and projected warm-
ing patterns?

a. The impacts of Southern Ocean meltwater input

First, we show a set of meltwater “hosing” experiments us-
ing the fully coupled Community Earth System Model version 1
with the Community Atmosphere Model version 5 (CESM1-
CAM5), provided by Sadai et al. (2020). These simulations
account for meltwater input from Antarctic ice sheet melt-
ing over the twenty-first century }a process that is not rep-
resented in CMIP5 and CMIP6 GCMs. Here we present
results from two simulations of Sadai et al. (2020): a control

run and a hosing run, both of which are driven by identical
radiative forcing (using representative concentration pathway
RCP8.5) over 2005–2100. The control run includes increasing
freshwater input driven only by increasing precipitation over
Antarctica that is discharged into the Southern Ocean, reach-
ing �0.2 Sv (1 Sv ≡  106 m3 s21) by the end of the twenty-first
century. The hosing run takes into account additional time-
variant and spatially distributed meltwater and iceberg
discharge from Antarctic ice sheets into the Southern Ocean
[see details in Sadai et al. (2020)]. The total amount of the
added meltwater input in the hosing run reaches �1 Sv by the
end of the twenty-first century, estimated by an offline ice sheet
model forced by the same RCP8.5 scenario (see Fig. 1B in Sadai
et al. 2020).

Figure 8 shows the SST and SLP trend maps over the
twenty-first century from the control run and the hosing run
of Sadai et al. (2020). While the RCP8.5 forcing results in a
considerable amount of warming nearly all over the globe in
the control run (Fig. 8a), the imposed meltwater input in the
hosing run cools the Southern Ocean SSTs, increases the ex-
tent of Antarctic sea ice, and reduces the rise of global mean
surface temperatures (Fig. 8c; see also Sadai et al. 2020),
consistent with the results of other meltwater forcing studies
using different models (e.g., Bronselaer et al. 2018; Purich et
al. 2018; Rye et al. 2020). The Antarctic-meltwater induced
Southern Ocean surface cooling in this hosing run is further
transported to the tropics, mostly manifested in the eastern
Pacific, forming a La Nina–like warming pattern (Fig. 8e).
Accompanying the surface temperature cooling is a strength-
ened SH subtropical high in the southeast Pacific (Fig. 8f),
which acts to enhance the tropical surface cooling as discussed
earlier. While the teleconnection from the Southern Ocean to
the tropical Pacific seen here on a centennial time scale could
also be in part driven by oceanic responses, such as enhanced
ocean heat transport by mean subtropical cells (Gu and
Philander 1997; Fedorov et al. 2015) or by strengthened sub-
tropical cells (Luo et al. 2017; Heede et al. 2020), this fully
coupled simulation shows all the same features seen in our
slab ocean results, consistent with our proposed atmospheric
pathway.

Although the results of Sadai et al. (2020) may depend on
the model used and the amount of meltwater applied (which is
likely to be at the high end of future projections), it has
important implications for understanding recent and future
global surface warming patterns. A growing body of literature
has suggested that Antarctic meltwater forcing may be partially
responsible for the observed surface cooling and sea ice expan-
sion over the Southern Ocean (e.g., Bronselaer et al. 2018; Bin-
tanja et al. 2013; Rye et al. 2020), although the results published
so far appear to be highly model dependent. Antarctic meltwa-
ter induced Southern Ocean surface cooling could be further
transported to the tropics via advection by mean winds, consid-
ering the results of Sadai et al. (2020), driving tropical eastern
Pacific cooling through the two-way teleconnections described
here. This hypothesis provides a plausible explanation for the
cause of the observed cooling trends in both the tropical eastern
Pacific and Southern Ocean seen in the past four decades.
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FIG. 8. (left) SST and (right) SLP linear trends over 2005–2100 from the (a) CESM1 control run and (b) CESM1
Antarctic meltwater hosing run, as in Sadai et al. (2020). Both simulations are under RCP8.5 forcing scenario.
(e),(f) The difference between the control run and the hosing run that reflects the response to the imposed meltwa-ter
forcing. Stippling indicates statistically significant linear trends at the 95% level. Data courtesy of Shaina Sadai.

b. The impacts of Southern Ocean winds

Next, we show an ensemble of Southern Ocean wind-nudging
experiments over 1979–2018 (Fig. 9), extending the simulations
published in Blanchard-Wrigglesworth et al. (2021). These
experiments are also performed using the fully coupled
CESM1-CAM5. All simulations are run under historical radi-
ative forcing from 1979 to 2005 and RCP 8.5 forcing from 2006
to 2018, consistent with the CESM1 Large Ensemble simula-
tions (LENS; Kay et al. 2015). We present results averaged
from five ensemble members; each member is initiated from a
different LENS member from January 1980. The novelty of
these wind-nudging experiments is that, throughout the full
period, zonal and meridional winds poleward of 458S in the
SH are nudged to 6-hourly ERA-Interim reanalysis data (Dee
et al. 2011) from 850 hPa to the top of the model. Note that in
Blanchard-Wrigglesworth et al. (2021) the nudging is applied
poleward of 458 in both hemispheres, while here we show re-
sults from five newly performed runs that are otherwise identi-
cal but apply the wind nudging over 458–908S in the SH only.

By construction, these simulations are forced to reproduce the
observed strengthening of the westerly winds over the Southern
Ocean, which is generally underestimated and located farther
south in LENS (see Fig. 3 in Blanchard-Wrigglesworth et al.
2021). Furthermore, because the model has to maintain thermal
wind balance by increasing SLP gradient in the SH extratropics
in response to the intensified polar winds, these wind-nudging
experiments also produce positive SLP trend anomalies near
the SH subtropical high than in the LENS, largely resembling
the observed SLP trend pattern (Fig. 9d). With an anomalously
deep SH subtropical high, these wind-nudging experiments
produce cooling trends in the tropical eastern Pacific, which are
not seen in the LENS ensemble mean, despite the fact that no
Southern Ocean SST forcing was directly applied. Although
the wind forcing induces some cooling in the Southern Ocean
(Fig. 9e), this local cooling is not significant and is much weaker
than that observed. Therefore, even without strong Southern
Ocean cooling to initiate the teleconnection, extratropical
circulation changes can cause a significant tropical eastern

Unauthenticated | Downloaded 11/14/22 10:42 PM UTC



1 OCTOBER 2022 D O N G E T A L . 2677

FIG. 9. (left) SST and (right) SLP linear trends over 1979–2018 from (a),(b) CESM1 LENS ensemble mean and
(c),(d) CESM1 wind-nudging experiments (average of 5 ensemble members, where atmospheric winds are nudged to rean-
alysis only south of 458S), and (e),(f) the difference between the wind-nudging experiments and LENS, which reflects the
response to the imposed Southern Ocean winds. Stippling indicates statistically significant linear trends at the 95% level.

Pacific cooling response (Fig. 9e). These simulations thus il-
lustrate the second stage of the teleconnection we found in
our slab ocean results whereby the SLP anomalies in the
subtropics enhance the southeasterly trade winds, which cause
cooling in tropical southeast Pacific. Indeed, in the tropical
southeast Pacific, overlying the anomalous surface cooling is
the strengthened surface winds in these wind-nudging experi-
ments, which are not found in the LENS ensemble mean.

Even though these wind-nudging experiments only cap-
ture the second stage of the mechanism we proposed, the
fact that the teleconnection can be established without ini-
tial Southern Ocean SST forcing highlights a dominant role
of atmospheric circulation changes in linking the Southern
Ocean to the tropical Pacific. Moreover, the results of these
fully coupled simulations suggest that atmospheric forcing is
sufficient to drive the Southern Ocean-to-tropics telecon-
nection, although it remains unclear to what extent and how
oceanic circulation changes contribute to the atmospheric
teleconnection.

5. Summary and discussion

Using a set of slab ocean simulations and AGCM fixed-SST
simulations, we found that there is a two-way teleconnection
between the Southern Ocean and tropical Pacific. An im-
posed Southern Ocean cooling can first propagate into the
tropics through advection by climatological mean winds over
the southeast Pacific. Once the tropical Pacific SSTs are per-
turbed, this tropical SST forcing can drive remote changes to
extratropical atmospheric circulation through Rossby wave
teleconnections, featuring anomalously deep subtropical highs
in both hemispheres, which results in strengthened trade
winds in the tropics and strengthened surface westerlies in the
Southern Ocean. These wind anomalies are conducive to fur-
ther enhancing the surface cooling in both the tropical eastern
Pacific and the southeast Pacific of the Southern Ocean. That
is, the tropics-forced circulation changes exert a positive feedback
on the two-way teleconnection process. These circulation changes
along with the SST changes in the tropical Pacific and the South-
ern Ocean have also been observed over the past 40 years.
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Although we did not evaluate potential oceanic pathways,
we showed tropical Pacific SST responses to changes in the
Southern Ocean in two sets of fully coupled simulations that
are consistent with our proposed atmospheric teleconnection
pathway. One is the meltwater hosing experiments provided
by Sadai et al. (2020), where Southern Ocean SSTs are changed
owing to the addition of meltwater input from Antarctic ice
sheets. The other is the wind-nudging experiment extended
from the simulations published in Blanchard-Wrigglesworth
et al. (2021), where the extratropical circulation is changed
through nudging Antarctic winds to observations. Neither
of these simulations imposed a direct thermal forcing in the
Southern Ocean, but both showed a La Nina–like tropical
SST response to the imposed changes over the Southern
Ocean. The results of these two studies provide further evi-
dence for our proposed atmospheric pathway in a fully cou-
pled configuration linking the tropical Pacific response to
Southern Ocean forcings. That said, on longer time scales, it is
expected that oceanic response may also contribute to the
connection between the Southern Ocean and the tropical
Pacific, through anomalous advection by mean subtropical
cells with anomalous extratropical surface temperatures or
by changes in the subtropical cells. Indeed, early studies
(Kay et al. 2016; Kang et al. 2020) have found that in some
models the oceanic responses tend to dampen the atmo-
spheric teleconnection. Therefore, the impacts of dynamic
oceans on the atmospheric teleconnections need to be fur-
ther quantified.

One implication of this study is that the observed tropical
eastern Pacific cooling trends over recent decades could, at
least in part, be driven by changes in the SH extratropics. One
potential driver is the observed Southern Ocean surface cool-
ing, which may have been induced by Antarctic meltwater in-
put and may continue in the form of muted Southern Ocean
warming over the twenty-first century (Sadai et al. 2020).
Another potential driver is changes in the SH extratropical
circulation featuring strengthened surface westerlies over
the Southern Ocean (Blanchard-Wrigglesworth et al. 2021),
which may have arisen from both atmospheric internal vari-
ability and anthropogenic forcing (e.g., stratospheric ozone
depletion). In either case, SH extratropical climate change
can influence the tropics through teleconnections, driving
tropical eastern Pacific cooling which, in turn, can impact
global climate through interactions with climate feedbacks
(Zhou et al. 2016; Dong et al. 2019, 2021). This hypothesis
provides a new perspective on the current understanding of
the observed tropical Pacific SST trend pattern, accounting
for the impacts from the SH extratropics through telecon-
nections. The results suggest a need to revisit the projected
long-term warming pattern with enhanced warming in both
the Southern Ocean and tropical eastern Pacific from cur-
rent GCMs, which have no representation of increased
meltwater from Antarctica.

These findings come with caveats. First, the results we pre-
sented may be sensitive to the model and forcing used in this
study. The slab ocean simulations and fully coupled simulations
used in this study are all based on variations of CESM, and there-
fore the results and conclusions could be model dependent. In

addition, in our slab ocean simulations, we used an arbitrary
qflux forcing (uniform 215 W m2 2  at each grid box). A stronger
idealized thermal forcing in the SH extratropics is also found to
be effective in driving the tropical Pacific SST response within
other various slab ocean models (Kang et al. 2020). However, we
note a recent “pacemaker” study by Zhang et al. (2021), where
the Southern Ocean SSTs are nudged to time-varying observed
SST anomalies over 1979–2013, yet the ensemble mean of these
simulations produced little change in the tropical Pacific SST
trends. Several reasons could account for these disparate results.
First, although the Southern Ocean SSTs in the pacemaker simu-
lations are nudged toward the observed evolution of SST anoma-
lies, this SST forcing may be too small in their model to generate
significant teleconnection responses. Note that in our slab ocean
simulations we find that only a small portion of the directly im-
posed Southern Ocean cooling can transport to the tropics by
mean-wind advection. It is also possible that a potential atmo-
spheric teleconnection from this small Southern Ocean SST
change could be to some extent damped by dynamic oceans in
the fully coupled model of Zhang et al. (2021). Additionally, the
absence of the teleconnection to the tropics in the pacemaker
simulations may be partly due to model biases in the mean state
(e.g., a double ITCZ bias may lead to biases in the SH cross-
equatorial winds), which are largely corrected in our slab
ocean runs. Thus, our proposed Southern Ocean-to-tropics
atmospheric teleconnection need to be further quantified in a
range of models.

Another caveat of our results is that the Southern Ocean-
to-tropics teleconnection may depend on the radiative effect
of tropical low clouds. Several recent studies have found that
low clouds over the tropical eastern Pacific stratocumulus
deck play a primary role in the zonal-mean heat transport and
therefore extratropics-to-tropics teleconnection (e.g., Hwang
et al. 2017; Kang et al. 2020; Chen et al. 2021; Shin et al.
2021). Surface cooling over the tropical eastern Pacific of the
descending region will increase local lower tropospheric sta-
bility measured by the estimated inversion strength (EIS), which
allows for more low clouds to occur (Wood and Bretherton
2006). Because low clouds have a strong surface cooling effect
through reflecting incoming solar radiation back to space, the
growing of low clouds will then strengthen the shortwave reflec-
tion and therefore further cool the surface}a positive feedback
associated with cloud radiative effect (CRE). Indeed, in our
Southern Ocean qflux simulations, we also see increases in low
cloud cover and enhanced reflection of shortwave radiative
fluxes at the top of atmosphere in all three runs over the tropi-
cal eastern Pacific along with surface cooling (not shown).
While the impacts of CRE warrant further quantification, we
argue that this SST–cloud coupling is initially activated by
changes in the tropical Pacific SSTs, which themselves are
driven by Southern Ocean cooling via mean-wind advection.
As shown in Fig. 3, the qflux forcing in the southwest Pacific
and South Atlantic produces weaker tropical eastern Pacific
cooling (Figs. 3a,c) and less increase in low clouds (not shown)
than the qflux forcing in the southeast Pacific (Fig. 3b), even
though the cloud physics is unchanged in the model. This is
owing to a less efficient “trigger” (i.e., the advection by mean
winds near the southeast Pacific) in these two simulations.
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Thus, although the CRE of low clouds could amplify the tropi-
cal eastern Pacific cooling, the initial advection from the
Southern Ocean by mean winds is essential to the tropical SST
changes.

Understanding how the observed SST trend pattern has de-
veloped and how it will evolve in the future is crucial to
achieving accurate climate change projections. In this study,
we have investigated the possibility that the observed tropical
eastern Pacific cooling is connected to the observed Southern
Ocean cooling most prominent in the southeast Pacific sector
through an atmospheric pathway. This mechanism provides a
new perspective to our understanding of the tropical response
to extratropical forcing, accounting for the regional dynamics
and atmospheric circulation. It also raises a possibility that
model deficiencies in reproducing the observed tropical Pacific
SST trend pattern may be traced to model deficiencies in accu-
rately representing changes in the Southern Ocean, such as
Antarctic meltwater input or changes in SH extratropical at-
mospheric circulation. Although our results may be sensitive
to the model and forcing applied, if the meltwater input and/or
SH extratropical circulation does prove to have as large an im-
pact on tropical climates as our results suggest, there will be a
need to revisit GCM projections of past and future global
warming patterns.
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