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Abstract  18 

Despite substantial global mean warming, surface cooling has occurred in both the tropical 19 

eastern Pacific Ocean and the Southern Ocean over the past 40 years, influencing both regional 20 

climates and estimates of Earth’s climate sensitivity to rising greenhouse gases. While a tropical 21 

influence on the extratropics has been extensively studied in the literature, here we demonstrate 22 

that the teleconnection works in the other direction as well, with the southeast Pacific sector of 23 

the Southern Ocean exerting a strong influence on the tropical eastern Pacific. Using a slab-24 

ocean model, we find that the tropical Pacific sea-surface temperature (SST) response to an 25 

imposed Southern Ocean surface heat flux forcing is sensitive to the longitudinal location of that 26 

forcing, suggesting an atmospheric pathway associated with regional dynamics rather than 27 

reflecting a zonal-mean energetic constraint. The transient response shows that an imposed 28 

Southern Ocean cooling in the southeast Pacific sector first propagates into the tropics by mean-29 

wind advection. Once tropical Pacific SSTs are perturbed, they then drive remote changes to 30 

atmospheric circulation in the extratropics which further enhance both Southern Ocean and 31 

tropical cooling. These results suggest a mutually interactive, two-way teleconnection between 32 

the Southern Ocean and tropical Pacific through atmospheric circulations, and highlight potential 33 

impacts on the tropics from the extratropical climate changes over the instrumental record and in 34 

the future.   35 
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1. Introduction  36 

Observed global sea-surface temperatures (SST) have exhibited a unique pattern of trends 37 

since the early 1980s: despite global mean warming induced by the greenhouse gas forcing, 38 

broad cooling has occurred in the tropical eastern Pacific Ocean and the Southern Ocean (Fig. 1). 39 

In the tropical Pacific, the enhanced west-east SST zonal gradient has been accompanied with a 40 

strengthening of the Walker circulation along with strengthened trade winds (L’Heureux et al. 41 

2013; Kociuba and Power 2015; England et al. 2014). In the Southern Ocean, the observed 42 

surface cooling has been accompanied by an expansion of sea ice (Turner et al. 2013; Polvani 43 

and Smith 2013; Fan et al. 2014), surface freshening (Durack and Wijffels 2010; De Lavergne et 44 

al. 2014), as well as a positive trend in the Southern Annular Mode (SAM) with intensified and 45 

poleward shifted surface westerly winds (Thompson and Solomon 2002; Marshall 2003). The 46 

SST trend pattern in the tropical Pacific and the Southern Ocean has had impacts not only on 47 

local climates such as tropical precipitation (Ma and Xie 2013; Chadwick et al. 2014) but also on 48 

the global warming rate (Kosaka and Xie 2013; Zhou et al. 2016) and on estimates of 49 

equilibrium climate sensitivity (ECS) through interactions between SST patterns and radiative 50 

feedbacks (Andrews et al. 2018; Ceppi and Gregory 2017; Dong et al. 2019; Dong et al. 2021).  51 

 52 

Correctly simulating the observed surface cooling trends in the tropical eastern Pacific and 53 

the Southern Ocean remains challenging for global climate models (GCMs; Fyfe et al. 2013; 54 

Kociuba and Power 2015; Coats and Karnauskas 2017; Kostov et al. 2018; Luo et al. 2018; Rye 55 

et al. 2020; Dong et al. 2021). The fact that GCMs under historical forcings tend to produce 56 

warming trends or less-cooling trends over these regions calls into question the fidelity of model 57 

projections under greenhouse gas forcing (Plesca et al. 2018, Dong et al. 2021), including the 58 

projected long-term warming pattern with enhanced warming in the tropical eastern Pacific and 59 

Southern Ocean (Li et al. 2013; Andrews et al. 2015; Dong et al. 2020; Heede et al. 2020). 60 

Importantly, this projected long-term warming pattern is expected to give rise to less-negative 61 

radiative feedbacks, and therefore higher values of ECS estimates than values inferred from 62 

recent observations (Andrews et al. 2018; Marvel et al. 2018; Gregory et al. 2020; Dong et al. 63 

2021).  64 

 65 
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Yet the causes of the model-observational discrepancy remain unclear. The hypotheses for 66 

the observed tropical Pacific SST trend pattern over the last few decades include natural 67 

variability in the coupled atmosphere-ocean system inherent to the Pacific basin (Kosaka and Xie 68 

2013; England et al. 2014; Watanabe et al. 2021) and impacts from the Atlantic multi-decadal 69 

variability through inter-basin teleconnection (Wang 2006; Kajtar et al. 2018; Kucharski et al. 70 

2015; McGregor et al. 2014; 2018; Li et al. 2016; Meehl et al. 2021). Others have hypothesized 71 

that the observed tropical Pacific SST trend pattern could be a response to external forcings, such 72 

as anthropogenic aerosols (Takahashi and Watanabe 2016; Smith et al. 2016; Heede and Fedorov 73 

2021), volcanoes (Gregory et al. 2020) and CO2 (Seager et al. 2019), with either the forcings or 74 

forced responses being misrepresented by models (Kohyama et al. 2017; Coats and Karnauskas 75 

2018; Seager et al. 2019). The observed surface cooling of the Southern Ocean also has multiple 76 

potential drivers. While the mean ocean circulation has been proposed to largely account for the 77 

delayed Southern Ocean warming in response to greenhouse gas forcing (e.g., Armour et al. 78 

2016), the extent to which the observed surface cooling in the Southern Ocean is caused by 79 

external forcing or internal variability remains unclear. It could have resulted from meltwater 80 

input from retreating Antarctic ice sheets reducing deep ocean convection (Bintanja et al. 2013; 81 

Bronselaer et al. 2018; Purich et al. 2018; Rye et al. 2020), from intensified surface westerlies 82 

associated with the positive SAM (Holland and Kwok 2012; Purich et al. 2016; Kostov et al. 83 

2018), or from internal variability (Cabré et al. 2017; Latif et al. 2013; Zhang et al. 2019).  84 

 85 

Although there is no consensus on what has caused the observed cooling in the tropical 86 

eastern Pacific and the Southern Ocean respectively, the two locations could be connected 87 

through teleconnections. The tropical forcing on the extratropics has long been appreciated in the 88 

literature through an “atmospheric bridge” via Rossby wave trains generated from changes in 89 

tropical convection (e.g., Alexander 1992; Garreaud and Battisti 1999; Ding et al. 2012; Yuan et 90 

al. 2018; and a recent review by Li et al. 2021). The tropical response to extratropical forcing has 91 

also been shown in previous studies, with two leading mechanisms proposed to account for 92 

different pathways: an atmospheric pathway through zonal-mean energetic constraints and an 93 

oceanic pathway through mean ocean circulation. The former has been demonstrated using 94 

aquaplanet slab-ocean simulations, where tropical precipitation and the Walker circulation have 95 

been found to respond to extratropical thermal forcing via anomalous cross-equatorial 96 



 5 

atmospheric heat transport, as required by zonal-mean energy budget constraints (Kang et al. 97 

2008; 2009; Hwang and Frierson 2013; Hwang et al. 2017; Kang et al. 2020). The latter has been 98 

studied using coupled atmosphere–ocean GCMs, with temperature changes of the tropical 99 

upwelled waters traced to temperature changes of the extratropical subducted waters through 100 

mean advection by subtropical cells (e.g., Gu and Philander 1997; Burls and Fedorov 2014; 101 

Fedorov et al. 2015; Heede et al. 2020).  102 

 103 

 104 

 105 
Figure 1. (a) Observed annual-mean SST trends over 1979 – 2019 from ERSSTv5b. (b) Running 106 
40yr-trend of SSTs averaged over the tropical-EP region (10°S – 10°N, 160°W - 80°W) and 107 
SEP-SO region (62°S - 47°S,140°W - 70°W) from the Last Millennium Reanalysis dataset. (c, d) 108 
The composite-mean SST trend patterns associated with significant tropical-EP cooling (c) or 109 
SEP-SO cooling (d). The tropical-EP and SEP-SO regions are illustrated by the black patches in 110 
panels a, c and d.  111 
 112 

 113 

We find that SSTs over these two key regions (boxes in Fig. 1) closely co-vary with each 114 

other on multi-decadal timescales in the past 2000 years in a paleo dataset – the Last Millennium 115 

Reanalysis version 2.0 (LMR; Tardif et al. 2019). This paleo reconstruction data is derived from 116 

the Last Millennium simulations of the Community Climate System Model version 4 (CCSM4), 117 

combined with proxy data and linear forward models. In Fig. 1b, we show the running 40-yr 118 

trends of 30-yr low-pass filtered annual-mean SSTs, averaged over the tropical eastern Pacific 119 
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(10°S – 10°N, 160°W – 80°W, hereafter denoted as “tropical-EP”) and part of the Southern 120 

Ocean in the southeast Pacific sector that has cooled the most in recent decades (62°S –121 

47°S,140°W – 70°W, hereafter “SEP-SO”). Both regions exhibit low-frequency variabilities that 122 

co-vary with each other (a correlation of 0.78). We then build SST composite maps of tropical-123 

EP warming/cooling trends and SEP-SO warming/cooling trends to look into potential 124 

connections between these two regions. Specifically, for tropical-EP composites, we average the 125 

global 40-yr trend maps of SSTs over the 40-yr periods where tropical-EP warming or cooling 126 

trends exceed two standard deviation. Taking the difference between the warming and cooling 127 

composite-mean SST trend maps (cooling minus warming) illustrates how global SSTs are 128 

changing when the tropical-EP region is undergoing a substantial cooling on multi-decadal 129 

timescales (Fig. 1c). The same process is applied for the SEP-SO composite based on SEP-SO 130 

40-yr SST trends (Fig. 1d). The mean SST trend maps of tropical-EP composite and SEP-SO 131 

composite show a strong similarity (Figs. 1c, d), with cooling/warming occurring in both regions 132 

simultaneously, as expected from the high correlation in Fig. 1b. This common pattern also 133 

resembles the pattern of observed SST trends over the past 40yrs (Fig. 1a), with cooling in the 134 

tropical eastern Pacific and part of the Southern Ocean near the southeast Pacific despite broad 135 

warming elsewhere. Note that the LMR dataset exhibits greater decadal-scale SST trends in the 136 

tropical eastern Pacific than in the Southern Ocean (Fig. 1b-d), yet the recent observation shows 137 

more cooling in the Southern Ocean than in the tropical eastern Pacific. This mismatch may be 138 

due to limitations of the LMR reconstruction, which is constrained by both local proxies that are 139 

sparse in the Southern Ocean and covariance from the model prior, so the reconstructed Southern 140 

Ocean SSTs may lack local information but largely encapsulate remote impacts of the 141 

reconstructed tropical SSTs; or it may suggest that something else has influenced Southern 142 

Ocean SST trends over the historical record that is not captured by the LMR reconstruction.  143 

  144 

These findings suggest that the observed multi-decadal cooling trends in the tropical eastern 145 

Pacific and the Southern Ocean may be connected and that there may be a two-way 146 

teleconnection between these two regions. While the teleconnection from the tropics to the 147 

extratropics has been well established, what is less understood is how the Southern Ocean SSTs 148 

influence the tropical Pacific SSTs. Thus, the key questions we aim to answer in this study are: is 149 

the observed tropical eastern Pacific cooling connected to the observed Southern Ocean cooling, 150 
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particularly in the southeast Pacific sector? If so, what is the mechanism for the two-way 151 

teleconnection between these two regions? Furthermore, what implications does this 152 

teleconnection have on our interpretation of the recent and future global warming patterns? In the 153 

following section, we first describe our idealized simulations using a slab-ocean model to study 154 

the Southern Ocean-to-tropics teleconnections.  In section 3, we propose a new mechanism for 155 

the two-way teleconnection between the Southern Ocean and the tropical Pacific, with a dynamic 156 

feedback through atmospheric circulation. In section 4, we show that our proposed atmospheric 157 

pathway operates within coupled atmosphere–ocean GCMs. In section 5, we summarize our 158 

findings and discuss their potential caveats and implications. 159 

 160 

2. Idealized Southern Ocean thermal forcing experiments within a slab-ocean model  161 

a. Model setup and experiment design  162 

We first investigate the pathways linking tropical Pacific SST changes and Southern Ocean 163 

SST changes using a slab-ocean (mixed-layer) model with prescribed ocean heat flux 164 

convergence (a “qflux”). We use a slab-ocean version of the Community Atmospheric Model 165 

version 4 (CAM4), with a uniform and annual-mean mixed-layer depth of 50m and horizontal 166 

resolution of 1.9° latitude ´ 2.5° longitude. There are no interactive ocean dynamics in the slab-167 

ocean model, which allows us to separate atmospheric teleconnection pathways from oceanic 168 

pathways. In section 4, we further examine the atmospheric pathways in two coupled GCM 169 

simulations that include ocean dynamics, finding a strong consistency with our slab ocean 170 

results.  171 

 172 

We perform a control run and then two qflux-perturbation experiments with anomalous qflux 173 

imposed in the tropical-EP or SEP-SO regions – the two regions where SSTs may be mutually 174 

connected based on recent observations and the LMR dataset. In both the control run and the 175 

experiments, all radiative forcing agents are fixed at year 2000 levels. For the control run, we use 176 

an annual-mean qflux climatology constructed from a pre-industrial control run within the parent 177 

fully-coupled model CCSM4. This fully-coupled control run has been nudged to reproduce the 178 

observed tropical SST climatology (taken from the NOAA ERSSTv3b, Smith et al. 2018) 179 

averaged over 1970 – 2009. The nudging is achieved through adding an annual-cycle of 180 

additional surface heat fluxes known as the “flux correction” technique (Zhang et al. 2018; Hu 181 
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and Fedorov 2018). This adjustment largely reduces the common biases in the climatological 182 

mean seasonal cycle in fully-coupled atmosphere-ocean models, such as a too-cold bias of cold 183 

tongue SSTs (Capotondi et al. 2020), too-excessive precipitation off the equator known as the 184 

“double Intertropical Convergence Zone (ITCZ)” problem (Li and Xie 2014), and the bias in the 185 

cross-equatorial winds (Hu and Fedorov 2018). Deriving qflux climatology from the flux-186 

corrected fully-coupled control run thus provides a realistic tropical mean state of SST, 187 

precipitation and surface winds in the slab-ocean model (Fig. 2a). We only apply this 188 

observation-corrected qflux to open waters; for regions where sea ice exists, we use a qflux 189 

climatology calculated from a freely-evolving pre-industrial control run of the fully-coupled 190 

CCSM4, while keeping the global-mean qflux climatology to be zero (no net gain or loss of 191 

heat).  192 

 193 

For the qflux-perturbation experiments, we add a constant qflux anomaly of -20 W/m2 (i.e., a 194 

heat flux divergence from the mixed layer) on top of the qflux control climatology over the 195 

tropical-EP or SEP-SO patch. Since the qflux forcing we impose acts as a constant heat sink to 196 

the mixed layer, the global mean SSTs are expected to cool towards a new equilibrium until 197 

anomalous top-of-atmosphere radiation balances net mixed-layer heat loss. Note that we impose 198 

the qflux forcing in localized regions rather than in zonal bands as in previous studies (Kang et 199 

al. 2008; Hwang et al. 2017; Stuecker et al. 2020; Kang et al. 2020), which allows us to 200 

investigate mechanisms associated with regional dynamics in a more-realistic configuration. We 201 

run these simulations for 60 years and use an average over the last 30 years to compute the 202 

equilibrium responses calculated as the difference between control and qflux-perturbation 203 

experiments.  204 
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 205 
 206 

Figure 2. (a) Mean-state climate of the slab-ocean control run. Shading denotes SSTs; arrows 207 
denote surface winds, white contour denotes 6mm/day mean precipitation. (b, c) SST response to 208 
the qflux anomaly imposed in the tropical eastern Pacific (“tropical-EP”) or the southeast Pacific 209 
sector of the Southern Ocean (“SEP-SO”), respectively. Stippling indicates statistically 210 
significant response at 95% level. The location of the qflux forcing is illustrated by the black 211 
patch. The number in the top right in each panel denotes the global mean of the SST response.  212 
  213 
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b. Teleconnections between the tropical-EP and SEP-SO regions in slab-ocean simulations 214 

As expected, the imposed qflux forcing drives global mean cooling in both experiments. 215 

Despite having smaller global-mean qflux anomalies, the extratropical qflux forcing produces 216 

greater global-mean cooing than the tropical qflux forcing (Fig. 2b). This is consistent with the 217 

result of earlier studies (Rose et al. 2014; Kang and Xie, 2014) that the high-latitude surface heat 218 

flux forcing is more efficient at changing global temperatures than the tropical forcing, revealed 219 

by multiple slab-ocean models with distinct zonal-mean qflux forcings. The spatial patterns of 220 

SST changes in these two experiments also exhibit some common features. The qflux forcing in 221 

the tropical-EP patch drives remote SST changes extending to the extratropics, yielding SST 222 

cooling in the vicinity of the SEP-SO patch in the southeast Pacific sector of the Southern Ocean 223 

(Fig. 2b). The qflux forcing in the SEP-SO patch in turn drives substantial tropical cooling, with 224 

more cooling in the eastern Pacific than in the western Pacific, producing a La Niña-like tropical 225 

SST pattern (Fig. 2c). These simulations are consistent with the results of the LMR dataset – the 226 

tropical eastern Pacific and the Southern Ocean near the southeastern Pacific can influence each 227 

other, resulting in a same-sign SST changes in both regions. Moreover, the results from the slab-228 

ocean model suggest that the teleconnection between these regions can be established through 229 

atmospheric pathways without ocean circulations.  230 

 231 

The prevailing atmospheric pathway proposed for the extratropics-to-tropics teleconnection 232 

has been linked to a zonal-mean energetic constraint, derived from idealized simulations with 233 

zonal-mean extratropical thermal forcing (Kang et al. 2008; 2009; Hwang et al. 2017; Kang et al. 234 

2020). That is, an anomalous inter-hemispheric gradient in an imposed forcing is expected to 235 

induce anomalous cross-equatorial atmospheric heat transport, accomplished via Hadley cell 236 

adjustment. As a result, the ITCZ tends to shift towards the warmer hemisphere (i.e., away from 237 

the hemisphere with a negative qflux forcing), resulting in changes in the surface winds and 238 

zonal SST contrast through wind-evaporation-SST (WES) feedback (Xie and Philander 1994).  239 

 240 

To test this theory, we next show three similar slab-ocean experiments, with the same zonal-241 

mean qflux forcing imposed over the same latitudes (55°S – 35°S) but over different longitude 242 

bands. Here we add a uniform qflux anomaly of -15 W/m2 (heat flux divergence from the mixed-243 

layer) in the southwest Pacific (130°E - 170°W), southeast Pacific (140°W - 80°W) and south 244 
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Atlantic (60°W - 0°), illustrated in Figs. 3a-c respectively.  These patches are located slightly 245 

north of the SEP-SO patch shown previously, to avoid potential impacts of changes to the sea-ice 246 

edge. All three patch-simulations are run for 60 years, following the same setup described in the 247 

previous section.  248 

 249 

 250 

 251 
Figure 3. Responses to qflux anomaly imposed in the southwest Pacific (left), southeast Pacific 252 
(middle) and south Atlantic (right). (a-c) Changes in SST. (d-f) Changes in precipitation. Pink 253 
lines denote the mean-state precipitation of 6 mm/day from control run (same as the white 254 
contour in Fig. 2a). (g) Zonal mean changes of precipitation. (h) Zonal mean changes of SST. (i) 255 
Changes of SST in the equatorial Pacific averaged over 5°S – 5°N. Stippling in (a) – (f) indicates 256 
statistically significant response at 95% level.  257 
 258 

 259 

In all cases, the imposed qflux forcing drives broad surface cooling and an increase in 260 

precipitation in the northern branch of the ITCZ, consistent with previous studies (Hwang et al. 261 

2017; Kang et al. 2020). The zonal-mean precipitation changes (Fig. 3g) and zonal-mean SST 262 

changes (Fig. 3h) are similar across cases, suggesting that the zonal-mean climate changes are 263 

indeed largely determined by the zonal-mean forcing. However, the degree of zonal asymmetry 264 
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of tropical SST changes varies by case (Fig. 3i). When the qflux forcing is imposed in the 265 

southeast Pacific, a strong and significant cooling occurs in the tropical eastern Pacific, forming 266 

a La Niña-like tropical SST pattern (Fig. 3b); but this anomalous zonal SST gradient is weaker in 267 

the other two runs (Figs. 3a, c, also see Fig. 3i). This suggests that the Southern Ocean-to-tropics 268 

teleconnection is not solely dependent on the zonal mean energetics and instead depends on the 269 

region over which that forcing is applied. Interestingly, the strongest teleconnection to the 270 

tropical Pacific is from the southeast Pacific, which is also the region in the Southern Ocean that 271 

is most influenced by the tropical qflux forcing (Fig. 2b) and where observations have showed 272 

the greatest cooling trends since the ~1980s (Fig. 1a). A key question is: why does this region 273 

produce a particularly strong Southern Ocean-to-tropical Pacific teleconnection?  274 

 275 

3. Mechanisms for the Southern Ocean-to-tropical Pacific atmospheric teleconnection 276 

To investigate the mechanism for the teleconnection from the southeast Pacific to the tropical 277 

Pacific, we first look into the time-evolution of transient response in the slab-ocean run forced by  278 

the southeast Pacific qflux anomaly shown in the above section (Fig. 3b), demonstrating two 279 

stages of the teleconnection with a positive feedback associated with atmospheric circulation 280 

changes (section 3a). We then validate the dynamical process of the positive feedback by 281 

additional prescribed-SST simulations within an atmospheric GCM (AGCM; section 3b). Last, 282 

we show the changes in atmospheric circulation needed for the teleconnection in observations 283 

(section 3c).  284 

 285 

a. Slab-ocean transient response reveals a dynamic positive feedback  286 

To examine the transient response in the slab-ocean run, we perform an ensemble of 20 287 

members with the same qflux forcing in the southeast Pacific as in Fig. 3b (i.e., a uniform qflux 288 

anomaly of -15 W/m2 added over 55°S – 35°S and 140°W - 80°W). Each is branched from a 289 

different day of January in the control simulation and run for 6 years. We present results from the 290 

average of the 20 ensemble members to reduce noise from random natural variability, and below 291 

we only show the ensemble mean responses that are statistically different from zero at 95% level.  292 

 293 
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 294 
 295 

Figure 4. (a-f) Annual mean changes of (left) SST (shading) and surface winds (arrows), 296 
(middle) SLP, and (right) net precipitation in the first 6 years averaged over the 20 members of 297 
southeast Pacific qflux ensemble.The imposed qflux forcing is as same as in the equilibrium run 298 
shown in Fig. 3b. (g) The equilibrium responses (from the equilibrium run shown in Fig. 3, 299 
averaged over years 31-60). For all panels, only statistically significant ensemble-mean 300 
responses above 95% level are shown. 301 
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Fig. 4 shows that over the first 2 years, the Southern Ocean SSTs over the patch of qflux 302 

forcing cool substantially, with relatively little cooling outside the patch. But by year 3, a weak 303 

cooling signal reaches the southeast tropical Pacific, enhancing the climatological east-west SST 304 

gradient (Fig. 4c, left column). The weak cooling in the southeastern tropical Pacific is not 305 

accompanied by a robust change in the surface winds over the tropics on this timescale. This 306 

suggests that the leading process for the extratropical to tropical teleconnection at this early stage 307 

is advection by climatological mean winds. The mean-state surface westerlies over the Southern 308 

Ocean forcing patch blow towards the Andes in high latitudes, and deflect equatorward and 309 

merge to form the southeasterly trade winds in the southeast tropical Pacific (Fig. 2a), resulting 310 

in a climatological subtropical high sea-level pressure (SLP). Hence, the climatological mean 311 

winds can efficiently advect surface temperature anomalies from the southeast Pacific to the 312 

tropical eastern Pacific. However, the advection by the mean winds only results in a weak 313 

cooling in the tropical eastern Pacific during this early stage (by year 3).   314 

 315 

The first stage is followed by a more substantial cooling of the tropical Pacific in year 4, 316 

accompanied by anomalously strong trade winds in the Pacific (Fig. 4d, left column). While the 317 

trade winds in general can be influenced by multiple processes, we find that the strengthening of 318 

the trade winds in year 4 is primarily caused by a strengthening of subtropical high SLP in both 319 

hemispheres (Fig. 4d, middle column), which itself is a result of tropics-originated Rossby wave 320 

teleconnections. As shown in Fig. 4, the weak cooling in the tropical eastern Pacific that is 321 

developed in stage 1 (by year 3) forms a La Niña-like tropical SST pattern (Fig. 4c, left column), 322 

causing atmospheric convection to contract westward over the Maritime continent (Figs. 4c, right 323 

column). The increase in convective heating in the far western Pacific and a decrease in the 324 

central Pacific forces anomalous Rossby wave teleconnections toward higher latitudes, yielding 325 

anomalous strengthening of the subtropical highs in the southeast Pacific and the north Pacific in 326 

year 4 (Fig. 4d, middle column; see also Garreaud and Battisti 1999). The subtropical SLP 327 

anomalies amplify the trade winds in the tropics in both hemispheres, which cause further 328 

cooling in the tropical eastern Pacific via the WES feedback. Additionally, in the Southern 329 

Hemisphere (SH) extratropics, the subtropical SLP anomalies enhance southerly flows in the 330 

southeast Pacific and westerlies in the vicinity of the cooling patch in the Southern Ocean (Fig. 331 

4d, left column). The anomalous southerly flows lead to further tropical cooling via anomalous 332 
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advection from the Southern Ocean towards the tropics. The anomalous extratropical westerlies 333 

cause further cooling near the cooling patch in the Southern Ocean via increased evaporation, 334 

which can be ultimately advected into the tropics by both climatological mean winds and the 335 

strengthened southeasterlies associated with SLP anomalies. Together, these tropically-induced 336 

circulation changes can feed back onto the tropical SSTs by amplifying the tropical eastern 337 

Pacific cooling – a positive feedback of the mutually-interactive teleconnection between the 338 

Southern Ocean and the tropical Pacific.   339 

 340 

In summary, the response to an imposed southeast Pacific qflux forcing evolves in two 341 

stages. First, over years 1-3, a small portion of the qflux-forced Southern Ocean cooling in the 342 

southeast Pacific propagates to the tropical southeast Pacific by way of advection by 343 

climatological mean winds. Since this stage mostly involves atmosphere-ocean thermal coupling, 344 

its timescale depends on the timescale of the mixed-layer adjustment, which is on the order of 2 345 

years in our simulations that used a uniform 50m mixed layer. Second, once the tropical eastern 346 

Pacific cooling emerges, changes in the location of the tropical convective heating produce 347 

Rossby wave teleconnections to the extratropics, enhancing the trade winds, SH extratropical 348 

winds, and Southern Ocean cooling – all of which are conducive to further amplifying the 349 

cooling in the southeast tropical Pacific (though by decomposing the total anomalous advection, 350 

we find changes in tropical and extratropical winds contribute more than changes in Southern 351 

Ocean surface temperatures). This positive feedback between the extratropics and the tropics in 352 

stage 2 appears to account for the majority of the equilibrium tropical SST response to the 353 

imposed Southern Ocean cooling (c.f. Fig. 4d and Fig. 4g). Although persisting to equilibrium, 354 

this stage develops quickly once the tropical Pacific zonal SST gradient begins to change (from 355 

year 3 to year 4) because it is mostly mediated by changes in atmospheric circulation. The two 356 

stages of the teleconnection and their timescales can also be seen in the transient zonal-mean 357 

SST response averaged globally (Fig. 5), with a slow propagation of cooling from the Southern 358 

Ocean to the tropics in years 2 – 3, followed by an enhancement of cooling in both the tropics 359 

and the Southern Ocean in year 4, which persists to the end of integration.  360 
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 361 
Figure 5. Monthly zonal-mean SST response to the southeast Pacific qflux forcing over the first 362 
6 years. Only statistically significant ensemble-mean responses above 95% level are shown. The 363 
dashed lines illustrate the latitudes of the imposed qflux forcing (55°S – 35°S), though the qflux 364 
forcing is applied not over the entire zonal band but only in the southeast Pacific sector (140°W - 365 
80°W).  366 
 367 

 368 

b. Prescribed-SST simulations confirm the tropical origin of the positive feedback  369 

The slab-ocean transient response reveals a positive feedback in stage 2 associated with 370 

changes in extratropical atmospheric circulation. While the tropical origin of the subtropical SLP 371 

changes seen in year 4 has long been appreciated in the literature through Rossby wave dynamics 372 

(e.g., Alexander 1992; Garreaud and Battisti 1999; Ding et al. 2012), in this subsection we 373 

perform additional experiments to confirm that the extratropical atmospheric circulation changes 374 

in stage 2 arise due to the tropical SST change rather than the qflux-forced Southern Ocean SST 375 

change.   376 

 377 

We use the same atmospheric model (CAM4) as was used in the coupled slab-ocean model, 378 

except in an AGCM setup where SSTs and sea-ice concentration are prescribed everywhere. 379 

Consistent with the slab-ocean simulations, the prescribed-SST simulations also use a modern-380 

day observed SST climatology, and all radiative forcing agents are fixed at year 2000 levels. On 381 
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top of those SSTs, we prescribe the annual-mean equilibrium SST anomalies induced by the 382 

southeast Pacific qflux forcing (applied in the slab-ocean ensemble in section 3a) onto different 383 

regions separately. Both the control simulation and SST-perturbed simulations are run for 15 384 

years; the responses are averaged over the last 10 years.  385 

 386 

 387 
Figure 6. Prescribed SST simulations and their responses. (a - c) Prescribed SST anomalies in the 388 
southeast Pacific (the same patch shown in Fig. 4), the tropical Pacific, and global oceans except 389 
the tropical Pacific, respectively. (d-f) SLP and surface winds responses to the corresponding 390 
SST forcing. All the SST anomalies are taken from the annual-mean equilibrium SST changes in 391 
the southeast Pacific qflux experiment (Fig. 4g left). The tropical Pacific is defined as 120°E – 392 
80°W, 20°S – 20°N.  393 
 394 

 395 

In the first simulation, we prescribe SST anomalies only within the southeast Pacific qflux 396 

forcing patch (i.e., the same patch illustrated in Fig. 4), while keeping SSTs over the rest of 397 

global oceans unchanged (Fig. 6a), to test if the SH subtropical SLP anomalies could be driven 398 

by the qflux-forced Southern Ocean cooling. We find that this extratropical SST forcing only 399 

drives weak and local SLP changes, without much remote influence on the subtropical SLP or 400 

tropical surface winds (Fig. 6d). In the second simulation, we instead prescribe SST anomalies 401 

within the tropical Pacific (20°S – 20°N, 120°E – 80°W), with most of the cooling in the eastern 402 

Pacific (Fig. 6b). This tropical SST forcing drives substantial responses at global scale that 403 

extend to the high latitudes in both hemispheres. Notably, it produces a pattern of SLP and 404 

surface winds that resembles the pattern of transient climate response starting in year 4 in Fig. 4, 405 

featuring a heightening of subtropical highs in both hemispheres, as well as strengthened 406 
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southeasterly trade winds in the tropical Pacific and strengthened surface westerlies in the 407 

southeast Pacific sector of the Southern Ocean. To further illustrate the comparison between 408 

tropical Pacific SST forcing and extratropical SST forcing, we perform another simulation where 409 

we prescribe the SST anomalies induced by the southeast Pacific qflux forcing throughout the 410 

global ocean except over the tropical Pacific (Fig. 6c). This broad extratropical SST forcing 411 

(which includes some tropical regions in the Indian Ocean and the Atlantic Ocean) has little 412 

impact on the SH subtropical SLP in the Pacific sector, and even produces an opposite sign of 413 

the Northern Hemisphere subtropical SLP and tropical surface winds (Fig. 6f).  414 

 415 

Thus, these prescribed-SST simulations confirm that the changes in the subtropical SLP and 416 

associated surface winds that arise in year 4 (stage 2) are not directly forced by the cooling in the 417 

Southern Ocean, but are instead due to a teleconnection forced by SST changes in the tropical 418 

Pacific, which were born from the SST changes in the Southern Ocean through advection by 419 

mean winds.  420 

 421 

c. The two-way teleconnection between the Southern Ocean and the tropics in observations 422 

Based on both the slab-ocean and the AGCM prescribed-SST simulations, we find that there 423 

is a two-way teleconnection between the Southern Ocean and tropical Pacific. SST changes in 424 

the southeast Pacific sector of the Southern Ocean can trigger teleconnections to the tropical 425 

eastern Pacific through advection by mean winds. In turn, tropical Pacific SST changes can drive 426 

remote changes to extratropical atmospheric circulation that are conducive to amplifying SST 427 

changes in both the tropical eastern Pacific and the southeast Pacific sector of the Southern 428 

Ocean. This finding suggests that the observed multi-decadal surface cooling in the Southern 429 

Ocean and tropical eastern Pacific may be mutually connected and amplified by each other.  430 

 431 

Indeed, the key circulation changes needed for the teleconnection can also be seen in 432 

observations and the LMR dataset. In Fig. 7a, we show the 40-yr trends of annual-mean SLP and 433 

10m surface winds over 1979 – 2019 from ERA5 reanalysis data (Hersbach et al. 2020). The 434 

observed trend pattern highlights a strengthening of the subtropical highs in the Pacific in both 435 

hemispheres, along with strengthened trade winds in the tropical eastern Pacific and strengthened 436 

westerlies in the southeast Pacific sector of the Southern Ocean. In addition, we repeat the 437 
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composite analysis with the LMR dataset (as done for Figs 1c and 1b), except computing 40-yr 438 

trend maps of global SLP associated with substantial cooling of the tropical-EP and SEP-SO 439 

regions. The composite-mean SLP trend maps also show similar features with a strengthening of 440 

the subtropical highs in both hemispheres (Figs. 7b, c). Both datasets show a pattern of 441 

circulation changes consistent with the results of our simulations.   442 

 443 

 444 
Figure 7. (a) Observed annual-mean SLP (shading) and 10m surface winds (arrows) trends over 445 
1979 – 2019 from ERA5 Reanalysis. (b, c) Composite mean of 40yr SLP trends, associated with 446 
significant cooling trends in the EP and SO regions respectively (consistent with Figs. 1c, d). 447 
 448 
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However, these findings are not sufficient to determine whether the observed teleconnection 449 

is activated by a tropical change or a Southern Ocean change in the first place, or whether the 450 

initial surface cooling (over either of these two regions) is driven by internal variability or 451 

external forcing. While the underlying causes of the observed SST trend patterns remain to be 452 

further investigated, in the following section we discuss one possible perspective that the 453 

observed eastern tropical Pacific cooling trends may be driven by recent changes in the Southern 454 

Ocean.  455 

 456 

4. Tropical Pacific SST response to Southern Ocean non-thermal forcings in fully-coupled 457 

simulations 458 

Having established a mechanism for the two-way atmospheric teleconnection between the 459 

tropical Pacific and the Southern Ocean, next we evaluate whether the mechanism operates in 460 

coupled atmosphere–ocean GCM simulations from two recently published studies that applied 461 

non-thermal forcings over the Southern Ocean: one simulates the effects of Antarctic meltwater 462 

discharge to the Southern Ocean (Sadai et al. 2020) and the other simulates the effects of 463 

changes in SH extratropical atmospheric circulation (Blanchard-Wrigglesworth et al. 2021). By 464 

analyzing the results of tropical SST responses in these studies, we address two questions: does 465 

the atmospheric teleconnection found in our slab-ocean results also exist in a fully-coupled 466 

configuration with dynamic oceans? What implications does this teleconnection have on 467 

observed and projected warming patterns?  468 

 469 

a. The impacts of Southern Ocean meltwater input 470 

First, we show a set of meltwater “hosing” experiments using the fully-coupled Community 471 

Earth System Model version 1 with the Community Atmosphere Model version 5 (CESM1-472 

CAM5), provided by Sadai et al. (2020). These simulations account for meltwater input from 473 

Antarctic ice sheet melting over the 21st century – a process that is not represented in CMIP5 and 474 

CMIP6 GCMs. Here we present results from two simulations of Sadai et al. (2020): a control run 475 

and a hosing run, both of which are driven by identical radiative forcing (using representative 476 

concentration pathway RCP8.5) over 2005 – 2100. The control run includes increasing 477 

freshwater input driven only by increasing precipitation over Antarctica that is discharged into 478 

the Southern Ocean, reaching ~0.2 Sverdrup by the end of the 21st century. The hosing run takes 479 
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into account additional time-variant and spatially-distributed meltwater and iceberg discharge 480 

from Antarctic ice sheets into the Southern Ocean (see details in Sadai et al. 2020). The total 481 

amount of the added meltwater input in the hosing run reaches ~1 Sverdrup by the end of the 21st 482 

century, estimated by an offline ice sheet model forced by the same RCP8.5 scenario (see Fig. 483 

1B in Sadai et al. 2020).  484 

 485 

 486 

 487 
Figure 8. SST (left) and SLP (right) linear trends over 2005– 2100 from (a) CESM1 control run 488 
and (b) CESM1 Antarctic meltwater hosing run, as in Sadai et al. (2020). Both simulations are 489 
under RCP8.5 forcing scenario. (e, f) The difference between the control run and the hosing run 490 
that reflects the response to the imposed meltwater forcing. Stippling indicates statistically 491 
significant linear trends at 95% level. Data courtesy of Shaina Sadai.  492 
 493 
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Fig. 8 shows the SST and SLP trend maps over the 21st century from the control run and the 494 

hosing run of Sadai et al. (2020). While the RCP8.5 forcing results in a considerable amount of 495 

warming nearly all over the globe in the control run (Fig. 8a), the imposed meltwater input in the 496 

hosing run cools the Southern Ocean SSTs, increases the extent of Antarctic sea ice, and reduces 497 

the rise of global mean surface temperatures (Fig. 8c and see also Sadai et al. 2020), consistent 498 

with the results of other meltwater forcing studies using different models (e.g., Bronselaer et al. 499 

2018; Purich et al. 2018; Rye et al. 2020). The Antarctic-meltwater induced Southern Ocean 500 

surface cooling in this hosing run is further transported to the tropics, mostly manifested in the 501 

eastern Pacific, forming a La Niña-like warming pattern (Fig. 8e). Accompanying the surface 502 

temperature cooling is a strengthened SH subtropical high in the southeast Pacific (Fig. 8f), 503 

which acts to enhance the tropical surface cooling as discussed earlier. While the teleconnection 504 

from the Southern Ocean to the tropical Pacific seen here on a centennial timescale could also be 505 

in part driven by oceanic responses, e.g., enhanced ocean heat transport by mean subtropical 506 

cells (Gu and Philander 1997; Fedorov et al. 2015) or by strengthened subtropical cells (Luo et 507 

al. 2017; Heede et al. 2020), this fully-coupled simulation shows all the same features seen in our 508 

slab-ocean results, consistent with our proposed atmospheric pathway.  509 

 510 

Although the results of Sadai et al. (2020) may depend on the model used and the amount of 511 

meltwater applied (which is likely to be at the high end of future projections), it has important 512 

implications for understanding recent and future global surface warming patterns. A growing 513 

body of literature has suggested that Antarctic meltwater forcing may be partially responsible for 514 

the observed surface cooling and sea-ice expansion over the Southern Ocean (e.g., Bronselaer et 515 

al. 2018; Bintanja et al. 2013; Rye et al. 2020), though the results published so far appear to be 516 

highly model dependent. The potential Antarctic meltwater induced Southern Ocean surface 517 

cooling could be further transported to the tropics via advection by mean winds, considering the 518 

results of Sadai et al. (2020), driving tropical eastern Pacific cooling through the two-way 519 

teleconnections described here. This hypothesis provides a plausible explanation for the cause of 520 

the observed cooling trends in both the tropical eastern Pacific and Southern Ocean seen in the 521 

past four decades.   522 

 523 

 524 
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b. The impacts of Southern Ocean winds  525 

Next, we show an ensemble of Southern Ocean wind-nudging experiments over 1979 – 2018 526 

(Fig. 9), extending the simulations published in Blanchard-Wrigglesworth et al. (2021). These 527 

experiments are also performed using the fully-coupled CESM1-CAM5. All simulations are run 528 

under historical radiative forcing from 1979 to 2005 and RCP 8.5 forcing from 2006 to 2018, 529 

consistent with the CESM1 Large Ensemble simulations (LENS; Kay et al. 2015). We present 530 

results averaged from five ensemble members; each member is initiated from a different LENS 531 

member from January 1980. The novelty of these wind-nudging experiments is that, throughout 532 

the full period, zonal and meridional winds poleward of 45°S in the SH are nudged to 6-hourly 533 

ERA-Interim Reanalysis data (Dee et al. 2011) from 850hPa to the top of model. Note that in 534 

Blanchard-Wrigglesworth et al. (2021), the nudging is applied poleward of 45 degrees in both 535 

hemispheres, while here we show results from five newly performed runs that are otherwise 536 

identical but apply the wind-nudging over 45S-90S in the SH only.  537 

 538 

By construction, these simulations are forced to reproduce the observed strengthening of the 539 

westerly winds over the Southern Ocean, which is generally underestimated and located further 540 

south in LENS (see Fig. 3 in Blanchard-Wrigglesworth et al. 2021). Furthermore, because the 541 

model has to maintain thermal wind balance by increasing SLP gradient in the SH extratropics in 542 

response to the intensified polar winds, these wind-nudging experiments also produce positive 543 

SLP trend anomalies near the SH subtropical high than in the LENS, largely resembling the 544 

observed SLP trend pattern (Fig. 9d). With an anomalously deep SH subtropical high, these 545 

wind-nudging experiments produce cooling trends in the tropical eastern Pacific, which are not 546 

seen in the LENS ensemble-mean, despite the fact that no Southern Ocean SST forcing was 547 

directly applied. Although the wind forcing induces some cooling in the Southern Ocean (Fig. 548 

9e), this local cooling is not significant and much weaker than that observed. Therefore, even 549 

without strong Southern Ocean cooling to initiate the teleconnection, extratropical circulation 550 

changes can cause a significant tropical eastern Pacific cooling response (Fig. 9e). These 551 

simulations thus illustrate stage 2 of the teleconnection we found in our slab-ocean results 552 

whereby the SLP anomalies in the subtropics enhance the southeasterly trade winds which cause 553 

cooling in tropical southeast Pacific. Indeed, in the tropical southeast Pacific, overlying the 554 
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anomalous surface cooling is the strengthened surface winds in these wind-nudging experiments 555 

(Fig. 9d), which are not found in the LENS ensemble-mean.  556 

 557 

 558 

 559 
Figure 9. SST (left) and SLP (right) linear trends over 1979– 2018 from (a, b) CESM1 LENS 560 
ensemble mean and (c, d) CESM1 wind-nudging experiments (average of 5 ensemble members, 561 
where atmospheric winds are nudged to reanalysis only south of 45°S), and (e, f) the difference 562 
between the wind-nudging experiments and LENS that reflects the response to the imposed 563 
Southern Ocean winds. Stippling indicates statistically significant linear trends at 95% level.  564 
 565 
 566 

Even though these wind-nudging experiments only capture the second stage of the 567 

mechanism we proposed, the fact that the teleconnection can be established without initial 568 

Southern Ocean SST forcing highlights a dominant role of atmospheric circulation changes in 569 
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linking the Southern Ocean to the tropical Pacific. Moreover, the results of these fully-coupled 570 

simulations suggest that atmospheric forcing is sufficient to drive the Southern Ocean-to-tropics 571 

teleconnection, though it remains unclear to what extent and how oceanic circulation changes 572 

contribute to the atmospheric teleconnection.  573 

 574 

5. Summary and Discussions 575 

Using a set of slab-ocean simulations and AGCM fixed-SST simulations, we found that there 576 

is a two-way teleconnection between the Southern Ocean and tropical Pacific. An imposed 577 

Southern Ocean cooling can first propagate into the tropics through advection by climatological 578 

mean winds over the southeast Pacific. Once the tropical Pacific SSTs are perturbed, this tropical 579 

SST forcing can drive remote changes to extratropical atmospheric circulation through Rossby 580 

wave teleconnections, featuring anomalously deep subtropical highs in both hemispheres, which 581 

results in strengthened trade winds in the tropics and strengthened surface westerlies in the 582 

Southern Ocean. These wind anomalies are conducive to further enhancing the surface cooling in 583 

both the tropical eastern Pacific and the southeast Pacific of the Southern Ocean. That is, the 584 

tropics-forced circulation changes exert a positive feedback on the two-way teleconnection 585 

process. These circulation changes along with the SST changes in the tropical Pacific and the 586 

Southern Ocean have also been observed over the past 40 years.  587 

 588 

Although we did not evaluate potential oceanic pathways, we showed tropical Pacific SST 589 

responses to changes in the Southern Ocean in two sets of fully-coupled simulations that are 590 

consistent with our proposed atmospheric teleconnection pathway. One is the meltwater hosing 591 

experiments provided by Sadai et al. (2020), where Southern Ocean SSTs are changed owing to 592 

the addition of meltwater input from Antarctic ice sheets. The other is the wind-nudging 593 

experiment extended from the simulations published in Blanchard-Wrigglesworth et al. (2021), 594 

where the extratropical circulation is changed through nudging Antarctic winds to observations. 595 

Neither of these simulations imposed a direct thermal forcing in the Southern Ocean, but both 596 

showed a La Niña-like tropical SST response to the imposed changes over the Southern Ocean. 597 

The results of these two studies provide further evidence for our proposed atmospheric pathway 598 

in a fully-coupled configuration linking the tropical Pacific response to Southern Ocean forcings. 599 

That said, on longer timescales, it is expected that oceanic response may also contribute to the 600 
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connection between the Southern Ocean and the tropical Pacific, through anomalous advection 601 

by mean subtropical cells with anomalous extratropical surface temperatures or by changes in the 602 

subtropical cells. Indeed, early studies (Kay et al. 2016; Kang et al. 2020) have found that in 603 

some models the oceanic responses tend to dampen the atmospheric teleconnection. Therefore, 604 

the impacts of dynamic oceans on the atmospheric teleconnections need to be further quantified.  605 

 606 

One implication of this study is that the observed tropical eastern Pacific cooling trends over 607 

recent decades could, at least in part, be driven by changes in the SH extratropics. One potential 608 

driver is the observed Southern Ocean surface cooling, which may have been induced by 609 

Antarctic meltwater input and may continue in the form of muted Southern Ocean warming over 610 

the 21st century (Sadai et al. 2020). Another potential driver is changes in the SH extratropical 611 

circulation featuring strengthened surface westerlies over the Southern Ocean (Blanchard-612 

Wrigglesworth et al. 2021), which may have arisen from both atmospheric internal variability 613 

and anthropogenic forcing (e.g., stratospheric ozone depletion). In either case, SH extratropical 614 

climate change can influence the tropics through teleconnections, driving tropical eastern Pacific 615 

cooling which, in turn, can impact global climate through interactions with climate feedbacks 616 

(Zhou et al. 2016; Dong et al. 2019; Dong et al. 2021). This hypothesis provides a new 617 

perspective on the current understanding of the observed tropical Pacific SST trend pattern, 618 

accounting for the impacts from the SH extratropics through teleconnections. The results suggest 619 

a need to revisit the projected long-term warming pattern with enhanced warming in both the 620 

Southern Ocean and tropical eastern Pacific from current GCMs, which have no representation 621 

of increased meltwater from Antarctica. 622 

 623 

These findings come with caveats. First, the results we presented may be sensitive to the 624 

model and forcing used in this study. The slab-ocean simulations and fully-coupled simulations 625 

used in this study are all based on variations of CESM, therefore the results and conclusions 626 

could be model dependent. In addition, in our slab-ocean simulations, we used an arbitrary qflux 627 

forcing (uniform -15 W/m2 at each grid box). A stronger idealized thermal forcing in the SH 628 

extratropics is also found effective in driving tropical Pacific SST response within other various 629 

slab-ocean models (Kang et al. 2020). However, we note a recent “pacemaker” study by Zhang 630 

et al. (2021), where the Southern Ocean SSTs are nudged to time-varying observed SST 631 
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anomalies over 1979 – 2013, yet the ensemble-mean of these simulations produced little change 632 

in the tropical Pacific SST trends. Several reasons could drive these disparate results. First, 633 

although the Southern Ocean SSTs in the pacemaker simulations are nudged towards the 634 

observed evolution of SST anomalies, this SST forcing may be too small in their model to 635 

generate significant teleconnection responses. Note that in our slab-ocean simulations we find 636 

that only a small portion of the directly imposed Southern Ocean cooling can transport to the 637 

tropics by mean-wind advection. It is also possible that a potential atmospheric teleconnection 638 

from this small Southern Ocean SST change could be to some extent damped by dynamic oceans 639 

in the fully-coupled model of Zhang et al. (2021). Additionally, the absence of the teleconnection 640 

to the tropics in the pacemaker simulations may be partly due to model biases in the mean state 641 

(e.g., a double ITCZ bias may lead to biases in the SH cross-equatorial winds), which are largely 642 

corrected in our slab-ocean runs. Thus, our proposed Southern Ocean-to-tropics atmospheric 643 

teleconnection need to be further quantified in a range of models.  644 

 645 

Another caveat of our results is that the Southern Ocean-to-tropics teleconnection may 646 

depend on the radiative effect of tropical low clouds. Several recent studies have found that low 647 

clouds over the tropical eastern Pacific stratocumulus deck play a primary role in the zonal-mean 648 

heat transport and therefore extratropics-to-tropics teleconnection (e.g., Hwang et al. 2017; Kang 649 

et al. 2020; Chen et al. 2021; Shin et al. 2021). Surface cooling over the tropical eastern Pacific 650 

of the descending region will increase local lower tropospheric stability measured by the 651 

estimated inversion strength (EIS), which allows for more low clouds to occur (Wood and 652 

Bretherton, 2006). Because low clouds have a strong surface cooling effect through reflecting 653 

incoming solar radiation back to space, the growing of low clouds will then strengthen the 654 

shortwave reflection and therefore further cool the surface – a positive feedback associated with 655 

cloud radiative effect (CRE). Indeed, in our Southern-Ocean qflux simulations, we also see 656 

increases in low cloud cover and enhanced reflection of shortwave radiative fluxes at the top of 657 

atmosphere in all three runs over the tropical eastern Pacific along with surface cooling (not 658 

shown). While the impacts of CRE warrant further quantification, we argue that this SST-clouds 659 

coupling is initially activated by changes in the tropical Pacific SSTs, which themselves are 660 

driven by Southern Ocean cooling via mean-wind advection. As shown in Fig. 3, the qflux 661 

forcing in the southwest Pacific and south Atlantic produce weaker tropical eastern Pacific 662 
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cooling (Figs. 3a, c) and less low-clouds increase (not shown) than the qflux forcing in the 663 

southeast Pacific (Fig. 3b), even though the cloud physics is unchanged in the model. This is 664 

owing to a less-efficient “trigger”, i.e., the advection by mean winds near the southeast Pacific, 665 

in these two simulations. Thus, although the CRE of low clouds could amplify the tropical 666 

eastern Pacific cooling, the initial advection from the Southern Ocean by mean winds is essential 667 

to the tropical SST changes.  668 

 669 

Understanding how the observed SST trend pattern has developed and how it will evolve 670 

in the future is crucial to achieving accurate climate change projections. In this study, we have 671 

investigated the possibility that the observed tropical eastern Pacific cooling is connected to the 672 

observed Southern Ocean cooling most prominent in the southeast Pacific sector through an 673 

atmospheric pathway. This mechanism provides a new perspective to our understanding of the 674 

tropical response to extratropical forcing, accounting for the regional dynamics and atmospheric 675 

circulation. It also raises a possibility that model deficiencies in reproducing the observed 676 

tropical Pacific SST trend pattern may be traced to model deficiencies in accurately representing 677 

changes in the Southern Ocean, such as Antarctic meltwater input or changes in SH extratropical 678 

atmospheric circulation. Although our results may be sensitive to the model and forcing applied, 679 

if the meltwater input and/or SH extratropical circulation does prove to have as large an impact 680 

on tropical climates as our results suggest, there will be a need to revisit GCM projections of past 681 

and future global warming patterns.  682 
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