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Trends based on the uninterpolated ship archives (HadSST3 and ICOADS) for the period 1979–2011 showmore
grid-scale noise than those based on ERA-I, as expected given that they are not assimilated data products
(Figure S1 in the supporting information). However, their agreement with ERA-I in terms of the large-scale
patterns is encouraging and lends confidence to their utility for the purpose of this study. These conventional
data sets provide the “raw input” to any reanalysis product and that physical consistency amongst the
independently measured climate variables in these archives constitutes a strong test of the reality of the trends.

Comparing surface climate trends over the earlier period 1950–1978 with those over the later period 1979–2011
reveals a general reversal in sign (Figures 3a–3c). In particular, the early period shows warming throughout the
Southern Ocean, an aspect that is confirmed by the land station SAT data. This warming trend is accompanied by
a general decrease in the surface westerlies and by an increase in SLP at high latitudes and decrease at lower
latitudes, a pattern confirmed by the SLP station data. In addition to the sign reversal, the early period trends
extend farther north than the late period trends. For example, the high-latitude SST warming (cooling) trend
during 1950–1978 (1979–2011) extends to ~40°S (50°S), and the high-latitude SLP increase (decrease) during
1950–1978 (1979–2011) extends to ~40°S (~ 60°S), with the strongest meridional gradient in the latitude band
40°–50°S (50°–70°S). This equatorward shift of the strongest gradient in the meridional SLP trends is roughly
consistent with that of the maximum amplitude of the zonal wind trends, although the data are noisy. Zonally
averaged profiles confirm the sign reversal and sight northward expansion of the trends in the early period
compared to the later period (middle column of Figure 3).

3.4. Southern Ocean Time Series

Complementary to the spatial information given in Figure 3, Figure 4 shows zonally averaged DJF time series of
Antarctic sea ice extent (SIE) and Southern Ocean SST, U, SLP, and SAT during 1950–2011, expressed as standardized

Figure 3. Comparison of austral summer (DJF) surface climate trends during 1950–1978 (left column) and 1979–2011 (right column) and their zonal means (middle col-
umn). (a and e) Gridded SST trends (°C per decade) with land station SAT trends (°C per decade) superimposed as colored circles; the same color bar is used for both SST
and SAT. (b and f) Zonal wind (U) trends (m s!1 per decade); note that the color bar is inverted to facilitate comparison with the other climate variables. (c and g) Gridded
marine SLP trends (hPa per decade) with land station SLP trends superimposed as colored circles; the same color bar is used for both. White areas indicate insufficient
data coverage for computing trends (> 60% of the years have missing data for the period indicated). (d) Sea ice concentration (SIC) trends (% per decade). The middle
columns show zonally averaged trends for 1950–1978 (red curves) and 1979–2011 (blue curves) based on the marine data sets. See text for data sources.
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The Southern Ocean (SO) surface has cooled since late 1970s
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Paleoclimate proxy shows SO SST multi-decadal variability
With tree ring records from Tasmania

scales, the centennial variability, which is the topic of this
study, is reasonably well captured by the reconstruction.
More importantly, at centennial time scales there is
clearly enhanced variability in the tree-ring tempera-
tures (Cook et al. 2000, their Fig. 9b); although, tree-ring
temperature reconstructions tend to underestimate the
level of centennial variability. Significant peaks above
the 99% level were found by Cook et al. (2000) at pe-
riods of about 200–300 and 500 yr. We basically repro-
duce these periodicities by applying wavelet analysis
(Figs. 6c,d), supporting the previous results of Cook
et al. (2000). It should be mentioned, however, that the
time scale strongly varies with the time during the tree-
ring record (Fig. 6c). The multidecadal peak (Fig. 6d)
is also of interest here, as different versions of the
KCM simulate SOCV with rather different time scales,

indicating a strong sensitivity of the periodicity to the
model formulation as discussed below (see Fig. 11, de-
scribed in greater detail below). We conclude that the
Tasmanian tree-ring data support the existence of cen-
tennial variability in the Southern Ocean sector surface
climate, but it remains to be quantified what the relative
roles of external (e.g., solar) forcing and internal vari-
ability in the different frequency bands are.

4. Climate model results

Consistent with the instrumental SSTs (Fig. 2a) and
reconstructed Tasmanian summer temperature (Fig. 6),
the model simulates pronounced SOCV (Fig. 2c). An
SOCV index was computed from the model in the same
way as from the observed SSTs. The standard deviation

FIG. 6. (a) Tasmanian warm-season (November–April) temperature (8C) reconstruction
from Cook et al. (2000). (b) Comparison of the reconstruction (black) with the annual SOCV
Index from the instrumental observations (red). (c) Wavelet spectrum and (d) global spectrum
of the Tasmanian summer temperatures using the method of Torrence and Compo (1998). The
thick black contours in (c) and the dashed line in (d) indicate a 95% confidence level using
a red-noise background spectrum.
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Previous studies suggest a robust response due to SH extratropical forcing

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 m22 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

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.
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zonal variations at low latitudes (Figures 2b and 2e), especially in the southern subtropics. The zonal
variations are mainly due to the SO heat uptake effect, obtained by differencing the deepSO and control
experiments (Figures 2c and 2f). The SO heat uptake alters the meridional temperature gradient, leading to
intensified trade winds over the southeast ocean basins, expansion and strengthening of the subtropical
highs, and drying in South America, southwest Australia, and south of Africa (Figures 2c and 2f).

In addition to delayed warming and enhanced drying in eastern oceanic basins in southern subtropics, the
anomalous meridional circulation is accompanied by anomalous easterlies, increased zonal gradient, and a
strengthened Walker Circulation in the deep tropics (Figure 2c). The enhanced east-west SST gradient shifts
the convective region from the Pacific warm pool to the Maritime Continent, similar to that which occurs
during La Niña events. The anomalous tropical SST pattern and associated change in tropical convection
may trigger a Rossby wave train with northward energy propagation and drive the circulation changes in
the North Pacific [Ting and Sardeshmukh, 1993; Trenberth et al., 1998]. In particular, the Aleutian low pressure
system weakens, bringing warm, moist air to the western North Pacific and Asia, and cold, dry air to the east-
ern North Pacific and North America.

3.3. Attribution of the Zonally Asymmetric SST Response in the Tropical South Pacific Based On
Surface Energy Budget Analysis

In section 3.2, we reported an enhanced east-west SST gradient associated with the increased interhemi-
spheric SST gradient in control and deepSO. Figure 3a demonstrates this linear relationship between
north-south and east-west asymmetries. The linear relationship exists in all ocean basins, but it is most

Figure 2. Spatial patterns of response to an abrupt quadrupling of CO2 in coupled slab ocean experiments. Responses in near surface wind (vectors, Figures 2a–2c,
m/s), SST (shading, Figures 2a–2c, K), and precipitation (shading, Figures 2e–2f, mm/yr) in (a and d) control, (b and e) deepSO, and (c and f) their difference. Note
that the color bars in Figures 2a–2c are centered on the tropical mean value, with red (blue) denoting SST changes larger (smaller) than the tropical mean. An
attribution analysis for the asymmetric warming in the blue box and the red box in Figure 2c is presented in section 3.3 and Figure 3.
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Previous studies suggest a robust response due to SH extratropical forcing

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 m22 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

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.

D ONG E T A L . 26711 OCTOBER 2022

	�:!�6 � :�$:!�0$��9�"3��� $�:���/�6�9� :9���0�/��3��B��9/! 639 ��/ 32�B��:#9�:/232� �� ����� ������
���


zonal variations at low latitudes (Figures 2b and 2e), especially in the southern subtropics. The zonal
variations are mainly due to the SO heat uptake effect, obtained by differencing the deepSO and control
experiments (Figures 2c and 2f). The SO heat uptake alters the meridional temperature gradient, leading to
intensified trade winds over the southeast ocean basins, expansion and strengthening of the subtropical
highs, and drying in South America, southwest Australia, and south of Africa (Figures 2c and 2f).

In addition to delayed warming and enhanced drying in eastern oceanic basins in southern subtropics, the
anomalous meridional circulation is accompanied by anomalous easterlies, increased zonal gradient, and a
strengthened Walker Circulation in the deep tropics (Figure 2c). The enhanced east-west SST gradient shifts
the convective region from the Pacific warm pool to the Maritime Continent, similar to that which occurs
during La Niña events. The anomalous tropical SST pattern and associated change in tropical convection
may trigger a Rossby wave train with northward energy propagation and drive the circulation changes in
the North Pacific [Ting and Sardeshmukh, 1993; Trenberth et al., 1998]. In particular, the Aleutian low pressure
system weakens, bringing warm, moist air to the western North Pacific and Asia, and cold, dry air to the east-
ern North Pacific and North America.

3.3. Attribution of the Zonally Asymmetric SST Response in the Tropical South Pacific Based On
Surface Energy Budget Analysis

In section 3.2, we reported an enhanced east-west SST gradient associated with the increased interhemi-
spheric SST gradient in control and deepSO. Figure 3a demonstrates this linear relationship between
north-south and east-west asymmetries. The linear relationship exists in all ocean basins, but it is most

Figure 2. Spatial patterns of response to an abrupt quadrupling of CO2 in coupled slab ocean experiments. Responses in near surface wind (vectors, Figures 2a–2c,
m/s), SST (shading, Figures 2a–2c, K), and precipitation (shading, Figures 2e–2f, mm/yr) in (a and d) control, (b and e) deepSO, and (c and f) their difference. Note
that the color bars in Figures 2a–2c are centered on the tropical mean value, with red (blue) denoting SST changes larger (smaller) than the tropical mean. An
attribution analysis for the asymmetric warming in the blue box and the red box in Figure 2c is presented in section 3.3 and Figure 3.
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FIG. 4. Geographical distributions of (a)–(c) the multimodel and annual mean changes in global surface tem-
perature (in K) and its zonal-mean profile, and (d)–(f) the multimodel, zonal and annual mean temperature 
changes (shading; in K) and anomalous meridional streamfunction (contours interval = 3 × 109 kg s–1). Solid 
(dashed) contour indicates a clockwise (counterclockwise) circulation. In the zonal-mean plots, the individual 
models are color coded as in Fig. 3 and the multimodel mean is shown in black.

FIG. 5. Scatterplot of the precipitation asymmetry index (PASY) response (unitless) vs (a) the interhemispheric 
difference of sea surface temperature response over 20°S–20°N (in K) and (b) the anomalous cross-equatorial 
atmospheric energy transport FATM0 (in PW). The individual models are color coded as in Fig. 3.
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Surface air temperature
The release of meltwater around the Antarctic coast results in cooling 
of the surface ocean and overlying atmosphere relative to the RCP8.5 
scenario (Fig. 1a). The largest meltwater-induced temperature anoma-
lies are simulated throughout the Southern Hemisphere and extend into 
most of the Northern Hemisphere, mitigating some of the warming due 
to RCP8.5 greenhouse gas emissions throughout the globe.

Time evolution of the global-mean SAT shows that this meltwater- 
induced cooling translates to a reduced rate of global warming (Fig. 1b). 
The maximum difference between the two ensembles (meltwater and 
standard) occurs in the year 2055, when the meltwater-induced cooling 
is 0.38 ± 0.02 °C (95% uncertainty range).

The SAT response and the forcing curve (Fig. 1b) show that the for-
mer is not linearly related to meltwater. Rather, it becomes weaker as 
the ocean becomes more stratified. The ocean stratifies as a result of 
both warming and freshening at the surface, so ice-sheet meltwater has 
a weaker overall effect on stratification as the ocean surface warms and 
the background convection reduces (for example, in the extreme case in 
which there is no ocean convection, any additional surface freshening 
has no further effect on convection).

Precipitation
Global changes in freshwater availability are determined by rainfall 
that can be characterized by changes in the position of the Intertropical 
Convergence Zone (ITCZ). The meltwater ensemble shows a northward  

shift of the ITCZ compared to the standard ensemble, away from the 
hemisphere where meltwater is added (Fig. 2a). This finding is consistent  
with previous work21,22, which showed that additional freshwater 
release in the northern Atlantic Ocean causes a southward shift in the 
ITCZ, towards the warmer hemisphere.

The meltwater-induced precipitation change is strongest near the 
equator. The time evolution of the position of the ITCZ shows a gradu-
ally increasing shift towards the Northern Hemisphere in both ensem-
bles (Fig. 2b); however, the measured shift is stronger in the meltwater 
ensemble. Unlike the SAT anomaly, we find that the PRE anomaly 
changes linearly with meltwater flux (with linear regression coefficient 
of determination R2 = 0.92).

Although the largest changes in precipitation occur over the ocean, 
the changes in rainfall over land generally follow the shift in the ITCZ: 
increased rainfall north of the equator and decreased rainfall in the 
Southern Hemisphere. The ice-melt-induced precipitation changes can 
affect El Niño–Southern Oscillation patterns, reduce drying of semi-
arid regions in the Northern Hemisphere (such as Central America; 
Extended Data Fig. 2) and increase drying south of the equator (for 
example, in Australia). Each change will have important consequences 
for agriculture and water scarcity.

Southern Hemisphere sea-ice area
Meltwater causes an increase in annual-mean SHI relative to the 
RCP8.5 scenario (Fig. 3a), which is dominated mostly by winter sea-ice 
anomalies (Extended Data Fig. 3). The maximum SHI anomaly occurs 
in the year 2055. In this year, the mean SHI anomaly is 31% ± 3% of 
the pre-industrial annually averaged SHI. However, the SHI anomaly 
declines in the second half of the twenty-first century. After the year 
2060, SHI reduces as the ocean surface continues to warm. At the end 
of the twenty-first century, the meltwater ensemble projects almost no 
change in SHI compared to the 1950–1970 mean, as opposed to a 10% 
reduction in the standard ensemble.
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Fig. 1 | Surface air temperature anomalies. a, 2080–2100 meltwater-
induced SAT anomaly relative to the standard ensemble (colour scale). 
Hatching indicates where the anomalies are not significant at the 95% 
level. b, Time series of the global-mean SAT anomaly relative to the 
1950–1970 mean. Orange shows the standard ensemble and blue shows the 
meltwater ensemble. Solid lines show ensemble means, the dark shading 
shows the 95% uncertainty in the mean and the light shading shows the 
full ensemble spread of 20-year means. (In this case, the dark shading is 
too narrow to be visible.) The solid black line shows the difference between 
the orange and blue lines, and the applied meltwater flux is shown in grey 
(scaled to the mean of the final five years of the meltwater-induced SAT 
anomaly). The green bar indicates the period when the standard and 
meltwater ensembles diverge.
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Climate models are unable to capture observed SO SST trends

Stippling shows significant trends at 95% level

Data: ERSSTv3b; Zhang et al. (2021)
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first ensemble member of LENS, which was used to initialize all 20 members of SOPACE. 
The 1975-2016 climatology is used to calculate the monthly anomaly. (b) Box and 
whisker plot of AMOC trend (1979-2013) from LENS and SOPACE ensemble members. 
Orange lines show the median values, boxes show the middle 50% members, whiskers 
show the 5 to 95% members, and circles show the outliers. 

 

 

 

Figure S3. Box-and-whisker plot of SST trends averaged over (a) tropical South Atlantic 
(gray box in Figure 1f) and (b) the Southern Ocean (40S-65S) for each model ensemble. 
Green stars show the EM values. Orange lines show the median values. Gray horizontal 
lines show the observed values from various data sets: NOAA Extended Reconstruction 
SSTs version 3b and 5 (ERSSTv3b & ERSSTv5, Huang et al. 2017), Centennial in situ 
Observation-Based Estimates (COBE, Ishii et al. 2005), and the Hadley Centre Global Sea 
Ice and Sea Surface Temperature (HadISST, Rayner et al. 2003). 
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Climate models are unable to capture observed SO SST trends

Stippling shows significant trends at 95% level

Data: ERSSTv3b; Zhang et al. (2021)
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(gray box in Figure 1f) and (b) the Southern Ocean (40S-65S) for each model ensemble. 
Green stars show the EM values. Orange lines show the median values. Gray horizontal 
lines show the observed values from various data sets: NOAA Extended Reconstruction 
SSTs version 3b and 5 (ERSSTv3b & ERSSTv5, Huang et al. 2017), Centennial in situ 
Observation-Based Estimates (COBE, Ishii et al. 2005), and the Hadley Centre Global Sea 
Ice and Sea Surface Temperature (HadISST, Rayner et al. 2003). 
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This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
2013; Andrews et  al., 2015, 2018; Gregory and Andrews, 2016; 
Zhou et al., 2016, 2017b; Ceppi and Gregory, 2017; Haugstad et al., 
2017; Proistosescu and Huybers, 2017; Andrews and Webb, 2018; 
Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.

The radiation changes most sensitive to warming patterns are those 
associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).

IPCC AR6 WG I; Zhou et al. (2016); Zhang et al. (2021)
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This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
2013; Andrews et  al., 2015, 2018; Gregory and Andrews, 2016; 
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section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.
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associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).
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This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
2013; Andrews et  al., 2015, 2018; Gregory and Andrews, 2016; 
Zhou et al., 2016, 2017b; Ceppi and Gregory, 2017; Haugstad et al., 
2017; Proistosescu and Huybers, 2017; Andrews and Webb, 2018; 
Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.

The radiation changes most sensitive to warming patterns are those 
associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).

IPCC AR6 WG I; Zhou et al. (2016); Zhang et al. (2021)

Projected warming pattern

Positive Feedback
6



Observed pattern 1979-2013

-4     -3   -2    -1     0     1     2      3     4 ( C per century)∘

SO-induced teleconnection can affect the tropical warming patterns and 
climate sensitivity

990

Chapter 7 The Earth’s Energy Budget, Climate Feedbacks and Climate Sensitivity

7

This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
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Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.
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associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).
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from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
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Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.
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associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).

(a) Atmospheric response to observed Pacific ocean warming
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).
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This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
2013; Andrews et  al., 2015, 2018; Gregory and Andrews, 2016; 
Zhou et al., 2016, 2017b; Ceppi and Gregory, 2017; Haugstad et al., 
2017; Proistosescu and Huybers, 2017; Andrews and Webb, 2018; 
Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.

The radiation changes most sensitive to warming patterns are those 
associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).
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This temperature ‘pattern effect’ (Stevens et  al., 2016) can result 
from both internal variability and radiative forcing of the climate 
system. Importantly, it is distinct from potential radiative feedback 
dependencies on the global surface temperature, which are assessed 
in Section 7.4.3. While changes in global radiative feedbacks under 
transient warming have been documented in multiple generations 
of climate models (Williams et al., 2008; Andrews et al., 2015; Ceppi 
and Gregory, 2017; Dong et  al., 2020), research published since 
AR5 has developed a much-improved understanding of the role of 
evolving SST patterns in driving feedback changes (Armour et  al., 
2013; Andrews et  al., 2015, 2018; Gregory and Andrews, 2016; 
Zhou et al., 2016, 2017b; Ceppi and Gregory, 2017; Haugstad et al., 
2017; Proistosescu and Huybers, 2017; Andrews and Webb, 2018; 
Marvel et al., 2018; Silvers et al., 2018; Dong et al., 2019, 2020). This 
section assesses process understanding of the pattern effect, which 
is dominated by the evolution of SSTs. Section 7.5.2.1 describes how 
potential feedback changes associated with the pattern effect are 
important to interpreting ECS estimates based on historical warming.

The radiation changes most sensitive to warming patterns are those 
associated with low-cloud cover (affecting global albedo) and the 
tropospheric temperature profile (affecting thermal emission to 
space) (Ceppi and Gregory, 2017; Zhou et al., 2017b; Andrews et al., 
2018; Dong et  al., 2019). The mechanisms and radiative effects 
of these changes are illustrated in Figure 7.14a,b. SSTs in regions 
of deep convective ascent (e.g.,  in the western Pacific warm pool) 
govern the temperature of the tropical free troposphere and, in turn, 
affect low-clouds through the strength of the inversion that caps the 
boundary layer (i.e., the lower-tropospheric stability) in subsidence 
regions (Wood and Bretherton, 2006; Klein et  al., 2017). Surface 
warming within ascent regions thus warms the free troposphere 
and increases low-cloud cover, causing an increase in emission 
of thermal radiation to space and a  reduction in absorbed solar 
radiation. In contrast, surface warming in regions of overall descent 
preferentially warms the boundary layer and enhances convective 
mixing with the dry free troposphere, decreasing low-cloud cover 
(Bretherton et al., 2013; Qu et al., 2014; Zhou et al., 2015). This leads 
to an increase in absorption of solar radiation but little change in 
thermal emission to space. Consequently, warming in tropical ascent 
regions results in negative lapse-rate and cloud feedbacks while 
warming in tropical descent regions results in positive lapse-rate 
and cloud feedbacks (Figure  7.14; Rose and Rayborn, 2016; Zhou 
et al., 2017b; Andrews and Webb, 2018; Dong et al., 2019). Surface 
warming in mid-to-high latitudes causes a weak radiative response 
owing to compensating changes in thermal emission (Planck and 
lapse-rate feedbacks) and absorbed solar radiation (shortwave cloud 
and surface-albedo feedbacks; Rose and Rayborn, 2016; Dong et al., 
2019), however this compensation may weaken due to less-negative 
shortwave cloud feedbacks at high warming (Frey and Kay, 2018; 
Bjordal et al., 2020; Dong et al., 2020).

The spatial pattern of SST changes since 1870 shows relatively 
little warming in key regions of less-negative radiative feedbacks, 
including the eastern tropical Pacific Ocean and Southern Ocean 
(Sections 7.4.4.1 and 7.4.4.2, and Figures 2.11b and 7.14a). Cooling 
in these regions since 1980 has occurred along with an increase in 
the strength of the capping inversion in tropical descent regions, 

resulting in an observed increase in low-cloud cover over the tropical 
eastern Pacific (Figure 7.14a; Zhou et al., 2016; Ceppi and Gregory, 
2017; Fueglistaler and Silvers, 2021). Thus, tropical low-cloud cover 
increased over recent decades even as global surface temperature 
increased, resulting in a  negative low-cloud feedback which is 
at odds with the positive low-cloud feedback expected for the 
pattern of equilibrium warming under CO2 forcing (Section 7.4.2.4 
and Figure 7.14b).
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Figure  7.14 | Illustration of tropospheric temperature and low-cloud 
response to observed and projected Pacific Ocean sea surface temperature 
trends. (a) Atmospheric response to linear sea surface temperature trend observed 
over 1870–2019 (HadISST1 dataset; Rayner et al., 2003). (b) Atmospheric response 
to linear sea-surface temperature trend over 150 years following abrupt4xCO2 
forcing as projected by CMIP6 ESMs (Dong et al., 2020). Relatively large historical 
warming in the western tropical Pacific has been communicated aloft (a shift from 
grey to red atmospheric temperature profile), remotely warming the tropical free 
troposphere and increasing the strength of the inversion in regions of the tropics 
where warming has been slower, such as the eastern equatorial Pacific. In turn, an 
increased inversion strength has increased the low-cloud cover (Zhou et al., 2016) 
causing an anomalously negative cloud and lapse-rate feedbacks over the historical 
record (Andrews et al., 2018; Marvel et al., 2018). Relatively large projected warming 
in the eastern tropical Pacific is trapped near the surface (shift from grey to red 
atmospheric temperature profile), decreasing the strength of the inversion locally. 
In turn, a decreased inversion strength combined with surface warming is projected to 
decrease the low-cloud cover, causing the cloud and lapse-rate feedbacks to become 
less negative in the future. Figure adapted from Mauritsen (2016). Further details on 
data sources and processing are available in the chapter data table (Table 7.SM.14).
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Figure 3. (a) Box-and-whisker plot of Antarctic SIE trends for each model ensemble. Green stars show the EM values. 
Orange lines show the median values. Gray horizontal line shows the observed value. (b) Same as (a) but for pattern 
correlations of SIC trends with EM r(i, EM) over 50°S–80°S. Green triangles show r(obs, EM). Monthly SST (colors), 
SIC (contours), and near-surface wind (vectors, m/s/decade) trends over 1979–2013 for (a) ERSSTv3b, (b) LENS-EM, (c) 
TPACE-EM, (d) SOPACE-EM, (e) TPACE-internal, and (f) SOPACE-internal. Blue (positive) and red (negative) contours 
outline regions with SIC trend magnitudes greater than 0.5%/decade. SIE, sea ice extent; EM, ensemble mean; and SIC, 
sea ice concentration.
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Figure 3. (a) Box-and-whisker plot of Antarctic SIE trends for each model ensemble. Green stars show the EM values. 
Orange lines show the median values. Gray horizontal line shows the observed value. (b) Same as (a) but for pattern 
correlations of SIC trends with EM r(i, EM) over 50°S–80°S. Green triangles show r(obs, EM). Monthly SST (colors), 
SIC (contours), and near-surface wind (vectors, m/s/decade) trends over 1979–2013 for (a) ERSSTv3b, (b) LENS-EM, (c) 
TPACE-EM, (d) SOPACE-EM, (e) TPACE-internal, and (f) SOPACE-internal. Blue (positive) and red (negative) contours 
outline regions with SIC trend magnitudes greater than 0.5%/decade. SIE, sea ice extent; EM, ensemble mean; and SIC, 
sea ice concentration.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

69
.2

51
.2

50
.1

09
 o

n 
Ju

ly
 2

5,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 6

9.
25

1.
25

0.
10

9.

9



sallyz@jhu.edu

Global SST response to observed SO cooling
Results from CESM1

Stippling: trends NOT significant at 95% confidence level

Zhang et al. (2021); Kang et al. (2023)

PNAS  2023  Vol. 120  No. 30  e2300881120 https://doi.org/10.1073/pnas.2300881120   3 of 10

cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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Why is the response so weak in the tropical Pacific?

FIG. 4. Geographical distributions of (a)–(c) the multimodel and annual mean changes in global surface tem-
perature (in K) and its zonal-mean profile, and (d)–(f) the multimodel, zonal and annual mean temperature 
changes (shading; in K) and anomalous meridional streamfunction (contours interval = 3 × 109 kg s–1). Solid 
(dashed) contour indicates a clockwise (counterclockwise) circulation. In the zonal-mean plots, the individual 
models are color coded as in Fig. 3 and the multimodel mean is shown in black.

FIG. 5. Scatterplot of the precipitation asymmetry index (PASY) response (unitless) vs (a) the interhemispheric 
difference of sea surface temperature response over 20°S–20°N (in K) and (b) the anomalous cross-equatorial 
atmospheric energy transport FATM0 (in PW). The individual models are color coded as in Fig. 3.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

69
.2

51
.2

50
.1

09
 o

n 
Ju

ly
 2

5,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 6

9.
25

1.
25

0.
10

9.

10



sallyz@jhu.edu

CESM1 has a subtropical low cloud bias in the Pacific
Subtropical stratocumulus cloud feedback west of South America

CMIP 
version Model name Institution CFwSA 

CMIP6 CESM2-WACCM NCAR, USA 11.95 
CMIP6 CESM2 NCAR, USA 11.36 
CMIP6 CESM2-FV2 NCAR, USA 9.31 
CMIP6 NorESM2-MM NCC, Norway 8.49 
CMIP6 CESM2-WACCM-FV2 NCAR, USA 8.15 

ISCCP-FH & OISST 2 (observational data) 7.51 
CERES-EBAF 4.1 & OISST 2 (observational data) 7.30 

CMIP5 IPSL-CM5B-LR IPSL, France 7.11 
CMIP6 NorESM2-LM NCC, Norway 6.84 
CMIP6 KIOST-ESM KIOST, South Korea 6.82 
CMIP5 ACCESS1-0 CSIRO and BOM, Australia 6.32 
CMIP5 MIROC-ESM AORI, NIES, and JAMSTEC, Japan 6.10 
CMIP5 CSIRO-Mk3-6-0 CSIRO and BOM, Australia 6.09 
CMIP5 MIROC-ESM-CHEM AORI, NIES, and JAMSTEC, Japan 6.09 
CMIP6 GFDL-CM4 GFDL, USA 5.92 
CMIP6 SAM0-UNICON SNU, South Korea 5.74 
CMIP6 MRI-ESM2-0 MRI, Japan 5.42 
CMIP6 HadGEM3-GC31-LL MOHC, UK 5.38 
CMIP6 ACCESS-ESM1-5 CSIRO and BOM, Australia 5.25 
CMIP5 HadGEM2-ES MOHC, UK 5.13 
CMIP6 GFDL-ESM4 GFDL, USA 5.12 
CMIP6 MIROC6 AORI, NIES, and JAMSTEC, Japan 5.06 
CMIP5 HadGEM2-CC MOHC, UK 5.03 
CMIP5 ACCESS1-3 CSIRO and BOM, Australia 4.97 
CMIP6 BCC-CSM2-MR BCC, china 4.82 
CMIP6 INM-CM5-0 INM, Russia 4.81 
CMIP6 E3SM-1-0 LLNL, USA 4.68 
CMIP6 E3SM-1-1-ECA LLNL, USA 4.64 
CMIP6 CMCC-CM2-SR5 CMCC, Italy 4.58 
CMIP5 IPSL-CM5A-LR IPSL, France 4.58 
CMIP6 TaiESM1 RCEC, Taiwan 4.57 
CMIP6 HadGEM3-GC31-MM MOHC, UK 4.45 
CMIP5 bcc-csm1-1-m BCC, china 4.38 
CMIP6 E3SM-1-1 LLNL, USA 4.38 
CMIP5 bcc-csm1-1 BCC, china 4.36 
CMIP6 IPSL-CM6A-LR IPSL, France 4.31 
CMIP5 IPSL-CM5A-MR IPSL, France 4.30 
CMIP5 GFDL-ESM2G GFDL, USA 4.30 
CMIP6 KACE-1-0-G NIES, South Korea 4.26 
CMIP5 CMCC-CESM CMCC, Italy 4.19 
CMIP6 UKESM1-0-LL MOHC, UK 4.12 
CMIP6 FGOALS-f3-L CAS, china 4.08 
CMIP6 CIESM THU, China 4.07 
CMIP6 ACCESS-CM2 CSIRO and BOM, Australia 4.06 
CMIP6 CanESM5 CCCma, Canada 3.97 
CMIP6 INM-CM4-8 INM, Russia 3.95 
CMIP5 GFDL-CM3 GFDL, USA 3.76 
CMIP5 GFDL-ESM2M GFDL, USA 3.73 
CMIP5 CanESM2 CCCma, Canada 3.59 

CMIP5 CESM1-FASTCHEM NCAR, USA 3.57 
CMIP6 BCC-ESM1 BCC, china 3.45 
CMIP6 AWI-CM-1-1-MR AWI, Germany 3.45 
CMIP5 CCSM4 NCAR, USA 3.34 
CMIP5 CESM1-BGC NCAR, USA 3.27 
CMIP6 EC-Earth3-Veg EC-Earth consortium 3.19 
CMIP5 CESM1-CAM5 NCAR, USA 3.11 
CMIP5 inmcm4 INM, Russia 3.02 
CMIP5 CESM1-WACCM NCAR, USA 2.99 
CMIP5 BNU-ESM BNU, China 2.98 
CMIP6 EC-Earth3 EC-Earth consortium 2.96 
CMIP6 MIROC-ES2L AORI, NIES, and JAMSTEC, Japan 2.93 
CMIP6 EC-Earth3-Veg-LR EC-Earth consortium 2.85 
CMIP6 EC-Earth3-AerChem EC-Earth consortium 2.85 
CMIP5 MPI-ESM-MR MPI-M, Germany 2.84 
CMIP6 NorCPM1 NCC, Norway 2.83 
CMIP6 CNRM-CM6-1-HR CNRM and CERFACS, France 2.81 
CMIP5 MIROC5 AORI, NIES, and JAMSTEC, Japan 2.76 
CMIP5 FIO-ESM FIO, China 2.64 
CMIP5 NorESM1-ME NCC, Norway 2.60 
CMIP5 MRI-CGCM3 MRI, Japan 2.57 
CMIP5 FGOALS-g2 CAS, china 2.56 
CMIP6 MPI-ESM1-2-HR MPI-M, Germany 2.54 
CMIP6 IITM-ESM CCCR, India 2.53 
CMIP6 MPI-ESM-1-2-HAM MPI-M, Germany 2.46 
CMIP5 MPI-ESM-P MPI-M, Germany 2.41 
CMIP5 NorESM1-M NCC, Norway 2.37 
CMIP5 MPI-ESM-LR MPI-M, Germany 2.36 
CMIP6 AWI-ESM-1-1-LR NCC, Norway 2.33 
CMIP6 NESM3 NUIST, china 2.19 
CMIP6 FGOALS-g3 CAS, china 2.15 
CMIP6 CNRM-CM6-1 CNRM and CERFACS, France 2.06 
CMIP5 CNRM-CM5-2 CNRM and CERFACS, France 1.76 
CMIP6 MPI-ESM1-2-LR Germany 1.71 
CMIP5 CNRM-CM5 CNRM and CERFACS, France 1.68 
CMIP6 CNRM-ESM2-1 CNRM and CERFACS, France 1.64 
CMIP6 CAMS-CSM1-0 CAMS, China 1.37 
CMIP6 GISS-E2-1-H NASA/GISS, USA 0.92 
CMIP5 GISS-E2-H NASA/GISS, USA 0.86 
CMIP6 GISS-E2-1-G NASA/GISS, USA 0.85 
CMIP5 GISS-E2-H-CC NASA/GISS, USA -0.04 
CMIP6 GISS-E2-1-G-CC NASA/GISS, USA -0.29 
CMIP5 GISS-E2-R-CC NASA/GISS, USA -0.64 
CMIP5 GISS-E2-R NASA/GISS, USA -0.97 

Table S1. Description of CMIP models used in this study. Models are sorted in the 

ascending order of the subtropical stratocumulus cloud feedback west of South America 

(CFwSA) [W m-2 K-1]. 
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CESM1 has a subtropical low cloud bias in the Pacific
Subtropical stratocumulus cloud feedback west of South America

CMIP 
version Model name Institution CFwSA 

CMIP6 CESM2-WACCM NCAR, USA 11.95 
CMIP6 CESM2 NCAR, USA 11.36 
CMIP6 CESM2-FV2 NCAR, USA 9.31 
CMIP6 NorESM2-MM NCC, Norway 8.49 
CMIP6 CESM2-WACCM-FV2 NCAR, USA 8.15 

ISCCP-FH & OISST 2 (observational data) 7.51 
CERES-EBAF 4.1 & OISST 2 (observational data) 7.30 

CMIP5 IPSL-CM5B-LR IPSL, France 7.11 
CMIP6 NorESM2-LM NCC, Norway 6.84 
CMIP6 KIOST-ESM KIOST, South Korea 6.82 
CMIP5 ACCESS1-0 CSIRO and BOM, Australia 6.32 
CMIP5 MIROC-ESM AORI, NIES, and JAMSTEC, Japan 6.10 
CMIP5 CSIRO-Mk3-6-0 CSIRO and BOM, Australia 6.09 
CMIP5 MIROC-ESM-CHEM AORI, NIES, and JAMSTEC, Japan 6.09 
CMIP6 GFDL-CM4 GFDL, USA 5.92 
CMIP6 SAM0-UNICON SNU, South Korea 5.74 
CMIP6 MRI-ESM2-0 MRI, Japan 5.42 
CMIP6 HadGEM3-GC31-LL MOHC, UK 5.38 
CMIP6 ACCESS-ESM1-5 CSIRO and BOM, Australia 5.25 
CMIP5 HadGEM2-ES MOHC, UK 5.13 
CMIP6 GFDL-ESM4 GFDL, USA 5.12 
CMIP6 MIROC6 AORI, NIES, and JAMSTEC, Japan 5.06 
CMIP5 HadGEM2-CC MOHC, UK 5.03 
CMIP5 ACCESS1-3 CSIRO and BOM, Australia 4.97 
CMIP6 BCC-CSM2-MR BCC, china 4.82 
CMIP6 INM-CM5-0 INM, Russia 4.81 
CMIP6 E3SM-1-0 LLNL, USA 4.68 
CMIP6 E3SM-1-1-ECA LLNL, USA 4.64 
CMIP6 CMCC-CM2-SR5 CMCC, Italy 4.58 
CMIP5 IPSL-CM5A-LR IPSL, France 4.58 
CMIP6 TaiESM1 RCEC, Taiwan 4.57 
CMIP6 HadGEM3-GC31-MM MOHC, UK 4.45 
CMIP5 bcc-csm1-1-m BCC, china 4.38 
CMIP6 E3SM-1-1 LLNL, USA 4.38 
CMIP5 bcc-csm1-1 BCC, china 4.36 
CMIP6 IPSL-CM6A-LR IPSL, France 4.31 
CMIP5 IPSL-CM5A-MR IPSL, France 4.30 
CMIP5 GFDL-ESM2G GFDL, USA 4.30 
CMIP6 KACE-1-0-G NIES, South Korea 4.26 
CMIP5 CMCC-CESM CMCC, Italy 4.19 
CMIP6 UKESM1-0-LL MOHC, UK 4.12 
CMIP6 FGOALS-f3-L CAS, china 4.08 
CMIP6 CIESM THU, China 4.07 
CMIP6 ACCESS-CM2 CSIRO and BOM, Australia 4.06 
CMIP6 CanESM5 CCCma, Canada 3.97 
CMIP6 INM-CM4-8 INM, Russia 3.95 
CMIP5 GFDL-CM3 GFDL, USA 3.76 
CMIP5 GFDL-ESM2M GFDL, USA 3.73 
CMIP5 CanESM2 CCCma, Canada 3.59 

CMIP5 CESM1-FASTCHEM NCAR, USA 3.57 
CMIP6 BCC-ESM1 BCC, china 3.45 
CMIP6 AWI-CM-1-1-MR AWI, Germany 3.45 
CMIP5 CCSM4 NCAR, USA 3.34 
CMIP5 CESM1-BGC NCAR, USA 3.27 
CMIP6 EC-Earth3-Veg EC-Earth consortium 3.19 
CMIP5 CESM1-CAM5 NCAR, USA 3.11 
CMIP5 inmcm4 INM, Russia 3.02 
CMIP5 CESM1-WACCM NCAR, USA 2.99 
CMIP5 BNU-ESM BNU, China 2.98 
CMIP6 EC-Earth3 EC-Earth consortium 2.96 
CMIP6 MIROC-ES2L AORI, NIES, and JAMSTEC, Japan 2.93 
CMIP6 EC-Earth3-Veg-LR EC-Earth consortium 2.85 
CMIP6 EC-Earth3-AerChem EC-Earth consortium 2.85 
CMIP5 MPI-ESM-MR MPI-M, Germany 2.84 
CMIP6 NorCPM1 NCC, Norway 2.83 
CMIP6 CNRM-CM6-1-HR CNRM and CERFACS, France 2.81 
CMIP5 MIROC5 AORI, NIES, and JAMSTEC, Japan 2.76 
CMIP5 FIO-ESM FIO, China 2.64 
CMIP5 NorESM1-ME NCC, Norway 2.60 
CMIP5 MRI-CGCM3 MRI, Japan 2.57 
CMIP5 FGOALS-g2 CAS, china 2.56 
CMIP6 MPI-ESM1-2-HR MPI-M, Germany 2.54 
CMIP6 IITM-ESM CCCR, India 2.53 
CMIP6 MPI-ESM-1-2-HAM MPI-M, Germany 2.46 
CMIP5 MPI-ESM-P MPI-M, Germany 2.41 
CMIP5 NorESM1-M NCC, Norway 2.37 
CMIP5 MPI-ESM-LR MPI-M, Germany 2.36 
CMIP6 AWI-ESM-1-1-LR NCC, Norway 2.33 
CMIP6 NESM3 NUIST, china 2.19 
CMIP6 FGOALS-g3 CAS, china 2.15 
CMIP6 CNRM-CM6-1 CNRM and CERFACS, France 2.06 
CMIP5 CNRM-CM5-2 CNRM and CERFACS, France 1.76 
CMIP6 MPI-ESM1-2-LR Germany 1.71 
CMIP5 CNRM-CM5 CNRM and CERFACS, France 1.68 
CMIP6 CNRM-ESM2-1 CNRM and CERFACS, France 1.64 
CMIP6 CAMS-CSM1-0 CAMS, China 1.37 
CMIP6 GISS-E2-1-H NASA/GISS, USA 0.92 
CMIP5 GISS-E2-H NASA/GISS, USA 0.86 
CMIP6 GISS-E2-1-G NASA/GISS, USA 0.85 
CMIP5 GISS-E2-H-CC NASA/GISS, USA -0.04 
CMIP6 GISS-E2-1-G-CC NASA/GISS, USA -0.29 
CMIP5 GISS-E2-R-CC NASA/GISS, USA -0.64 
CMIP5 GISS-E2-R NASA/GISS, USA -0.97 

Table S1. Description of CMIP models used in this study. Models are sorted in the 

ascending order of the subtropical stratocumulus cloud feedback west of South America 

(CFwSA) [W m-2 K-1]. 
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CESM1 has a subtropical low cloud bias in the Pacific
Subtropical stratocumulus cloud feedback west of South America

CMIP 
version Model name Institution CFwSA 

CMIP6 CESM2-WACCM NCAR, USA 11.95 
CMIP6 CESM2 NCAR, USA 11.36 
CMIP6 CESM2-FV2 NCAR, USA 9.31 
CMIP6 NorESM2-MM NCC, Norway 8.49 
CMIP6 CESM2-WACCM-FV2 NCAR, USA 8.15 

ISCCP-FH & OISST 2 (observational data) 7.51 
CERES-EBAF 4.1 & OISST 2 (observational data) 7.30 

CMIP5 IPSL-CM5B-LR IPSL, France 7.11 
CMIP6 NorESM2-LM NCC, Norway 6.84 
CMIP6 KIOST-ESM KIOST, South Korea 6.82 
CMIP5 ACCESS1-0 CSIRO and BOM, Australia 6.32 
CMIP5 MIROC-ESM AORI, NIES, and JAMSTEC, Japan 6.10 
CMIP5 CSIRO-Mk3-6-0 CSIRO and BOM, Australia 6.09 
CMIP5 MIROC-ESM-CHEM AORI, NIES, and JAMSTEC, Japan 6.09 
CMIP6 GFDL-CM4 GFDL, USA 5.92 
CMIP6 SAM0-UNICON SNU, South Korea 5.74 
CMIP6 MRI-ESM2-0 MRI, Japan 5.42 
CMIP6 HadGEM3-GC31-LL MOHC, UK 5.38 
CMIP6 ACCESS-ESM1-5 CSIRO and BOM, Australia 5.25 
CMIP5 HadGEM2-ES MOHC, UK 5.13 
CMIP6 GFDL-ESM4 GFDL, USA 5.12 
CMIP6 MIROC6 AORI, NIES, and JAMSTEC, Japan 5.06 
CMIP5 HadGEM2-CC MOHC, UK 5.03 
CMIP5 ACCESS1-3 CSIRO and BOM, Australia 4.97 
CMIP6 BCC-CSM2-MR BCC, china 4.82 
CMIP6 INM-CM5-0 INM, Russia 4.81 
CMIP6 E3SM-1-0 LLNL, USA 4.68 
CMIP6 E3SM-1-1-ECA LLNL, USA 4.64 
CMIP6 CMCC-CM2-SR5 CMCC, Italy 4.58 
CMIP5 IPSL-CM5A-LR IPSL, France 4.58 
CMIP6 TaiESM1 RCEC, Taiwan 4.57 
CMIP6 HadGEM3-GC31-MM MOHC, UK 4.45 
CMIP5 bcc-csm1-1-m BCC, china 4.38 
CMIP6 E3SM-1-1 LLNL, USA 4.38 
CMIP5 bcc-csm1-1 BCC, china 4.36 
CMIP6 IPSL-CM6A-LR IPSL, France 4.31 
CMIP5 IPSL-CM5A-MR IPSL, France 4.30 
CMIP5 GFDL-ESM2G GFDL, USA 4.30 
CMIP6 KACE-1-0-G NIES, South Korea 4.26 
CMIP5 CMCC-CESM CMCC, Italy 4.19 
CMIP6 UKESM1-0-LL MOHC, UK 4.12 
CMIP6 FGOALS-f3-L CAS, china 4.08 
CMIP6 CIESM THU, China 4.07 
CMIP6 ACCESS-CM2 CSIRO and BOM, Australia 4.06 
CMIP6 CanESM5 CCCma, Canada 3.97 
CMIP6 INM-CM4-8 INM, Russia 3.95 
CMIP5 GFDL-CM3 GFDL, USA 3.76 
CMIP5 GFDL-ESM2M GFDL, USA 3.73 
CMIP5 CanESM2 CCCma, Canada 3.59 

CMIP5 CESM1-FASTCHEM NCAR, USA 3.57 
CMIP6 BCC-ESM1 BCC, china 3.45 
CMIP6 AWI-CM-1-1-MR AWI, Germany 3.45 
CMIP5 CCSM4 NCAR, USA 3.34 
CMIP5 CESM1-BGC NCAR, USA 3.27 
CMIP6 EC-Earth3-Veg EC-Earth consortium 3.19 
CMIP5 CESM1-CAM5 NCAR, USA 3.11 
CMIP5 inmcm4 INM, Russia 3.02 
CMIP5 CESM1-WACCM NCAR, USA 2.99 
CMIP5 BNU-ESM BNU, China 2.98 
CMIP6 EC-Earth3 EC-Earth consortium 2.96 
CMIP6 MIROC-ES2L AORI, NIES, and JAMSTEC, Japan 2.93 
CMIP6 EC-Earth3-Veg-LR EC-Earth consortium 2.85 
CMIP6 EC-Earth3-AerChem EC-Earth consortium 2.85 
CMIP5 MPI-ESM-MR MPI-M, Germany 2.84 
CMIP6 NorCPM1 NCC, Norway 2.83 
CMIP6 CNRM-CM6-1-HR CNRM and CERFACS, France 2.81 
CMIP5 MIROC5 AORI, NIES, and JAMSTEC, Japan 2.76 
CMIP5 FIO-ESM FIO, China 2.64 
CMIP5 NorESM1-ME NCC, Norway 2.60 
CMIP5 MRI-CGCM3 MRI, Japan 2.57 
CMIP5 FGOALS-g2 CAS, china 2.56 
CMIP6 MPI-ESM1-2-HR MPI-M, Germany 2.54 
CMIP6 IITM-ESM CCCR, India 2.53 
CMIP6 MPI-ESM-1-2-HAM MPI-M, Germany 2.46 
CMIP5 MPI-ESM-P MPI-M, Germany 2.41 
CMIP5 NorESM1-M NCC, Norway 2.37 
CMIP5 MPI-ESM-LR MPI-M, Germany 2.36 
CMIP6 AWI-ESM-1-1-LR NCC, Norway 2.33 
CMIP6 NESM3 NUIST, china 2.19 
CMIP6 FGOALS-g3 CAS, china 2.15 
CMIP6 CNRM-CM6-1 CNRM and CERFACS, France 2.06 
CMIP5 CNRM-CM5-2 CNRM and CERFACS, France 1.76 
CMIP6 MPI-ESM1-2-LR Germany 1.71 
CMIP5 CNRM-CM5 CNRM and CERFACS, France 1.68 
CMIP6 CNRM-ESM2-1 CNRM and CERFACS, France 1.64 
CMIP6 CAMS-CSM1-0 CAMS, China 1.37 
CMIP6 GISS-E2-1-H NASA/GISS, USA 0.92 
CMIP5 GISS-E2-H NASA/GISS, USA 0.86 
CMIP6 GISS-E2-1-G NASA/GISS, USA 0.85 
CMIP5 GISS-E2-H-CC NASA/GISS, USA -0.04 
CMIP6 GISS-E2-1-G-CC NASA/GISS, USA -0.29 
CMIP5 GISS-E2-R-CC NASA/GISS, USA -0.64 
CMIP5 GISS-E2-R NASA/GISS, USA -0.97 

Table S1. Description of CMIP models used in this study. Models are sorted in the 

ascending order of the subtropical stratocumulus cloud feedback west of South America 
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Radiatively-forced + SO-drivenRadiatively-forced only

Global SST response to observed SO cooling
CESM1 vs CESM2

Stippling: trends NOT significant at 95% confidence level

Zhang et al. (2021); Kang et al. (2023)
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

69
.2

51
.2

50
.1

09
 o

n 
Ju

ly
 2

5,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 6

9.
25

1.
25

0.
10

9.

12



sallyz@jhu.edu

Decomposition of SST trends via surface energy budget

Kang et al. (2023)

4 of 10   https://doi.org/10.1073/pnas.2300881120 pnas.org

in SO- driven2 is 6.3 times as large as that in SO- driven1. !is is 
because in the Southeast Paci"c, CESM2 features a strong short-
wave low–cloud sensitivity to SST amounting to +2.23 W/m2/K, 
close to the observed estimate of +2.21 W/m2/K, as opposed to 
+0.66 W/m2/K in CESM1 (SI Appendix, Figs. S6 and S7; Materials 
and Methods). !e stronger shortwave- induced cooling response 
then leads to stronger southeasterly anomalies, further promoting 
the WES feedback (34). At the same time, more strongly inten-
si"ed southeasterlies drive a larger southward Ekman heat advec-
tion, resulting in a larger negative feedback from the dynamic 
ocean contribution (35) in SO- driven2 compared to SO- driven1 
(Fig. 2 E, F, and K). !e negative feedback from the longwave 
component is also larger following the Planck and water vapor 
feedbacks (Fig. 2 I–K). However, larger negative feedbacks are 
overwhelmed by larger positive feedbacks, resulting in a more 

prominent cooling over the Southeast Paci"c in SO- driven2 than 
SO- driven1 (Fig. 2 A, B, and K). In sum, the large intermodel 
di#erence in the remote response in SO- driven is because a tele-
connection from the Southern Ocean to the Southeast Paci"c is 
mediated by the highly model- dependent shortwave cloud feed-
back (26).

Global Circulation Changes

We further examine the global circulation trends during 1979 to 
2013. Consistent with a weak interhemispheric contrast in surface 
temperature response under CMIP5 forcings (Fig. 1 A and G), 
the radiatively forced cross- equatorial Hadley circulation response 
is not statistically signi"cant in [HIST1] and [HIST2- C5] (Fig. 3 
A and G). In contrast, CMIP6 forcings cause an enhancement of 

Fig. 2. SST trend decomposition via surface energy budget. (A and B) Net SST trends, and SST trends due to changes in (C and D) shortwave radiation, (E and F) 
ocean heat uptake, (G and H) latent heat fluxes due to wind speed changes, and (I and J) longwave radiation for (Left) SO- driven1 and (Right) SO- driven2. (K) SST 
trend decomposition averaged over the Southeast Pacific (region indicated in Fig. 1I).
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forcings to improve the credibility of model simulations. In par-
ticular, forcing uncertainty dominates the model- dependence of 
trends in North Paci!c and Atlantic SSTs (SI Appendix, Fig. S3) 
and the Hadley circulation (SI Appendix, Fig. S8). "is is distinct 
from previously proposed mechanisms such as underestimation 
and/or phase mismatch of multidecadal variability in models rel-
ative to observations (6, 7, 45), a greenhouse gas–driven ocean 
thermostat e#ect (13, 46), and aerosol e#ects (23, 46).

As the Southern Ocean continues to absorb heat in the near 
future (47, 48), the Southern Ocean is projected to warm less than 
the rest of the global oceans. "is relative SST cooling of the 
Southern Ocean will be reinforced by the cooling e#ect associated 
with the projected increase in Antarctic meltwater (5, 33). As a 
result, the near- future forced response of Southern Ocean SSTs is 
expected to induce global teleconnections similar to those found 
for recent decades according to our SOPACE experiments. By 
contrast, the rate of Southern Ocean SST warming is likely to 
increase rapidly on longer (century) timescales due to projected 
weakening of ocean heat uptake. Hence, whether the cooling trend 
observed over the Southern Ocean will be sustained into the 
future, for example due to increased Antarctic meltwater, or be 
reversed due to decreased ocean heat uptake, will determine the 
fate of Southern Ocean teleconnections to the eastern tropical 
Paci!c. "e sensitivity identi!ed here with the CESM2 model 
suggests that the rate of eastern tropical Paci!c SST warming will 
increase when Southern Ocean SSTs begin to warm, regardless of 
coupled model biases over the historical period (i.e., observed La 
Niña- like vs. simulated El Niño- like). "is enhances our con!-
dence in the future El Niño- like pattern of change projected by 
most climate models (49), whose time of emergence will depend 
in part on the balance between Southern Ocean anthropogenic 
heat uptake and Antarctic meltwater e#ects.

Materials and Methods

Model and Experiment Setup. We use the recently developed NCAR CESM2 
with the Community Atmosphere Model version 6 (27) with nominal 1° horizontal 
resolution, which participated in the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) (32). The radiatively forced component of CESM2 is obtained 
from the ensemble- mean of the first 50 members of the CESM2 Large Ensemble 
under CMIP6 historical radiative forcing (50) (HIST2). Note that biomass burning 
(BMB) emissions in this first 50- member set follow the CMIP6 protocol, whereas 
the second 50 members of the CESM2 Large Ensemble use an 11- y low- pass- 
filtered version of BMB emissions, which results in slightly less warming over 
the Northern Hemisphere (SI Appendix, Fig. S14). We then conduct a 21- member 
ensemble of the Southern Ocean Pacemaker (SOPACE2) experiment from 1970 to 
2014 (1), which is similar to HIST2 except for restoring the SST anomalies at each 
grid box poleward of 40°S (with a linearly tapering buffer zone between 35°S and 
40°S) to the observed evolution of SST anomalies taken from the National Oceanic 
and Atmospheric Administration (NOAA) ERSSTv5 dataset (28). In regions with 
HIST2 climatological sea- ice cover, SST is restored to the melting temperature of 
sea ice (−1.8 °C). The restoring time scale is 2 d for the model’s 10- m deep ocean 
surface layer. We denote the ensemble- means of the HIST2 and SOPACE2 simu-
lations with a bracket; these ensemble- means provide a good estimation of the 
radiatively forced response and the radiatively forced response plus the response 
to observed Southern Ocean SSTs, respectively. The difference between [SOPACE2] 
and [HIST2], which isolates the effects driven by the imposed Southern Ocean SST 
decrease, is termed SO- driven2. Our results from CESM2 are compared with those 
in ref. 1 from CESM1.1.2, which participated in CMIP5 (31). The corresponding 
CESM1.1.2 experiments are denoted as HIST1 (51), SOPACE1 (1), and SO- driven1.

Note that the observed SST dataset used to conduct SOPACE1 is ERSSTv3b 
(29), whereas ERSSTv5 is used for SOPACE2. While both datasets show a com-
mon Southern Ocean cooling trend for 1979 to 2013, there are nonnegligible 
differences in spatial pattern and amplitude, particularly in the high latitudes 
(SI Appendix, Fig. S1). In general, ERSSTv5 shows a greater cooling trend than 

ERSSTv3b. In the eastern Pacific sector (180°- 70°W and 40°S- 70°S), the Southern 
Ocean cooling trend in SO- driven2 is larger than that in SO- driven1 by a factor 
of 1.22. Because this region is particularly important for the Southern Ocean- 
to- tropics teleconnection (52), a factor of 1.22 is used to weight SO- driven1 for 
direct comparison to SO- driven2. Note that each ensemble member of SOPACE1 
consists of 1) the radiatively forced component, [HIST1], 2) the internal variability, 
SOPACE1i−[SOPACE1], where the subscript i denotes each ensemble member, 
and 3) the component driven by the imposed Southern Ocean SST decrease,  
w ⋅ SO- driven1, where w denotes the weighting factor of 1.22. The sum of (1)–(3), 
SOPACE1i − (1- w) ⋅ SO- driven1, defines the weighted SOPACE1. For the analysis, 
we use the weighted SOPACE1 and SO- driven1, to account for the difference in 
the imposed Southern Ocean cooling trends in SOPACE2 and SOPACE1 due to 
the use of different versions of ERSST.

Note that the weighting factor only corrects for the amplitude difference not 
the difference in spatial pattern. Differences in the spatial pattern of Southern 
Ocean SST trends in the two ERSST datasets are probably not important for the 
Southern Ocean–induced teleconnection pattern, but it appears to matter for 
regional differences in Antarctic sea–ice trends. The observed cooling trends over 
the Weddell Sea are greater in ERSSTv5 than ERSSTv3b, consistent with a larger 
sea- ice loss there in SO- driven2 relative to SO- driven1 (SI Appendix, Fig. S13C). 
Conversely, the observed SST cooling trend in the Bellingshausen Sea is weaker in 
ERSSTv5 than ERSSTv3b, consistent with a smaller sea- ice loss there in SO- driven2 
relative to SO- driven1. Our results thus highlight the importance of reducing 
observational errors for attribution studies.

The SOPACE1 and SOPACE2 experiments are distinct not only in terms of 
their imposed Southern Ocean SST anomalies but also in their historical radiative 
forcings. The CESM2 experiments are forced by CMIP6 historical forcing while 
the CESM1.1.2 experiments are forced by CMIP5 historical forcing, obscuring 
the attribution of the differences between the two model results. Hence, we also 
examine a new 10- member ensemble of CESM2 simulations forced by CMIP5 his-
torical forcing, denoted as HIST2- C5. We construct a synthetic version of SOPACE2 
with HIST2- C5 (denoted as SOPACE2- C5) by adding SO- driven2 to each ensemble 
member of HIST2- C5.

SST Trend Decomposition via Surface Energy Budget. We use the same 
methodology as (1) to compute the surface energy budget and SST trend decom-
position. The mixed layer energy budget states that:

 
[1]

where the left- hand- side represents the mixed- layer heat storage term, with ! the 
density of ocean, cp the specific heat of ocean, H the ocean mixed- layer depth, 
and T  the mixed- layer temperature. The right- hand- side represents net downward 
surface energy, with SW net downward surface shortwave flux, LW net downward 
surface longwave flux, LH upward latent heat flux, SH upward sensible heat flux, 
and OHT ocean heat transport convergence. In order to isolate the forced response 
to imposed Southern Ocean SST trends, we compute the ensemble- mean trend 
of each term. As heat storage trends are negligible, OHT term can be computed 
as a residual term (i.e., net upward surface heat fluxes).

For a quasi- equilibrated state, Eq. 1 becomes

 
[2]

where Δ denotes the trend between 1979 and 2013. Following the strategy in ref. 
25, we can rewrite Eq. 2 as a diagnostic equation of the SST trend. The bulk for-
mula for evaporation states that latent heat flux changes related with Newtonian 
cooling can be expressed as ΔLHT = !LHΔT where ! ≡

Lv

Rv

−

T

2 , with the latent heat 

of vaporization Lv , the gas constant for moist air Rv , and overbars denoting the 
climatological mean. The remainder, ΔLHothers ≡ ΔLH − ΔLHT , consists of latent 
heat flux changes due to changes in wind speed, changes in relative humidity, 
and changes in stability. Note that ΔLHothers arises mainly through changes in 
wind speed. Then, we can rearrange Eq. 2 as

 [3]

!cpH
"T

"t
= SW + LW − LH − SH + OHT,

0 = ΔSW + ΔLW − ΔLH − ΔSH + ΔOHT,

ΔT =
ΔSW+ΔLW−ΔLHothers−ΔSH+ΔOHT

!LH
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in SO- driven2 is 6.3 times as large as that in SO- driven1. !is is 
because in the Southeast Paci"c, CESM2 features a strong short-
wave low–cloud sensitivity to SST amounting to +2.23 W/m2/K, 
close to the observed estimate of +2.21 W/m2/K, as opposed to 
+0.66 W/m2/K in CESM1 (SI Appendix, Figs. S6 and S7; Materials 
and Methods). !e stronger shortwave- induced cooling response 
then leads to stronger southeasterly anomalies, further promoting 
the WES feedback (34). At the same time, more strongly inten-
si"ed southeasterlies drive a larger southward Ekman heat advec-
tion, resulting in a larger negative feedback from the dynamic 
ocean contribution (35) in SO- driven2 compared to SO- driven1 
(Fig. 2 E, F, and K). !e negative feedback from the longwave 
component is also larger following the Planck and water vapor 
feedbacks (Fig. 2 I–K). However, larger negative feedbacks are 
overwhelmed by larger positive feedbacks, resulting in a more 

prominent cooling over the Southeast Paci"c in SO- driven2 than 
SO- driven1 (Fig. 2 A, B, and K). In sum, the large intermodel 
di#erence in the remote response in SO- driven is because a tele-
connection from the Southern Ocean to the Southeast Paci"c is 
mediated by the highly model- dependent shortwave cloud feed-
back (26).

Global Circulation Changes

We further examine the global circulation trends during 1979 to 
2013. Consistent with a weak interhemispheric contrast in surface 
temperature response under CMIP5 forcings (Fig. 1 A and G), 
the radiatively forced cross- equatorial Hadley circulation response 
is not statistically signi"cant in [HIST1] and [HIST2- C5] (Fig. 3 
A and G). In contrast, CMIP6 forcings cause an enhancement of 

Fig. 2. SST trend decomposition via surface energy budget. (A and B) Net SST trends, and SST trends due to changes in (C and D) shortwave radiation, (E and F) 
ocean heat uptake, (G and H) latent heat fluxes due to wind speed changes, and (I and J) longwave radiation for (Left) SO- driven1 and (Right) SO- driven2. (K) SST 
trend decomposition averaged over the Southeast Pacific (region indicated in Fig. 1I).
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in SO- driven2 is 6.3 times as large as that in SO- driven1. !is is 
because in the Southeast Paci"c, CESM2 features a strong short-
wave low–cloud sensitivity to SST amounting to +2.23 W/m2/K, 
close to the observed estimate of +2.21 W/m2/K, as opposed to 
+0.66 W/m2/K in CESM1 (SI Appendix, Figs. S6 and S7; Materials 
and Methods). !e stronger shortwave- induced cooling response 
then leads to stronger southeasterly anomalies, further promoting 
the WES feedback (34). At the same time, more strongly inten-
si"ed southeasterlies drive a larger southward Ekman heat advec-
tion, resulting in a larger negative feedback from the dynamic 
ocean contribution (35) in SO- driven2 compared to SO- driven1 
(Fig. 2 E, F, and K). !e negative feedback from the longwave 
component is also larger following the Planck and water vapor 
feedbacks (Fig. 2 I–K). However, larger negative feedbacks are 
overwhelmed by larger positive feedbacks, resulting in a more 

prominent cooling over the Southeast Paci"c in SO- driven2 than 
SO- driven1 (Fig. 2 A, B, and K). In sum, the large intermodel 
di#erence in the remote response in SO- driven is because a tele-
connection from the Southern Ocean to the Southeast Paci"c is 
mediated by the highly model- dependent shortwave cloud feed-
back (26).

Global Circulation Changes

We further examine the global circulation trends during 1979 to 
2013. Consistent with a weak interhemispheric contrast in surface 
temperature response under CMIP5 forcings (Fig. 1 A and G), 
the radiatively forced cross- equatorial Hadley circulation response 
is not statistically signi"cant in [HIST1] and [HIST2- C5] (Fig. 3 
A and G). In contrast, CMIP6 forcings cause an enhancement of 

Fig. 2. SST trend decomposition via surface energy budget. (A and B) Net SST trends, and SST trends due to changes in (C and D) shortwave radiation, (E and F) 
ocean heat uptake, (G and H) latent heat fluxes due to wind speed changes, and (I and J) longwave radiation for (Left) SO- driven1 and (Right) SO- driven2. (K) SST 
trend decomposition averaged over the Southeast Pacific (region indicated in Fig. 1I).
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in SO- driven2 is 6.3 times as large as that in SO- driven1. !is is 
because in the Southeast Paci"c, CESM2 features a strong short-
wave low–cloud sensitivity to SST amounting to +2.23 W/m2/K, 
close to the observed estimate of +2.21 W/m2/K, as opposed to 
+0.66 W/m2/K in CESM1 (SI Appendix, Figs. S6 and S7; Materials 
and Methods). !e stronger shortwave- induced cooling response 
then leads to stronger southeasterly anomalies, further promoting 
the WES feedback (34). At the same time, more strongly inten-
si"ed southeasterlies drive a larger southward Ekman heat advec-
tion, resulting in a larger negative feedback from the dynamic 
ocean contribution (35) in SO- driven2 compared to SO- driven1 
(Fig. 2 E, F, and K). !e negative feedback from the longwave 
component is also larger following the Planck and water vapor 
feedbacks (Fig. 2 I–K). However, larger negative feedbacks are 
overwhelmed by larger positive feedbacks, resulting in a more 

prominent cooling over the Southeast Paci"c in SO- driven2 than 
SO- driven1 (Fig. 2 A, B, and K). In sum, the large intermodel 
di#erence in the remote response in SO- driven is because a tele-
connection from the Southern Ocean to the Southeast Paci"c is 
mediated by the highly model- dependent shortwave cloud feed-
back (26).

Global Circulation Changes

We further examine the global circulation trends during 1979 to 
2013. Consistent with a weak interhemispheric contrast in surface 
temperature response under CMIP5 forcings (Fig. 1 A and G), 
the radiatively forced cross- equatorial Hadley circulation response 
is not statistically signi"cant in [HIST1] and [HIST2- C5] (Fig. 3 
A and G). In contrast, CMIP6 forcings cause an enhancement of 

Fig. 2. SST trend decomposition via surface energy budget. (A and B) Net SST trends, and SST trends due to changes in (C and D) shortwave radiation, (E and F) 
ocean heat uptake, (G and H) latent heat fluxes due to wind speed changes, and (I and J) longwave radiation for (Left) SO- driven1 and (Right) SO- driven2. (K) SST 
trend decomposition averaged over the Southeast Pacific (region indicated in Fig. 1I).
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forcings to improve the credibility of model simulations. In par-
ticular, forcing uncertainty dominates the model- dependence of 
trends in North Paci!c and Atlantic SSTs (SI Appendix, Fig. S3) 
and the Hadley circulation (SI Appendix, Fig. S8). "is is distinct 
from previously proposed mechanisms such as underestimation 
and/or phase mismatch of multidecadal variability in models rel-
ative to observations (6, 7, 45), a greenhouse gas–driven ocean 
thermostat e#ect (13, 46), and aerosol e#ects (23, 46).

As the Southern Ocean continues to absorb heat in the near 
future (47, 48), the Southern Ocean is projected to warm less than 
the rest of the global oceans. "is relative SST cooling of the 
Southern Ocean will be reinforced by the cooling e#ect associated 
with the projected increase in Antarctic meltwater (5, 33). As a 
result, the near- future forced response of Southern Ocean SSTs is 
expected to induce global teleconnections similar to those found 
for recent decades according to our SOPACE experiments. By 
contrast, the rate of Southern Ocean SST warming is likely to 
increase rapidly on longer (century) timescales due to projected 
weakening of ocean heat uptake. Hence, whether the cooling trend 
observed over the Southern Ocean will be sustained into the 
future, for example due to increased Antarctic meltwater, or be 
reversed due to decreased ocean heat uptake, will determine the 
fate of Southern Ocean teleconnections to the eastern tropical 
Paci!c. "e sensitivity identi!ed here with the CESM2 model 
suggests that the rate of eastern tropical Paci!c SST warming will 
increase when Southern Ocean SSTs begin to warm, regardless of 
coupled model biases over the historical period (i.e., observed La 
Niña- like vs. simulated El Niño- like). "is enhances our con!-
dence in the future El Niño- like pattern of change projected by 
most climate models (49), whose time of emergence will depend 
in part on the balance between Southern Ocean anthropogenic 
heat uptake and Antarctic meltwater e#ects.

Materials and Methods

Model and Experiment Setup. We use the recently developed NCAR CESM2 
with the Community Atmosphere Model version 6 (27) with nominal 1° horizontal 
resolution, which participated in the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) (32). The radiatively forced component of CESM2 is obtained 
from the ensemble- mean of the first 50 members of the CESM2 Large Ensemble 
under CMIP6 historical radiative forcing (50) (HIST2). Note that biomass burning 
(BMB) emissions in this first 50- member set follow the CMIP6 protocol, whereas 
the second 50 members of the CESM2 Large Ensemble use an 11- y low- pass- 
filtered version of BMB emissions, which results in slightly less warming over 
the Northern Hemisphere (SI Appendix, Fig. S14). We then conduct a 21- member 
ensemble of the Southern Ocean Pacemaker (SOPACE2) experiment from 1970 to 
2014 (1), which is similar to HIST2 except for restoring the SST anomalies at each 
grid box poleward of 40°S (with a linearly tapering buffer zone between 35°S and 
40°S) to the observed evolution of SST anomalies taken from the National Oceanic 
and Atmospheric Administration (NOAA) ERSSTv5 dataset (28). In regions with 
HIST2 climatological sea- ice cover, SST is restored to the melting temperature of 
sea ice (−1.8 °C). The restoring time scale is 2 d for the model’s 10- m deep ocean 
surface layer. We denote the ensemble- means of the HIST2 and SOPACE2 simu-
lations with a bracket; these ensemble- means provide a good estimation of the 
radiatively forced response and the radiatively forced response plus the response 
to observed Southern Ocean SSTs, respectively. The difference between [SOPACE2] 
and [HIST2], which isolates the effects driven by the imposed Southern Ocean SST 
decrease, is termed SO- driven2. Our results from CESM2 are compared with those 
in ref. 1 from CESM1.1.2, which participated in CMIP5 (31). The corresponding 
CESM1.1.2 experiments are denoted as HIST1 (51), SOPACE1 (1), and SO- driven1.

Note that the observed SST dataset used to conduct SOPACE1 is ERSSTv3b 
(29), whereas ERSSTv5 is used for SOPACE2. While both datasets show a com-
mon Southern Ocean cooling trend for 1979 to 2013, there are nonnegligible 
differences in spatial pattern and amplitude, particularly in the high latitudes 
(SI Appendix, Fig. S1). In general, ERSSTv5 shows a greater cooling trend than 

ERSSTv3b. In the eastern Pacific sector (180°- 70°W and 40°S- 70°S), the Southern 
Ocean cooling trend in SO- driven2 is larger than that in SO- driven1 by a factor 
of 1.22. Because this region is particularly important for the Southern Ocean- 
to- tropics teleconnection (52), a factor of 1.22 is used to weight SO- driven1 for 
direct comparison to SO- driven2. Note that each ensemble member of SOPACE1 
consists of 1) the radiatively forced component, [HIST1], 2) the internal variability, 
SOPACE1i−[SOPACE1], where the subscript i denotes each ensemble member, 
and 3) the component driven by the imposed Southern Ocean SST decrease,  
w ⋅ SO- driven1, where w denotes the weighting factor of 1.22. The sum of (1)–(3), 
SOPACE1i − (1- w) ⋅ SO- driven1, defines the weighted SOPACE1. For the analysis, 
we use the weighted SOPACE1 and SO- driven1, to account for the difference in 
the imposed Southern Ocean cooling trends in SOPACE2 and SOPACE1 due to 
the use of different versions of ERSST.

Note that the weighting factor only corrects for the amplitude difference not 
the difference in spatial pattern. Differences in the spatial pattern of Southern 
Ocean SST trends in the two ERSST datasets are probably not important for the 
Southern Ocean–induced teleconnection pattern, but it appears to matter for 
regional differences in Antarctic sea–ice trends. The observed cooling trends over 
the Weddell Sea are greater in ERSSTv5 than ERSSTv3b, consistent with a larger 
sea- ice loss there in SO- driven2 relative to SO- driven1 (SI Appendix, Fig. S13C). 
Conversely, the observed SST cooling trend in the Bellingshausen Sea is weaker in 
ERSSTv5 than ERSSTv3b, consistent with a smaller sea- ice loss there in SO- driven2 
relative to SO- driven1. Our results thus highlight the importance of reducing 
observational errors for attribution studies.

The SOPACE1 and SOPACE2 experiments are distinct not only in terms of 
their imposed Southern Ocean SST anomalies but also in their historical radiative 
forcings. The CESM2 experiments are forced by CMIP6 historical forcing while 
the CESM1.1.2 experiments are forced by CMIP5 historical forcing, obscuring 
the attribution of the differences between the two model results. Hence, we also 
examine a new 10- member ensemble of CESM2 simulations forced by CMIP5 his-
torical forcing, denoted as HIST2- C5. We construct a synthetic version of SOPACE2 
with HIST2- C5 (denoted as SOPACE2- C5) by adding SO- driven2 to each ensemble 
member of HIST2- C5.

SST Trend Decomposition via Surface Energy Budget. We use the same 
methodology as (1) to compute the surface energy budget and SST trend decom-
position. The mixed layer energy budget states that:

 
[1]

where the left- hand- side represents the mixed- layer heat storage term, with ! the 
density of ocean, cp the specific heat of ocean, H the ocean mixed- layer depth, 
and T  the mixed- layer temperature. The right- hand- side represents net downward 
surface energy, with SW net downward surface shortwave flux, LW net downward 
surface longwave flux, LH upward latent heat flux, SH upward sensible heat flux, 
and OHT ocean heat transport convergence. In order to isolate the forced response 
to imposed Southern Ocean SST trends, we compute the ensemble- mean trend 
of each term. As heat storage trends are negligible, OHT term can be computed 
as a residual term (i.e., net upward surface heat fluxes).

For a quasi- equilibrated state, Eq. 1 becomes

 
[2]

where Δ denotes the trend between 1979 and 2013. Following the strategy in ref. 
25, we can rewrite Eq. 2 as a diagnostic equation of the SST trend. The bulk for-
mula for evaporation states that latent heat flux changes related with Newtonian 
cooling can be expressed as ΔLHT = !LHΔT where ! ≡

Lv

Rv

−

T

2 , with the latent heat 

of vaporization Lv , the gas constant for moist air Rv , and overbars denoting the 
climatological mean. The remainder, ΔLHothers ≡ ΔLH − ΔLHT , consists of latent 
heat flux changes due to changes in wind speed, changes in relative humidity, 
and changes in stability. Note that ΔLHothers arises mainly through changes in 
wind speed. Then, we can rearrange Eq. 2 as

 [3]

!cpH
"T

"t
= SW + LW − LH − SH + OHT,

0 = ΔSW + ΔLW − ΔLH − ΔSH + ΔOHT,

ΔT =
ΔSW+ΔLW−ΔLHothers−ΔSH+ΔOHT

!LH
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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cooling as large as with observations, whereas the bottom 25% of 
SOPACE2 ensemble members show Southeast Paci!c cooling that 
is comparable to observations (Fig. 1K). "at is, the Southern 
Ocean- driven Southeast Paci!c cooling is su#ciently strong in 
CESM2 to o$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
such that the ensemble spread is larger than the ensemble- mean 
di$erence between HIST and SOPACE, especially for CESM2. 
For the ensemble member of SOPACE2 that simulates the most 
realistic Southeast Paci!c cooling trend (−0.10 K/decade com-
pared to −0.09 K/decade in ERSSTv5), the Southern Ocean cool-
ing e$ect (−0.10 K/decade; di$erence between the triangles in 
HIST2 and SOPACE2) and internal variability (−0.11 K/decade; 
di$erence between the triangle in SOPACE2 and the ensemble 
value of −0.10 K/decade) are equally important for counteracting 
the radiatively forced warming (0.11 K/decade; triangle in 
HIST2). "is underscores the importance of conducting large 
ensembles to discern the impact of Southern Ocean cooling.

What are the processes that contribute to the intermodel dif-
ference in the remote Southeast Paci!c response to Southern 
Ocean cooling? We address this question by examining the surface 
energy budget in SO- driven (26) (Fig. 2; Materials and Methods). 
In response to observed Southern Ocean cooling, the southeast-
erlies in the eastern basin of the South Paci!c strengthen in con-
junction with increased sea level pressure over southern 
high- latitudes, enhancing the evaporative cooling, thereby pro-
moting equatorward propagation of a surface cooling response 
(Fig. 2 G and H). "is wind- evaporation- SST (WES) feedback is 
likely to trigger cooling in the Southeast Paci!c, which then sta-
bilizes the atmospheric boundary layer aloft. "e resultant increase 
in the lower tropospheric stability enhances subtropical low clouds 
that amplify the surface cooling via the shortwave radiative feed-
back (Fig. 2 C and D and SI Appendix, Fig. S5). Indeed, the short-
wave radiative e$ect and the WES feedback are the dominant 
drivers of the Southeast Paci!c cooling in both models (Fig. 2K). 
However, the contributions from the shortwave &uxes show a large 
intermodel di$erence: the shortwave &ux (i.e., ΔTSW in Fig. 2K) 

Fig. 1. Annual- mean SST trends between 1979 and 2013 in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], 
(H) [SOPACE2- C5], and (I) ERSSTv5. The trapezoidal region in (I) is used to denote the Southeast Pacific. Stippling indicates local trend that is not statistically 
significant at 95% confidence level. (J) Box- and- whisker plot of pattern correlations of SST trends in each ensemble member with those in the ensemble- mean 
between 40°S and the equator, with the box representing the first and third quartiles. Triangles show the pattern correlation between the ensemble- mean and 
the observation dataset, ERSSTv5. (K) Box- and- whisker plots of SST trends averaged over the Southeast Pacific (indicated in Fig. 1I). Triangles show the ensemble- 
mean values and black horizonal line shows the observed value.
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might have resulted in part from the models’ inability to reproduce 
the observed Southern Ocean SST decrease and the accompanying 
remote teleconnection pattern. In addition to the model structural 

uncertainty, we demonstrated that forcing uncertainty also con-
tributes to the discrepancy (e.g., HIST2 vs. HIST2- C5), pointing 
to the need for more complete knowledge of historical radiative 

Fig. 4. Antarctic sea–ice extent and SST trends. Annual- mean trends between 1979 and 2013 of SST (shading), sea- ice extent (blue/red contours), and 1,000 hPa 
wind vectors in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], and (h), [SOPACE2- C5]. (I) Observed trends, with 
SST from ERSSTv5, sea- ice from the passive- microwave- derived NASA Goddard Bootstrap version 2 dataset (43), and winds from ERA5 reanalysis (37). Blue (red) 
contours outline regions with increasing (decreasing) sea- ice trend at 0.5 %/decade. (J) Box- whisker- plot of Antarctic sea–ice extent trends. Triangles show the 
ensemble- mean values and black horizonal line shows the observed value. (K) Box- and- whisker plot of pattern correlations of sea- ice trends in each ensemble 
member with those in the ensemble- mean between 50°S and 80°S. Triangles show the pattern correlation between the ensemble- mean and the observation.
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PNAS  2023  Vol. 120  No. 30  e2300881120 https://doi.org/10.1073/pnas.2300881120   7 of 10

might have resulted in part from the models’ inability to reproduce 
the observed Southern Ocean SST decrease and the accompanying 
remote teleconnection pattern. In addition to the model structural 

uncertainty, we demonstrated that forcing uncertainty also con-
tributes to the discrepancy (e.g., HIST2 vs. HIST2- C5), pointing 
to the need for more complete knowledge of historical radiative 

Fig. 4. Antarctic sea–ice extent and SST trends. Annual- mean trends between 1979 and 2013 of SST (shading), sea- ice extent (blue/red contours), and 1,000 hPa 
wind vectors in (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E) [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], and (h), [SOPACE2- C5]. (I) Observed trends, with 
SST from ERSSTv5, sea- ice from the passive- microwave- derived NASA Goddard Bootstrap version 2 dataset (43), and winds from ERA5 reanalysis (37). Blue (red) 
contours outline regions with increasing (decreasing) sea- ice trend at 0.5 %/decade. (J) Box- whisker- plot of Antarctic sea–ice extent trends. Triangles show the 
ensemble- mean values and black horizonal line shows the observed value. (K) Box- and- whisker plot of pattern correlations of sea- ice trends in each ensemble 
member with those in the ensemble- mean between 50°S and 80°S. Triangles show the pattern correlation between the ensemble- mean and the observation.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

69
.2

51
.2

50
.1

09
 o

n 
Ju

ly
 2

5,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 6

9.
25

1.
25

0.
10

9.

15



sallyz@jhu.edu

Summary
• The global response of observed SO surface cooling includes cooling of the 

southeastern tropical Pacific and Atlantic, as well as Antarctic sea ice expansion


• Observed SO surface cooling from 1979 to 2013 is partly responsible for driving 
cooling of the southeastern tropical Pacific SST


• The SO-tropical teleconnection is highly sensitive to the strength of the 
subtropical low cloud feedback


• There are implications for future warming patterns as the SO transitions from 
cooling to warming under increasing greenhouse gases
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Global impacts of recent Southern Ocean cooling
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Since the beginning of the satellite era, Southern Ocean sea surface temperatures (SSTs) 
have cooled, despite global warming. While observed Southern Ocean cooling has pre-
viously been reported to have minimal impact on the tropical Pacific, the efficiency of 
this teleconnection has recently shown to be mediated by subtropical cloud feedbacks 
that are highly model- dependent. Here, we conduct a coupled model intercomparison of 
paired ensemble simulations under historical radiative forcing: one with freely evolving 
SSTs and the other with Southern Ocean SST anomalies constrained to follow observa-
tions. We reveal a global impact of observed Southern Ocean cooling in the model with 
stronger (and more realistic) cloud feedbacks, including Antarctic sea–ice expansion, 
southeastern tropical Pacific cooling, northward- shifted Hadley circulation, Aleutian 
low weakening, and North Pacific warming. Our results therefore suggest that observed 
Southern Ocean SST decrease might have contributed to cooler conditions in the eastern 
tropical Pacific in recent decades.

Southern Ocean cooling | global teleconnection | tropical Pacific cooling |  
subtropical cloud feedback

Despite the continued increase in greenhouse gases, surface cooling has been observed 
over the Southern Ocean since global satellite observations began in 1979 (1). A number 
of mechanisms have been proposed to account for the Southern Ocean cooling, includ-
ing natural internal variability associated with deep ocean convection (2, 3), stratospheric 
ozone depletion (4), and Antarctic ice- sheet meltwater (5). !e Southern Ocean cooling 
has also been suggested to be remotely driven by a La Niña- like cooling in the eastern 
tropical Paci"c, with both linked to the negative phase of the Paci"c Decadal Oscillation 
(6–8). Observed cooling in both the Southern Ocean and the tropical Paci"c is noto-
riously not reproduced by climate models under historical forcing (9–11). !e 
model- observation discrepancy may stem from numerous causes, for example, the dom-
inance of internal variability in the observed trends, inadequate representation of the 
radiative forcing by the historical scenario in the CMIP protocol (12), and model 
de"ciencies in representing important mechanisms such as tropical atmosphere- ocean 
coupling (13), Antarctic ice- sheet meltwater (5), cloud feedback (14), and stratospheric 
ozone depletion (15). !is discrepancy in the historical period raises questions about 
the credibility of model projections for the coming decades. If the western Paci"c con-
tinues to warm faster than the eastern Paci"c, as it has in recent decades, then we can 
expect a stronger negative radiative feedback and lower transient climate sensitivity (16). 
Conversely, if the western Paci"c warms less than the eastern Paci"c, as most global 
circulation models project, then we expect a less negative feedback and a higher climate 
sensitivity (17). Hence, a better understanding of the origin of the model- observation 
discrepancy in the pattern of recent tropical warming remains an outstanding challenge 
with implications for future changes.

!e hypothesis that the Southern Ocean cooling is linked to tropical variability (6, 7) 
aligns with the common notion that the tropics are e#ective drivers of extratropical climate 
anomalies via atmospheric Rossby waves (18). Meanwhile, more recent studies recognize 
the ability of the extratropics to in$uence the tropics through numerous pathways. For 
example, variability in Southern Ocean deep convection causes an interhemispheric energy 
imbalance, inducing cross- equatorial Hadley circulation changes and tropical rainfall shifts 
(19). Projected sea- ice loss in both the Arctic and Antarctic has an impact on the tropical 
Paci"c sea surface temperature (SST) pattern, with enhanced warming in the eastern basin 
(20, 21). By contrast, aerosol- forced cooling in the northern extratropics induces enhanced 
cooling in the eastern equatorial Paci"c (22, 23). A collapse of the Atlantic meridional 
overturning circulation causes a widespread cooling along the equatorial Paci"c with an 
intensi"ed Walker circulation (24). Southern Ocean heat uptake under global warming 
causes the Southeast Paci"c to cool, thereby shifting the tropical precipitation northward 
(25). Finally, Antarctic meltwater- induced Southern Ocean cooling produces a pro-
nounced cooling in the Southeast Paci"c (5).

Significance

In the recent past, the Southern 
Ocean has undergone a 
pronounced surface cooling;  
at the same time, the tropical 
Pacific has been cooling 
particularly in the eastern basin. 
However, these sea surface 
temperature (SST) trends are 
notoriously not captured by 
coupled global climate models 
under historical forcing. It is an 
open question if the missing 
Southern Ocean cooling signal 
partly explains the model- 
observation discrepancy in the 
recent tropical Pacific SST trends. 
A coupled model intercomparison 
study conducted here reveals a 
global teleconnection pattern 
driven by observed Southern 
Ocean SST decrease in the model 
with realistically strong cloud 
feedbacks. Our results thus 
suggest that Southern Ocean SST 
decrease is partly responsible for 
driving the southeastern tropical 
Pacific cooling in recent decades.
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9.1. Introduction
Observed global sea surface temperature (SST) trends in recent decades show a distinctive spatial pattern, with 
warming in the western Pacific, Indian Ocean, and North Atlantic, and cooling in the eastern Pacific, South 
Atlantic, and Southern Ocean (SO, Figure 1a). This pattern is reminiscent of both the Pacific Decadal Oscil-
lation/Interdecadal Pacific Oscillation (PDO/IPO) (Power et al., 1999; Mantua et al., 1997) and the Atlantic 
Multidecadal Oscillation (AMO) (Enfield et al., 2001; Kerr, 2000), the dominant modes of internal low fre-
quency variability over the Pacific and Atlantic sectors, respectively. The cooling over the SO has been partially 
attributed to internal variability associated with changes in deep water formation (Cabré et al., 2017; Kostov 
et al., 2018; Latif et al., 2013; Zhang et al., 2019), in addition to contributions from ozone depletion (Ferreira 
et al., 2014) and melting of the Antarctic ice sheet (Bintanja et al., 2013; Bronselaer et al., 2018).

While the role of the tropics in extratropical climate variability is well established (Alexander et al., 2002; 
Deser et al., 2004; Kosaka & Xie, 2013; Newman et al., 2016), the extratropics may also influence the tropics 
via coupled air-sea interactions. For example, midlatitude atmospheric variability can effectively provide 
stochastic forcing for ENSO via the “seasonal footprinting mechanism” (Alexander et  al.,  2010; Vimont 
et al., 2003) and via the “meridional mode” (Amaya et al., 2019; Zhang et al., 2014); the latter may also play 
a role in tropical Pacific decadal variability (Liguori & Di Lorenzo, 2019; Sun & Okumura, 2019).

At high latitudes, projected sea ice loss in both hemispheres has been shown to impact the tropical Pacific 
via dynamical and thermodynamic air-sea interaction processes, although the detailed mechanisms are not 

Abstract Despite global warming, SSTs in the Southern Ocean (SO) have cooled in recent decades 
largely as a result of internal variability. The global impact of this cooling is assessed by nudging evolving 
SO SST anomalies to observations in an ensemble of coupled climate model simulations under historical 
radiative forcing, and comparing against a control ensemble. The most significant remote response to 
observed SO cooling is found in the tropical South Atlantic, where increased clouds and strengthened 
trade winds cool the sea surface, partially offsetting the radiatively forced warming trend. The SO 
ensemble produces a more realistic tropical South Atlantic SST trend, and exhibits a higher pattern 
correlation with observed SST trends in the greater Atlantic basin, compared to the control ensemble. 
SO cooling also produces a significant increase in Antarctic sea ice, but not enough to offset radiatively 
induced ice loss; thus, the SO ensemble remains biased in its sea ice trends.

Plain Language Summary Understanding how the observed pattern of global sea surface 
temperatures (SST) changes come about remains a key objective in climate science. SSTs are expected 
to rise as greenhouse gas concentrations increase. However, from 1979 to 2013, SSTs in the Southern 
Ocean cooled because of natural climate variability, accompanied by Antarctic sea ice expansion. Yet this 
cooling and sea ice expansion are not generally captured by climate models. In this study, we artificially 
incorporate the observed Southern Ocean cooling in a climate model to see how it affects SSTs in other 
regions. We found that in response to Southern Ocean cooling, the tropical South Atlantic SST cools and 
Antarctic sea ice expands, similar to observations. However, in simulations without the Southern Ocean 
cooling, the Atlantic SST response look distinctly different, and Antarctic sea ice retreats significantly. 
Our study suggests that realistic simulation of internal decadal SO SST variability may be important for 
credible decadal SST projections in the tropical South Atlantic.

ZHANG ET AL.

© 2020. American Geophysical Union. 
All Rights Reserved.
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Key Points:
•  The global impact of recent 

observed Southern Ocean surface 
cooling is studied using coupled 
model experiments in a Pacemaker 
framework

•  Southern Ocean cooling induces 
significant cooling of the tropical 
South Atlantic via increased 
cloudiness and strengthened trade 
winds

•  It also slows down the rate of 
radiatively induced Antarctic sea ice 
loss, although model disagreement 
with observed ice expansion remains
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Challenges and open questions

• Uncertainties in historical radiative forcing hinder our understanding of the SO-
tropical teleconnection (especially in the northern extratropics)


• Can we quantify the causes of SO SST multi-decadal variability (e.g., internal 
variability, CO2 or ozone, ice melt…)?


• What other model/resolution-dependent feedbacks can influence the SO-driven 
teleconnection?

Questions and feedbacks? 📧 sallyz@jhu.edu
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SO cooling’s impact on tropical precipitation

Kang et al. (2023)

PNAS  2023  Vol. 120  No. 30  e2300881120 https://doi.org/10.1073/pnas.2300881120   5 of 10

the interhemispheric contrast in SST (Fig. 1D), giving rise to a 
northward displacement of the cross- equatorial Hadley circulation 
in [HIST2], as a way to restore the interhemispheric energy 

balance (36) (Fig. 3D). As a result, [HIST2] shows a clear north-
ward shift of zonal- mean tropical precipitation, distinct from the 
highly equatorially symmetric response in [HIST1] and 

Fig. 3. Hadley circulation and tropical precipitation trends. Annual- mean mean meridional streamfunction trends in shading (positive: clockwise, negative: 
counter- clockwise) for (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E), [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], (H) [SOPACE2- C5], and (I) ERA5 reanalysis 
(37), with the climatological mean in contours (solid: clockwise, dashed: counter- clockwise). Zonal- mean precipitation trends between 30°S and 30°N in (J) [HIST1] 
(red), [HIST2] (blue), and [HIST2- C5] (green), (K) [SOPACE1] (red), [SOPACE2] (blue), and [SOPACE2- C5] (green), and (L) SO- driven1 (red) and SO- driven2 (blue), 
with the observed estimate from GPCP data (38) in black lines in (J and K). Local trend that is not statistically significant at 95% confidence level is stippled in 
(A–I) and is plotted in thinner lines in (J–L).
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SO cooling’s impact on tropical circulation

Kang et al. (2023)
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the interhemispheric contrast in SST (Fig. 1D), giving rise to a 
northward displacement of the cross- equatorial Hadley circulation 
in [HIST2], as a way to restore the interhemispheric energy 

balance (36) (Fig. 3D). As a result, [HIST2] shows a clear north-
ward shift of zonal- mean tropical precipitation, distinct from the 
highly equatorially symmetric response in [HIST1] and 

Fig. 3. Hadley circulation and tropical precipitation trends. Annual- mean mean meridional streamfunction trends in shading (positive: clockwise, negative: 
counter- clockwise) for (A) [HIST1], (B) [SOPACE1], (C) SO- driven1, (D) [HIST2], (E), [SOPACE2], (F) SO- driven2, (G) [HIST2- C5], (H) [SOPACE2- C5], and (I) ERA5 reanalysis 
(37), with the climatological mean in contours (solid: clockwise, dashed: counter- clockwise). Zonal- mean precipitation trends between 30°S and 30°N in (J) [HIST1] 
(red), [HIST2] (blue), and [HIST2- C5] (green), (K) [SOPACE1] (red), [SOPACE2] (blue), and [SOPACE2- C5] (green), and (L) SO- driven1 (red) and SO- driven2 (blue), 
with the observed estimate from GPCP data (38) in black lines in (J and K). Local trend that is not statistically significant at 95% confidence level is stippled in 
(A–I) and is plotted in thinner lines in (J–L).
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Schematic of SO teleconnection

Kim et al. (2022)21
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Antarctic sea ice trends are better captured
when observed SO SST trends are included

Blanchard-Wrigglesworth et al. (2022)22
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Origin of SO SST variability is under debate

Forced response

• Ocean heat uptake (Marshall et al., 2015; 

Armour et al., 2016)

• Ozone (e.g., Ferreira et al., 2015; Hartmann 

2022)

• Antarctic meltwater (e.g., Bronselaer et al., 

2018)
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Origin of SO SST variability is under debate

Forced response

• Ocean heat uptake (Marshall et al., 2015; 

Armour et al., 2016)

• Ozone (e.g., Ferreira et al., 2015; Hartmann 

2022)

• Antarctic meltwater (e.g., Bronselaer et al., 

2018)

Internal variability

• Linked to tropical variability (e.g., 

Schneider and Deser 2018; Chung et al., 
2022)


• Ocean deep convection (Latif et al., 2013; 
Zhang et al., 2017; Cabré et al., 2017)
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Origin of SO SST variability is under debate

Forced response

• Ocean heat uptake (Marshall et al., 2015; 

Armour et al., 2016)

• Ozone (e.g., Ferreira et al., 2015; Hartmann 

2022)

• Antarctic meltwater (e.g., Bronselaer et al., 

2018)

Internal variability

• Linked to tropical variability (e.g., 

Schneider and Deser 2018; Chung et al., 
2022)


• Ocean deep convection (Latif et al., 2013; 
Zhang et al., 2017; Cabré et al., 2017)

Observations: limited coverage; some evidence from paleo records (Latif et al., 2013)

Models: sensitive to parameterization; captured in high-resolution models (Chang et al., 2020)
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Sea level pressure

Kang et al. (2023)24

 

Fig. S10. Global sea level pressure trend maps. Annual-mean sea level pressure trends between 
1979-2013 in (A) [HIST1], (B) [SOPACE1], (C) SO-driven1, (D) [HIST2], (E) [SOPACE2], 
(F) SO-driven2, (G) [HIST2-C5], (H) [SOPACE2-C5], and (I) ERA5 reanalysis (52). Stippling 
indicates a local trend that is not statistically significant at 95% confidence level. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


