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Arctic amplified warming

Arctic sea ice loss

Southern Ocean cooling

Minimal Antarctic 
sea ice trends

Loss of Antarctica 
ice mass
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Projected high-latitude climate changes
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Projected high-latitude climate changes
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Potentially ice-free Arctic
Increased ice melting from 

Antarctica

Hahn et al. (2021); IPCC AR6 WG1 Ch4; Noël et al. (2023)

Amplified warming at both poles
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Teleconnection pathways
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Atmosphere

Ocean

Air-sea interactionPerturbation/anomaly 
at high latitudes

• Circulation changes due to changes in 
meridional temperature gradient


• Troposphere-stratosphere interaction

• Wind-evaporation-SST feedback

• Seasonal footprinting mechanism

• Deep (overturning) and shallow (gyre, 
subtropical cell) circulation 


• Equatorward ventilation

• Ocean waves

Liu and Alexander (2007)
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Observed warming and sea ice loss in the Arctic
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Rantanen et al. (2022) IPCC AR6 WG1 Ch9
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Arctic/midlatitude weather linkages
Observational studies support winter linkage

6

• Inferring causality from observations 
(or reanalyses) is challenging


• Decoupling from internal atmospheric 
variability is difficult

Kretschmer et al. (2016)
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Arctic/midlatitude weather linkages
Modeling studies are inconclusive

7

1379

Linking Global to Regional Climate Change Chapter 10

10

Cross-Chapter Box 10.1 | Influence of the Arctic on Mid-latitude Climate

Coordinator: Rein Haarsma (The Netherlands)

Contributors: Francisco J. Doblas-Reyes (Spain), Hervé Douville (France), Nathan P. Gillett (Canada), Gerhard Krinner (France/Germany, 
France), Dirk Notz (Germany), Krishnan Raghavan (India), Alex C. Ruane (United States of America), Sonia I. Seneviratne (Switzerland), 
Laurent Terray (France), Cunde Xiao (China)

The Arctic has very likely warmed more than twice the global rate over the past 50 years with the greatest increase during the cold 
season (Atlas.11.2). Several mechanisms are responsible for the enhanced lower troposphere warming of the Arctic, including ice 
albedo, lapse rate, Planck and cloud feedbacks (Section 7.4.4.1). The rapid Arctic warming strongly affects the ocean, atmosphere, 
and cryosphere in that region (Section 2.3.2.1 and Atlas.11.2). Averaged over the decade 2010–2019, monthly average sea ice area 
in August, September and October has been about 25% smaller than during 1979–1988 (high confidence) (Section 9.3.1.1). It is very 
likely that anthropogenic forcings mainly due to greenhouse gas increases have contributed substantially to Arctic sea ice loss since 
1979, explaining at least half of the observed long-term decrease in summer sea ice extent (Section 3.4.1.1).

Warming of the Arctic 

 Coldwaves    Floods

Potential impacts of a warming Arctic on Northern mid-latitude climate

Weakening of storm tracks
SummerWinter

Impacts on mid-latitudes

Weakening of polar vortex Shifting position of jet stream 
66°

23°

66°

23°

66°

23°

66°

23°

Amplified and more stationary 
planetary waves 

Impacts on mid-latitudes

Impact of
Global Climate Change

Impact of
Natural Variability

    

Arctic amplification

Arctic Sea Ice Loss
66°

          Polar vortex

Jet stream

Low confidence

FloodsDroughtsHeatwaves

Cross-Chapter Box  10.1, Figure  1 | Mechanisms of potential influences of recent and future Arctic warming on mid-latitude climate and 
variability. Mechanisms are different for winter and summer with different associated influences on mid-latitudes. The mechanisms involve changes in the polar 
vortex, storm tracks, planetary waves and jet stream.

• Modeling studies suggest many 
mechanisms and plausible 
pathways


• Models have biases (e.g., 
underestimate the observed eddy 
feedback strength)


• Different modeling protocols and 
setup can lead to different 
conclusions

IPCC AR6 WG1 Ch10; see also Cohen et al. (2020) for review
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Non-local impacts of projected sea ice loss
Polar Amplification Multi-model Intercomparison (PAMIP)
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Smith et al. (2022)

• Coordinated modeling effort from 16 models

• Each model has 98–300 ensemble members
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Non-local impacts of projected sea ice loss
Polar Amplification Multi-model Intercomparison (PAMIP)

8

Smith et al. (2022)

• Coordinated modeling effort from 16 models

• Each model has 98–300 ensemble members

Disagreement between 
individual models on the sign 
of the response over Eurasia
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Summary: Non-local impacts of Arctic amplification

Barnes & Screen (2015)  

Do rapid Arctic warming and sea ice loss have 
a tangible impact on midlatitude weather? 


• Can it? Modeling studies suggest so, yet 
disagreement on the response remains. 


• Has it? Perhaps, but small compared to 
internal atmospheric variability. 


• Will it? Arctic amplification is one of many 
factors that will influence midlatitude 
weather.

9

“…there is low confidence in the 
relative contribution of Arctic 
warming to mid-latitude 
atmospheric changes compared 
to other drivers.”


– IPCC AR6 WG1 Ch10
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Diverging trends in observed surface temperature

10

Smith et al. (2019)

• SO surface temperatures have cooled, 
as opposed to the Arctic


• Modeled SO surface temperatures 
warmed, as opposed to observed

OBS

CMIP5

Arctic Antarctic
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Observed changes in the Southern Ocean (SO)

11

Geophysical Research Letters

ZHANG ET AL.

10.1029/2020GL091235

8 of 11

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.

Zhang et al. (2021); Zhang et al. (in review)

SST (colors) and sea ice (contour) trends

 

 

353 

Figure 1. Observed and simulated SST for the SO cooling period (1979–2013) and SO 354 

warming period (1949–1978). Time series of observed (a) global mean (black) and SO (blue), 355 

and (b) southeast tropical Pacific (green, region highlighted in Figure 3c-e) SST anomalies from 356 

ERSSTv3b. Thin lines show the annual-mean anomalies, while the thick lines show smoothed 357 

time series with 10-year running mean. Red shading indicates the SO warming period  and blue 358 

shading indicates the SO cooling period. SST trend maps from ERSSTv3b (c-e), SOPACE 359 

SO CoolingSO Warming
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Impacts of observed SO surface cooling
SO pacemaker experiment
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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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Historical simulation with 
observed SO cooling

Radiatively-forced 
response SO-driven response– =

CESM1

CESM2

Zhang et al. (2021); Kang et al. (2023)
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Impacts of observed SO surface cooling
SO pacemaker experiment
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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$set the radiatively induced warming, in contrast to 
CESM1. However, it is important to note that the simulated 
Southeast Paci!c cooling amplitude is subject to large uncertainty 
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di$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). 
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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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Historical simulation with 
observed SO cooling

Radiatively-forced 
response SO-driven response– =

CESM1

CESM2

Zhang et al. (2021); Kang et al. (2023)
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Stronger subtropical low-cloud feedback leads to 
stronger SO-driven tropical response

13
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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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Kang et al. (2023); Kim et al. (2022)

Introduction | Arctic | Antarctica



Xiyue (Sally) Zhang @US CLIVAR Polar Amplification Workshop, Jan 2024

Impacts of observed SO warming

14
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and (b) southeast tropical Pacific (green, region highlighted in Figure 3c-e) SST anomalies from 356 
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SO cooling-driven response 

Zhang et al. (in review)
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Zhang et al. (in review)
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Recent changes in Antarctic sea ice and SO temperatures

15

Purich et al. (2023)

There have been 3 record-
breaking low sea ice summers in 
the past 7 years, accompanied 
by ocean warming
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Impacts of projected Antarctic sea ice loss

16

England et al. (2018); England et al. (2021)
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Impacts of projected Antarctic sea ice loss
A coupled model study

17

England et al. (2020)

Arctic 
sea ice loss

Warming 
mediated by tropical 

warming
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Comparing the impact of projected Arctic and Antarctic 
sea ice loss

18

Response to Arctic sea ice loss

Response to Antarctic sea ice loss

England et al. (2021)
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Comparing the impact of projected Arctic and Antarctic 
sea ice loss

18

Response to Arctic sea ice loss

Response to Antarctic sea ice loss

England et al. (2021)

Stronger tropical 
warming in response to 
Antarctic sea ice loss
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Impacts of projected Antarctic meltwater input
Southern Ocean Freshwater Input from Antarctica (SOFIA)

19

Swart et al. (2023)

Meltwater-induced 
surface temperature 
anomaly

Bronselaer et al. (2018)

SOFIA forcing 
scenarios
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Summary: non-local impacts of SO and Antarctic changes 

• Southern Ocean surface cooling in recent decades can partially contribute to 
the observed tropical Pacific cooling


• Antarctic sea ice loss can lead to warming that reaches the Arctic


• Antarctic meltwater can induce extensive cooling and northward circulation 
shift

20

Observed and projected changes in the SO and Antarctica are weaker than (and 
sometimes opposite to) Arctic changes

Exciting opportunities ahead to quantify the 
remote impact of Antarctic climate change
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Arctic/midlatitude weather linkages

22

“…there is low to medium 
confidence in the exact role and 
quantitative effect of historical Arctic 
warming and sea ice loss on mid-
latitude atmospheric variability.”


– IPCC AR6 WG1 Ch10

Cohen et al. (2020)

Number of studies on the link between 
Arctic amplification and increased severe 
winter weather as of 2020…
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Asymmetric response to extratropical forcing
ETIN-MIP idealized experiment

23

45N-65N

45S-65S

Southern extratropical forcing 
induces cooling that reaches 
the Arctic, while the impact of 
northern extratropical forcing 
only reaches SH subtropics. 

Kang et al. (2019)
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Antarctic meltwater leads to cooling in a coupled model

24

CESM1 shows meltwater-induced cooling trend (2006–2100) throughout SH and 
slight warming trend in NH midlatitude ocean.

Dong et al. (2022); 

see also Bronselaer et al. (2018); Golledge et al. (2019); Sadai et al. (2020); 


