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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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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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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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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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Fig. 2 | Precipitation anomalies. a, 2080–2100 meltwater-induced 
precipitation anomaly relative to the standard ensemble. Hatching 
indicates where the anomalies are not significant at the 95% level. b, Time 
series of the PRE anomaly relative to the 1950–1970 mean. Lines and 
shading as in Fig. 1.
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Bronselaer et al. (2018)

Effect of Antarctic ice sheet melt in coupled GCM: 
Meltwater induced SST cooling shows zonal asymmetry

(Idealized and/or strong forcing experiments)

Southern Ocean Pacemaker



Does Southern Ocean cooling contribute to SST changes 
in the subtropics and beyond during the satellite era?
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Xiyue (Sally) Zhang, CFMIP 2019

.

0.3 K/dec SST cooling is equivalent of -0.4 W/m2 forcing 
(not ideal for identifying process…)

Southern Ocean Pacemaker



Pacemaker setup
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• Fully coupled CESM1.1 
• 20 ensemble members (branched out from LENS 1st ensemble member at 1975) 
• Historical + RCP8.5 forcing

Kosaka & Xie (2013), Deser et al. (2017)

• Southern Ocean SST monthly anomaly is nudged to observations (1975-2013) 
• Nudging domain is south of 40 S, with linear buffer zone to 35 S 
• In climatological sea ice covered region, SST is nudged to melting temperature (-1.8 C) 

Tropical pacemaker experiment results were published by Schneider and Deser (2018).

Example timeseries

Southern Ocean Pacemaker



Ensemble mean surface temperature  
and sea level pressure trends
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Schneider & Deser (2018); Zhang & Deser (in prep)

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level

Radiatively forced Internally forced

Southern Ocean Pacemaker
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Ensemble mean surface temperature  
and sea level pressure trends
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Ensemble mean precipitation trends
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Schneider & Deser (2018); Zhang & Deser (in prep)

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level 
Magenta contours show climatological precip of 7 mm/day

Southern Ocean Pacemaker



Ensemble mean precipitation trends
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Schneider & Deser (2018); Zhang & Deser (in prep)

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level 
Magenta contours show climatological precip of 7 mm/day
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Ensemble mean precipitation trends
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Schneider & Deser (2018); Zhang & Deser (in prep)
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Stippling indicates trends significant above 95% level 
Magenta contours show climatological precip of 7 mm/day
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Ensemble mean precipitation trends
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Schneider & Deser (2018); Zhang & Deser (in prep)

Radiatively forced Internally forced

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level 
Magenta contours show climatological precip of 7 mm/day
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Surface energy budget
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Ocean heat transport  
and storage

Zhang & Deser (in prep)SOPACE (20 ens) ensemble mean linear trend 1979-2013 
Contours and vectors show climatological SST and surface winds

Southern Ocean Pacemaker

Linear trend in SST and surface fluxes 



Surface energy budget
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Ocean heat transport  
and storage

Zhang & Deser (in prep)SOPACE (20 ens) ensemble mean linear trend 1979-2013 
Contours and vectors show climatological SST and surface winds

Southern Ocean Pacemaker

Linear trend in SST and surface fluxes 



Cooling pattern dominated by cloud changes
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• Surface net SW trend is dominated by cloud radiative effect 
• Increased low cloud fraction and liquid water path along the 

eastern Pacific and and Atlantic basins, where climatological 
values are high

Zhang & Deser (in prep)SOPACE (20 ens) ensemble mean linear trend 1979-2013 
Contours show climatology

Southern Ocean Pacemaker



Cooling pattern dominated by cloud changes
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• Surface net SW trend is dominated by cloud radiative effect 
• Increased low cloud fraction and liquid water path along the 

eastern Pacific and and Atlantic basins, where climatological 
values are high

Zhang & Deser (in prep)SOPACE (20 ens) ensemble mean linear trend 1979-2013 
Contours show climatology

Lead correlation: LWP leads SST (box)
11 mon 9 mon 7 mon

5 mon 3 mon 1 mon
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Summary
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• We conducted a pacemaker experiment to study the impact of Southern Ocean cooling during the 
satellite era (1979-2013) in CESM: 

• South Atlantic SST trend pattern is consistent with observation 
• The observed SO cooling’s overall contribution to tropical SST and precipitation trends is limited 
• An increase in low cloud amount (as opposed to latent heat flux) is found to contribute to the 

southeastern Pacific and Atlantic cooling

Southern Ocean Pacemaker
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Additional slides
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Diverse ensemble members in SOPACE
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Zhang & Deser (in prep)

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level

#10: 0.59 #15: -0.04

Temperature and 
sea level pressure 
trends

Precipitation trends

Sea ice fraction, 
sea level pressure, 
and surface wind 
trends

Southern Ocean Pacemaker

* *

* spatial correlation coefficient with OBS 70S to 70N



Decomposing latent heat budget
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SST and wind terms dominate, and contribute in opposite ways to the latent heat trend that is 
much weaker than SW CRE. 

Zhang & Deser (in prep)



Lead correlation: LWP leads TS (box)
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11 mon 9 mon 7 mon

5 mon 3 mon 1 mon

11 mon 9 mon 7 mon

5 mon 3 mon 1 mon

SOPACE

LENS

Zhang & Deser (in prep)



Ensemble mean surface temperature trends
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Schneider & Deser (2018); Zhang & Deser (in prep)

TPACE = Tropical pacemaker (20 ens) 
SOPACE = Southern Ocean pacemaker (20 ens) 
LENS = CESM Large Ensemble (40 ens) 
Stippling indicates trends significant above 95% level

Southern Ocean Pacemaker


