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Projected Antarctic sea ice change

contributes to increased occurrence of

strong El Nino

M| Check for updates

Jiping Liu< & Zhu Zhu

Current climate models suggested that Antarctic sea ice cover would decrease substantially under
cumulative CO, emission, but little is known whether large decrease in Antarctic sea ice can influence
the occurrence of strong El Nifio. Using time slice coupled and uncoupled model experiments, we
show that in response to half reduction of Antarctic sea ice projected near the end of the 21st century,
the frequency of strong El Nifio would be increased by ~40%. It is contributed by enhanced
thermocline, Ekman, and zonal advective positive feedbacks that are partly offset by enhanced
thermodynamic damping. The strong warming and weakened westerly winds in the southeastern
Pacific generate an anomalous Rossby wave propagating into the eastern subtropical and tropical
Pacific, favoring stronger El Nino, and air-sea coupling and ocean feedbacks play a critical role in the
teleconnection. Unexpectedly, compare to halved Antarctic sea ice, the ice-free Antarctic leads to a
decrease in the frequency of strong El Nifio, which is largely due to a substantial increase in
thermodynamic damping. We also show that a large portion of the increase of strong El Nifio events

under greenhouse warming might be connected with Antarctic sea-ice loss, though increased

greenhouse gas plays an important role.

Sea ice in the Southern Ocean plays a critical role in determining Antarctic
and global climate through a multitude of dynamic and thermodynamic
processes. Large anomaly in Antarctic sea ice cover strongly influences air-
sea exchanges of heat, moisture, salt, and gas fluxes, which have profound
effects on atmospheric circulation in southern high and mid-latitudes, i.e.,
the polarity of the Southern Annular Mode and the scale of Polar and Ferrel
circulations can be altered by increased Antarctic sea ice cover and the
strengthen and position of the mid-latitude tropospheric jet stream can
be influenced by decreased Antarctic sea ice cover'™. Antarctic sea ice
change also strongly influences stratification and overturning circulation in
the Southern Ocean, rearranging glacial and interglacial stages™"".
Unusual variability of Antarctic sea ice extent has been observed since
the satellite era, a long-term significant increase since the late 1970s,
reaching a record high in late September, 2014 (the first time above 20
million km?), an unprecedented plunge of the ice extent from 2014 to 2017,
and 2022-2024 are the three lowest in the satellite record (the first 3-year
below 2 million km?)"***. Almost all climate models from the most recent
phase of the Coupled Model Intercomparison Project (CMIP6) showed that
Antarctic sea ice extent would decrease substantially during the 21st century
for all emission scenarios"’. A recent synthesis of proxy studies indicated that

the coverage of Antarctic sea ice during the warmer Last Interglacial was
about 50% of that of present day'.

Two recent coupled model studies suggested that large reduction of
Antarctic sea ice coverage could have effects reaching the tropics,
resulting in a warming of the tropical Pacific'”'*. However, little is known
whether the projected substantial decrease in Antarctic sea ice by CMIP6
can alter the frequency of strong El Nifio events (an important tropical
climate mode with that affects weather and climate worldwide), and
whether it is sensitive to the magnitude of the reduction of Antarctic sea
ice. The two coupled model studies'”'® examined the effects of reduced
Antarctic sea ice on the mean tropical climate with ocean and atmo-
sphere coupling, but the annual cycle of Antarctic sea ice cover is
changed indirectly by modulating Antarctic energy balance. One study is
to add an artificially seasonally varying downward longwave radiation'’
and the other study is to reduce snow/sea ice albedo'. The artificial
radiative flux indirect approach assumes that change in sea ice cover has
a linear relationship with change in downwelling longwave radiation,
but such relationship does not hold in summer”. The albedo indirect
approach is not effective in adjusting year-round sea ice change because
of little sunlight during polar night. Thus it is hard to precisely separate
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Fig. 1 | Histograms of El Nifio indices associated with Antarctic sea-ice loss.
(A) Nifi03.4 and (B) Nino3 rainfall with background warming removed. Gray bars
are ANTSIhist, red bars are ANTSIlate21, and blue bars are ANTSI4CO,. Each bin
represents 0.5 standard deviation of the corresponding anomalies. Black dashed
lines represent 1.5 standard deviations.

and identify the role of Antarctic sea-ice loss in the coupled climate
model through these two approaches.

In this study, firstly, three time slice coupled model experiments based
on the Climate Earth System Model version 1.2 (CESM1.2)*’ are performed
by directly changing Antarctic sea ice cover (see “Methods”), which allow
direct assessment whether different amounts of the reduction of Antarctic
sea ice have detectable and different impacts on the frequency of strong El
Nifio events. Comparisons of these experiments tell us the response only
induced directly by the projected reduction of Antarctic sea ice, instead of
other influences. Secondly, two atmosphere-only model experiments are
conducted based on the Community Atmosphere Model version 5
(CAM5)”, which allow us to understand the role of air-sea coupling and
ocean feedbacks in the atmospheric response and Antarctic-tropical Pacific
teleconnection induced by the reduction of Antarctic sea ice. Thirdly, we
compare the frequency changes in strong El Nifio events found from the
above time slice coupled model experiments with those from historical and
projection simulations of the CESM large ensemble experiments”, pro-
viding a rough estimation to what extent the changes can be attributed to
Antarctic sea-ice loss. Finally, an additional numerical experiment using
CESM1.2 is performed to further understand the separate role of green-
house gas forcing in changing the frequency of strong El Nifio.

Results
Change in the frequency of strong El Nifio and teleconnection
mechanisms
To examine whether the frequency of the simulated strong El Nifio events
measured by exceeding 1.5 standard deviation can be reshaped by large
Antarctic sea-ice loss, we use the classic El Nifio-Southern Oscillation
(ENSO) indices, including Nino3.4 and Nino3 rainfall, with the background
warming removed. Here our analyses focus on December-January-
February, when ENSO is typically the strongest. We employ a non-
parametric bootstrap test™ (see details in “Methods”) to determine if the
identified frequency change in strong El Nifio events is statistically sig-
nificant. As shown in Fig. 1 and Table 1, compared to ANTSIhist, nearly half
reduction of Antarctic sea ice cover in ANTSIlate21 (see its annual cycle of
sea ice extent in Supplementary Fig. 1) yields ~41% and 39% increase of the
occurrence of strong El Nifo events based on the Nino3.4 and Nino3 rainfall
indices, respectively, which is reflected by the increase of strongest run-
around for the sea surface temperature (SST) gradients.

How would large Antarctic sea-ice loss cause increased strong El Nifio
events in the tropical Pacific? Here we focus on the responses during the
developing to mature phase of E1 Nino (from June to November) to nearly half

Table 1 | Frequency of strong El Nifio events in ANTSIhist (row
2) and frequency changes of strong El Nifio events in the time
slice Antarctic sea-ice loss experiments relative to ANTSIhist
(row 3 and 4), the greenhouse warming experiment from the
CESM large ensemble relative to HIST (row 5), and the
ANTSICO, experiment relative to ANTSIhist (row 6), i.e., based
on the Nino3.4, strong EIl Nino events occur 13.9% of the time
in ANTSIhist and 19.6% of the time in ANTSIllate21, hence the
frequency change is 5.7% (19.6% minus 13.9%), as show in
the table

Nino3.4 Nino3 rainfall
ANTSIhist 13.9% 13.6%
ANTSllate21—-ANTSIhist 5.7% 5.3%
ANTSI4CO,—ANTSlIhist 1.1% 2.8%
RCP85late21—HIST 7.3% 13.5%
ANTSICO,—ANTSIhist 8.1% 5.4%

Bold numbers mean that frequency changes are statistically significant (~>95% confidence level)
based on the non-parametric bootstrap significant test.

reduction of Antarctic sea ice (ANTSIlate21). We calculate changes in surface
energy budget between ANTSIlate21 and ANTSIhist. In the South Pacific,
compared to ANTSThist, ANTSIlate21 produces a huge increase in the net
surface heat flux (NSHF, positive is upward) over the area where sea ice cover
is reduced (Supplementary Fig. 2), which is accompanied with a decrease in
NSHEF to the north—a south-north out of phase pattern. The increased NSHF
arises from increased net longwave radiative flux and sensible and latent heat
fluxes, which is due to increased absorption of solar radiation there (Supple-
mentary Fig. 2). This leads to strong warming in the lower troposphere in the
high-latitude of the South Pacific (largest near the surface and extends to
~250-hPa, Fig. 2A), which greatly reduces meridional temperature gradient
around 60°S. The circumpolar westerly is greatly decreased (centered at ~60°S,
Fig. 2B), which is responsible for the large decrease in sensible and latent heat
fluxes there that leads to the aforementioned decreased NSHF. As a con-
sequence, there are strong positive sea level pressure (SLP) anomalies over the
Amundsen and Bellingshausen Seas (Fig. 2B). This weakens the climatological
Amundsen Sea Low, which is a persistent low pressure system located in the
southeastern Pacific sector”. The concurring anomalous subsidence centered
~60°S (Fig. 2C) generates an anomalous Rossby wave propagating equator-
ward into the eastern subtropical and tropical Pacific (Supplementary Fig. 3).
The aforementioned decelerated westerly winds in the Southern Pacific also
facilitate the equatorward propagation of the anomalous Rossby wave. Con-
temporaneously, there is a broad anomalous anticyclonic circulation over the
subtropical and tropical eastern Pacific (Fig. 2B). On one hand, the anomalous
northly/northwesterly winds reduce the coastal upwelling along the west coast
of South America, producing warmer SST there. On the other hand, the
anomalous westly winds in the central and eastern equatorial Pacific weaken
the prevailing trade winds and reduce the equatorial upwelling, reducing the
strength of the upper layer meridional ocean circulation (Supplementary
Fig. 4A). This flattens west-east gradient of thermocline depth as demon-
strated in Supplementary Fig. 4B, producing warmer SST in the central and
eastern Pacific through the wind-evaporation-SST feedback™”".

The air-sea coupling and ocean feedbacks also play an important role in
the aforementioned teleconnection mechanisms. Consistent with the cou-
pled model experiments (ANTSIhist and ANTSIlate21), the stand-alone
atmospheric model experiments are forced with the same ensemble average
of Antarctic sea ice cover from historical and projection simulations
(hereafter ANTSIhist CAM5 and ANTSIlate21_CAMB5, see “Methods”).
The coupled model configuration (CESM1.2, Fig. 2B) produces the devel-
opment of a distinct westerly wind anomalies extending from the central to
the eastern equatorial Pacific in response to nearly half reduction of Ant-
arctic sea ice. By contrast, it is completely absent in the stand-alone atmo-
spheric model configuration (CAMS5, Fig. 2D). The atmosphere-only model
configuration produces much weaker and insignificant positive SLP
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Fig. 2 | Atmospheric responses to Antarctic sea-ice loss averaged from June to
November. (A-C) are coupled model experiments (ANTSIlate2]1 minus ANTSIh-
ist). (A) 992-hPa air temperature (the lowest model level, °C), (B) near surface winds
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anomalies in the Amundsen and Bellingshausen Seas. As a result, the weak
negative SLP anomaly and associated anomalous anticyclonic circulation
are confined to the mid-latitude of the southeastern Pacific, having little
influence in the tropical Pacific. This highlights the key role of air-sea
coupling and ocean feedbacks in the response of tropical Pacific circulation
to Antarctic sea-ice loss.

We know that oceanic heat transport plays an important role in ENSO
dynamics™”, influencing El Nifio activity. However, little is known about
the impact of large decrease of Antarctic sea ice on the oceanic heat transport
in the Pacific. Associated with about half reduction of Antarctic sea ice in
ANTSIlate21, there is a large decrease in annual mean poleward heat
transport in the entire South Pacific, with the largest decrease at ~10°S
(Fig. 3), though it is partly offset by an increase in poleward heat transport in

the North Pacific. Overall, less heat is moved away from the tropic Pacific,
which converts to an increase in SST in the tropical Pacific. Thus less heat is
moved away from the tropic Pacific, which converts to an increase in SST in
the tropical Pacific. Such change in the meridional ocean heat transport is
also manifested by a large increase in the frequency of largest warm water
volumes above the thermocline in the equatorial Pacific (an important
ENSO precursor) as compared to ANTSIhist (Supplementary Fig. 5), which
is in favor of stronger El Nifio.

To clearly determine the contribution of the aforementioned changes in
the mean states and feedbacks in the increased strong El Nino induced by
nearly half reduction of Antarctic sea ice, we calculate the Bjerknes coupled
stability index”, which is based on the recharge-discharge oscillator theory

31,32

and widely used to assess the ENSO growth rate under different states
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Fig. 4 | Changes in the ENSO growth rate and its five contributing terms (see
“Methods”) averaged from June to November. MA, TD, ZA, TH, and EK (1/year)
represent mean currents damping, thermodynamic damping, zonal advective
feedback, thermocline feedback, Ekman (upwelling) feedback, respectively. B]
(1/year) is the sum of these five terms. Red bars are ANTSIlate21 minus ANTSIhist,
and blue bars are ANTSI4CO, minus ANTSIhist.

(see “Methods”). Here we also focus on the developing to mature phase of El
Nino. Figure 4 shows differences in the ENSO growth rate and its five con-
tributing terms. We find that overall, the ENSO growth rate in ANTSIlate21 is
enhanced by 0.047 1/year (~7% increase) relative to ANTSThist, suggesting
that sea ice-air and air-sea interactions and ocean feedbacks associated with
large Antarctic sea-ice loss encourage stronger El Nino. For the five con-
tributing factors (Fig. 4), a large increase in the thermocline feedback
(0.104 1/year) makes the dominant positive contribution, followed by an
increase in the Fkman feedback and zonal advective feedbacks, and a minor
decrease in mean currents damping (0.015, 0.012, and 0.0001 1/year,
respectively), though their positive contributions are partly offset by the
enhanced thermodynamic damping (-0.085 1/year).

Antarctic sea-ice loss vs. global warming

The El Nifo events may be enhanced associated with climate change
Using a model democracy approach, a recent study showed that anthro-
pogenic forcings have produced more frequent occurrences of strong El
Nifio in the post-1960 period™. Under increased greenhouse gases, the
upper layer of the tropical Pacific warms faster than the deeper ocean. This
increases rainfall and stratification of the upper ocean, making the tropical
Pacific more sensitive to wind changes. Increased greenhouse gases also
make faster SST warming in the eastern equatorial Pacific relative to the
surrounding oceans, which has been linked to a weakening of the walker
circulation and an eastward intensification of extratropical
teleconnections”. These make ENSO’s self-reinforcing feedback become
stronger in a warming climate. Given that Antarctic sea ice extent is pro-
jected to decrease dramatically by 2100 by the CMIP6 models, it is
important to understand to what extent the identified increase in strong El
Nifo events can be attributed to Antarctic sea-ice loss. Thus the occurrence
of strong El Nifio for the period 1980-1999 (hereafter HIST) and 2080-2099
(hereafter RCP85late21) is calculated using the historical simulation and
RCP85 projection of the CESM large ensemble experiments***’. The model
employed in the CESM large ensemble experiments is the same as used in
the time slice model experiments and the above two time periods are the
same as the two time slices defined based on Antarctic sea-ice loss. Thus they
can be used to compare the result of the aforementioned time slice
experiments. Compared to HIST, RCP85late21 leads to a significant
increase in the frequency of strong El Nifo events based on the Nino3.4 and
Nino3 rainfall indices (Fig. 5 and Table 1). Thus halved Antarctic sea ice in
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Fig. 5 | Histograms of El Nifio indices associated with greenhouse warming.
(A) Nifi03.4 and (B) Nino3 rainfall with background warming removed. Gray bars
are ANTSIhist, red bars are ANTSIlate21, and blue bars are ANTSI4CO,. Each bin
represents 0.5 standard deviation of the corresponding anomalies. Black dashed
lines represent 1.5 standard deviations.

ANTSIlate21 might account for a change in the frequency of strong El Nifio
that is ~78 and 40% of the size of the change in RCP85late21 of the CESM
large ensemble. Such comparisons are derived from changes relative to the
baseline of each model experiment. It should be noted that the RCP85
projection simulation is the transient response, whereas Antarctic sea-ice
loss experiments are the equilibrium response, the same 20-year used here
can only be considered as an approximate steady response based on the large
ensemble. From this sense, the contribution of Antarctic sea-ice loss esti-
mated here might be overestimated.

Discussion
In this study, we find that the future Antarctic sea ice change near the end of
this century projected by current state-of-art global climate models (nearly
half reduction) can induce significantly more frequent strong El Nifio events
by changing the mean states and feedbacks, which would exert profound
effects on global weather and climate. A recent study indicated that Ant-
arctic sea-ice loss can influence Arctic climate. As shown in Supplementary
Fig. 6, nearly half reduction of Antarctic sea ice cover in ANTSIlate 21
produces a significantly intensified the Aleutian Low in the Northern
Pacific, which is related to Rossby waves originated from the tropical Pacific
and a weakening of the Atlantic Meridional Overturning Circulation. The
enhanced Aleutian Low can lead to positive Pacific Meridional Mode pat-
tern (PMM, an important precursor of ENSO) and strengthened wind-
evaporation-sea surface temperature feedback, in favor of increased
occurrence of the central Pacific El Nino™”. A recent study also indicated
that warming of tropical Indian Ocean might lead to more frequent central
Pacific El Nino events and meridional widening of wind anomalies*. Thus
changes in the tropical oceans induced by Antarctic sea-ice loss can initiate
tropical and Arctic teleconnections and alter zonal atmospheric circulation
over the tropics, further influencing the El Nino response. Here we further
examine the differences in the ENSO strength and Antarctic sea ice extent
between 2050-2099 (from projection simulation) and between 1950-1999
(from historical simulation) for each ensemble member inside the latest
CESM2 large ensemble. Indeed, there is a relationship, that is El Nifio
becomes stronger as Antarctic sea ice extent decreases (Fig. 6). This provides
another support for our finding.

Our analyses also suggest that the ice-free Antarctic of ANTSI4CO,
yields atmospheric and oceanic responses that resemble those of
ANTSIlate21 with larger anomalies. Unexpectedly, the ice-free
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Fig. 6 | Relationship between the ENSO strength and the reduction of Antarctic
sea ice inside the latest CESM2 large ensemble. Scatter plot for differences in
Nino3.4 and Antarctic sea ice extent between 2050 and 2099 (from projection
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Antarctic of ANTSI4CO, does not result in a further increase in the
occurrence of strong El Nifo relative to that of ANTSIlate21 (Fig. 1 and
Table 1). Instead, compared to ANTSIlate21, it leads to a reduced
occurrence of strong El Nifio events. To investigate what causes this, we
further compare the change of the ENSO growth rate and its five con-
tributing terms using the Bjerknes coupled stability index (Fig. 4).
Compared to nearly half reduction of Antarctic sea ice (ANTSIlate21),
we find that overall, the ice-free Antarctic (ANTSI4CO2) leads to a
decrease in the ENSO growth rate by 0.024 1/year. Such reduction is
caused by a substantial increase in the negative contribution from the
thermodynamic damping (—0.092 1/year) and a decrease in the positive
contribution from the Ekman feedback (-0.01 1/year), which exceed the
increase in the positive contribution from the thermocline and zonal
advective feedback, and the minor decrease in mean currents damping
(0.057, 0.022, and 0.0003 1/year). This indicates that the change in the
frequency of strong El Nifo events may depend on the magnitude and
pattern of Antarctic sea-ice loss, which requires further investigation.

We know that both Antarctic sea-ice loss and increased greenhouse gas
contribute to the change of the ENSO frequency, and the global warming
experiment (RCP85late21) include both forcings. In order to separate the
role of Antarctic sea-ice loss and greenhouse gas forcing, an additional
numerical experiment using CESM1.2 is performed, which reflects the
equilibrium response of El Nifio to fixed atmospheric CO, at the level of
near the end of 21st century without Antarctic sea ice change (named
ANTSICO,). Compared to ANTSIhist, ANTSICO, results in a significant
increase in the occurrence of strong El Nifio based on the Nino3.4 and
Nino3 rainfall indices (Fig. 7 and Table 1). Thus both Antarctic sea-ice loss
and increased greenhouse gas forcing play an important role in modulating
strong El Nifio events.

Although the findings in this work are supported by CESM1.2 (the
most widely used coupled model for simulating Earth’s climate), more
coordinated experiments (i.e., different coupled climate models, different
sea ice constraints), such as the Polar Amplification Model Intercomparison
Project” for the Antarctic, are needed to further quantify the change of
strong El Nifio events to the extent of Antarctic sea-ice loss and associated
other aspects of climate change. Additionally, this study suggests that we
need to determine to what extent changes in climate extremes could be
linked to changes in ENSO that might be partially driven by the reduction of
Antarctic sea ice cover, which has large implications for the populous mid-
latitudes.
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(A) Nifo3.4 and (B) Nino3 rainfall with background warming removed. Gray bars
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represents 0.5 standard deviation of the corresponding anomalies. Black dashed
lines represent 1.5 standard deviations.

Methods

Coupled and uncoupled model experiments and CESM large
ensemble

We perform simulations with the CESM1.2 coupled model”. For the
atmospheric component, CESM1.2 uses CAM5"', which includes improve-
ments for almost all aspects of atmospheric physics compared to CAM4 used
to study the influence of Antarctic sea ice change". For the ocean and sea ice
components, CESM1.2 uses the Parallel Ocean Program version 2 (POP2)
and the Sea Ice Model version 5 (CICES5), which also include a range of
improved physical parameterizations as well as numerical methods com-
pared to the previous POP and CICE used to study the influence of Antarctic
sea ice change"’. Some studies showed that the CESM1.2 can simulate Ant-
arctic sea ice and ENSO reasonably well>. We also perform atmosphere-only
model simulations with CAM5*'. Here, we run CESM1.2 with a horizontal
grid spacing about 1.9° x 2.5° for atmosphere/land models and 1° for ocean/
sea ice models and CAMS5 with a horizontal resolution of 1.9° x 2.5°.

For easy reference, Table 2 describes all model experiments conducted in
this study. First, we conduct three major coupled model experiments. The
seasonal cycle of Antarctic sea ice concentration is fixed in the sea ice com-
ponent of CESM1.2, which is calculated using the ensemble mean of historical
and projection CESM simulations from the most recent CMIP6. For the
control simulation (ANTSIhist), the climatological Antarctic sea ice cover is
specified using the ensemble average of historical simulations during
1980-1999, which approximates the observed sea ice condition during the
late 20th century® (Supplementary Fig. 1). In the two sensitivity simulations,
Antarctic sea ice cover is specified using (1) the ensemble average of the
projection simulation based on the high end of the shared socio-economic
pathway (SSP585) during 2080-2099 (ANTSIlate21) and (2) the average of
the last 20 years of the 4 x CO, simulation that is branched from the 1% per
year increase in CO, run at year 140 and run with CO; fixed at four times pre-
industrial concentration (ANTSI4CO,)” (Supplementary Fig. 1). Compared
to ANTSIhist, both ANTSIlate21 and ANTSI4CO, lead to a perennial
reduction in sea ice extent in the Southern Ocean, with the largest decrease in
spring (Supplementary Fig. 7). Spatially, relative to ANTSThist, ANTSIlate21
shows that sea ice edge is retreated southward dramatically and the total sea
ice extent is reduced by about half during the freeze-up period, and the
Southern Ocean is nearly ice-free in February and March (Supplementary
Fig. 7). For ANTSI4CO,, the entire Antarctic reaches ice-free state for almost
all months. The radiative forcings in all experiments are kept fixed at the level
of the year 2000. Each experiment is run for 500 years. Ocean dynamics shows
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Table 2 | Summary of all model experiments conducted in this study

Experiment Name Coupled model or Atmosphere-only

Sea ice state (SIC means sea ice concentration)

model only
ANTSIhist Coupled Fixed SIC using historical simulation during 1980-1999
ANTSllate21 Coupled Fixed SIC using projection simulation during 2080-2099
ANTSI4CO, Coupled Fixed SIC using 4 x CO, simulation

ANTSIhist_CAM5 Atmosphere-only

Fixed SIC using historical simulation during 1980-1999

ANTSllate21_CAM5  Atmosphere-only

Fixed SIC using projection simulation during 2080-2099

HIST Coupled Simulated SIC from historical simulation during 1980-1999
RCP85late21 Coupled Simulated SIC from projection simulation during 2080-2099
ANTSICO, Coupled Fixed SIC using historical simulation during 1980-1999 and fixed CO at the level of near the end

of 21st century

clear adjustment to the fixed Antarctic sea-ice loss during the first 220-year
integration, i.e., the Atlantic Meridional Overturning Circulation reaches an
approximate equilibrium response after 220-year integration (Supplemen-
tary Fig. 8). This indicates that longer integration is needed to reach the
equilibrium response for the recent coupled model experiment. The simu-
lated Antarctic sea ice cover by the sea ice model component of CESM1.2
resembles the fixed ice cover after ocean dynamics reach the approximate
equilibrium, which is also true for Antarctic sea ice thickness. In this study, the
simulation for the last 280 years is analyzed to avoid the initial adjustment due
to the sudden change of Antarctic sea ice states.

Second, two stand-alone atmospheric model experiments are con-
ducted using CAM5 (named ANTSIhist CAM5 and ANTSIlate21_-
CAMS5). Same as ANTSIhist and ANTSIlate21, they are forced with the
prescribed Antarctic sea ice cover using the ensemble mean of the historical
simulation during 1980-1999 (named ANTSIhist CAM5) and RCP8.5
projection during 2080-2099 (named ANTSIlate21_CAMS5), respectively.
Each experiment is run for 150 years.

Third, we conduct an additional coupled model experiment using
CESM1.2. We fix Antarctic sea ice cover using the ensemble average of
historical simulations during 1980-1999, but allowed a 1% per-year
increase in atmospheric CO, for 100 years starting from the level of the
year 2000. Then we use the end of this simulation as the initial con-
dition and fix atmospheric CO2 at ~920 ppmv (close to the RCP85
emission scenario near the end of the 21st century) as well as fixed
Antarctic sea ice cover based on the historical simulations for the
period 1980-1999 (ANTSICO2). Thus the ENSO variability is only
influenced by increased greenhouse gas forcing in this experiment.
This experiment is run for 100 years.

Last, the CESM large ensemble simulation for the RCP8.5 emission
scenario™” is also employed to roughly estimate to what extent the pro-
jected increase in strong El Nifio due to greenhouse warming can be
attributed to the large decrease in Antarctic sea ice by comparing the change
of the occurrence of strong El Nifio events between our time slice simula-
tions and the CESM large ensemble simulations.

Significant test

A non-parametric bootstrap statistical test™ is utilized for significance
testing. Firstly, random samples are obtained from the ENSO index (i.e., the
zonal SST gradient) of ANTSThist to generate two new time series. Each has
280 samples, which have different numbers of strong El Nifio events. Sec-
ondly, the difference in the number of strong El Nifio events between the
two new time series is calculated. Thirdly, the above bootstrap resampling is
repeated 10 thousand times, obtaining 10 thousand differences in the
number of strong El Nifio events. Finally, the probability density function of
10 thousand differences is generated and the value of the 95th percentile is
used as the criteria. If the number of strong El Nifo events based on the
ENSO index between the sensitivity experiment (i.e., ANTSIlate21) and
ANTSThist exceeds this criteria, it means that the change in strong El Nifio
events is statistically significant.

ENSO activity index
We use the Bjerknes coupled stability index to measure the ENSO growth
rate and its contributing factors™, which is formulated as:

S A S T A T T w
R= <a1 L +a, L o+ aful — 5 E+M5w % E+Maﬁh )

The first two terms on the right-hand side of the equation are mean
zonal and meridional currents and thermodynamic dampings, having
negative contributions, and the thermodynamic damping is the dominant
negative damping effect. The last three terms on the right-hand side of the
equation are positive feedbacks, having positive contributions. They are
zonal advective, thermocline, Ekman (upwelling) feedbacks, respectively.
Here ( ) is a volume average for the Nino3 region and from the surface to the
mixed layer. The overbar is the climatology. u, v, w are zonal, meridional,
and vertical velocity, respectively, and T is SST. L and Ly are zonal and
meridional extent of the area. oy, {1, B, Pu» and Bh are parameters derived
from the recharge oscillator theory (see detailed descriptions in ref. 30).

Data availability

The CESM large ensemble data are available at https://www.cesm.ucar.edu/
projects/community-projects/LENS/data-sets.html. The satellite derived
Antarctic sea ice data is available at https://noaadata.apps.nsidc.org/NOAA/
G02135/.

Code availability

The code of the CESM1.2 and CAM5 models used in this study is available at
http://www.cesm.ucar.edu/models/cesm1.2. Other codes used here are
available from the corresponding author upon request.
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