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The EINifio-Southern Oscillation (ENSO) in a warming climate has been
studied extensively, but the response beyond 2100 has received little
attention. Here, using long-term model simulations, we find that while

ENSO variability exhibits diverse changes in the short term, thereis a

robust reduction in ENSO variability by 2300. Continued warming beyond
2100 pushes sea surface temperature above the convective threshold over
the eastern Pacific, causing collapsed mean equatorial upwelling with
intensified deep convection. We show that the weakened thermocline
feedback due to the collapsed upwelling and increased thermal expansion
coefficient, along with enhanced thermodynamic damping, are crucial to
reducing ENSO amplitude under sustained warming. Our results suggest a
threshold behaviour in the tropical Pacific, where a convective atmosphere

over the eastern equatorial Pacific causes dramatic shifts in ENSO variability.
This threshold is not crossed under low-emission scenarios.

The El Niflo-Southern Oscillation (ENSO) is the dominant mode of
interannual climate variability, characterized by large variations in
sea surface temperature (SST) over the tropical Pacific. Potential
future changes in ENSO variability due to greenhouse gas increase
could have far-reachingimpacts on extreme weather, ecosystems and
socio-economic conditions around the world"?. The projected ENSO
SST response to global warming remains under debate. While early
research based on Coupled Model Intercomparison Project (CMIP)
phases 3 and 5indicates a lack of consensus among climate models
regarding the ENSO SST response to global warming®¢, some studies
suggest an emerging consensus among models in CMIP6 for increased
ENSO SST variability in the twenty-first century’’. Complicating the
matter are recent studies suggesting areduction in ENSO SST variability
under strong CO, forcing (for example, 4xCO,)'*". These disagreements
are probably linked to scenario differences, model generation’ and the
mean warming patterns®.

The projected change in ENSO SST amplitude is time-varying,
with an increasing trend before 2040 and a decreasing trend there-
after”. This underscores the necessity to investigate ENSO responses
across various stages of global warming. Most studies have so far

focused on the transient ENSO responses in the twenty-first cen-
tury or under idealized CO, forcings. Nevertheless, how ENSO will
respond to sustained high warming beyond the twenty-first century
hasreceived little attention. Under high-emission scenarios (RCP8.5
and SSP585), global temperatures are expected to continue rising
beyond 2100, with much greater warming magnitudes than in the
twenty-first century. This potentially leads to distinct changes in
ENSO variability, involving different physical mechanisms. A recent
study'® shows a robust decrease in ENSO amplitude under global
warming on millennial horizons, contrasting with the diverse ENSO
responsesinthe twenty-first century. However, limited outputs avail-
able within the Long Run Model Intercomparison Project® hinder a
rigorous examination of detailed air-sea processes, particularly the
role of dynamic adjustments'. Several explanations—some mutually
conflicting—have been proposed to explain the reduced ENSO vari-
ability, ranging from alongitudinal variation in the surface warming
rate across the Indo-Pacific basin' to enhanced thermodynamic
damping (TD)". Nevertheless, the key ocean-atmospheric processes
causing the reduction in ENSO variability under sustained global
warming remain unclear.
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Fig.1| ENSO amplitude changes under sustained global warming. a, The
difference in Nifio 3.4 SSTA s.d. (°C) between the twenty-third (2241-2290)

and twentieth (1941-1990) centuries under the SSP585/RCP8.5 scenario.

b, The 50-year running mean ENSO amplitude change (°C) relative to 1850-1900
under SSP585/RCP8.5. The red line represents the MME mean, and the shading
indicates one inter-member s.d.; the grey (blue) lines indicate individual models

Difference in s.d. (°C)

from CMIP5 (CMIP6). The x axis represents the ending year of each 50-year
time window. ¢, TOE of the reduced ENSO variability (grey bars); the black bar
indicates the median value, and the error bar represents the interquartile range
(n=15).d-f, The SST s.d. for the present day (1941-1990) (d), the future period
(2241-2290) (e) and their difference (f). The stippling indicates a significant
difference at the 95% confidence level from the bootstrap test.

The present study aims to gain insights for a more comprehen-
sive understanding of the coupled dynamics of ENSO change under
sustained global warming. On the basis of climate model simulations
extended to 2300, we find a consistent reduction in ENSO variability
under high CO, emissions during 2241-2290 when compared with the
present-day climate. Our results highlight that collapsed upwelling and
an increased thermal expansion coefficient will weaken the thermo-
cline feedback, which, in conjunction with enhanced TD, are crucial to
reducing ENSO SST variability under sustained warming. Importantly,
we reveal that these dynamic and thermodynamic adjustments are
closely linked to the transition of the equatorial cold tongue into a
warm and convective mean state.

Suppressed ENSO variability

We analysed 16 available climate models with extension runs to 2299
or 2300 under high-emission scenarios (RCP8.5 and SSP585) from
CMIP5 and CMIPé. In these extension runs, anthropogenic radiative
forcing continues to increase beyond 2100, reaching slightly above
12 W m™in 2250 and subsequently levelling off'* (see the details in
Methods). The climate models reasonably simulate the present-day
ENSO with large SST variance in the central and eastern Pacific Ocean
as in observations (Fig. 1d). We investigated the ENSO response to

substantial global warming by contrasting its monthly SST anomaly
(SSTA) standard deviation (s.d.) in the present day (1941-1990) with
thatin the twenty-third century (2241-2290) in each climate model.
Fifteen out of 16 models see a robust decrease in Nifio 3.4 SST
variability during 2241-2290 (Fig. 1a), statistically significant above the
95% confidence level fromabootstrap test (Extended Data Fig. 1a). The
only exceptionis MPI-ESM-LR. As an earlier CMIP5 model, MPI-ESM-LR
shows limited skillin simulating present-day EI Nifio, with two warming
centresinthe eastern and western Pacific, contrasting with other mod-
els (Extended DataFig. 2). Hereafter, we excluded this model from fur-
ther analysis. For the remaining 15 models, the multi-model ensemble
(MME) meandecrease in Nifo 3.4 amplitude is 41% + 18%. Specifically,
the ENSO amplitude initially undergoes a slight increase up to ~2020
(Fig.1b) and then gradually decreases towards the current level in the
early 2100s, with considerable inter-model differences (Extended
Data Fig.1b)>". Around 2120, the ENSO amplitude undergoes a rapid
decrease,and by 2300, thereis a consistent decreasein ENSO amplitude
with high inter-model consensus (Fig. 1a,b). The SST variance pattern
over the tropical Pacific Ocean does not change much, which can be
represented by the Nino 3.4 index (Fig. 1e,f). Note that our assessment
of ENSO variability change employs monthly SSTA s.d., with potential
impacts from ENSO seasonality change. The reduced ENSO amplitude
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Fig.2|Mean state changesin the tropical Pacific. a,c,e, Annual mean SST (°C,
coloured shading), rainfall (contours with an interval of 3 mm per day) and wind
stress (N m™, vectors) for the present day (1941-1990) (a), the future (2241-2290)
(c) and their difference (future minus present day) (e). b,d, Longitude-time
evolution at the Equator of rainfall (mm per day, coloured shading) and zonal SST
gradient for each grid point (here we computed dSST/dx at each grid box along
the Equator; contours with aninterval of 0.005 °C per degree, positive in black
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and negative in grey; negative values indicate cooler temperaturesin the east)
(b), and mean equatorial upwelling at 60 m derived only from the models with
direct vertical velocity outputs (W; 10~ m s, coloured shading; Methods and
Supplementary Table 1) and zonal wind stress (Taux; contours with aninterval of
0.01N m%; positive in black and negative in grey) (d), all meridionally averaged
in2°S-2° N.f, Scatter plots of Nifio 3.4 averaged ATaux (102N m, vectors) and
SSTA s.d. changes from SSP585/RCP8.5 extended simulations.

isevidentacross almost all the models when ENSO seasonality change
is considered (Extended Data Fig. 3). The decreased ENSO variability
on multi-century horizons is also evident in ACCESS-ESM1-5 large
ensemble experiments: all the ensemble members project reduced
ENSO variations during 2241-2290, with an ensemble mean decrease
of ~16% (Extended Data Fig. 4a).

We investigated the time of emergence (TOE) of the reductionin
ENSO variability (Methods). Our results reveal that weakened ENSO
variability would start to emerge above the background noise around
the 2120s, with amedian TOE of 2124 (interquartile range, 2059-2189).
However, the TOE exhibits sizeable inter-model differences. Eight
models project reduced ENSO variability in the twenty-first century,
and five of them show weakened ENSO variability emerging above the
background noise before 2100. This inter-model difference may be
closely linked to model generation. Specifically, the TOE from CMIP5
models (median, 2068) generally precedes that from CMIP6 mod-
els (median, 2168) (Fig. 1b,c). This much earlier (later) TOE in CMIP5
(CMIP6) would lead to more (fewer) models exhibiting reduced ENSO
variabilities in the twenty-first century. This systematic TOE difference
seems to be related to the recent finding that more models project

increased ENSO variability in the twenty-first century in CMIP6 than
in the CMIP5 ensemble’’. More research is needed to elucidate the
underlying physical processes.

Mean state changes

The response of ENSO variability to global warming is closely linked
to changes inthe meanstate*'®”. Inthe current climate, the prevailing
easterly winds in the equatorial Pacific Ocean shoal the thermocline
and upwell cold water, forming the familiar equatorial ‘cold tongue’
in SST. Consequently, deep convection in the eastern tropical Pacific
is strongly suppressed, accompanied by strong trade winds (Fig. 2a)
and intense upwelling.

All the 16 climate models project an El Nifio-like warming pat-
tern during 2241-2290 (Fig. 2e and Extended Data Fig. 1c), similar to
that in the twenty-first century'®'? but with much larger amplitudes.
Atmospheric convective instability in the eastern Pacific is measured
by the local SST deviation from the tropical mean over 20° S-20° N
(ref. 6), which s taken as the convective threshold”. The MME relative
SST in the eastern Pacific remains negative through the twenty-first
century (Fig. 3a), indicating suppressed deep convection. However,
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Fig. 3| Eastern equatorial Pacific mean state changes. a, The 50-year running
mean relative SST (°C; defined as the deviation from the tropical mean over
20°S-20° N) averaged over the eastern Pacific (EP) region (170° W-90° W,
5°S-5°N) from the historical (black), SSP585/RCP8.5 (red) and SSP126/RCP2.6
(blue) simulations. b, Relationship between EP relative SST (°C) and the Nifio
3.4 s.d. change during 1850-2300 from historical and SSP585/RCP8.5 runs;

the triangle represents the relative SST in 2100. The dashed blue (black) line
indicates the EP relative SST in the twenty-third century under the SSP126/
RCP2.6 (SSP245/RCP4.5) scenario. ¢,d, Same as a but for EP rainfall changes and
zonal SST gradient, respectively. Here zonal SST gradient change is defined as
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the SST change difference (°C) between the eastern (120° W-170° W, 5° S-5° N)
and western (150° E-170° W, 5° S-5° N) boxes, with positive values indicating an
EINifo-like warming pattern. e-h, The evolution of Taux (102N m™) (e), mean
upwelling (10" ms™, derived from models with direct vertical velocity outputs;
Methods) (f) and ocean temperature (coloured shading) with the 14 °Cisotherm
(blackline) under SSP585/RCP8.5 (g) and SSP126/RCP2.6 (h) in the eastern
equatorial Pacific (EEP; 170° W-90° W, 2° S-2° N). The coloured shading indicates
the spread of one s.d. among inter-members. The x axis indicates the ending year
of each 50-year time window.

the El Nino-like warming pattern causes the relative SST to increase  upwelling (Fig.2d) and further warmup the upper oceaninthe eastern
and ultimately turn positive around the mid-twenty-second century.  Pacific (Fig.3g), forming a positive feedback. Consequently, thereisa
In the eastern Pacific, when SST exceeds the convective threshold, notable reduction in the trade winds and mean equatorial upwelling
deep convection develops (Figs.2b and 3c). This causes gradualintru-  during 2241-2290 (Fig. 3f). The strongly relaxed trade winds cause
sion of rainfall and westerly wind anomalies into the eastern Pacific  the background upwelling to weaken by a factor of four in the cen-
(Fig.2b,d). The westerly wind changes effectively reduce the equatorial  tral equatorial Pacific (Fig. 2d), a change large enough to be called a
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Fig.4 | ENSO-related air-sea feedback changes. a-c, The MME (n = 10)
ENSO-related air-sea feedbacks (yr™) (bars; see Methods) in the eastern Pacific
(5°S-5°N, 90° W-170° W) for the present day (1941-1990) (a), the future
(2241-2290) (b) and their difference (c). TH, EK, ZAF, TD and DD represent

the thermocline feedback, Ekman feedback, zonal advective feedback,
thermodynamic damping and dynamic damping, respectively.d, The
contribution of mean upwelling (W), the subsurface temperature response to
SLA (Kelvin waves) (a;,) in the eastern Pacific Ocean, the zonal SLA slope response

to anomalous equatorial wind forcing (8;,) and the equatorial wind response to
eastern SSTA forcing (u,) in reducing the thermocline feedback. e, The relative
importance of each heat flux component in modulating the TD feedback, which is
represented by the regression coefficient of the heat flux (W m™) with respect

to Nifio 3.4 SST (°C) anomalies. f, The contributions of vertical stratification
(dT/dz), upwelling response to anomalous equatorial wind forcing (8,,), and g, in
enhancing the EK feedback. The dots indicate the results from the ten individual
models with positive Nifio 3 skewness (Methods).

collapse. Notably, even under sustained warming, the trade winds and
upwelling do not vanish entirely (Fig. 3f) due to the meridional advec-
tion of easterly momentum to the Equator during much of the year by
the climatological cross-equatorial winds (Extended Data Fig. 1d)*.
These mean state changes lead to drastic shifts in the eastern tropical
Pacific fromadynamic perspective: the cold tongue with its suppressed
convection transitions to a basin-wide warmand convective state with
distinctair-seainteractions. The strong ocean warming and collapsed
upwelling at the Equator weaken ENSO variability as shown below.

Physical mechanisms

To investigate physical processes underlying the robust reductionin
ENSO variability, we quantified the relative importance of each dynamic
and thermodynamic feedback for the change between the present day
(1941-1990) and the future (2241-2290). Here we mainly focused on ten
models that produce positive Nifio 3 skewness as observed (Methods
and Supplementary Table 1). The thermocline feedback dominates
the present-day ENSO (Fig. 4a), consistent with observations**. The
reduced ENSO variability during 2241-2290 is primarily due to the
reduced thermocline feedback and enhanced TD (Fig. 4c) with high
inter-model consistency (Extended Data Fig. 5).

Thermocline feedback refers to the effect of thermocline displace-
ments on SST variability in the presence of background upwelling.
Various definitions of the thermocline canlead to different, sometimes
mutually contradicting, conclusions regarding changes inthermocline
depth'*** and ENSO feedbacks inawarming climate. We sidestepped
thisissue and used sealevel anomaly (SLA) instead to evaluate the ther-
mocline feedback across different time periods in model projections.
TheSLAisequivalentto vertically integrated subsurface temperature

disturbances due mostly to thermocline displacements, and its zonal
gradient is nearly in balance with the zonal wind on the interannual
timescales. The weakened thermocline feedback is dominated by the
mean upwelling term (W) and the subsurface temperature response
term (a,) (Fig.4d).Regarding the former, the strong EI Nifio-like warm-
ing pattern during 2241-2290 leads to substantially weakened equa-
torial upwelling, which limits the vertical advection of subsurface
temperature anomalies into the surface layer and thus reduces the
SST response to thermocline displacements. Indeed, models with a
larger reductioninthe mean trade winds feature a stronger reduction
in ENSO variability (Fig. 2f), with an inter-model correlation of -0.61,
statistically significant above the 95% confidence level. This supports
theideathatthereduced ENSO variability during 2241-2290 is closely
linked to the weakened mean equatorial upwelling.

Equally important for the thermocline feedback change is the
robust decrease in the eastern Pacific subsurface temperature sen-
sitivity to a given SLA (or a;) in a warming climate (Figs. 4c and 5) as
the thermal expansion coefficient (a) of water increases with tem-
perature®, from2.1x10™*at presentto2.7 x 10 °C™"in 2300 (Extended
DataFig. 6b). Modelswith alarger aincrease tend to generate agreater
reduction in ENSO variability, and vice versa, and this relationship is
statistically significant above the 95% confidence level (Extended Data
Fig. 6a). Specifically, the zonal momentum balance dictates that the
SLAtiltresponse to wind stress anomalies (,,) changeslittle (Fig. 4d),
but with a larger thermal expansion coefficient in a warming ocean,
the same SLA (or steric height) corresponds to a smaller subsurface
temperature anomaly (Extended Data Fig. 6d), leadingtoareductionin
ayinthe twenty-third century (Fig. 4d). Indeed, subsurface temperature
responses to a given SLA of an El Nifio during 2241-2290 are notably
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Fig. 5| Changes in subsurface temperature anomalies due to the increased
thermal expansion coefficient. a-c, Regression of ocean temperature (°C)
anomalies onto EP (90° W-170° W, 5° S-5° N) SLA variability (mm) for the present
day (1941-1990) (a), the future (2241-2290) (b) and their difference (c). The
contour lines in c denote the present-day regression coefficient (at 0.1°C mm™

intervals; positive in black and negative in grey). All these results are derived from
the ten models exhibiting positive Nifio 3 skewness (Methods). The stippling
denotes differences that are significant at the 95% confidence level from the
bootstrap test.

smaller than at present (Fig. 5 and Extended Data Fig. 6¢). Together, the
collapsed mean upwelling and the increased thermal expansion coef-
ficient weaken the thermocline feedback ina warmer climate, leading
to asubstantial decrease in ENSO SST variability.

The enhanced TD is another important mechanism for inhibit-
ing ENSO variability (Fig. 4¢)'°. SST variability in the eastern Pacific is
associated with more heat loss to the atmosphere during 2241-2290
than during 1941-1990, primarily due to stronger damping effects
of shortwave radiation and latent heat flux (Fig. 4e and Extended
Data Fig. 7). These heat flux changes are due to the background El
Nifo-like warming pattern under sustained global warming: the faster
central-eastern Pacific warming pushes the background SST above
the convective threshold. Consequently, relatively small central and
eastern Pacific SST anomalies during 2241-2290 lead to large deep con-
vection and rainfall anomalies®?. For EINifio events during 2241-2290,
the increased convective response to central and eastern Pacific SST
warming strongly reduces downward shortwave radiation and cools
SST there (Extended Data Fig. 7c,d). Moreover, saturation vapour pres-
sure increases with temperature (the Clausius-Clapeyron equation),
andso doesthe evaporative damping for ENSO (Extended DataFig. 7b).

In the present-day climate, the thermocline feedback in models
with negative Nifio 3 skewness is only ~-30% of that in models with
positive skewness (Extended Data Fig. 8d) and observations™. Conse-
quently, the change in thermocline feedback is also smaller in these
models with negative skewness, where the reduced ENSO amplitude
primarily results from the enhanced TD (Extended Data Fig. 8f).
This highlights the need for realistic simulation of nonlinear ENSO
processes.

Threshold behaviour for rapid reductionin ENSO
variability

Both the weakened thermocline feedback and enhanced TD are intri-
cately connected to the transition of the eastern Pacific from a cold,
non-convective state to a warm, convective state. Consequently, in
relative SST space, ENSO variance drops precipitously when the east-
ern Pacific enters a convective state (Fig. 3b). ENSO dynamics also
undergo drastic changes, from a thermocline-feedback-dominant
regime at present to an Ekman-feedback-dominant regime during 2241~
2290 (Fig. 4a,b). We therefore suggest that the convective threshold,

as represented by relative SST and precipitation in the cold tongue
region, is a potential key point at which ENSO and equatorial Pacific
climate undergo dramatic shifts. The following comparison with more
moderate warming scenarios corroborates such convective threshold
behaviour.

Thefirstexampleis diverse projected changes in the twenty-first
century: CMIP3 and CMIP5 models disagree on the sign of projected
ENSO change®, but recent studies suggest aninter-model consensus
onincreased ENSO SST variability among CMIP6 models”’. Beyond the
twenty-first century, both the CMIP5 and CMIP6 ensembles consist-
ently project a substantial reduction in ENSO SST amplitude under
SSP585/RCP8.5. While anthropogenic warming in the twenty-first cen-
tury results in weakening of mean equatorial upwelling and warming
of the eastern Pacific upper ocean, the magnitudes of these changes
arerelatively small (Fig. 3f,g). The resulting ENSO variability reduction
might counteract other ENSO-amplifying effects such asincreased air-
seacoupling’, orit could be too subtle to distinguish from the sizeable
ensemble spread originating frominter-model differences or internal
variability. This leads to diverse ENSO responses among different mod-
elsinthe twenty-first centuryinacombined CMIP5-CMIP6 ensemble
(Extended DataFig.1b). However, beyond the twenty-first century, the
eastern Pacific mean SST continues torise and exceeds the convective
threshold (Fig. 3a). The resultant reduced thermocline feedback and
enhanced TD dominate over other processes, ultimately leading to a
robust decrease in ENSO amplitude in the twenty-third century.

Another example is the distinct ENSO responses under moder-
ate warming scenarios. We compared extension runs under SSP126/
RCP2.6 and SSP245/RCP4.5 (see the details in Methods). Thereis alack
of inter-model consensus on changes in ENSO SST variability by 2300
under either the SSP126/RCP2.6 (Extended Data Figs. 4b and 9a) or
SSP245/RCP4.5 (Extended Data Fig. 10a) scenario. These results indi-
cate that the ENSO variance change beyond the twenty-first century
is scenario-dependent: the robust reduction in ENSO amplitude is
apparent only in high-CO,-emission scenarios. The MME-mean rela-
tive SST in the eastern Pacific under low-emission scenarios remains
negative through the twenty-third century (Fig. 3aand Extended Data
Fig. 10c), indicating continued suppression of convective activity
in the eastern Pacific. This implies that the limited warming under
SSP126/RCP2.6 or SSP245/RCP4.5 is generally insufficient to trigger
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Sustained global warming
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warming pattern
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Reduced ENSO variability

Fig. 6| Reduced ENSO variability under sustained global warming. Blue (red)
represents the physical processes that inhibit (amplify) ENSO variability. The
size of the circles indicates the strength of their influence on ENSO variability.
Sustained greenhouse warming induces EI Nifio-like warming and pushes eastern
Pacific SST beyond the convective threshold. On the one hand, this induces the
collapse of equatorial mean upwelling and strong upper ocean warming with
anincreased thermal expansion coefficient. These mean state changes largely
reduce the thermocline feedback during 2241-2290. On the other hand, the
convective eastern Pacific mean state strongly enhances TD. During 2241-2300,
relatively small SST warming perturbations of ENSO could induce large rainfall
responses, which reduces downward shortwave radiation (deep convective cloud
feedback) and cools SST there. Evaporative damping also enhances due to strong
background SST warming. Taken together, the reduced thermocline feedback
and enhanced TD work together and efficiently reduce ENSO variability. Despite
the enhanced EK feedback due to increased vertical stratification amplifying
ENSO variation, its contribution s relatively small. We consequently find a net
decrease in ENSO variability under sustained warming.

the convective threshold behaviour, preventing a dramatic shiftin the
eastern Pacific mean state. The deep convectionin the eastern Pacific
isstill suppressed during 2241-2290 (Extended Data Figs. 9band 10b),
together with persistent easterly trade winds (Fig. 3e and Extended
DataFig.10d). These moderate mean-state perturbations lead to small
changesinequatorial mean upwelling (Fig. 3f) and upper ocean temper-
ature (Fig.3h), with relatively smallimpacts on the ocean-atmosphere
coupling processes (Extended Data Fig. 9d). Consequently, the result-
ant ENSO changes fail to surpass other factors, such as inter-model
differences or internal variability. This leads to divergent projections
of ENSO amplitude changes under low-emission scenarios.

Discussion

Diverse changes in ENSO amplitude were projected among CMIP3 and
CMIP5 models®®, although a tendency for increased ENSO variability
in the twenty-first century emerged in CMIP6 models’’. We show a
robust decrease in ENSO SST variation under sustained substantial
global warming in the twenty-third century'®'%. The ocean-atmos-
pheric processes that contribute to this ENSO variance reduction
are summarized in Fig. 6. As the eastern Pacific Ocean surpasses the
convective threshold under sustained global warming, it transitions
from low SSTs with suppressed convection in the present climate to
abasin-wide warm and convective state, accompanied by collapsed
equatorial upwelling. This change, together with the increased thermal
expansion coefficient, efficiently weakens the thermocline feedback.
Furthermore, a convective eastern Pacific strongly enhances TD: rela-
tively small SST anomaliesin the eastern Pacific during EINifio events
inthe twenty-third century lead to large convective rainfallanomalies,
causingastrongreductionin downward shortwave radiation and cool-
ing SST. Thus, both the dynamic and thermodynamic adjustments,

which are closely linked to mean state shifts to a convective eastern
Pacific, act toreduce ENSO amplitude under sustained warming. These
results highlight dramatic shifts in ENSO variability and equatorial
Pacific climate upon exceeding the convective threshold. Only substan-
tial warming under high-emission scenarios beyond the twenty-first
century can raise eastern Pacific SST above the convective threshold.
This explains why the projected decrease in ENSO variability does not
emergeinthe twenty-first century or under low-emission scenarios (for
example, SSP126 or SSP245). These results could provide insights for
amore comprehensive understanding of ENSO dynamics and more
reliable projections of ENSO change in a warming climate.
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Methods

CMIP5 and CMIP6 models

We analysed 16 climate models with extended simulations to 2299 or
2300 from CMIP5 and CMIP6 depending on data availability: historical
runs for the period 1850-2005 (1850-2014) and RCP8.5 (SSP585) scenario
runs for the period 2006-2300 (2015-2300) from eight CMIP5 and eight
CMIP6 models. For the extension of RCP8.5/SSP585, anthropogenicradia-
tiveforcing continuestoincrease beyond the year 2100, reachingalevel
slightly above 12 W mby 2250, after which it stabilizes and maintains a
consistent value'?*, This facilitates the multi-model analyses of ENSO
changes under long-term anthropogenic warming. We subtracted a
ten-year running mean to remove decadal and longer variability in each
variabletoinvestigate ENSO variability. We choose 50 years in the twen-
tieth (1941-1990) and twenty-third (2241-2290) centuries to represent
present-day and future climates, respectively. The ENSO variationis repre-
sented by themonthly s.d. of the Nifio 3.4 index during these two periods.
Toreveal the time variation of ENSO amplitude, we computed the running
50-years.d. of the Nifio 3.4 index for eachmodel. We also analysed 14 (9)
climatemodel outputs under SSP126/RCP2.6 (SSP245/RCP4.5) depending
ondataavailability to assess the long-term ENSO response under differ-
ent emission scenarios. Under the RCP2.6/SSP126 extension scenario,
radiative forcing reaches 2.6 W m~2in 2100 and then slowly declines,
stabilizingataround 2.0 W m2beyond 2200. For RCP4.5, radiative forc-
ingis held constant at 2100 levels of around 4.5 W m2beyond 2100"%,
For eachmodel, only one member-run (rlilplorrlilp2)isanalysedin this
study. Wealso analysed the outputs from ACCESS-ESM1-5large ensembles
with extended simulations to 2300 and compared them with the above
climate outputs. Each of the ten members is integrated forward under
the historical (1850-2014) and future emission scenarios (SSP585 and
SSP126 for 2015-2300) with different initial conditions.

Ocean-atmosphere feedbacks

ENSO variations in the eastern equatorial Pacific are controlled by a
series of positive and negative ocean-atmosphere feedbacks. On the
basis of aheat budget analysis, the growth rate of ENSO SST anomalies
canbe castas”

Rg = Hafn <7H(W)Wah> + UaBu <%?> + HaBu <i?>

Hp ox

—TD—(£> + 20 @)

2
L 3

@

Here we are mainly focused on the changes ineach ocean-atmosphere
feedback termunder long-term global warming. The terms on the right
side of equation (1) represent thermocline feedback, Ekman feedback,
zonal advective feedback, TD and dynamic damping, respectively. Tand
H,, represent mixed-layer temperature and depth, where H,,is 50 min
thisstudy. uandvindicate the mixed-layer zonal and meridional veloci-
ties, respectively. Wis the vertical velocity around the base of the mixed
layer (60 m). Thesymbol(.) denotes the volume average in the eastern
Pacific region (90° W-170° W, 5° S-5° N), and the overbar represents the
monthly climatological meanvalue. i, is the equatorial (130° E-90° W,
5°S-5°N) wind response to eastern Pacific SSTA forcing. 8,, B, and S,
representthe responses of central equatorial (160° E-150° W, 5° S-5° N)
zonal currents, eastern Pacific upwelling and zonal SLA slope to anoma-
lous equatorial wind forcing, respectively. a, describes the subsurface
(80 m) temperature response to SLA (Kelvin waves) in the eastern Pacific
Ocean. Alltheseresponses are estimated fromlinear regression between
different variables. The function H(x), also known as the Heaviside step
function, is used to account for only the vertical advection upstream.
L,and L, are the zonal and meridional extent of the eastern equatorial
box, and yis the distance from the Equator.

Prior to the diagnostic analysis, we first calculated the Nifio 3
SST skewness to assess the model’s capability to simulate realistic
ENSO nonlinearity and feedbacks®*°*". It should be noted that we used

monthly rather than seasonal-mean November-January anomalies at
the peak of ENSO for the skewness calculation, resulting in relatively
small skewness values in our study. Four of the 16 models simulate
negative Nifio 3 skewness, contrasting with observations. For instance,
ACCESS-ESM1-5 and its large ensemble experiments display strong
negative Nifio 3 skewness, suggesting the limited capabilities of this
modelinsimulating ENSO nonlinearity and feedbacks. The remaining
models successfully simulate positive Nifio 3 skewness, aligning with
observations. Six models provide direct outputs of vertical velocity
(Supplementary Table1). For the other models, we indirectly calculated
the vertical velocity using upward ocean mass transport. However, due
to the absence of both vertical velocity and vertical mass transport
output, the GISS-E2-H model was excluded from the diagnostic analy-
sis. We therefore diagnosed ENSO feedbacks from ten (four) models
(Supplementary Table 1) with positive (negative) skewness in this study.

Impacts of the thermal expansion coefficient
The thermal expansion coefficient is defined as™

19
a0ls,

2

where pisthe density, Ois the potential temperature, Sis the salinity and
pisthe pressure. Here we calculated the thermal expansion coefficient
() using the Gibbs Sea Water Oceanographic Toolbox on the basis of
the International Thermodynamic Equation of Seawater—2010 (ref.32).

The subsurface temperature anomaly response to a given SLA (or
steric height) anomaly could be influenced by the thermal expansion
coefficient changes. To evaluate the impacts of the thermal expansion
coefficient changes, we initially computed steric height anomalies
using ocean temperature and salinity data during 1850-1860. Subse-
quently, we maintained the salinity and interannual ocean temperature
anomalies at their 1850-1860 values, introducing only the background
ocean temperature withaten-year sliding average from 1850 t0 2300.
We then calculated the steric height and the resultant regression coef-
ficient between subsurface temperature (upper 500 m) and steric
height over a ten-year moving window (Extended Data Fig. 6d). This
approach ensures that any changes in the regression coefficient are
the results of the background ocean temperature and thus thermal
expansion coefficient changes.

TOE of reduced ENSO SST variability

We employed a signal-to-noise ratio method to quantify the TOE of
ENSO SST variability changes®. First, we calculated the monthly SST
anomalies by subtracting the climatological monthly value for each
model. We then filtered out low-frequency signals longer than ten
years and calculated the ENSO amplitude change over a 50-year mov-
ing window, with a one-year shift forward starting from 1850 to 2300.
This results in an evolution of 50-year running variability from 1900 to
2300, with the ending year of each 50-year time window being recorded.
The unforced internal variability in ENSO SST variation, defined as the
s.d. of the 50-year ENSO amplitude change based on the last 500 years
of the piControl run, is considered the background noise. We then
calculated future changes in ENSO SST variability by subtracting the
present-day (1941-1990) ENSO variation, which we refer to as the signal.
We defined the TOE of reduced ENSO SST variability as the year when the
signal-to-noise ratio of the Nifio 3.4 index fallsbelow a threshold (-1.0)
andremains below the threshold (signal-to-noise ratio < -1) thereafter.
The TOEisrecorded asthe last year of the sliding window of emergence.
It should be noted that the TOE of the HadGEM2-ES and MRI-ESM2-0
models exceeds 2300 and thus cannot be evaluated with the avail-
able data. For simplicity and to minimize its impact on the results, we
assigned a TOE value of 2300 to these two models when calculating the
median value of TOE. Importantly, this assignment does notimpact the
finalmedianandinterquartile range of the TOE presented in this study.
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Bootstrap test

We tested the significance of our results with the bootstrap test**. To
examine whether the multi-model mean decrease in ENSO variationis
statistically significant, we averaged 16 randomly resampled models
fromall16 climate models used in this study, allowing for the possibility
of selecting the same model multiple times. This process was repeated
10,000 times to calculate mean and s.d. values for both the twentieth
and twenty-first centuries. If the difference in mean values between
the two periods is greater than the sum of the s.d. values, the change
is considered statistically significant at the 95% confidence level*.

Data availability

All data supporting the findings of this study are openly available.
The CMIP6 data can be found at https://esgf-data.dkrz.de/search/
cmip6-dkrz/. The CMIP5 data can be found at https://esgf-node.lInl.
gov/search/cmip5/.

Code availability
The code is publicly available via Zenodo at https://doi.org/10.5281/
zenodo.11416550 (ref. 35).
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Extended DataFig. 1| The projected ENSO variability and mean state
changes. (a) Histograms of 10,000 realizations of the Bootstrap method for Nifio
3.4 SST standard deviation (s.d.) (°C) in the 20" century (1941-1990, blue) and

23" century (22412290, red). The blue and red lines indicate the mean values of
the 10,000 realizations for each period. The grey shaded areas correspond to the
respective ones.d. of the 10,000 realizations (see Method). (b) The difference in
s.d. (°C) of Nifio 3.4 SST anomalies between the 21*-century SSP585/RCP8.5
scenario period (2041-2090) and the historical reference period (1941-1990).
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(c) The difference in equatorial Pacific zonal SST gradient between the 23
(2241-2290) and 20" (1941-1990) centuries under the SSP585/RCP8.5 scenario.
Here, zonal SST gradient change is defined as the SST change difference between
the eastern (120°W-170°W, 5°S-5°N) and western (150°E-170°W, 5°S-5°N) boxes,
with positive values indicating an EI Nifio-like warming pattern. (d) Latitude-time
Hovmoller diagrams of the eastern Pacific (90°W-170°W) zonal mean monthly
climatological wind (vectors; m/s) and the —ug—'y‘term (color shading; m/s?)
during 2241-2290.
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from the 15 climate models used in this study.
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Extended Data Fig. 3| The simulated seasonal cycle of ENSO amplitude. a-o0, The simulated seasonal cycle of the Nifio 3.4 SSTA s.d. from the 15 models with reduced
ENSO variability during the historical period (1941-1990) (blue line) and the 23"-century (2241-2290) (red line) under the SSP585/RCP8.5 scenario.
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Extended Data Fig. 4 | Time variation of simulated ENSO amplitude from ACCESS-ESM1-5 large ensembles. The running 50-year ENSO amplitude change (°C)

from ACCESS-ESM1-5 large ensembles during the historical period and under the (a) SSP585 and (b) SSP126 emission scenarios. The ACCESS-ESM1-5 ensemble mean is
shownasthe thickred curve.
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Extended Data Fig. 5| ENSO-related air-sea feedback changes for each model. Ekman feedback, zonal advective feedback, and thermodynamic damping,

a-j, The strength of ENSO-related air-sea feedback changes (yr) (see Methods) respectively. The CNRM-CMS5, CCSM4, and GISS-E2-R belong to CMIP5, while the

in the eastern Pacific (5°S-5°N, 90°W-170°W) from each of the ten models with a rest are from CMIP6.
positive Nifio 3 skewness. TH, EK, ZAF, and TD represent thermocline feedback,
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Extended Data Fig. 6 | Impacts of thermal expansion coefficient changes.
(a) Scatter plots of eastern Pacific (5°S-5°N, 90°W-170°W) averaged thermal
expansion coefficient changes (Aa, 10*°C?) and Nifio 3.4 SST s.d. changes

from SSP585/RCP8.5 extended simulations. The running 10-year upper 500 m
averaged (b) a (10*°C") from the historical and SSP585/RCP8.5 outputs.

(c) Regression of upper 500 m ocean temperature (°C) against steric height
(SH, mm) anomalies averaged in the eastern Pacific Ocean from CMIP6 models.
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(d) Theimpacts of A on the regression of upper 500 m ocean temperature
against SH anomalies (see Methods). The MME is shown as the thick red curve
and the color shadings indicate one inter-member standard deviation (n =10)
above and below the MME. The regression coefficient is calculated over a10-year
moving window, with a one-year shift forward starting from 1850 to 2300. The
resultsin (b)-(d) are derived from the ten models exhibiting positive Nifio 3

skewness (see Methods).
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Extended DataFig. 7| Thermodynamic response changes to Nifio 3.4 SST
variability. Projected changes in (a) Qnet (W/m?), (b) latent heat flux (W/m?),
(c) shortwave radiation (W/m?), and (d) rainfall (mm/day) response to Nifio
3.4 SST anomalies under SSP585 during 2241-2290 relative to the present-day
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(1941-1990). These responses are estimated using linear regression between
variables and Nifio 3.4 SST anomalies from the ten climate models with positive
Nifio 3 skewness. The stippled areas denote signals that are significant at the 95%
confidence level from the bootstrap test.
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Extended Data Fig. 8 | ENSO-related air-seafeedback changes among models their difference (right panels) across models with positive (upper panels; n =10)
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Extended Data Fig. 9| ENSO variation changes under SSP126/RCP2.6. equatorial mean upwelling at 60 m (w; 10°m/s, color shading; derived from
(a) The MME (thick red curve) running 50-year ENSO variation change (°C) from models with direct vertical velocity outputs), and the zonal wind stress (contours
the historical and SSP126/RCP2.6 outputs; the color shadings indicate one inter- with aninterval of 0.01 N/m?; positive in black and negative in gray). (d) The MME
member standard deviation above and below the MME (n = 14; Supplementary ENSO-related air-sea feedbacks (yr?) during 2241-2290 under SSP126/RCP2.6
Table1). (b) Future (2241-2290) mean state relative SST (°C, color shading), (red bars) from seven climate models (Supplementary Table 1), along with the
rainfall (contours with an interval of 3 mm/day; positive in green), and wind differences between these air-sea feedbacks and their present-day counterparts
stress (N/m?, vectors) under SSP126/RCP2.6. (c) The Hovméller diagram of the (blue bars); The dots indicate individual model results.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-024-02061-8

a.
O
o
o
C
©
N
(9]
]
wn
<
-
2 _0.21
C
= —_— MME
1900 2000 2100 2200 23
c. Relative SST EP
047 — ssp245
L 0.0 T-—---— oo R e e e e £
- E
n o
2 0.4 2
B X
< i
~0.81
1900 2000 2100 2200 2300

Extended DataFig.10 | ENSO amplitude changes under SSP245/RCP4.5.

(a) The running 50-year ENSO variation change (°C) from the historical and
SSP245/RCP4.5 outputs. (b) Future (2241-2290) annual mean relative SST (°C,
color shading), rainfall (contours with aninterval of 3 mm/day; positive in green),
and wind stress (N/m?, vectors) under SSP245/RCP4.5. The running 50-year EP
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(c) relative SST (°C) and (d) zonal wind stress (10% N/m?) from the historical and
SSP245/RCP4.5 outputs. The MME is shown as the thick curve, and the color
shadingsindicate one inter-member standard deviation above and below the
MME (n =7; Supplementary Table1).
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