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Abstract

Sections

EINifo/Southern Oscillation (ENSO) sea surface temperature

(SST) variability increased after 1960, influenced by more frequent
strong EINino and La Nina events. Whether such changes are linked

to anthropogenic warming, however, is largely unknown. In this
Perspective, we consider anthropogenic impacts on ENSO variability in
several commonly used modelling designs, which collectively suggest
agreenhouse warming-related effect on post-1960 ENSO SST variability.
Specifically, acomparison of simulated ENSO SST variability between
1901-1960 and 1961-2020 indicates that more than three quarters of
climate models produce an amplitude increase in post-1960 ENSO SST
variability, translating into more frequent strong EI Nifio and La Nifia
events. Multiple large ensemble experiments further confirm that the
simulated post-1960 ENSO amplitude increase (approximately 10%)
isnotsolely due to internal variability. Moreover, multicentury-long
simulations under a constant pre-industrial CO, level suggest that

the observed post-1960 ENSO variability is high, sitting in the highest
2.5and 10 percentiles for eastern Pacific and central Pacific ENSO,
respectively. Improvementin model ENSO physics, identification

of consistent future and historical change in additional ENSO
characteristics and single-forcing large-ensemble experiments are
further needed to ascertain climate change impacts on the ENSO.
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Perspective

Introduction

The EINiflo/Southern Oscillation (ENSO) is characterized by two dis-
tinctive regimes': eastern Pacific ENSO (EP-ENSO), wherein sea surface
temperature (SST) anomalies are centred in the equatorial eastern
Pacific, with notably strong EI Nifio (warm) eventsin comparisontoLa
Nina (cold) events; and central Pacific ENSO (CP-ENSO), wherein SST
anomalies are centred inthe central equatorial Pacific, with stronger La
Nifia eventsin comparisonto EINifio. These changesin SST drive anoma-
lous atmospheric convection, leading to large-scale reorganization of
the Walker Circulation and shifts in the intertropical convergence zone®.

As aresult, ENSO describes the most consequential year-to-year
fluctuation of the climate system’™". It drives considerable impacts that
include El Nifio-related droughts in western Pacific regions, floods in
eastern Pacific regions”'*" and severe food shortage and cyclones to
Pacificlsland countries®*; La Nifa generally has the opposite impacts.
Beyond the tropical Pacific, ENSO affects Southern Ocean winds,
upwelling and Antarctic shelf ocean and atmosphere circulation¢,
modifying Antarctic seaice and affecting ice sheet melt"”.

Observations, aggregated across multiple reanalysis products,
suggest that ENSO variability might have changed over the course of the
twentieth and twenty-first centuries'®°. In particular, when comparing
1901-1960 and1961-2020, the E-index and C-index (representing indi-
ces for EP-ENSO and CP-ENSO, respectively) exhibit 31.8% (from 0.88
to1.16) and17.9% (from 0.95 to 1.12) increases in variance, respectively
(Fig.1a,b). Theincreasein E-index variability is associated with greater
frequency of strong EP-EINifio events (from two events to four events)
(Fig. 1c,d). By contrast, the increase in C-index variability reflects the
greater frequency of strong La Nifia years (from one to nine events), with
only acomparatively smallincreasein the frequency of CPEINifio events
(from11to 14 events) (Fig.1d). Theincrease in ENSO variability is largely
consistent across reanalysis datasets (Fig. 1e,f). Palaeo-based analyses
further suggest anincrease in CP-ENSO and EP-ENSO variability relative
tothepre-industrial era, including a-25% intensification of over-arching
ENSO variability during the late-twentieth century relative to the pre-
industrial period or distant past* >, Thus, reanalysis and palaeo-based
analyses suggest that anthropogenic greenhouse gas forcing might
have already contributed to anincrease in ENSO variability.

The potential influence of anthropogenic warming on observed
ENSOisalsoincreasingly corroborated by projections of future ENSO
SST variability under rising greenhouse gas emissions. Although there
was nointermodel consensus using aconventional SST index at a fixed
location®®™*, in part owing to a strong masking by internal variability,
particularly early in the twenty-first century®*, internal variability was
suggested to conspire with greenhouse warming to intensify extreme
eastern and central Pacific El Niflo since 1980 (ref. 35). Yet, the level
of intermodel consensus increases with model realism in simulating
distinctive CP-ENSO and EP-ENSO; furthermore, amajority of models
participatingin the sixth phase of the Coupled Model Intercomparison
Project® (CMIP6) (Supplementary information) simulate an ENSO SST
variability increase over the twenty-first century’** -, reinforcing the
potential role of climate change in the observed ENSO change.

However, determining the impact of anthropogenic warming on
the observed ENSO SST variability ishampered by uncertainty arising
from decadal to multidecadal fluctuations of ENSO, by low-quality data
before the 1950s owing to sparse observations and sampling errors*°
and by large uncertainties in palaeo-reconstructions®. Indeed, even
if the observations are perfect in quality, the data are too short for an
assessment of the possibleinternal variability range. Yet, determining
the anthropogenic contributions to changing ENSO variability is vital

toattribute causes of extreme events that are becoming more frequent
and severe*?, to understand ENSO projection and to gauge urgency of
mitigation actions.

In this Perspective, we assess the possible impact of greenhouse
warming onobserved ENSO SST variability under three commonly used
approaches with outputs from CMIP6 models. First, a ‘one experiment
each model” approach, referred to as ‘model democracy’, wherein
only one experiment from each participating model is included in
a multimodel ensemble assessment to quantify the change and its
multimodel consensus. Second, single-model large ensemble experi-
ments (in which uncertainty is due to internal variability rather than
different model structures) are used to determine interexperiment
agreement and quantify changes after internal variability is removed.
Third, multicentury-long experiments under constant pre-industrial
CO, forcing (piControl) are used to examine how unusual post-1960
ENSO variability is. The mechanisms underpinning anincrease in post-
1960 ENSO variability are subsequently discussed, before ending with
an emerging picture on contemporary and future ENSO changes and
recommendations for future research.

Consensus in model democracy approach
Assumingthateachmodelisindependent and equally valid, the model
democracy approach uses only one experiment from each model
(Supplementary information), avoiding dominance by models with
many experiments*’; each modelis represented equally in the assess-
ment of intermodel consensus and the ensemble mean change. Here,
43 CMIP6 models® are used, each forced with observed historical
emissions of greenhouse gases to 2014 and the Shared Socioeconomic
Pathways 585 (SSP585) to 2020. The full 120 years of 1901-2020 are
divided into the two longest possible equal-length 60-year subperiods,
maximizing the climate change signal but minimizing the influence
of internal variability*>.

Previous research has heavily utilized this approach to examine
ENSO change. Indeed, the model democracy method demonstrates
intermodel consensus on increased ENSO variability from the twen-
tieth to the twenty-first century in key characteristics of ENSO. These
include an increased frequency of eastward propagating El Nifio
events**; increased ENSO-related extreme rainfall variability, even if
ENSO SST variability does not change'>'**%*>"*; increased SST vari-
ability in the equatorial central Pacific (Nifno4 region), translating toan
increased frequency of extreme LaNifia***’ and enhanced EP-ENSO SST
variability at anomaly centres unique to individual models*® in models
withmorerealistic ENSO diversity and nonlinearity. Theincreased vari-
ability of EP-ENSO and CP-ENSOQ is associated with more occurrences
of extreme EP EINifio and extreme La Nifa events, and in swings from
an extreme EP EINifio in a year to an extreme La Nifia the next year™.
Compared with CMIP5 (ref. 51), CMIP6 models have generally improved
insimulating extreme ENSO events and their linkage, and the projected
increase in ENSO SST variability is simulated in a greater majority of
models**%, Nifo3.4, for example, which represents CP-ENSO and
EP-ENSO combined, exhibits increased ENSO variability in the majority
of CMIP6 models™.

This model democracy approach also demonstrates strong
intermodel consensus on strengthened post-1960 ENSO variabil-
ity, encompassing more frequent strong El Nifio and strong La Nifa
events. Specifically, 33 out of 43 models (-77%) simulate an increased
E-index standard deviation, with a multimodel ensemble increase of
6.9 +1.4% (Fig. 2a), statistically significant above the 95% confidence
level (Supplementary information). The increase in C-index standard
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Fig.1|Observed E-index and C-index from1901 to 2020. a, Mean December-
January-February (DJF) E-index from monthly time series averaged across

six individual reanalysis data sets® . b, As in part a, but for the C-index. c,
Nonlinear relationship between the first and second principal components

of equatorial Pacific sea surface temperature (SST) for the 1901-1960 period.
Strong eastern Pacific EI Nifio events (red) are defined as events wherein the
DJF-averaged E-index is greater than 1.5 standard deviations. Central Pacific
EINifio events (yellow) are defined as events wherein the C-index is greater
than 1.0 standard deviations. Strong La Nifia events (blue) are defined as
events wherein the negative C-index has amplitude greater than 1.75 standard

deviations. Numbers indicate the frequency of each type of event.d, Asin
partc, but for1961-2020. e, E-index standard deviation from the six different
reanalysis products®**, with the green and purple bars indicating the pre-1960
and post-1960 periods, respectively. f, Asin part e, but for the C-index. The
multiproduct mean is the average of the standard deviations from the six
products, with error bars representing the two standard deviation values

of interproduct variability. Although observations suggest an increase in
EINifio/Southern Oscillation variability post-1960, the possibility that such
changes are due to internal variability cannot be excluded, even if data quality
isnotanissue.

deviationis 6.2 +1.6%, supported by 27 out of 43 models (62.8%) (Fig. 2b).
Correspondingly, thereisamultimodel average of 55.1% increase in the
frequency of strong EP El Nifio events and a 59.7% increase in years of

strong LaNifa (Fig.2c,d), both statistically significant; there is a slight
decrease in CP-El Nifio events that is not statistically significant. An
intermodel consensus (-77%) on the increase in post-1960 ENSO is
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Fig. 2| Simulated increase in post-1960 EI Nifio/Southern Oscillation
variability. a, E-index standard deviation for the 1901-1960 (green) and
1961-2020 (purple) periods from 43 available Coupled Model Intercomparison
Project 6 models*. The grey shading indicates models that do not simulate an
increase in EI Nifio/Southern Oscillation (ENSO) variability, with the percentage
of models that simulate anincrease denoted on the top right. b, Asin parta,

but for the C-index. ¢, Nonlinear relationship between the first and second
principal components of equatorial Pacific sea surface temperature for the

1901-1960 period. Strong La Nina (blue), central Pacific EI Nifio (yellow) and
strong eastern Pacific El Nifio events (red) are defined as in Fig. 1, with numbers
indicating the frequency of each type of event.d, As in part ¢, but for 1961-2020.
With amodel democracy approach, the majority of models reproduce the
observed increase in the post-1960 ENSO variability, featuring an increased
frequency of strong El Nifio and strong La Nifia events. MMEM, multimodel
ensemble average.
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also seen in the Nifo3.4 index (Supplementary Fig. 1), grid-point SST
variability (Supplementary Fig. 2) or using 50-year instead of 60-year
periods to calculate variability (Supplementary Fig. 3).

Thus, models under observed climate change forcing reproduce a
post-1960increasein E-index variability with anincreased frequency of
strong EINifio and increased C-index variability with an increased fre-
quency of strong La Nifia, consistent with the projected change for the
future climate?®**°, The post-1960 increase in variability is simulated
eventhough each model has unique, independent internal variability,
aswell as contrasting model physics. However, the intermodel spread
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Fig.3|Increased post-1960 El Nifio/Southern Oscillation variability in
butterfly-effect ensembles. a, F-index variability for 1901-1960 versus
1961-2020 for large ensembles in seven models (Supplementary Table1). The
number of experiments in each model producing anincrease or adecreasein
post-1960 EINifio/Southern Oscillation variability is indicated in the top left and
bottomright, respectively, with colours corresponding to the different models.
b, Large ensemble mean E-index variability in the pre-1960 (green) and the
post-1960 (purple) 60-year periods. The E-index for each ensemble experiment
is standardized over the 1901-2020 period before calculating the ensemble

in variability change is large, ranging from —21.1% to 56.2% for E-index
and from -22.1% to 56.7% for C-index. Internal variability is found to
substantially impact the spread in ENSO change under global warm-
ing®?*%7 Itis therefore important to assess the intermodel difference
after internal variability is removed.

Consensus in large ensemble experiments

Thelarge spreadinthe model democracy approach confounds uncer-
tainties from different sources”, including modelstructure and inter-
nal variability from natural processes that operate even without climate
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average. The mean across the seven large ensemble averages is represented
as large ensemble (LE) and the multimodel ensemble average (MMEM) across
all Coupled Model Intercomparison Project 6 (CMIP6) models in the model
democracy approach as CMIP6 MMEM; error bars in the latter represent the
+1.0 standard deviation range using a Bootstrap method. ¢, Asin parta, but
for the C-index. d, Asin partb, but for the C-index. Without the influence from
internal variability, all seven large ensemble models generate a post-1960
increase in EINiflo/Southern Oscillation variability.
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change forcing. Uncertainty due to internal variability can be removed
by creating a large ensemble of simulations with each climate model
under identical climate change forcing through an infinitesimal per-
turbationto theinitial condition of each experiment (Supplementary
information). The perturbation creates diverging, randomly phased
andindependent trajectories of ENSO* 2, As such, the forced change
can be quantified by averaging over the experiments to remove the
influence from internal variability and assessed for an interexperi-
ment consensus. To remove the impact of internal variability, at least
30-40 members are needed when using two 30-year periods to depict
the projected change™, decreasing to 15 experiments when two 50-year
periods are used®. Importantly, the number of experiments required
decreases withalonger period used to determine the change®. Seven
available CMIP6 large ensemble experiments are used from models
with at least ten experiments and initiated from a time before 1900
and under historical forcing to 2014 (Supplementary Table 1); for the
2015-2020 period and beyond, an emission scenario in each model is
chosen, which provides the largest number of experiments.

Previously, it has been demonstrated that the interexperiment
range of ENSO variability change between the twentieth century and
twenty-first century can be as large as the entire range in the multi-
model spread®>**>* or more than 80% of the spread using two 30-year
periodstodepict the projected change®*. Even in amulticentury-long
experiment without external forcing, ENSO variability can be vastly dif-
ferent®. That internal variability could confound the projected change
isillustrated in a case in which the model democracy approach pro-
duces no intermodel consensus, but removing the impact of internal
variability in each participating model through averaging their respec-
tive butterfly-effect ensemble experiments generates an intermodel
consensus and a statistically significant change*.

@ E-index variability

Should greenhouse warming not have an impact, it can be
expected that approximately 50% of butterfly-effect experiments
simulate greater ENSO variability post-1960 than pre-1960. However,
in the CMIP6 large ensembles, 225 out of 282 (79.8%) experiments
produce anincrease in E-index (Fig. 3a), unlikely to be from chance.
Multi-experiment averages for each model, each having the impact
of internal variability removed, similarly indicate a strongintermodel
consensus for increased E-index variability (Fig. 3b). These features
are further evident for the C-index (Fig. 3¢,d), wherein 75.5% of the
experiments generate increased variability, as well as for Nifio3.4
(Supplementary Fig. 4), wherein 82.3% of the experiments generate
increased variability. Moreover, these changes are robust to changes
inthelength of periods that are compared (Supplementary Fig. 5).

From the multi-experiment averages in the respective individual
models, amultimodel mean £-index and C-index can be calculated for
each period. These indicate variability increases of 10.6% and 8.3% for
the E-index and C-index, respectively, larger than the 6.9% and 6.2%
increase suggested by the model democracy approach. Furthermore,
theintermodel range s far smaller: 0.7-20.4% for the E-index and 4.2
15.0% for the C-index, compared with 2.4-56.2% and 3.9-44.4% from
the equivalent seven modelsinthe model democracy approach. Thus,
higher post-1960 ENSO variability apparent in the model democracy
approachis, in part, contributed by anthropogenic warming. In par-
ticular, once internal variability is removed, the increase in C-index
variability, unclear in the model democracy approach, manifests clearly.

Emerging from baseline variability

Anotherapproachtoassess theimpact of greenhouse warming on ENSO
is todetermine whether ENSO emerges froma probability distribution
in a baseline period without influence of greenhouse warming*>.
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Fig. 4 | High variability of the post-1960 EI Nifio/Southern Oscillation.

a, Histogram of 100,000 realizations of a Bootstrap method for 60-year
running standard deviation of E-index in piControl from 39 Coupled Model
Intercomparison Project 6 models under a pre-industrial level of constant CO,
(Supplementary information). The dashed light pink, dark pink and orange
linesindicate the upper 10th, 5Sth and 2.5th percentile values of the histogram,

respectively. Observed E-index variabilities from1901t0 1960 and from
1961102020, averaged from multiple reanalysis data sets, are shown in solid
greenand purple lines, respectively. b, Same as part a, but for the C-index.
The observed post-1960 ElNifio/Southern Oscillation amplitude is unusually
high, sitting within the highest 2.5th and 10th percentile for the £-index and
C-index, respectively.
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Fig. 5| Changesin ocean stratification and in EINifio/Southern Oscillation

b observation

Change in strong La Nifia frequency per °C of warming

variability. a, Multimodel ensemble averaged difference in mean ocean
temperature warming between the 1961-2020 and 1901-1960 periods, from
the 34 Coupled Model Intercomparison Project 6 (CMIP6) models; the light
blue and black boxes indicate the regions used to calculate the change in
oceanstratificationin parts cand d. b, Observed ocean temperature trend

(°Cper decade) over 1958-2017 averaged from ORA-S3 and ORA-S4 (refs. 74,75).

¢, Intermodel relationship between the change in ocean stratification and

the change in E-index standard deviation for 34 CMIP6 models (symbols) in
which ocean temperature data are available. Change represented as 1961-2020
minus 1901-1960. A linear fit (solid black line) is displayed together with the
correlation coefficient R and the corresponding p-value. d, Asin part ¢, but

for intermodel relationship between change in ocean stratification and change
inthe frequency (events per 100 years) of strong EINifio events. e, Asin partd,
but for intermodel relationship between the change in frequency (events
per100 years) of strong EI Niflo events and the change in frequency (events per
100 years) of strong La Nifa events. f, Asin part ¢, but for intermodel relationship
between the change in frequency (events per 100 years) of strong La Nifia
events and the change in C-index standard deviation. All changes in E-index,
C-index and ocean stratification have been scaled by the global sea surface
temperature warming in each model between the two 60-year periods. Post-
1960 increases in upper-ocean stratification along the equatorial Pacific Ocean
intensify ocean-atmosphere coupling, leading to the simulated increase in the
post-1960 EINifio/Southern Oscillation amplitude.
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A E-index variability
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Ineffect, the baseline distribution (‘noise’) measures the range of natu-
ral fluctuations frominternal variability, which can be compared with
ENSO in a specific period to assess how unusual ENSO variability is
during that time — essentially whether a signal emerges permanently
out of the range of the noise> (Supplementary information). The
baseline distribution is diagnosed from multicentury-long piControl

experiments***, which, for CMIP6, are available from 39 climate models

consideredinthe modeldemocracy approach (Supplementary Table 2).

To date, the consensus using such an approach is that green-
house warming-induced changes in tropical Pacific mean tempera-
ture and mean rainfall, or in variability of ENSO SST and rainfall, are
uncertain and vastly different across models, with a large intermodel
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Fig. 6 | Continued increase of EI Nifio/Southern Oscillation variability into
thefuture. a, Histogram of 100,000 realizations of a Bootstrap method on
60-year running standard deviation of E-index in piControl (grey bars) and
E-index standard deviation in the 1961-2020 (purple bars) and the 2041-2100
(brown bars) periods, respectively, from the 39 Coupled Model Intercomparison
Project 6 models that have at least 300 years of piControl. Solid lines and
shadings indicate multimodel mean and 1.0 standard deviation of the 100,000
inter-realizations, respectively. b, Evolution of strong EI Nifio frequency (events
per 100 years) simulated over a period from piControl to 2100, diagnosed in
60-year sliding windows moving forward from the start of the past 300 years

of piControl (black), covering the entire historical period (green and purple),

extendinginto the twenty-first century under a high-emission scenario SSP585
(brown). Solid lines and shadings indicate multimodel mean and 95% confidence
intervals on the basis of a Poisson distribution, respectively. The dashed black
lineindicates the mean level of piControl. ¢, Asin part a, but for the C-index.

d, Asin partb, but for strong La Nifa frequency. e, Multi-experiment mean
E-index standard deviation for the 1901-1960 (green), 1961-2020 (purple)

and 2041-2100 (brown) periods from each butterfly-effect large ensemble (LE)
experiments and the multimodel ensemble average (MMEM).f, Asin part e, but
for the C-index. EINino/Southern Oscillation variability progressively increases
into the future, featuring anincreasing frequency of strong EI Nifio and strong
LaNifaevents.

spread owing to uncertainty in both signal and variability*>**, However,
changes in mean SST of the equatorial Pacific emerge earlier thanin
mean rainfall®’. By contrast, changes in ENSO rainfall variability are
projected to emerge earlier than changes in ENSO SST variability?*®,
Specifically, inthe multimodel ensemble mean, without differentiating
CP-ENSO from EP-ENSO, an ENSO rainfall variability signal emerges at
about 2040 regardless of the emission scenario, some 30 years ear-
lier than an ENSO SST variability signal which emerges at about 2070
(ref. 63). Assessing each of the two types of ENSO separately, increased
EP-ENSO SST variability emerges from the piControl variability range
around 2030 in ~70% of the models, more than a decade earlier than
that of CP-ENSO*. The earlier emergence of EP-ENSO results from an
increase in EP-ENSO rainfall response’>'**, which boosts the signal of
increased SST variability, further enhanced by an ENSO-positive nonlin-
ear atmospheric feedback*’. The nonlinear Bjerknes feedback primarily
operates in the eastern equatorial Pacific, where, once atmospheric
deep convectionis established, zonal winds increase nonlinearly with
further warming>°%¢*s,

Measured against the distribution without greenhouse
warming, post-1960 ENSO variability is unusually high, whereas the
pre-1960 ENSO is not (Fig. 4). Indeed, the amplitude of the observed
post-1960 E-index variability is within the highest 2.5th percentile,
in sharp contrast to the pre-1960 E-index variability amplitude that
sits below the 50th percentile (Fig. 4a). For the C-index, the observed
amplitude of the post-1960 C-index variability sits between the highest
10thand 5th percentiles, with the pre-1960 C-index sitting around the
50th percentile (Fig. 4b). These post-1960 C-index changes are also
unusual, but less so than the E-index, consistent with signals of ENSO
change being more prominent in the E-index than in the C-index***°.
These features are also seen using a conventional ENSO index, with the
post-1960 Nifo3.4 sitting within the highest 5th to 10th percentiles,
whereas the pre-1960 amplitude is around the 50th percentile
(Supplementary Fig. 6). Thus, climate change has likely contributed
to the observed post-1960 ENSO variability increase.

Explaining ENSO variability changes
Collectively, these different approaches suggest a post-1960 increase
in ENSO variance, likely attributed to anthropogenic warming. The
projectedincreasein ENSO SST variability isnot believed tobe duetoa
change in the surface west-minus-east SST gradient™. Although a faster
warmingin the eastern thanin the western equatorial Pacific tends to
be associated with agreater increase in ENSO SST variability, and vice
versa®®®® thefasterwarmingintheeastinpartresultsfromarectification
of the increase in ENSO SST variability onto the mean state®*’.
Instead, the mechanismbehind suchanincreaseis similar to that
responsible for the projected ENSO shifts, namely, changes in ocean

stratification. Inresponse to increasing greenhouse gas emissions, the
upper equatorial Pacific exhibits enhanced mean vertical stratifica-
tion?**%°%: the near-surface ocean warms faster than the ocean below.
Thefaster near-surface warmingis aresult of greenhouse gas-induced
radiative forcingand increased precipitation-related freshening. Both
enhance the response of the surface mixed layer to a given wind forc-
ing®*7°72, strengthen ocean-atmosphere coupling®® and contribute
to a greater sensitivity of tropical Pacific SSTs to forcing from extra-
tropical Pacific variability, even though its own variability does not
necessarily change”.

From the pre-1960 to the post-1960 period, there is an inten-
sification of the equatorial Pacific upper-ocean stratification that
underpins the simulated ENSO change as a faster warming occurs
near the surface than at the subsurface (Fig. 5a). These modelled
vertical stratification changes are somewhat similar to the average
of two reanalysis data sets”” that have vertical ocean temperatures
dating back to the 1950s and show an intensified vertical stratifica-
tion (Supplementary information) (Fig. 5b). Statistically significant
intermodel relationships exist: agreater enhancementin the vertical
stratificationis associated with agreater increase in E-index variability
(Fig. 5¢), which systematically translates into an increase in the fre-
quency of strong El Nifio (Fig. 5d). As a strong El Nifio causes a large
heat discharge, shallowing of the central Pacific thermocline that is
conducive to LaNifa, theincrease in the frequency of strong EI Nifio,
in turn, leads to more frequent strong La Nifia events (Fig. 5e). The
increaseinthe frequency of strong La Nifia events thereby contributes
toanenhanced C-index variability (Fig. 5f), despite the small reduction
in central Pacific EINifio. The increased coupling means that positive
feedbacks such as Ekman pumping, thermocline feedback and zonal
advective feedbacks intensify"’*™”,

Asreflected in the model simulations, rising CO, concentrations
are a strong contributor to anthropogenic climate change. However,
increasing CO, is not the only forcing factor; emissions of sulfur aero-
solsalsoincreased since1901and then decreased from the mid-1980s
back to the 1960 level by 2020. This decrease in aerosol emissions
contributed to accelerated warming of the post-1960 period®’, despite
acontinuousincrease in emissions of other species that offset (organic
carbon) or further enhance warming (black carbon)®’. Butterfly-effect
ensemble experiments, wherein single-forcing factors are separated,
can be used to determine these isolated effects of aerosols and CO,.
Althoughavailable in only two models, those simulations suggest that
CO, hasalarge impact, but thatareduction in aerosols since the mid-
1980sreinforced the conduciveimpact ofincreasing CO,, also intensi-
fying upper ocean stratification of the equatorial Pacific, contributing
to the post-1960 increase in ENSO variability®. These superimposing
effects are likely to continue into the future.
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Towards projected ENSO enhancement

This evidence that anthropogenic warming has already enhanced
post-1960 ENSO variability suggests that such changes are also inte-
gral to future projections. Indeed, a majority of the 43 models in the
model democracy demonstrate further increases in the amplitude
of the E-index, C-index and other indices under the SSP585 scenario
(Supplementary Fig. 7). Specifically, comparisons of histograms of
ensemble mean ENSO variability values over 60-year periods in the
piControl experiments, 1961-2020 and 2041-2100 reveal progressively
increasing EP-ENSO variability, with a value of 0.94,1.03 and 1.17, respec-
tively (Fig. 6a). The corresponding values for CP-ENSO are 0.95,1.02 and
1.05, withasmallerincrease in CP-ENSO up to 2041-2100 (Fig. 6¢), again
reinforcing that changes in EP-ENSO variability continue to be more
detectableinto the future®. The associated evolution of the frequency
of strong EINifio and strong LaNifia, averaged across all models, shows
agenerallong-termincreasingtrendinto 2100 (Fig. 6b,d). Forexample,
strong EINifio frequency increases from2.38 events per 60 yearsin the
piControl to 4.13 events in 1961-2020 and 5.19 in 2041-2100. The cor-
responding strong La Nifia frequency is 2.89, 4.11 and 4.57 events per
60 years forthe1901-1960,1961-2020 and 2041-2100 periods, respec-
tively. The increasing trend is not linear, likely modulated by factors
including ENSO-rectified mean state fluctuations®*® and a differential
mean warming rate between ocean basins®.

The projected trend towards ENSO enhancement seeninthe model
democracy approach might still be subject to residual influence of
internal variability, particularly for the C-index owing to its weaker
signal of increase. However, the continuousincrease in ENSO variability
is seen in multi-experiment means of the butterfly-effect ensembles,
inwhichimpact of internal variability is essentially removed; despite
different emission scenarios, six out of seven ensemble means exhibit
a continuous increase in E-index (Fig. 6e) and Nifio3.4 variability
(Supplementary Fig. 8) into the 2041-2100 period, and all seven models
display an increase in C-index variability (Fig. 6f). Quantitatively, the
large ensemble multimodel mean E-index variability values are 0.95,
1.05 and 1.18 standard deviations for the 1901-1960, 1961-2020 and
2041-2100 periods, respectively, with corresponding values of C-index
variability of 0.96,1.04 and 1.13 standard deviations. Similar findings
holdif future ENSO variability is calculated over the 2021-2080 period
(Supplementary Fig. 9). This strong intermodel consensus onincreased
C-index variability reinforces that signals of change in the C-index can
be masked by internal variability*®, but once much of internal variabil-
ity is removed, the increase in C-index is prominent. The continuous
increase reinforces that the post-1960 ENSO enhancement is likely
apartofthelong-term change.

Summary and future perspectives

In a single realization of the real world with limited observations, it
is difficult, if not impossible, to determine whether observed ENSO
has been affected by rising greenhouse gas emissions, even if quality
of the available observation data was not an issue. However, model
outputs from multicentury-long pre-industrial simulations of constant
CO, forcing, historical simulations forced with observed forcing and
future simulations under emission scenarios offer a valuable resource
to ascertain greenhouse gas forcing impact on ENSO.

A model democracy approach indicates that anthropogenic
climate change has generated a statistically significant increase in
ENSO SST variability between the pre-1960 and post-1960 period.
This increased variability features more frequent occurrences of
strong EI Nifio and strong La Nifia events in the post-1960 period, but

little change in the CP EI Nifio frequency. The simulated increase in
ENSO variability is also evident in seven large ensemble butterfly-
effect experiments that remove the impact of internal variability.
Moreover, 25,868 years of pre-industrial virtual climate further high-
light that observed ENSO variability is unusually high in the post-1960
period. These simulated findings agree with palaeoclimatic evidence
that ENSO variability in the twentieth century and early-twenty-first
century is higher than in the distant past**** and is consistent with
projections suggesting continued and increasing ENSO SST variability
in the future®**°. These changes in ENSO variability — both in the pre-
sent and the future — are underpinned by an intensified upper ocean
stratification of the equatorial Pacific. Collectively, this evidence
suggests that the increase in observed ENSO variability post-1960 is
atleastin partrelated to anthropogenic warming.

There are additional research avenues to clarify the impact of
climate change on observed ENSO. Although the data quality issue of
historical SST is perpetual, a continuous search for new ENSO prox-
ies offers potential to corroborate the findings on the basis of exist-
ing ENSO proxies of a high post-1960 ENSO variability***?*%2, Any
extended or new proxies probably reflect a mixture of SST and signals
such as hydroclimate or geochemistry rather than pure SST, but would
add to the weight of available evidence. Emerging prospects include
marine bivalves, which in the eastern and western tropical Pacific
show a potential to track observed SST and capture ENSO variability®’;
marine sediments, which on the Peru margin display a history of flood
events, arguably ENSO-driven®; and cave stalagmite records, which, in
central America, contain an ENSO signal®. Future work on extending
andidentifying morelocations with such ENSO-signal-carrying bivalve
species, sediments and stalagmites offers a great potential.

Interms of climate model assessment, examination of simulated
future changeinadditional ENSO properties, for example, ENSO onset,
termination and seasonal phase locking, offers another pathway;
a future change in any additional property of ENSO, if also seen in
both the simulated and the observed post-1960 ENSO, would provide
additional lines of evidence. Large ensemble of experiments under a
single climate change forcing factor is currently available in a limited
number of models only®®. Given the effectiveness in reducing the inter-
model spread and in quantifying theimpact, such single-forcing large
ensemble experiments performed inas many models as possible likely
help separate the impact of CO,, aerosols and natural forcings such
as volcanic eruptions, ultimately facilitating attribution of the post-
1960 ENSO increase. Despite substantialimprovement from previous
generations, most CMIP models still under-estimate ENSO nonlinear
Bjerknes feedback?**. Nonlinear Bjerknes feedback amplifies ENSO
response to greenhouse warming such that models simulating agreater
feedback systematically generate a greater ENSO enhancement®*,
Improved parameterization of atmospheric convection, cloud for-
mation and their coupling to ENSO processes®, leading to a realistic
nonlinear Bjerknes feedback, will potentially strengthen the simulated
post-1960 ENSO enhancement and the intermodel consensus.

Data availability

Data relevant to the paper can be downloaded from 20CR v2c at
https://portal.nersc.gov/project/20C_Reanalysis/; CERA-20C
at https://apps.ecmwf.int/datsets/dat/cera20c-edmo/levtype=sfc/
type=an/; ERA-20C at https://apps.ecmwf.int/datsets/data/era20c-
moda/levtype=sfc/type=an/; ERSST v3b at https://www.esrl.noaa.
gov/psd/data/gridded/data.noaa.ersst.v3.html; HadISST vl1.1
at https://www.esrl.noaa.gov/psd/data/gridded/data.hadsst.html;
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COBE at https://psl.noaa.gov/data/gridded/data.cobe.html; ORA-s3 at
http://apdrc.soest.hawaii.edu/datadoc/ecmwf_oras3.php; ORA-s4
at https://climatedataguide.ucar.edu/climate-data/oras4-ecmwf-
ocean-reanalysis-and-derived-ocean-heat-content and 111 CMIP6
database at https://esgf-node.lInl.gov/projects/cmip6/.

Code availability
Codes for calculating EOF can be downloaded from: https://drive.
google.com/open?id=1d2R8wWKpFNW-vMIfoJsbqlGPIBd9Z_8r;j.
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