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Abstract | Originating in the equatorial Pacific, the El Nifio-Southern Oscillation (ENSO)
has highly consequential global impacts, motivating the need to understand its responses to

anthropogenic warming. In this Review, we synthesize advances in observed and projected
changes of multiple aspects of ENSO, including the processes behind such changes. As in
previous syntheses, there is an inter-model consensus of an increase in future ENSO rainfall
variability. Now, however, it is apparent that models that best capture key ENSO dynamics

also tend to project an increase in future ENSO sea surface temperature variability and,
thereby, ENSO magnitude under greenhouse warming, as well as an eastward shift

and intensification of ENSO-related atmospheric teleconnections — the Pacific-North
American and Pacific-South American patterns. Such projected changes are consistent

with palaeoclimate evidence of stronger ENSO variability since the 1950s compared with

past centuries. The increase in ENSO variability, though underpinned by increased equatorial
Pacific upper-ocean stratification, is strongly influenced by internal variability, raising

issues about its quantifiability and detectability. Yet, ongoing coordinated community

efforts and computational advances are enabling long-simulation, large-ensemble
experiments and high-resolution modelling, offering encouraging prospects for alleviating
model biases, incorporating fundamental dynamical processes and reducing uncertainties

in projections.

The El Nifio-Southern Oscillation (ENSO) is the most
important climate phenomenon on Earth, driving pro-
nounced interannual changes in the global climate'~’.
It describes an alternation between warm phase El Nifio
and cold phase La Nifa events. During El Nifio, as in
2015-2016 (REFS*?), anomalous sea surface temperature
(SST) warming in the central and eastern equatorial
Pacific weakens the equatorial west-minus-east zonal
SST gradient, in turn, weakening the trade winds and
intensifying the warm anomaly — a process referred to
as Bjerknes feedback®. During such events, atmospheric
convection (primarily located over the west Pacific)
moves eastward. During a La Nifa event, anomalously
cool SSTs are found in the central and eastern Pacific,

while convection over the western Pacific intensifies and
becomes more concentrated.

Such dynamical changes have resulting climatic
impacts. For example, during El Nifio events, the east-
ward shift of convection promotes droughts and forest
fires in nations bordering the western Pacific, but torren-
tial rains and floods in regions of the eastern equatorial
Pacific'~*"% roughly opposite impacts are observed dur-
ing La Nifia. Indeed, the 1997 El Niiio led to huge envi-
ronmental disruptions, including wildfires in Indonesia
that lasted into early 1998, the disappearance of marine
life and decimation of the native bird population in the
Galapagos Islands’, marine heatwaves'’ and bleaching of
corals''. During the 1998 La Nifa, river floods in China
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led to the death of thousands and displaced more than
200 million people'?, and over 50% of Bangladesh land
area was flooded, leading to severe food shortages and
the spread of waterborne diseases, killing several thou-
sand and affecting over 30 million people'>'*. ENSO,
therefore, affects agriculture, public health, infrastruc-
ture, transportation, water security, ecosystems and
biodiversity'~'". There is, thus, clear societal need to
understand observed and projected ENSO responses
to greenhouse warming, particularly in light of growing
anthropogenic emissions of greenhouse gases'®", so as
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to inform adaptation options and enhance mitigation of
adverse effects.

Potential future changes in ENSO and the underly-
ing dynamics have, therefore, been well assessed, with
ever-evolving fundamental insights (FIC. 1). For exam-
ple, in a framework of ocean-atmosphere instability'**’,
a mean state change with weakened trade winds and a
reduced west-minus-east zonal SST gradient, as pro-
jected by most climate models'®", implies that ENSO
would become more unstable and favour greater
amplitude events under warming®. However, climate
models have shown no consensus on ENSO SST vari-
ability change in conventionally defined regions of the
central-eastern equatorial Pacific*' .

Instead, models that more realistically simulate char-
acteristics of extreme ENSO events tend to project sys-
tematic changes'’. These changes include an increased
frequency of El Nifio events with extreme rainfall in the
eastern equatorial Pacific”*-*, more frequent extreme
equatorward swings of large-scale convergence zones*”*’,
a higher frequency of El Niflo events featuring eastward
propagating SST anomalies® and a higher frequency of
extreme La Nifia events™. Such projected changes are
consistent with proxy records of ENSO variability, which
suggest that twentieth century ENSO activity is stronger
than observed during previous centuries™ . Indeed,
although uncertainty remains, an inter-model consen-
sus on increased ENSO SST variability is emerging™.
Advances also continue in understanding the processes
controlling mean state changes”’~’, ENSO’s interac-
tions with other ocean basins'' and the role of internal
variability***.

In this Review; we summarize ENSO projections under
anthropogenic warming, specifically building on advances
since the previous synthesis in 2015 (REF."). We begin by
describing ENSO event diversity and asymmetry, chang-
ing ENSO in observations and proxy data, and mean
state impacts on ENSO feedbacks. We follow with a
discussion of the factors that contribute to the observed
and projected mean state changes. We continue by out-
lining the projected ENSO SST variability change and
associated mechanisms, focusing on mean state changes,
internal variability and inter-basin interactions. We then
synthesize insight from palaeo-proxy records of ENSO
sensitivity to external forcing. The Review ends with
identification of uncertainties and prospects for improved
quantification, detection and high-resolution modelling
of ENSO SST variability change.

ENSO in observations

Observations of the ocean—atmosphere system over past
decades are essential for describing, understanding and
modelling ENSO in a warming climate. These obser-
vations have shown that no two ENSO events are the
same — governed, in part, by differing relative impor-
tance of various feedback processes — and that ENSO
has been changing.

ENSO event diversity and asymmetry

An important advance in ENSO understanding is that
events are diverse in terms of the magnitude, duration,
and location of SST anomalies>***!. Strong El Nifio

www.nature.com/natrevearthenviron



Key points

e Under anthropogenic warming, the majority of climate models project faster
background warming in the eastern equatorial Pacific compared with the west.

The observed equatorial Pacific surface warming pattern since 1980, though
opposite to the projected faster warming in the equatorial eastern Pacific, is within
the inter-model range in terms of sea surface temperature (SST) gradients and is
subject to influence from internal variability.

¢ El Niflo—Southern Oscillation (ENSO) rainfall responses in the equatorial Pacific are
projected to intensify and shift eastward, leading to an eastward intensification of
extratropical teleconnections.

* ENSO SST variability and extreme ENSO events are projected to increase under
greenhouse warming, with a stronger inter-model consensus in CMIP6 compared
with CMIP5. However, the time of emergence for ENSO SST variability is later than
that for ENSO rainfall variability, opposite to that for mean SST versus mean rainfall.

e Future ENSO change is likely influenced by past variability, such that quantification
of future ENSQO in the only realization of the real world is challenging.

e Although there is no definitive relationship of ENSO variability with the mean zonal
SST gradient or seasonal cycle, palaeoclimate records suggest a causal connection
between vertical temperature stratification and ENSO strength, and a greater ENSO
strength since the 1950s than in past centuries, supporting an emerging increase in
ENSO variability under greenhouse warming.

events, for example, tend to have SST anomaly centres
that peak in the eastern Pacific (EP). The magnitudes
of these anomalies are typically larger than the La Nina
equivalents but persist for a shorter time. In contrast,
strong La Nifa and moderate El Nifo events tend to
peak in the central Pacific (CP) region, with the former
also lasting for multiple years (FIG. 2).

The fundamental dynamics of this ENSO diver-
sity and asymmetry relates to a nonlinear Bjerknes
feedback™** in the eastern equatorial Pacific; only after
warming surpasses a threshold and rare local deep
atmospheric convection is triggered, do zonal winds start
to respond to additional warming. The nonlinear zonal
wind response leads to further warming, resulting in an
extreme EP El Nifo. This nonlinear process is distinc-
tively weaker in the CP, where background ocean SST is
high and atmospheric convection occurs frequently”*->2.

Assessments of observed ENSO evolution and
associated feedbacks, therefore, need to consider this
diversity. To do so, indices encompassing the different
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regions are required. EP ENSO and CP ENSO events
can be approximated by spatially fixed indices of SST
anomalies, including Nifio3 (averaged SST anom-
aly over 5°S-5°N, 150°W-90°W) for the EP, Nifio4
(5°S-5°N, 160°E-150°W) for the CP and Nifi03.4
(5°S-5°N, 170°W-120°W) as a combination of the two.
Mathematically, the conflicting dynamics between the
EP and the CP can be further reflected by a nonlinear
relationship between the leading two modes of empirical
orthogonal functions of tropical Pacific SST anomalies™.
The anomaly pattern associated with the first principal
component (PC1) time series features warming in the
central-to-eastern equatorial Pacific and the pattern
associated with PC2 features warming in the central but
cooling in the western and eastern equatorial Pacific. The
linear combination of these empirical orthogonal func-
tions represents EP and CP ENSO events, referred to as
E-index defined as (PC1 - PC2)/+/2 and C-index defined
as (PC1+ PC2)/«/7 , respectively’®**~**. For observations,
time series of Nifio3 and Nifio4 qualitatively represent
the E-index and the C-index (FIG. 2a,b).

ENSO feedbacks and mean state

In addition to event diversity, the background climate
state of the equatorial Pacific influences ENSO responses
to greenhouse warming via impacts on feedback
mechanisms"'®?". Several ocean-atmosphere feedbacks
have been identified as responsible for ENSO SST anom-
aly growth, some positive and some negative. During an
El Nifio, mean upwelling of cold subsurface water in the
eastern equatorial Pacific and mean horizontal advection
act to strengthen the climatological horizontal and verti-
cal SST gradients, and, thus, dampen an initial warm SST
anomaly. In addition, the warm SST anomaly promotes
deep atmospheric convection, increasing tropical cloud
cover and, consequently, reducing surface radiative and
latent and sensible heat fluxes into the ocean — a process
referred to as thermal damping.

Other positive feedbacks, however, act to amplify or
reinforce the initial SST anomalies and west-minus-east
SST gradient via weakened equatorial trade winds'®**~":
the Ekman feedback, in which the weakened trade winds
reduce upwelling of mean cold subsurface water in the

Enhanced eastern Pacific ENSO SST variability identified Internal variability
(1990s to present) Research on to be driven by increasing ocean stratification, identified to
future ENSO projections translating into increased frequency of eastern Pacific El modulate future
conducted using climate models. Nifio, which is, in turn, conducive to strong La Nifa®. ENSO changes*.

Competing changes in feedback Mean state changes (weakened Walker Inter-basin interactions
processes established as the cause of | | circulation) established as a driving factor in established as a modulating
lack of inter-model consensus in shifting salient ENSO characteristics, such as factor for ENSO

ENSO SST variability change®>>*". extreme swings of the South Pacific Convergence projections®! 63139.140

Zone®, eastern equatorial Pacific rainfall**?” and
eastward propagation of SST anomalies®'.

Fig. 1| Key developments in understanding El Nifio-Southern Oscillation response to greenhouse forcing. A timeline
illustrating the evolution of thinking regarding El Nifio-Southern Oscillation (ENSO) changes in a warming climate. Each
development is marked at an approximate time, starting in the 1990s, when climate models were first used to study ENSO

future projections”*. SST, sea surface temperature.
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eastern equatorial Pacific; the thermocline feedback,
whereby the weakened trade winds lead to a flattened
thermocline with anomalously warm subsurface water
that is advected by mean upwelling to the surface;
and the zonal advective feedback, in which the weak-
ened trade winds reduce the mean westward oceanic
transport of cold waters from the EP. The relative impor-
tance of the feedback processes differs across events;
during a CP EI Niiio, for instance, the zonal advective
feedback tends to be more important than the thermo-
cline feedback. Nonetheless, the three positive feed-
backs increase with the upper-ocean stratification of the
equatorial Pacific®®*-°",

Observed ENSO changes

With understanding of ENSO diversity, it is possible to
track observed changes in ENSO characteristics, provid-
ing important context to evaluate any future or projected
changes. Since the late 1950s, CP and EP ENSO varia-
bility has increased® ‘. Indeed, comparing the stand-
ard deviation of SST anomalies pre-1960 and post-1960
illustrates an approximately 20% increase in both EP and
CP variability (FIG. 2a,b), characterized by more frequent
extreme El Nifio and La Nifa events, respectively. EP
and CP ENSO events also now tend to originate and
evolve from the western Pacific, rather than the cen-
tral and eastern Pacific that typified events prior to the
1970s°>%. Data uncertainty prior to 1950 owing to sparse
observations and sampling errors®’, however, challenges
interpretation of these changes.

a E-index and Nifio3

Yet, multiple palaeo-ENSO proxies also provide
observational evidence for contemporary ENSO
changes. These include a ~25% intensification of
ENSO variability during the late twentieth century rel-
ative to the pre-industrial period or before*—*>%-"!, and
enhanced CP*”? and EP** ENSO variability relative to
the pre-industrial era. While these results imply that
anthropogenic greenhouse forcing might have already
contributed to an increase in ENSO variability, because
these proxy records reflect ENSO-related tempera-
ture and rainfall variability, the extent to which SST
variability has increased is unclear.

Changes in the mean state

Given the impact on ENSO feedback mechanisms,
changes in the mean state of the equatorial Pacific
have strong bearing on ENSO responses to greenhouse
warming. Based on ocean-atmosphere reanalyses™~’%,
observed mean state changes since the 1980s feature
a substantial strengthening of the Walker circulation,
the west-minus-east SST gradient and equatorial east-
erly winds (FIC. 3a). However, the multi-model average
changes over the same period are small (FIG. 3b) and
the projected future changes generally opposite to
those observed: a weakening of the Walker circulation,
a reduction of the equatorial west-minus-east SST gra-
dient and an enhanced equatorial warming compared
with off-equatorial regions'®"” (FIG. 3a-c). Although
changes in the west-minus-east SST gradient differ,
several models do, in fact, simulate an increasing trend

b C-index and Nifio4

4.0 - 4.0 Standard deviation Standard deviation -
b l ﬂ & r b 0.49 0.61 r
204y, SRR YU W W T S | R - 2.0 A n J\« -
0.0 - /| [ 0.0 ’fmﬁ M(l. ﬂ]!\nﬁf% W AMM M I o
] o T ITYY :
-2.0+ — -2.0 L -7 v o =
] Standard deviation Standard deviation F ] : ﬂ - W W .
-4.0— 0.83 0.68 1.10 0.85 = —4.0— =
T ‘ T T T ‘ T T ‘ T T ‘ T T T ‘ T T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
1920 1940 1960 1980 2000 2020 1920 1940 1960 1980 2000 2020
c Extreme El Nifio composite d Extreme La Nifia composite
20°N — 20°N
T L 2SN Do . |
10°N—~ 8 =« v v v 4 4 N 10°N— ~ t t v «
~—r /)] l a Y SR
0° = =N\ \\ 0°—+ 7 + N~
1075 S SN //\' : 10°S N, 1/\\ .
ol A NN NN o ' ~ N\
20°S T N ’é"‘\ ~ T T 20°S T 7 T B
120°E 150°E 180° 150°W 120°W 90°W 120°E 150°E 180° 150°W 120°W 90°W
-20 -15 -10 -05 00 05 1.0 15 2.0

Sea surface temperature anomalies (°C)

Fig. 2 | Observed El Nifio-Southern Oscillation indices and their spatial
representation. a | Nifio3 (red) and E-index (black) time series from
1901-2020. Values in boxes indicate the standard deviations of the indices
calculated over 1901-1960 and 1961-2020. b | As in panel a, but for Nifio4
(orange) and C-index (grey). ¢ | Composite sea surface temperature
and surface wind anomalies for extreme El Nifio events; those where the
December-January-February mean E-index > 1.5 standard deviations
(black dots in panel a).d | As in panel ¢, but for extreme La Nifia events; those
where the December-January-February mean C-index < —-1.75 standard

deviations (black dots in panel b). All panels are based on the average across
three products’*”*. E-index and C-index are calculated by an empirical
orthogonal function analysis on tropical Pacific sea surface temperature
anomalies’?, which gives two leading principal component (PC1 and PC2)
time series. E-index is defined as (PC1 - PCZ)/ﬁ and C-index is defined
as (PC1+PC2)/+/2. The increased variability of the Nifio3 or E-index in the
post-1960 period is characterized by an increased frequency of extreme
El Nifo events, and increased variability in the Nifio4 or C-index by an
increased frequency of extreme La Nifa.
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over 1980-2019 (FIC. 3¢) before the long-term reductions
emerge in the projections (FIG. 3f). Models also continue
to show a persistent cold tongue bias, being too cold and
located too far west, as shown in a comparison between
a multi-model mean and the observed equatorial mean
state (FIG. 3d), with implications for projections’*, the
potential impact of which will be discussed later.

Forcing contemporary mean state changes

Observed changes in the mean state — in particular, the
enhanced west-minus-east SST gradient — result from
several offsetting or compensating processes, including
atmospheric damping differential between the west
and the east, an oceanic thermostat mechanism in the
east, internal variability on multidecadal scales and
inter-basin interactions. These different processes con-
tribute to the observed changes, but not all processes
produce the same sign of trends.

West-east damping differential. Higher mean SSTs in
the western Pacific result in enhanced thermal damp-
ing due to evaporation®-* and greater net negative
cloud-radiation feedback (whereby clouds reduce
incoming shortwave radiation)* in the west compared
with the east. These two processes are unfavourable
for SST warming in the western Pacific relative to the
east, reducing the equatorial west-minus-east zonal SST
gradient™. This reduction, in turn, weakens equatorial
easterly winds through Bjerknes feedback, enhancing
equatorial warming in the east*"*’, further reducing the
zonal SST gradient.

Ocean thermostat. Assuming that the ocean is in
quasi-equilibrium with greenhouse gas forcing, changes
in atmospheric processes must be compensated by
changes in oceanic processes. For example, ocean
upwelling in the eastern equatorial Pacific can facilitate
divergence of some of the heat away from the EP cold
tongue region — an ocean thermostat mechanism®.
This ocean thermostat favours less warming in the EP
compared with the western Pacific, which is also ampli-
fied by Bjerknes feedback, contributing to an enhanced
zonal SST gradient.

Internal variability. Multidecadal internal variability
might also contribute to the observed enhancement of
the zonal SST gradient since 1980. However, limitations
of in situ observations and reanalyses hinder unambig-
uous attribution of equatorial Pacific trends to natural or
anthropogenic causes**. For instance, satellite-observed
changes indicate a smaller strengthening of the Walker
circulation than implied by reanalyses*. While the sat-
ellite trend is still opposite to the simulated changes
averaged over large ensembles of model simulations,
some ensemble members are also able to reproduce the
observed strengthening of the Walker circulation® and
the equatorial zonal SST gradients® (FIG. 3¢), despite an
overall underestimation of internal decadal variability®.
Thus, internal multidecadal variability could be offset-
ting greenhouse-warming-induced changes and, there-
fore, lead to the observed trend*****, which is potentially

transient in nature®.
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Inter-basin interactions. Interactions with the tropical
Indian and Atlantic oceans on multidecadal timescales
are also important in forcing the observed intensifica-
tion of zonal SST gradient" (FIG. 3a). In particular, faster
warming in the tropical Indian and/or Atlantic oceans
since 1980 has contributed to anomalous atmospheric
sinking in the central tropical Pacific*~**. This sinking is
conducive to enhanced equatorial easterly surface winds
and, hence, to a cooling in the EP”.

Factors affecting mean state projections

For the projected long-term mean state changes, the
competing processes between the atmospheric damp-
ing differential and the oceanic thermostat mechanism
also operate, whereas multidecadal internal variability
has a diminishing role. State-of-the-art climate mod-
els also underestimate inter-basin interactions™*-%,
which might contribute to the long-term faster warm-
ing in the equatorial EP than would otherwise be the
case'. Additional factors that influence future mean
state changes include the impact of off-equatorial Pacific
Ocean warming, ENSO rectification and cold tongue
bias in climate models. The relative importance of each
of these factors is unclear and likely model-dependent.

Off-equatorial Pacific warming. Equatorial Pacific mean
state changes involve processes outside the equator. For
instance, equatorial warming can partly be forced by
oceanic subduction of anomalous off-equatorial warm-
ing advected towards the equatorial upwelling region or
a weakening of the Hadley circulation and wind-driven
oceanic subtropical overturning cells”**. Owing to the
multidecadal timescales involved in such forcing, models
suggest an initial strengthening of the zonal SST gradient
from the oceanic thermostat mechanism, followed decades
later by a gradient weakening through oceanic subduction
of anomalous off-equatorial warming”-*. Indeed, a model
that simulates historical strengthening of the zonal SST
gradient commonly exhibits a reversed future trend*.

ENSO rectification. While mean state changes can mod-
ify the balance of ENSO feedbacks and variability*>*'*,
ENSO variability change can also rectify the mean state,
altering the warming pattern in the tropical Pacific
via nonlinear oceanic temperature advection'""'*?, For
example, if extreme El Nifo events become less frequent
relative to La Nifa events, a La Nifa-like mean state
warming can emerge'”". In models with realistic nonlin-
ear dynamical heating or Bjerknes feedback, an increase
in ENSO variability contributes to the emergence of an
El Nifio-like warming pattern®'®,

Cold tongue bias. Model biases within the tropical Pacific
are suggested to have contributed to a fast warming in the
east in most climate models”~. For example, the common
too-cold and too-west cold tongue (FIC. 3d) might produce
excessive SST sensitivity to radiative warming in the cold
tongue region, resulting in the erroneous warming and
weakening in west-minus-east SST gradient®. Conversely,
the cold tongue bias can also lead to an overestimated
ocean thermostat mechanism under greenhouse warm-
ing, spuriously weakening shortwave radiation reduction
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a Observed 1980-2010 SST and wind trends
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< Fig. 3| Observed and simulated tropical Pacific mean state and change. a| Observed
sea surface temperate (SST)”*”* and surface wind’*7® trends calculated over 1980-2010.
b | Average SST trends from 28 CMIP5 and 23 CMIP6 models calculated over 1980-2010;
models are forced by historical forcing and the Representative Concentration Pathway 8.5
(RCP8.5) emission scenario or the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5).
c|Average SST trends from 28 CMIP5 and 23 CMIP6 models calculated over 1980-2099.
d| CMIP5 and CMIP6 climatological mean SST and surface wind bias relative to the
observations for the 1980-2010 period. Stippling and black contours indicate the 90%
and 95% confidence levels, respectively, as determined from a two-tailed t-test.
e|Linear trends in December-January-February zonal and meridional SST gradients
over 1980-2019 for the 51 CMIP5 and CMIP6 models (stars) and three reanalysis
datasets”>”* (circles). f| As in panel e, but for 2020-2099. In both panels e and f, zonal
SST gradient is defined following REF.* except sign-reversed; that is, the eastern Pacific
(5°S-5°N, 180°E-80°W) area average SST is subtracted from the western Pacific (5°S-5°N,
110°E-180°E) area average SST. The eastern Pacific meridional SST gradient is defined as
the area average off-equatorial northern SST (5°N-10°N, 90°W-150°W) and the southern
SST (5°5-10°S, 150°W-90°W) minus the equatorial SST (2.5°5-2.5°N, 90°W-150°W).
Approximately 50% of models exhibit the same 1980-2019 west-minus-east SST
gradient trend as observations, but most project opposite long-term trends.

in response to surface warming in the central-to-western
Pacific'””. Correction of this bias would, thus, favour a
faster EP warming than in the west'®. Despite the dis-
parity between the observed and projected changes, they
might not be unidirectional but time-varying”. For exam-
ple, the change in mean west-minus-east SST gradient
could initially be dominated by the oceanic thermostat
but subsequently by other processes, leading to opposite
trends in the late twenty-first century”-”.

Several offsetting processes, thus, contribute to the
observed change in the mean west-minus-east SST
gradient. The relative contribution of these processes
changes from the observed to the projected climate,
with the latter influenced by the cold tongue bias, weak
inter-basin interactions and rectification of changing
ENSO variability, as will now be discussed.

Projected ENSO changes

Model projections of ENSO SST change have generally
been based on conventional ENSO SST indices evaluated
at fixed anomaly centres'®'”*>!, such as Nifio3, without
considering ENSO diversity. Projected changes in SST
variability at these fixed centres show no inter-model
consensus. This lack of inter-model consensus is related,
in part, to competing changes between the main lin-
ear positive and negative ENSO feedbacks, despite
robust change being present in individual feedback
terms'®3597:105.106 (FIG. 1).

However, robust projections have now emerged
for key characteristics that underpin ENSO
extremes™*"**250107-110 (F1G, 1), For example, the frequency
of El Nifio events with extreme rainfall impacts is pro-
jected to double from about one event per 20 years from
1890-1990 to one event per 10 years over 1990-2090
(REF¥). Such increasing frequency is also seen in CMIP6
models*®'"” and continues for as long as a century after
global mean temperature stabilizes at 1.5-2.0 °C warming
relative to the pre-industrial level*>'”.

Increased ENSO SST variability

The locations of ENSO SST anomaly centres can differ
by as much as 30° longitude between observations and
models, and across different models**. Assessment of
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ENSO SST variability change should, therefore, consider
CP and EP ENSO anomaly centres simulated in individ-
ual models. Indeed, apparent increases in model agree-
ment regarding ENSO projections can partly be linked
to correcting for model-specific anomaly centres™.

For example, in CMIP5 models that reasonably sim-
ulate the distinction between EP and CP events, a 15%
increase in EP ENSO variance is projected between
1900-2000 and 2000-2100 under a business-as-usual
emission scenario for 88% of models™. CP ENSO var-
iance is also anticipated to increase, but only in 59% of
models*. CMIP6 models also support these findings'"’.
For instance, 100% of 23 CMIP6 models indicate
enhanced EP ENSO variance in the future (FIC. 4a), while
65% generate an increase in CP ENSO variance (FIG. 4b).
Even without model selection, the majority of CMIP6
models generate an increase in Nifio3 and Nifio4 SST
variability, with 28 and 27 out of 34 models, respectively,
producing an increase of about 10-15% when compar-
ing variability over the twentieth and twenty-first cen-
turies. This stronger inter-model agreement might be
related to modest improvements in simulated ENSO
patterns and event diversity, and a slight reduction in
the Pacific mean state biases''"'"”.

The enhanced variability in EP and CP ENSO is
associated with increased occurrence of extreme EP El
Nifo and extreme La Nifa events® (FIG. 4c,d). Indeed,
extreme El Nifio and La Nifia events are both projected
to increase from 5.6 events per century in the present
day to 8.9 and 8.3 events per century in the future cli-
mate, respectively. In particular, dramatic swings from
an extreme EP El Nifio to an extreme La Nifa the next
year due to El Nino-induced equatorial subsurface heat
discharge, as seen in 1997-1998, increase from 1.1 events
per century in the present day to 2.8 events per century
in the future climate (FIC. 4c,d).

Eastward teleconnection intensification

In the presence of faster warming in the eastern equa-
torial Pacific Ocean than in the surrounding regions,
even weak El Nifio events are able to induce strong
convection'”?**!%, Jeading to subsequent impacts via
atmospheric teleconnections. Changes in the amplitude
and location of ENSO-related SST variability have the
potential to further modify such teleconnections.

As a result of projected faster warming in the east-
ern equatorial Pacific, mean convection centres shift
eastward'”~'* and rainfall responses strengthen®-*’
during both CP and EP ENSO events (FIC. 5). Despite
uncertainties in early generations of CMIP models'*>'%,
ENSO-induced Rossby wave trains — such as the
Pacific-North American and Pacific-South American
teleconnection patterns — are, thus, also projected to
shift eastward”'*~'**. The high-pressure centre near the
Amundsen Sea during peak EP ENSO, for example, shifts
by more than 30° longitude (FIC. 5¢). The large deepening
or shallowing of the North Pacific trough in the Pacific-
North American teleconnection is further likely to attain
a stronger sensitivity to CP SST anomalies than to EP
SST anomalies under greenhouse warming''® (FIG. 5¢,d).

These projected changes have important climatic
implications for affected regions. For example, as the
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Fig. 4 | Projected increase in El Nifio-Southern Oscillation sea surface temperature variability in CMIP6 models.
a| December-January-February E-index standard deviation over the present (1900-1999; blue) and future (2000-2099;
orange) periods for 23 CMIP6 models, and the ensemble mean for CMIP6 and CMIP5 models. Error bars for the

multi-model means indicate one standard deviation value of 10,000 realizations in a bootstrap test. b | As in panel a, but
for the C-index. Transparent bars represent those models that simulate a variance reduction. ¢ | The relationship between
the first and second principal component time series of empirical orthogonal function analysis of sea surface temperature
(SST) anomalies 1900-1999 for the identification of extreme El Nifo—Southern Oscillation (ENSO) events. Orange dots
indicate extreme El Nifio events (E-index > 1.5 standard deviations), blue dots extreme La Nifia events (C-index<=-1.75
standard deviations) and orange stars with black outlines extreme EL Nifio events with an extreme La Nifia event the
following year. Numbers indicate the average frequency of event type per 100 years with 90% confidence interval based
on a Poisson distribution. d | As in panel ¢, but for 2000-2099. A stronger inter-model consensus on increased ENSO SST
variability emerges in CMIP6 than CMIP5 models. Only those models that simulate ENSO nonlinearity at least 50% of the
observed (as indicated by the nonlinear relationship between the first and second principal components of SST variability

in the tropical Pacific*) are selected. Models are forced by historical forcing up to 2014 and, thereafter, the Shared

Socioeconomic Pathway 5-8.5 (SSP5-8.5).

ENSO-induced Pacific-North American pattern shifts
eastward, El Nifio-induced rainfall anomalies are
expected to intensify on the west coast of North America
and El Nino-induced surface warming to expand east-
ward to occupy all of northern North America'". As a
consequence, many regions affected by ENSO in the
present climate are likely to experience more intense
ENSO-driven rainfall variability in the future'’.

In addition, owing to increased mean state mois-
ture and increased ENSO variability under greenhouse

warming, the asymmetric atmospheric response between
El Nifio and La Nifia are expected to increase''>'*’. As
a result, over many land areas, there will be a robust
increase in the spatial extent of ENSO teleconnec-
tions during austral summer in both temperature and
precipitation'?, leading to an increased impact in El
Nifo-induced droughts'**'?’. Furthermore, the projected
increase in El Nifio amplitude provides more favourable
large-scale conditions for tropical cyclone formation in
the tropical Pacific'**'*, such that island states, such as
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Fig. 5| Changing El Nifio-Southern Oscillation teleconnections under greenhouse warming. a | Regressions of CMIP6
quadratically detrended September-October-November (SON) 200 hPa geopotential height (upper panel) and rainfall anom-
alies (lower panel) onto the normalized E-index for the present (1900-1999; shaded) and future (2000-2099) periods. Purple
dots and dashed coloured contours in the upper panels mark the centre of the ELNifio-Southern Oscillation (ENSO)-induced
teleconnection (incorporating the Pacific-South American and Pacific-North American teleconnections) for the present period;
black crosses and solid contours mark the centre of pressure anomalies for the future period. Dashed black and solid orange con-
tours in the precipitation panel mark the 1 mm per day anomaly for the present and future periods, respectively. b| As in panel a,
but regressions of SON anomalies onto the C-index. ¢ | As in panel a, but for December-January-February (DJF).d | As in
panel b, but for DJF. Stippling indicates an inter-model consensus with more than two-thirds of models showing same-signed
response in the direction indicated by the colour shading. All data are the multi-model mean of CMIP6 models forced by histori-
calforcing up to 2014, and the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) emission scenario thereafter. ENSO-related
Pacific-North American and Pacific-South American patterns are situated more to the east during eastern Pacific ENSO
compared with central Pacific ENSO, and these centres tend to either strengthen or shift eastward under greenhouse warming.
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Fiji, Vanuatu, Marshall Islands and Hawaii, are likely to
see a larger number of tropical cyclones during El Nifio
events and reduced occurrences during La Nifa events
in the future'”.

Mechanisms influencing ENSO projection

The increase in ENSO SST variability is underpinned by a
stronger air-sea coupling arising from an intensification
of the equatorial Pacific upper-ocean stratification’. The
enhanced stratification is caused by surface-intensified
warming related to increasing greenhouse-gas-induced
radiative forcing and freshening owing to increased pre-
cipitation, enhancing the response of the surface mixed
layer to a given wind forcing®**'. Thus, the projected
increase in ENSO SST variability is independent of faster
warming in the eastern equatorial Pacific than the west,
a trend that underpins the projected increase in ENSO
rainfall variability”. Although models with stronger
warming in the eastern equatorial Pacific do tend to
generate a greater increase in ENSO SST variability, and
vice versa'?»'>!%, the greater warming can result from
rectification of the increased ENSO SST variability onto
the mean state'”'*2. Nevertheless, many factors affect the
projection, such as interannual inter-basin interactions,
internal variability and a too-cold equatorial Pacific
cold tongue.

Inter-basin interactions

On interannual timescales, a strong appreciation has
formed that Atlantic Nifa (with an anomalous cooling in
the equatorial east Atlantic) is conducive to a Pacific El
Nifo"*""** and an anomalous warming over the tropical
North Atlantic conducive to a Pacific La Nifia'”’. Indian
Ocean basin-wide warming can further contribute to a
transition from El Nifo to La Nifa'**. The majority of
models underestimate these remote impacts'**~'*’, with
implications for ENSO projections*-'*.

For example, the projected slower warming of the
Atlantic Ocean compared with the Pacific — linked
to a weakened oceanic heat transport from the South
Atlantic induced by a weakened Atlantic meridional
overturning circulation'"’ — can reduce the ability for
Atlantic variability to influence ENSO events. In this sit-
uation, convection is skewed towards the Pacific sector,
as atmosphere convection tends to occur over the rela-
tively warm water'”. In addition, tropical North Atlantic
SST anomalies decay faster, owing to stronger thermal
damping in a warmer climate'*, and tropospheric sta-
bility increases as the lower atmosphere warms less than
the upper troposphere, making anomalies induced by
Atlantic convection difficult to transmit across to the
Pacific'”. Both factors act to decrease the forcing of
Atlantic variability on ENSO. This scenario contrasts
to what has occurred in the post-1980 period, in which
the Atlantic has exhibited rapid warming”'** with more
biennial ENSO variability'*.

Although there is no inter-model consensus on
how interactions between ENSO and Indian Ocean
variability will change under greenhouse warming'*,
the inter-basin warming contrasts might vary with
time, inducing non-unidirectional projected changes
in ENSO, as previously demonstrated in the case of a

projected relative warming between the Pacific Ocean
and the Indian Ocean®. However, the impact of the
Atlantic Ocean and Indian Ocean future warming on
future ENSO is likely to be underestimated in climate
models, because the simulated present-day inter-basin
interactions are underestimated™*"?*%,

Internal variability

ENSO projections are also influenced by internal varia-
bility (FIG. 1), with ENSO variability differing markedly
across ensemble members of a single model, despite the
same emission scenario’~**. The inter-member spread
of future ENSO variability is not completely random
but dependent on past ENSO behaviour: greater initial
variability over a multidecadal period is associated with
smaller future variability*. Given that El Nifio amplitude
is greater than that of La Nifia, ocean-to-atmosphere net
heat loss during El Nifio events is greater than heat gain
during La Nifia events'*>'*%. The asymmetric heat flux
results in a cumulative heat loss that is greater in exper-
iments with initially stronger ENSO variability, causing
the thermocline to shoal in the upper western Pacific
and deepen in the EP initially. Over time, the cumula-
tive heat loss leads to a cooling in the upper central and
eastern equatorial Pacific. This cooling partly offsets the
greenhouse-forced upper-ocean stratification, such that
initially strong ENSO variability tends to be associated
with future weak ENSO variability*>.

Such relationships are also seen in models with
higher ENSO nonlinearity, which tend to project weaker
Nifi03.4 variability and a reduced eastern equatorial
Pacific warming™. As greenhouse gas concentrations
increase further, the impact of internal variability rel-
ative to the effect from greenhouse-induced change is
expected to decrease, and uncertainty in the projections
is expected to be dominated by inter-model differences
from the 2040s onward'"".

Impact from the cold tongue bias

The common equatorial Pacific too-cold cold tongue
and too-west extension (FIC. 3d) is further suggested
to impact ENSO simulation and projected ENSO
changes'**. For instance, the too-cold equatorial EP cold
tongue can lead to a spuriously weak Bjerknes feedback
that, despite being typically offset by a too-weak thermal
damping'*~"*!, can hamper simulation of realistic ENSO
asymmetry'”?, as warm anomalies are harder to grow to
establish atmospheric deep convection''. While model
selection based on realistic ENSO asymmetry is used for
ENSO projections, the asymmetry in selected models is
still low compared with that observed*>'®.

Although uncertainties remain, a scenario of
increased ENSO SST variability with more frequent
ENSO SST extremes continues to emerge, with intensi-
fied and shifted ENSO teleconnections. Thus, there are
multiple lines of evidence that ENSO can be sensitive to
anthropogenic warming.

Palaeoclimatic context of ENSO changes

Tropical Pacific interannual variability has been a feature
of the Earth’s climate system for millions of years'>. As
such, assessments of forced changes in ENSO properties
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Fig. 6 | Tropical Pacific mean state and El Nifio-Southern Oscillation variability in past climates. a| Nifio3.4 variability
from historical (blue), mid-Holocene (orange), Last Glacial Maximum (LGM; green), last interglacial (lig127k; red) and
abrupt 4x CO, (purple) simulations as part of PMIP3/CMIP5 and PMIP4/CMIP6 (REF.'""). Box plots indicate inter-model
spread and lighter point plots to the right indicate the spread when including internal variability, as estimated using

100 random 50-year samples from each model simulation (error bars draw the standard deviation of samples). b | As in
panel a, but for zonal sea surface temperature (SST) gradient, estimated as the west (5°S-5°N, 100°E-180°E) minus east
Pacific (5°S-5°N, 160°W-80°W) annual-mean SST difference. c| As in panel a, but for mean SST.d | As in panel a, but for
annual cycle magnitude, defined as the range of monthly climatological SST in the Nino3 region (5°S-5°N, 150°W-90°W).
All the palaeoclimate simulation outputs have been calendar-adjusted using the PaleoCalAdjust tool*°. While models
agree that El Nino-Southern Oscillation variance was lower in past climates compared with the present-day climate, its
relationship with the annual cycle, zonal SST gradient and mean SST in the central and eastern Pacific shows vast diversity

in the strength and direction.

have been carried out in the context of changes in Earth’s
orbit, volcanic eruptions and greenhouse gas forcing, as
captured in palaeoclimate datasets, observational data
and climate models. Understanding past changes pro-
vides historical context for understanding contemporary
and projected ENSO changes, and their relationship with
mean state.

Temperature gradients and ENSO

External palaeoclimate forcings alter mean surface tem-
perature, its zonal gradients and the depth of the ther-
mocline, potentially affecting ENSO. However, there
is no consistent relationship across different climates
between ENSO and climatological SST gradients. On
the one hand, foraminifera from the eastern equatorial
Pacific reveal that weaker ENSO was associated with
weaker zonal SST gradients in the Pliocene'”, consist-
ent with findings from climate models'*"'* and the Last
Glacial Maximum'”’. On the other hand, these associa-
tions oppose interpretations from other proxy data'**-'¢'.

This opposite interpretation is supported by models that
best simulate modern tropical Pacific climate, which fre-
quently simulate stronger ENSO SST variance when the
west-minus-east mean SST contrast is weaker, and vice
Versal()zfl(ﬂ.

Across different climates, no clear relationship
between ENSO variance and zonal SST gradient (FIG. 6a,b)
or mean SST (FIG. 6¢) is exhibited in Paleoclimate Model
Intercomparison Project phases 3 and 4 (PMIP3 and
PMIP4) model experiments'®. Instead, reconstructed
temperature variability in the equatorial Pacific during
the Last Glacial Maximum and Pliocene suggests that
ENSO strength is tied to the mean thermocline depth
of the eastern equatorial Pacific and the strength of the
thermocline feedback'**'*”'®°. Across multiple orbital
cycles, ENSO strength correlates strongly with vertical
temperature gradient'**. Changes in ENSO variance dur-
ing the mid and early Holocene and Pliocene can thus be
attributed to the vertical ocean structure in the central
and eastern equatorial Pacific'>*'¢-17°,
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Orbital forcing and ENSO

Changes in Earth’s orbital characteristics not only alter
the mean climate but also modulate the seasonal ampli-
tude of solar radiation, inducing seasonal shifts in cir-
culation of the tropical Pacific, potentially influencing
ENSO properties. However, substantial model-proxy
and inter-proxy discrepancies exist.

General circulation models forced with different
orbital conditions simulate, on average, a 30-40% sup-
pression of the seasonal cycle amplitude of eastern trop-
ical Pacific SST variability during the mid-Holocene
(6,000 years ago) and a 10-20% suppression of ENSO
variability'”"'” (FIC. 6a,d). In the last interglacial, when
orbital forcing was similar to that in the mid-Holocene
but stronger, models show a correspondingly larger
decrease in ENSO variance (FIG. 6a), but without a cor-
respondingly larger reduction in magnitude of seasonal
cycle (FIC. 6d). These suggest an orbital sensitivity of
ENSO that could occur with or without a consistent
change in magnitude of seasonal cycle.

Palaeoclimate proxies themselves, however, pres-
ent conflicting lines of evidence of orbital sensitivity of
ENSO. Records from coral'”?, foraminifera'®, lakes and
speleothems'”*-'7# illustrate substantial changes in ENSO
variance under orbital forcing. In contrast, other con-
structions reveal intervals of reduced ENSO variance
that are out of phase with orbital changes in equatorial
insolation'”’. Spanning the last 7,000 years, coral-based
ENSO reconstructions show no clear orbitally forced
trend in ENSO variability since the mid-Holocene;
instead, there appears to be a pronounced reduction
in ENSO variability and the magnitude of the seasonal
cycle between 3,000 and 5,000 years ago’'®’, a period
that does not coincide with any known external forcings.

Some of these model-proxy and inter-proxy discrep-
ancies can be due to changes in ENSO flavours and their
different teleconnection patterns'® that are not resolved
by individual proxies. For example, the mid-Holocene
ENSO reduction was most pronounced in the eastern
equatorial Pacific, whereas CP ENSO events remained
relatively unaffected or even slightly increased'**. Given
these discrepancies, it appears that ENSO’s sensitivity to
orbital forcing remains highly uncertain”.

Volcanic forcing and ENSO

Improved understanding of volcanic forcing on ENSO
variability also offers opportunities to better assess the
role of natural and anthropogenic aerosols in ENSO var-
iability in present and future climates''. However, there
is currently much uncertainty surrounding the impact
of volcanic forcing on ENSO. For instance, in some
cases, the probability of El Nifo events increases in the
year following an eruption®*'**"'%, whereas in others,
a weak La Nifa response'®”'* or no clear signals'®""'
emerge. The cause of these differences can be related,
in part, to the multiple factors involved, including the
Pacific-wide initial conditions, the location and season
of the eruption, and the spatial structure of the volcanic
aerosols'**"'*°, For example, Northern Hemisphere tropi-
cal eruptions typically generate an El Nifo-like response,
while Southern Hemisphere tropical eruptions induce a
La Nifa-like response'®. A uniform negative radiative

forcing over the tropics further induces a La Nina-like
response, contrary to the expectation from the ocean
dynamical thermostat mechanism®. Thus, reducing
proxy dating uncertainties and accounting for the lati-
tude and timing of eruptions is important for assessing
ENSO’s sensitivity to aerosol forcing.

Uncertainty in palaeoclimate records

Limitations of palaeoclimate reconstruction exist”’,
hindering interpretation of the relationship of ENSO
with mean circulation and with orbital forcing. These
include nonlinearities and non-stationarity in telecon-
nected proxy records'”, aliasing of natural ENSO varia-
bility and difficulty in separating the impacts of ENSO,
its diversity and seasonal cycle changes in both direct
and teleconnected or indirect ENSO proxies. Further,
most of these proxy records reflect ENSO-related tem-
perature, rainfall and salinity, which can lead to nonlin-
earities and non-stationarity in the recorded signal'”’.
In addition, regional topography and mesoscale circu-
lation processes can lead to departure of regional sig-
nals from the expected large-scale signature of ENSO
events'”. Thus, the observed interannual variance in
land-based hydroclimate or coral-based records likely
reflect a change in ENSO-related temperature and hydro-
logical variability combined, ENSO diversity and the
regional or large-scale teleconnections'**'*.

Despite the limitations, palaeoclimate reconstruc-
tions, when carefully combined with dynamical under-
standing, offer the ability to ground-truth model
simulations and to inform targeted experiments for
distinguishing underlying mechanisms. However, it is
challenging to use past climates as exact analogues or
reverse analogues for centennial-scale anthropogenic
climate change due to issues such as coupling of the
zonal and vertical gradients, the lack of a clear consistent
relationship between mean circulation and ENSO varia-
bility in palaeoclimate records and model experiments,
and incomparability between available climate proxies
that resolve equilibrium conditions and the transient
response to greenhouse warming that we are interested
in. Nevertheless, the link between enhanced vertical
temperature gradients with increased ENSO variabil-
ity appears to operate in many past climates and in the
projected twenty-first century climate.

Summary and future perspectives

There is an emerging inter-model consensus among
models that capture the distinction between EP and
CP ENSO events, that ENSO SST variability is likely to
increase, in turn, increasing the frequency of extreme
ElNifo and La Nifia events in terms of SST anomaly mag-
nitude; this consensus is stronger in CMIP6 compared
with CMIP5. Associated with this change is an inten-
sification and eastward shift of equatorial Pacific rain-
fall responses and extratropical teleconnections. These
projected changes are consistent with lines of palaeocli-
matic evidence that suggest that ENSO variability has
increased since the 1950s compared with past centuries,
and that, on long timescales, ENSO variability strength
increases with the equatorial Pacific vertical tempera-
ture gradient. In addition, future changes in ENSO SST
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a Time of emergence for annual-mean value over the Nifi03.4 region
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b Time of emergence for interannual variability over the Nifio3.4 region
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Fig. 7| Time of emergence of climate change signals. a| The time of emergence (ToE; the year when anthropogenic
signals emerge from noise) of annual-mean sea surface temperature (SST; red) and rainfall (blue) over the Nino3.4 region
for each CMIP6 model and the multi-model ensemble (MME) mean. Signals are obtained by regressing time series of

150 annual-mean values in each grid point onto a smoothed version of the tropical mean (30°S-30°N) by fitting a fourth-
order polynomial’”’. The ToE is defined as the year when the signal-to-noise ratio exceeds 1. b | The ToE for interannual
variability in SST (red) and precipitation (blue). Signals are obtained by regressing time series of 30-year running standard
deviation of anomalies quadratically detrended for each 30-year period onto time series of 30-year running climatology
of the tropical mean similarly smoothed by fitting a fourth-order polynomial. For illustration, the ToE for interannual
variability is defined as when the signal-to-noise ratio exceeds 1.5. In both cases, ‘signals’ are derived from CMIP6 models
under historical forcing and the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) emission scenario over the 1850 to 2099
period (150 years) and ‘noise’ from a 500-year pre-industrial experiment of the respective model as the standard deviation
of annual-mean values. The ToE for interannual rainfall variability is sooner than that for interannual SST variability,
whereas the ToE for the annual-mean rainfallis later than the annual-mean SST.

are not simply a function of emission scenarios but are
influenced by the past history of ENSO variability.
However, uncertainties remain. On multidecadal
timescales, confidence is reduced by the disparity
between the projected west-minus-east zonal SST gra-
dient weakening and the observed strengthening over
the past several decades™***, model cold tongue biases
and inter-basin interactions that are too weak™*-?4%,
On interannual timescales, simulated inter-basin telecon-
nections are also too weak, influencing ENSO impacts on
the Atlantic and/or Indian oceans, as well as the impacts
of the Atlantic and/or Indian oceans on ENSQ*»!36138139,

It is not clear how these two-way interactions will change
and how the changes will affect ENSO.

Further, ENSO is coupled with and influenced by other
variability at higher latitudes of the Pacific. For example,
El Nifio events are preceded by and coupled with warm
anomalies of the North Pacific meridional mode**-*2, and
forced by southerly jets from the south-western Pacific*”.
There is incomplete knowledge of how these tropical-
extratropical connections are simulated in climate models
and how they will respond to greenhouse warming.

In terms of ENSO properties, little is known about
how other essential characteristics of ENSO could
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change, such as the termination and onset of ENSO
events, coupling between stochastic noise and ENSO, and
interactions between ENSO and the annual cycle'”"".
In regards to ENSO physics, the role of eddy-induced
oceanic heat transport and oceanic turbulent mixing
is not well understood or parameterized®”!, nor are
sub-grid atmosphere process such as atmospheric con-
vection, cloud formation and their coupling to other
ENSO processes*”.

Nevertheless, coordinated community efforts
like CMIP and advances in computational power
will continue to facilitate progress. Large-ensemble
simulations®, long control climate simulations and
high-resolution climate modelling (0.1° in horizontal
resolution for the ocean model component) show great
promise in addressing key questions about ENSO in a
warmer world.

When the ‘signal’ of increased ENSO SST variabil-
ity or the changing mean state might clearly emerge
from the background noise of internal variability, or
whether such a signal will ever be detectable in a sin-
gle realization of the real world, is key open question.
Long, multi-century control simulations of the climate
system provide a wide range of realizations for this
assessment. The concept of the ‘time of emergence’ for
SST and precipitation signals in the equatorial Pacific,
referenced to pre-industrial conditions, indicate when
it should be possible to detect these signals against the
background noise of natural internal variability””’”. For
changes in mean SST in the Nifio3.4 region under the
most aggressive greenhouse gas emission scenario,
the time of emergence should have been around the turn
of the twenty-first century (FIC. 7a). However, the dis-
crepancy between models and observations and the
inter-model spread prevent a clear greenhouse gas forced
mean state temperature change from being observed.
For changes in mean precipitation in the Nifi03.4 region,
the signal might not emerge until mid-twenty-first cen-
tury. Conversely, the situation for SST and precipitation
variability is reversed; rainfall variability emerges sooner
than SST variability (FIC. 7b). The earlier emergence of
rainfall variability confirms the robust signal of more
extreme El Niflo events in the future when measured by
arainfall threshold”. These findings suggest that ENSO
changes should be detectable within the twenty-first cen-
tury; however, the time of emergence for teleconnections
impacting ENSO-affected regions awaits investigation.

Large-ensemble experiments within a single model
have led to the realization that internal variability**~* and

1,215-231(2020).

centre in the equatorial EP.

Cai, W. et al. Climate impacts of the El Nino—Southern 1.
Oscillation on South America. Nat. Rev. Earth Environ.

the butterfly effect*” influence projected ENSO change.
Available simulations suggest that, while responding to
greenhouse warming, ENSO constantly self-regulates in
accordance with its own past behaviour*. That is, high
past variability takes heat out of the upper equatorial
Pacific Ocean, offsetting greenhouse-warming-induced
upper-ocean stratification and weakening ENSO’s
response, which, in turn, sets up for a strong subse-
quent response by reducing oceanic heat loss. The
self-regulation raises an issue of whether there is a
deterministic equilibrium ENSO response to green-
house warming in a single realization. In other words,
is ENSO change quantifiable in a given window of time
in the future? Large-ensemble experiments with multi-
ple models offer an opportunity to test the robustness of
this self-regulating behaviour and to inspire theoretical
models of the associated process.

Furthermore, high-resolution climate models not
only better resolve ENSO teleconnection patterns,
intensity and associated climate extremes at regional
scales, subgrid ocean and atmosphere processes but also
allow explicit definition of previously unresolved phys-
ical processes. One example is heat transport induced
by equatorial Pacific oceanic eddies (such as tropical
instability waves) on the mean state heat balance of
the equatorial Pacific. For the equatorial Pacific mean
state, eddy-induced heat transport represents a substan-
tial heat source comparable with heat uptake from the
atmosphere®”. The eddy-induced heat source is reduced
during El Nifio but increases during La Nifia, constrain-
ing ENSO amplitude®” while substantially contributing
to ENSO irregularity and predictability***. Given that
such eddy effects are not resolved by low-resolution cli-
mate models, it is likely that the simulated cold tongue
bias and other ENSO property biases'* in CMIP models
could be due, in part, to the absence of the eddy process.
Thus, high-resolution ENSO modelling offers a path for-
ward for substantial improvement in ENSO simulations
and projections.

Thus, despite rapid progress, fully understanding
ENSO responses to greenhouse warming is far from
resolved. The coming decade offers opportunities for
substantial advances as community efforts strengthen,
cutting-edge ideas emerge and realistic models become
available. The robust scientific process, whereby debates
inspire research and progress identifies new issues, will
propel the field forward.
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