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Response of El Niño sea surface temperature
variability to greenhouse warming
Seon Tae Kim1*,Wenju Cai1,2*, Fei-Fei Jin3, Agus Santoso4, LixinWu2, Eric Guilyardi5,6 and Soon-Il An7

The destructive environmental and socio-economic impacts
of the El Niño/Southern Oscillation1,2 (ENSO) demand an
improved understanding of how ENSO will change under
future greenhouse warming. Robust projected changes in
certain aspects of ENSO have been recently established3–5.
However, there is as yet no consensus on the change in the
magnitude of the associated sea surface temperature (SST)
variability6–8, commonly used to represent ENSO amplitude1,6,
despite its strong e�ects on marine ecosystems and rainfall
worldwide1–4,9. Here we show that the response of ENSO
SST amplitude is time-varying, with an increasing trend in
ENSO amplitude before 2040, followed by a decreasing trend
thereafter. We attribute the previous lack of consensus to an
expectation that the trend in ENSO amplitude over the entire
twenty-first century is unidirectional, and to unrealistic model
dynamics of tropical Pacific SST variability. We examine these
complex processes across 22 models in the Coupled Model
Intercomparison Project phase 5 (CMIP5) database10, forced
under historical and greenhouse warming conditions. The nine
most realisticmodels identifiedshowastrongconsensuson the
time-varying response and reveal that the non-unidirectional
behaviour is linked to a longitudinal di�erence in the surface
warming rate across the Indo-Pacific basin. Our results carry
important implications for climate projections and climate
adaptation pathways.

ENSO events are characterized by anomalous warming and
cooling in the eastern equatorial Pacific, whose intensity is
conventionally measured by the Niño3.4 index, an area average of
SST anomalies over 5◦N–5◦ S and 170◦W–120◦W. The Niño3.4
index is positive during El Niño and negative during La Niña.
As demonstrated by the standard deviation of the Niño3.4 index
over 20-, 30- 40-, or 50-year running periods starting in 1950
(Fig. 1a,b), available observations11,12 consistently show that the
amplitude of ENSO SST variability has enhanced over the past
several decades, although a slightly negative trend has commenced
in the late 1990s. The statistics show that 1980–2000 was a
period of particularly intense ENSO activities, signified by the two
most extreme El Niño events in 1982 and 1997 (refs 1,2). The
exceptionally warm eastern equatorial Pacific Ocean during these
El Niño events caused massive disruption to the marine ecosystem
off Peru when the trade winds severely weakened, deepening the
thermocline, and cutting off the supply of upwelled nutrients9. Other
destructive effects include, but are not limited to, coral bleaching and
severe alteration of global rainfall patterns1–4,9. It is thus of broad

interest to determine how ENSO SST amplitude will respond to
greenhouse warming.

Although recent studies have uncovered robust projected
changes in ENSO-driven rainfall variability3,4 and ENSO
propagation characteristics5, there is still no consensus on the
change in ENSO SST variability6–8. Here we examine the issue using
22 CMIP5 coupled general circulation models (CGCMs) forced
under the historical and greenhouse warming (representative
concentration pathway 8.5; RCP8.5) conditions (Methods). We
show that a consensus emerges by considering both the possibility
of the time-dependent response of ENSO amplitude to increased
greenhouse gases, which was suggested by a theoretical study13,
and the complex dynamical processes that give rise to the SST
anomalies. These two factors in conjunction have not been
considered by previous studies6–8 using CMIP models.

Theoretical, modelling and observational studies indicate that
ENSO amplitude is strongly linked to the slowly evolving mean
tropical Pacific trade winds, which drive themean equatorial Pacific
thermocline depth6,14–17. Concurrent with the observed ENSO
amplitude increase, the observed central-to-western equatorial
Pacific easterlies18,19 slackened before the late 1990s, and the
slightly weakening trend since then has been associated with the
strengthening of the mean easterlies (Fig. 1c), consistent with recent
studies16,20. Thus, the linkage to the mean easterly winds is an
important element of the observed time-varying ENSO amplitude.

The generation of ENSO SST anomalies involves a suite of
positive air–sea feedback processes that constitute the Bjerknes
feedback21, operating against various negative feedback processes.
The Bjerknes feedback depicts a series of processes in which
anomalous equatorial westerly winds cause weakened upwelling,
flattened thermocline slope, and sea surface warming that in turn
reinforces the wind anomalies. Although nonlinear aspects of ENSO
are recognized22, the overall ENSO dynamics are approximately
linear14,21, as described by the widely used Bjerknes coupled
stability (BJ) index17,23 formula (Supplementary Methods). The
BJ index formula partitions the various feedback processes into
three positive (zonal advective, thermocline, and Ekman feedbacks)
and two negative (mean advection damping and thermodynamic
damping) terms.

The performance of CGCMs in simulating these feedback
processes and their relative importance varies vastly24. As evidenced
in our analysis below, this contributes to large uncertainty in the
projected change in ENSO amplitude. We compare the BJ index
terms from each model with those from observations over the
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Figure 1 | Observed ENSO amplitude and topical Pacific zonal winds. a,b, ENSO amplitude (◦C), defined as the standard deviation of the Niño3.4 index
over 20-, 30-, 40- and 50-year windows moving forward starting at every year from 1950 to 2012, using the HadISST (ref. 11; a) and ERSST (ref. 12; b) data
sets. c, Climatological zonal wind stress (10−1 N m−2) averaged in the central-to-western tropical Pacific (10◦ S–10◦ N, 156◦ E–144◦W) over 20-, 30-, 40-,
and 50-year running periods from the WASWind18 over 1950–2009 and the CORE (ref. 19) version 2 over 1950–2006. In a–c, the last year of each running
period is plotted on the x axis.
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Figure 2 | Time variation of simulated ENSO amplitude and ENSO stability. a, The MME of the ENSO amplitude from the BEST9 computed over 50-year
running periods from 1861 to 2100. The 50-year running ENSO amplitudes from HadISST (ref. 11) and ERSST (ref. 12) over the period 1870–2012 are also
shown. There is significant correlation between the MME and observations (r=0.90 for HadISST and r=0.87 for ERSST). b–d, The MME of the 50-year
running ENSO stability estimated using the BJ index (b), the MME thermocline feedback term (c), and MME response sensitivity coe�cient for anomalous
zonal thermocline slope response to wind stress anomalies (βh; d) from the BEST9. In c, correlation coe�cient with the BJ index, and in d, correlation
coe�cient with the thermocline feedback are shown. In a–d, the light blue shading and light red shading represent inter-model spread or uncertainty range,
which is estimated with the inter-model standard deviations, in the historical run and the RCP8.5 run, respectively. The last year of each 50-year running
period is plotted on the x axis.

latter half of the twentieth century (Supplementary Fig. 1 and
Methods). Nine CMIP5 CGCMs (BEST9) are found to be the best
in reproducing the relative magnitudes of the observed BJ index

and its five contributing feedback terms. Themulti-model ensemble
(MME) of the BEST9 is evaluated, and then compared with the
MME of the remaining 13 less realistic models (REM13).
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The standard deviations of the Niño3.4 index, the BJ index and
its contributing terms over 50-year running periods from 1861 to
2100 exhibit a time-varying behaviour (Fig. 2 and Supplementary
Fig. 2). The length of the running period of 50 years is chosen to
capture a sufficient number of ENSO events, and our results are not
sensitive to different lengths of the running period (Supplementary
Fig. 3). The aggregated BEST9 shows both an increasing trend of
ENSO amplitude over the recent decades and a slightly weakening
trend during the early twenty-first century as in the observations
(Fig. 2a and Supplementary Fig. 3c).

The increase in ENSO amplitude in BEST9 resumes after
2010 and continues until approximately 2040, reaching an
aggregated magnitude (1.12 ◦C ± 0.33) about 13% greater than the
post-1950 average (0.99 ◦C). After 2040, the ENSO amplitude trend
commences a reversal. By the end of the twenty-first century, the
ENSO amplitude (0.84 ◦C ± 0.32) decreases to approximately 5%
lower than the post-1950 strength. The ENSO evolution in BEST9
is supported by a strong inter-model consensus (Supplementary
Table 1). Without considering this time-variation aspect, that is, by
simply taking the average difference in ENSO amplitude between
the twentieth and twenty-first centuries, as done in previous
studies6–8, robustness on projected change in ENSO amplitude is
weakened (Supplementary Table 2).

The evolution of the BJ index shares similar time-varying
behaviour to the modelled ENSO amplitude (Fig. 2b), with a high
positive correlation (r=0.9), confirming that the BJ index captures
the overall dynamics of ENSO. The enhanced ENSO amplitude
before 2040 is accompanied by an increasing BJ index, implying that
the climate system is changing towards a less damped state, and vice
versa with a reduced ENSO amplitude and BJ index thereafter.

As the ENSO feedbacks might vary under greenhouse warming,
affecting ENSO amplitude14, we examine the evolution of all
feedback terms. We find that the time-varying BJ index and thus
ENSO amplitude are predominantly controlled by evolution of
the thermocline feedback, the most dominant positive feedback
term17,20,23,25. This is evidenced by a correlation coefficient (0.81) of
the BJ index with the thermocline feedback component (Fig. 2c),
higher than the correlation with any other contributing terms
(Supplementary Fig. 2a–d).

The strength of the thermocline feedback is most closely
associated with the response of the zonal thermocline slope to a
wind anomaly24 (βh) among its contributing factors (Supplementary
Methods), which is also true for the time evolution of the
thermocline feedback because the feedback has the highest
correlation (0.91) with βh (Fig. 2d and Supplementary Fig. 2e–g).
Thus, to investigate the associated mechanism, we examine what
controls the time variation in βh.

The strength of βh varies with the climatological zonal
thermocline slope, increasing as the thermocline slope flattens over
the 1950–2040 period, but decreasing thereafter as the thermocline
slope steepens (Fig. 3a). The climatological zonal thermocline slope,
in turn, varies with changes in central-to-western equatorial Pacific
mean trade winds (Fig. 3b), influencing ENSO amplitude through
the thermocline feedback. We note that over the 1950–2100 period,
the reversal in ENSO amplitude trend is marked by a switch from a
weakened easterly wind before approximately 2040 to an enhanced
easterly thereafter.

The time-varying mean wind is in turn related to the change
in the zonal climatological SST gradient induced by different
warming rates across the Indo-Pacific Ocean (Fig. 3c). For the
period 2010–2040, a greater acceleration in warming occurs in the
eastern Pacific than in the eastern Indian–western Pacific (Fig. 4a,b),
weakening easterlies over the central-to-western tropical Pacific
(Fig. 4c). For the period between 2040 and 2100, the eastern Pacific
warming rate abates but a faster warming emerges over the eastern
Indian–western Pacific region (Fig. 4b). This differing warming rate
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Figure 3 | Factors driving a coupling intensity between anomalous
thermocline slope and surface wind in the equatorial Pacific. a, Scatter
plots of the MME response sensitivity coe�cient (βh) for zonal thermocline
slope response to surface wind stress anomalies versus the MME of
climatological zonal thermocline slope in the equatorial Pacific (Zw–Ze),
computed from the BEST9 over 50-year running periods from 1861 to 2100
(Methods). b,c, Scatter plots of MME climatological central-to-western
Pacific surface wind stress (τxc) versus MME climatological zonal
thermocline slope in the equatorial Pacific (b), and versus MME
climatological zonal gradient of SST between the eastern Indian–western
Pacific and the eastern Pacific (SSTw–SSTe; c). In a–c, coloured circles
represent the last year of each 50-year running period.

enhances the Indo-Pacific west-minus-east SST gradient and thus
enhances the easterlies (Fig. 4c).

One of the mechanisms for the differential warming rate is
associated with an eastward migration of higher positive sea level
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Figure 4 | Time-varying MME linear trends. a, Hovmoller diagram of MME linear trends of SST (◦C per 50 yr) across the Indo-Pacific Ocean averaged
between 5◦ S and 5◦ N over the period 1990–2100. b, MME linear trends of SST area-averaged (Methods) over the eastern Pacific (EPO) and over the
eastern Indian–western Pacific (EIWPO), with a linear fitting line showing the di�erence in acceleration of warming across the Indo-Pacific Ocean over
the two time periods. The regression line is obtained separately in 1990–2040 and 2041–2100. c, The same as in a but for MME linear trends of SLP
(colour scale) and zonal wind stresses (vectors; 10−2 N m−2 per 50 yr). In a–c, the last year of each 50-year running period is plotted on the y axis. The
marked grey arrow on the left side of the y axis indicates the year 2040, when the ENSO amplitude is projected to begin its reversal.

pressure (SLP) trends over the western Pacific region (Fig. 4c
and Supplementary Fig. 4a). This bears some resemblance to
the observed interannual atmosphere anticyclone–SST pattern
following a mature El Niño phase26. During the early period of
greenhouse warming (that is, pre-2040), a faster warming in the
eastern tropical Pacific (Fig. 4a,b; also ref. 27) is associated with a
more elevated SLP over the western Pacific than over the eastern
Pacific (Fig. 4c). A stronger warming rate in the eastern equatorial
than the eastern subtropical Pacific (Supplementary Figs 4c and 5a;
also ref. 28) leads to strengthened northeasterly winds. To the east
of the western Pacific high positive SLP trend region, the enhanced
total wind speeds increase evaporative cooling, which limits the
warming of local SSTs (Supplementary Fig. 4b), and thus result
in an eastward progression of relatively weak warming and high
positive SLP trends (Supplementary Figs 4a and 5a). The enhanced
easterly winds to the south of the progressed SLP trend region also
strengthen oceanic upwelling in the central-to-eastern equatorial
Pacific, limiting the westward expansion of the eastern Pacific
warming (Supplementary Fig. 5a). After 2040, these processes (see
schematic picture in Supplementary Fig. 6) lead to an increase in
the Indo-Pacific zonal west-minus-east SST gradient, which further
intensifies the mean central-to-western equatorial Pacific easterlies
(Figs 3c and 4c).

This mechanism is not effective in the REM13, which instead
seems to exhibit a persistent increase in ENSO amplitude and BJ
index (Supplementary Fig. 7) with a weak inter-model consensus
on the amplitude trend (Supplementary Table 1). The SST warming
rate in the subtropical region is of comparable magnitude to that in
the equatorial Pacific region (Supplementary Fig. 5b), in contrast to
the BEST9. The different warming pattern in the REM13, instead
weakens the meridional SST gradient (Supplementary Fig. 4f) and
the northeasterly winds, leading to less efficient evaporative cooling
(Supplementary Fig. 4d,e) than in the case of the BEST9. As a result,
there is a further expansion of the relatively large equatorial and
subtropical warming towards the central Pacific, hence weakening
zonal SST gradients across the Indo-Pacific (Supplementary Fig. 5b).

These zonal SST gradients weaken mean central-to-western Pacific
easterlies (r =−0.99 between the winds and the mean zonal SST
gradient), flattening the equatorial Pacific mean thermocline slope
(r =−0.98 between the winds and the thermocline slope), and
leading to a continuous increase in the thermocline feedback and
hence ENSO amplitude.

The difference between the time-varying ENSO amplitude
projected by the REM13 and the BEST9 could be due to the REM13
suffering from a more severe cold SST bias along the Equator
than the BEST9 (Supplementary Fig. 8), consistent with the less
realistic ENSO feedbacks24. This highlights that model biases can
also contribute to a lack of inter-model consensus on projected
ENSO amplitude.

Our result of a time-varying response of ENSO SST variability to
greenhouse warming during the twenty-first century, with initially
increasing ENSO amplitude followed by decreasing amplitude, is in
sharp contrast to the previous expectation of a unidirectional change
in studies using CMIP models. This non-unidirectional change
revealed here suggests an enhanced ENSO SST variability in the
Pacific and its extended effects over the next two to three decades.

Methods
Boxed regions. For the BJ index analysis (Supplementary Methods), the western
and eastern boxed regions were determined considering the model’s own ENSO.
They extend from 82◦W westward and from 121◦ E eastward, respectively, to a
longitude (Hc ; Supplementary Table 3) where the zero contour line passes the
Equator in the regressed pattern of oceanic heat content anomalies with the first
principal component of the empirical orthogonal function for SST anomalies in
the tropical Pacific (120◦ E–80◦W, 20◦ S–20◦ N) from individual coupled models
and reanalysis data29. The latitudinal range of the boxed region is 5◦ S–5◦ N. The
Hc was also applied to calculations in Fig. 3. The zonal thermocline slope
(Fig. 3a,b) is defined as the difference of thermocline depth (the depth of
maximum temperature gradient within 0–400m) between the western equatorial
Pacific (121◦ E–Hc , 5◦ S–5◦ N) and the eastern Pacific (Hc−82◦W, 5◦ S–5◦ N). The
central-to-western tropical Pacific climatological mean wind stresses (Fig. 3b,c)
are averaged over Hc−30◦-Hc+30◦ in longitude and 5◦ S–5◦ N in latitude. The
climatological zonal SST gradient (Fig. 3c) is the difference between the eastern
Indian–western tropical Pacific (60◦ E–120◦ E, 10◦ S–10◦ N) SST and the eastern
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Pacific (Hc−Hc+60◦, 10◦ S–10◦ N) SST. This boxed region is also applied
to Fig. 4b.

CMIP5 models. We analysed the historical runs over the period 1861–2005 and
RCP8.5 experiments over the period 2006–2100 from 22 CMIP5 models to
represent the present-day climate and future warmer climate, respectively; the
former runs are forced by observed atmospheric compositions over the twentieth
century and the latter runs by a high greenhouse gas emission scenario with a
radiative forcing that increases to a level of 8.5Wm−2 at the end of the
twenty-first century. The models include ACCESS1-0, ACCESS1-3, CCSM4,
CNRM-CM5, CSIRO-MK3-6-0, FGOALS-g2, GFDL-CM3, GFDL-ESM2G,
GFDL-ESM2M, GISS-E2-R, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR,
IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC5, MIROC-ESM, MPI-ESM-LR,
MPI-ESM-MR, MRI-CGCM3, NorESM1-M and NorESM1-ME. More detailed
information on CMIP5 coupled models can be obtained from
http://cmip-pcmdi.llnl.gov/cmip5/availability.html.

MME analysis. For the MME analysis, we selected CMIP5 models that have
realistic, relative contributions of the three positive and the two negative feedback
terms to ENSO stability, as estimated by the BJ index, in comparison with those
from the reanalysis data sets. We compared the BJ index and its contributing
feedback terms from each of the 22 CMIP5 models over the period 1950–1999
with those from the reanalysis data sets over the period 1958–1999. The
reanalysis data sets include ocean potential temperatures, ocean currents, and
wind stresses from the Simple Ocean Data Assimilation Reanalysis version 2.0.2
(ref. 29) available over the 1958–2007 period and net heat fluxes from the 40-year
European Centre for Medium-Range Weather Forecasts Reanalysis30 over the
1958–2001 period. The correlation coefficients and root mean square error
(r.m.s.e.) between each model and the reanalysis were calculated in terms of the
relative importance of the five BJ index contributing terms and the BJ index,
following the sequence shown in Supplementary Fig. 1. Each model and the
reanalysis have six samples (five BJ terms and one BJ index), all in an identical
sequence, which permits calculation of the correlation coefficients and r.m.s.e.
The selected nine models (GFDL-CM3, GFDL-ESM2M, MIROC5, GISS-E2-R,
FGOALS-g2, NorESM1-M, NorESM1-ME, CCSM4, ACCESS1-0) have a
significant correlation at the 99% confidence level and also a relatively small
r.m.s.e. (that is, red-coloured models in Supplementary Fig. 1) among the 22
CMIP5 models. The MME, which is obtained by simply averaging all models of
each group without applying a weight to each model, is calculated separately for
the BEST9 and the REM13. The utilization of the BJ index for selecting models is
addressed in the Supplementary Information.

Statistical analysis. To examine how various quantities (including ENSO
amplitude, BJ index, climatology, and linear trends) vary over time, in each
model we combined the two experiments to form a 240-year-long data set as the
RCP8.5 experiments start from 1 January 2006 of the historical runs, and
performed analyses over running periods from 1861 to 2100.

Anomalous quantities are departures from a running climatology. In other
words, they are obtained by removing the long-term mean seasonal cycle of each
running period. A linear trend is computed by a least-squares fit of the monthly
anomalous quantities. Before the BJ index analysis, the linear trend is removed
from the anomalies and a seven-year running mean was also applied to remove
decadal and longer variation (for example, Supplementary Figs 9–11).

For the observed SST, we use two reanalysis data sets, that is, Hadley Centre
sea ice and SST version 1 (HadISST; ref. 11) and extended reconstructed SST
(ERSST) version 3b (ref. 12) over the period 1871–2012. To examine the observed
central-to-western tropical Pacific mean zonal winds, we use the WASWind18

(1950–2009) and CORE version 2 (ref. 19) (1950–2006) data sets.
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