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Continued increase of extreme El Niño frequency
long after 1.5 ◦C warming stabilization
GuojianWang1,2, Wenju Cai1,2*, Bolan Gan1, LixinWu1*, Agus Santoso2,3, Xiaopei Lin1, Zhaohui Chen1
and Michael J. McPhaden4

The Paris Agreement aims to constrain global mean tempera-
ture (GMT) increases to 2 ◦C above pre-industrial levels, with
an aspirational target of 1.5 ◦C. However, the pathway to these
targets1–6 and the impacts of a 1.5 ◦C and 2 ◦C warming on
extreme El Niño and La Niña events—which severely influence
weather patterns, agriculture, ecosystems, public health and
economies7–16—is little known. Here, by analysing climate
models participating in the Climate Model Intercomparison
Project’s Phase 5 (CMIP5; ref. 17) under a most likely
emission scenario1,2, we demonstrate that extreme El Niño
frequency increases linearly with the GMT towards a doubling
at 1.5 ◦C warming. This increasing frequency of extreme
El Niño events continues for up to a century after GMT has
stabilized, underpinned by an oceanic thermocline deepening
that sustains faster warming in the eastern equatorial Pacific
than the o�-equatorial region. Ultimately, this implies a higher
risk of extremeElNiño to future generations afterGMTrise has
halted.On the other hand,whereas previous research suggests
extreme La Niña events may double in frequency under the
4.5 ◦C warming scenario8, the results presented here indicate
little to no change under 1.5 ◦C or 2 ◦C warming.

For a given rise in global mean temperature (GMT), regional
climate impacts and local capacities to adapt vary vastly from one
region to another. As such, there is debate as to what level of climate
change is considered dangerous18,19. The local impacts projected for
2 ◦C warming are beyond what many societies can cope with1,20,21.
A lower warming level has been called for and the historic Paris
Agreement responded with an aspirational target of 1.5 ◦C. Limiting
warming to 1.5 ◦C would reduce the projected frequency of heat
extremes by 50% from that associated with 2 ◦C warming22, and
reduce the melting of polar ice sheets, which contributes directly to
the risk of global sea level rise23–25. However, there are only a limited
number of studies that have looked into the impacts associated
with 1.5 ◦C warming, with most studies conducted in the context of
2 ◦C warming. Here we assess the impact of 1.5 ◦C warming on the
frequency of extreme El Niño and extreme La Niña events, such as
those that occurred respectively in 1997 and 1998, and caused global
socio-economic and environmental disruptions9–16.

During extreme El Niño events, atmospheric convection shifts
into the otherwise cold and dry eastern equatorial Pacific (Niño3
region, 5◦ S–5◦ N, 150◦ W–90◦ W)7,26 (see Methods). A collapse
of the ‘northern off-equatorial-minus-equatorial’ sea surface
temperature (SST) gradient allows the Intertropical Convergence
Zone (ITCZ) to migrate southwards to the Niño3 region7.
An extreme La Niña (see Methods) features concentrated warming

and atmospheric convection in the Maritime region but cooling
and reduced convection in the central equatorial Pacific8,27. The
cooling is supported by stronger easterly winds driven by an
enhanced Maritime-minus-central Pacific zonal temperature
gradient, inducing upwelling of cool subsurface water in the central
equatorial Pacific. Under a business-as-usual scenario, that is,
Representative Concentration Pathway 8.5 (RCP8.5)2, in which
GMT increases by about 4.5 ◦C by 2100, greenhouse warming
leads to an increased frequency of extreme El Niño and extreme
La Niña events7,8. The eastern equatorial Pacific (central region of
extreme El Niño anomalies) is projected to warm faster than the
surrounding regions, causing the mean meridional SST gradient
to decrease7, and Niño3 rainfall to increase. Further, the Maritime
region is projected to warm faster than the central equatorial
Pacific (core to La Niña anomalies27), leading to an enhanced
Maritime-minus-central Pacific zonal gradient8. Consequently, it is
easier to induce extreme El Niño and extreme La Niña events7,8.

However, as the global community aims to limit warming below
1.5 ◦C, it is critical to evaluate the risk of extreme El Niño and
extreme La Niña in a 1.5 ◦C warming world. It is also of interest
to compare this with the less ambitious target of 2 ◦C warming.
Here we show that, although lower from the 2 ◦C warming level, the
frequency of extreme El Niño at 1.5 ◦C warming doubles from that
of the pre-industrial level, and continues to increase long after the
GMT stabilizes.

In the ClimateModel Intercomparison Project’s Phase 5 (CMIP5;
ref. 17), the RCP2.6 ‘peak and decline’ emissions scenario, with CO2
stabilizing at 450 ppm around 2040 and declining thereafter2, is the
only pathway available to limit a peakGMT rise close to 1.5 ◦Cabove
the pre-industrial level. We use a total of 13 available models forced
under this emissions scenario on the basis of their ability to generate
extreme El Niño and La Niña events7,8. To determine the timing
of 1.5 ◦C warming, we calculate 31-year running averages of the
GMT in each model. The frequency of the extreme events over the
31-year period closest to this warming level is compared with that
from a 31-year pre-industrial period (1869–1899), a period that is
common across the 13models. Varying the window length to 21, 41,
or 51 years produces similar results (Supplementary Figs 1–4). We
focus on the months of December, January and February, or boreal
winter, in which an El Niño/La Niña event peaks. Because the
warming in the majority of these experiments under RCP2.6 does
not reach 2 ◦C, we adopted the approach28 of using RCP2.6 for 1.5 ◦C
warming and RCP4.5 for 2 ◦C warming to explore their differences.
TheRCP4.5 pathway is a scenario inwhich the total radiative forcing
increases until 21002.
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Figure 1 | Changes associated with 1.5 ◦C warming from the pre-industrial level. a, Boreal winter relationship between total rainfall (mm per day) in the
Niño3 area and meridional surface temperature gradient (◦C) (red solid area minus red dashed area in c) for pre-industrial and targeted 1.5 ◦C warming
levels, with extreme El Niño events identified in purple and red, respectively. b, As for a but for Niño4 SST anomalies and zonal surface temperature
gradient (◦C) (blue solid minus blue dashed area) based on 13 models (listed), with extreme La Niña events identified in green and blue, respectively. The
black dots in a and b indicate events that are not extreme. The corresponding multi-model means and their uncertainties based on a Student’s t-test at the
90% confidence level are indicated by a square with error bars. The corresponding average frequency for the pre-industrial condition and the targeted
warming levels is labelled in the top right corner of each panel, with the 90% confidence intervals based on a Poisson distribution. The frequency change in
extreme El Niño events is in fact significant above the 99% confidence level (4.47 ± 1.55 for the pre-industrial, and 10.4 ± 2.31 for the 1.5 ◦C warming),
without involving statistically significant change in the rainfall intensity (inset). The change in extreme La Niña frequency is not statistically significant.
Short colour bars near an axis in a and b indicate climatological mean SST gradients for each period. c, Multi-model ensemble mean changes in surface
temperature anomalies. Stippled areas indicate regions where the di�erences are significant above the 90% confidence level, determined by a two-sided
Student’s t-test. d, Changes in mean zonal (blue bars) and meridional (red bars) temperature gradient for multi-model ensemble (MME) average and each
of the 13 models. The error bars correspond to the 90% confidence level (see Methods).

At 1.5 ◦C warming, the frequency of extreme El Niño (events
with Niño3 rainfall exceeding a threshold of 5mm d−1 within
each 31-yr window; see Methods) increases from 18 events over
403 years, or about 4.5 events per 100 years (that is, one event per
22 years) in the pre-industrial period (Fig. 1a), to 42 events over
403 years, or 10.4 events per 100 years (that is, about one event
per 10 years). This 130% increase is statistically significant above
the 90% confidence level (Methods), and is in fact above the 99%
confidence (see Fig. 1 caption). The inter-model consensus is strong,
with none of the models producing a reduction. The result holds
after the mean rainfall trend is removed (Methods). Although the
frequency increases, the intensity of the extreme El Niño shows little
change (shown in a square with error bars).

The emerging warming pattern features a faster warming in
the eastern equatorial Pacific, in which the mean climatological
meridional temperature gradient decreases as the eastern equatorial
Pacific warms (Fig. 1c). This is underscored by a strong inter-
model consensus (red bars in Fig. 1d). The changes on average are
over four times greater than the magnitude of internally generated
decadal variability (Supplementary Table 1). In the majority of
models the reduction in the mean meridional temperature gradient
is statistically significant above the 90% confidence level, and

the multi-model ensemble average is significant above the 99%
confidence level. These features are also seen at 2 ◦C warming,
but the frequency of extreme El Niño events is about 24% higher
(Supplementary Fig. 5a).

By contrast, there is no discernible change in the frequency
of extreme La Niña events (Fig. 1b and Supplementary Fig. 5b).
Because a large portion of theMaritime region is ocean, a substantial
warming contrast between the Maritime region and the central
Pacific is harder to establish under moderate greenhouse warming
in RCP2.6 or RCP4.5. Even in the business-as-usual RCP8.5
scenario, a well-defined increase in the mean zonal temperature
gradient and extreme La Niña frequency occurs after around 2040
(Supplementary Fig. 6). As such, there is no inter-model consensus
in the change of the zonal temperature gradient (blue bars in
Fig. 1d and Supplementary Fig. 5d), nor in extreme La Niña
frequency (Fig. 1b and Supplementary Fig. 5b) in the less aggressive
emission scenarios. Thus, a direct consequence of the 1.5 ◦C and
2 ◦Cwarming target is no statistically significant increase in extreme
La Niña, in contrast to that projected under RCP8.5 (ref. 8).

During the transient increase of CO2, the risk of extreme
El Niño appears to increase linearly with the rise in GMT. This
underpins the difference in extreme El Niño frequency between
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Figure 2 | Temporal evolution of multi-model ensemble mean changes under the RCP2.6 scenario. a, GMT anomalies (black curve) and meridional
temperature gradient anomalies (sign-reversed, red curve) referenced to the pre-industrial condition (1869–1899) and averaged over 31-year sliding
windows from 1869 to 2099. Their 90% confidence intervals are indicated by grey and light orange shades, respectively, based on a Student’s
t-distribution. The value near the red circle indicates the average over the 31 years centred at 1.5 ◦C warming (light green filled zone). b, The same as a, but
for the frequency of extreme El Niño events (purple curve, events per 100 years). The 90% confidence intervals (light purple shades) are estimated based
on a Poisson distribution (Methods). The value near the purple circle indicates the average over the 31 years centred at 1.5 ◦C warming (light green filled
zone). Results are based on 13 available models. c,d, The same as a and b, respectively, but using five models with extended simulations to the
23rd century. The linear trends and their 90% confidence intervals over the 2050–2150 period and the 2151–2250 period indicate that although the GMT
decreases, the meridional temperature gradient continues to weaken and the extreme El Niño frequency continues to increase before they reverse.

1.5 ◦C and 2 ◦C warming as reported above. To assess whether this
linearity is systematic and robust, we examine the evolution of the
GMT change, the meridional temperature gradient change, and the
frequency of the extreme El Niño using 31-year sliding periods in
each of the 13 models forced under historical emissions and the
RCP2.6 scenario, and in terms of multi-model ensemble average
(Fig. 2a,b, note the reversed gradient sign). The evolution shows that
during the transient increase of CO2 under RCP2.6, that is, prior to
around 2050, the weakening meridional gradient and the increasing
frequency change approximately linearly with the GMT rise. This is
also seen in RCP4.5 (Supplementary Fig. 7). The linearity delivers
a simple but powerful message that any increase in CO2 matters in
terms of extreme El Niño risk.

However, the ultimate risk is greater than that seen at 1.5 ◦C
warming, as the frequency of extreme El Niño events continues
to increase after the GMT peaks and stabilizes beyond 2050, from
about 10 events per 100 years (multi-model ensemble average,
purple filled circle in Fig. 2b) at 1.5 ◦C warming (light green
filled zone) to about 14 events per 100 years beyond 2050. This
is supported by a continued weakening in the mean meridional
temperature gradient (Fig. 2a). The timescale for which further
weakening may last, and the eventual frequency to which the
further weakening may lead, are of great interest. There are only
five models out of the 13 that have outputs beyond 2100, but

we use these to provide a gauge (noting that an ensemble of
five models will contain significant interdecadal variability). The
weakening meridional gradient, established during the transient
increase of CO2, not only persists but actually intensifies for about a
century (2050–2150) before reversing its trend to be in line with the
GMT (Fig. 2c).

The frequency of extreme El Niño events, although defined using
a discrete threshold value of rainfall and hence more fluctuating,
essentially follows the same evolution, featuring a further increase
after the GMT stabilizes (2050–2150, Fig. 2d). This is supported
by a recent conclusion that an elevated risk of major disruption to
rainfall over the Pacific appears locked in for at least the remainder
of the twenty-first century29, even if global warming is restricted
to 2 ◦C. This behaviour is fairly similar to the response of sea
level23,24, but what is surprising is that even the temperature gradient,
which measures the difference between two locations, responds
in this manner.

The weakening of the mean meridional gradient is expected
to relax as greenhouse gas emission levels off, but this does not
happen until after about 2150 (see also Supplementary Fig. 8). The
continued weakening is associated with stronger thermocline–SST
coupling in the equatorial than the off-equatorial eastern Pacific.
During the transient increase of CO2 (prior to 2050) equatorial
easterly winds weaken. Although the weakening easterly winds

570

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CLIMATE CHANGE | VOL 7 | AUGUST 2017 | www.nature.com/natureclimatechange

http://dx.doi.org/10.1038/nclimate3351
www.nature.com/natureclimatechange


NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE3351 LETTERS
Zonal wind stress

MME of sensitivity of SST to thermocline change, 2050−2099

SST sensitivity to thermocline, 2050−2099

Zo
na

l w
in

d 
st

re
ss

 (P
a)

−0.040

78

M1:  bcc-csm1-1 (SST, ZT, TAUU)
M2:  bcc-csm1-1-m (SST, ZT)

M4:  CCSM4 (SST, ZT)

M9:  GISS-E2-H (SST, ZT)

M13:  NorESM1-ME (SST, ZT)

M3:  CanESM2 (SST, ZT, TAUU)

M8:  GFDL-CM3 (SST, ZT, TAUU)

M10:  MIROC5 (SST, ZT, TAUU)
M11:  MPI-ESM-MR (SST, ZT, TAUU)
M12:  MRI-CGCM3 (SST, ZT, TAUU)

M5:  CESM1-CAM5 (SST)
M6:  CNRM-CM5 (SST, ZT)
M7:  FGOALS-s2 (SST, TAUU)

Th
er

m
oc

lin
e 

de
pt

h 
(m

)

Thermocline

81

84

87

90

−0.045

−0.050

−0.055

2020 2050
Year Year

2080 2020 2050 2080

−5.5 ± 0.43

1.9 ± 0.34

10° N

La
tit

ud
e

10° S

0.10

0.05

0.00

−0.05

0°

150° E 180° 150° W 120° W 90° W

0.24

0.12

0.0

−0.12

−0.24

°C m
−1

Re
gr

es
s.

 c
oe

ff.
 (°

C 
m

−1
)

MME M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13

Off-equatorial
Equatorial

a

c

d

b

Longitude

0.0035 ± 0.00022

−0.0017 ± 0.00053

Figure 3 | Mechanism for a continuous increase in extreme El Niño frequency after emissions stabilize. a, Temporal evolution of 31-year sliding averages
of zonal wind stress (Pa) over the eastern Pacific (10◦ S–10◦ N, 150◦ W–90◦ W) for seven models with available wind stress outputs (indicated by TAUU in
the list of models, top right). The multi-model ensemble mean (red curve) and the 90% confidence intervals based on a Student’s t-distribution (light
orange) are indicated. A linear trend (Pa per 100 years) and its 90% confidence interval are provided for the 2000–2049 period and the 2050–2099
period. b, Same as a, but for thermocline depth (m) averaged over the same region, using 11 models with available data (indicated by ZT in the models list).
In b, values on y-axis decrease upward. c, Multi-model ensemble mean of SST sensitivity to thermocline variability over the 2050–2099 period, calculated
as regression coe�cients between SST and thermocline depth at each grid point. Stippled areas indicate statistical significance above the 90% confidence
level based on a Student’s t-test. d, SST sensitivity to thermocline for each model for the o�-equatorial (blue bars, dashed red area in c) and equatorial (red
bars, solid red area in c) region. The 90% confidence intervals based on a Student’s t-distribution are shown.

(or trend of anomalous westerly winds) lead to an ultimate
shallowing of the thermocline, which alone would be conducive to
a cooling through the thermocline coupling, the radiative forcing
associated with increasing CO2 dominates30.

Once CO2 stabilizes over the post-2050 period, several processes
ensue: the radiative forcing diminishes, the equatorial easterly winds
strengthen (Fig. 3a), and the thermocline deepens (Fig. 3b, note
the reversed y-axis). The thermocline–SST coupling, whereby a
deepening thermocline induces a surface warming, is far stronger
in the eastern equatorial Pacific than off-equator. This is seen in the
multi-model average (Fig. 3c) and in all individual models (Fig. 3d).
This allows a more effective warming at the equator than off-
equator by the deepening thermoclinewhich offsets the diminishing
radiative forcing. Thus, the faster warming at the equator than
off-equator is continued, further reducing the meridional gradient
and thus allowing a further increase in extreme El Niño frequency.
This conclusion is supported by the close match between the

persistent weakening of the meridional temperature gradient of
−0.065 ◦C per 100 years after the GMT stabilization (Fig. 2c) and
the product of the corresponding multi-model ensemble average
thermocline deepening (1.9m per 100 years; Fig. 3b) and the
difference in the off-equatorial and equatorial SST–thermocline
coupling (−0.033 ◦Cm−1; first two bars in Fig. 3d), which amounts
to−0.063 ◦Cper 100 years. The central point is that the ultimate risk
can be substantially under-estimated when assessed using outputs
from the transient increase of CO2.

In summary, we have shown that the frequency of extreme
El Niño events at 1.5 ◦C warming doubles that of the pre-industrial
level, and continues to increase long after stabilization of the 1.5 ◦C
warming. During the transient increase of CO2, the frequency
of extreme El Niño events evolves linearly with the rising GMT,
conveying a simple but powerful message that any increase in
CO2 directly leads to a higher risk of an increased frequency
of extreme El Niño events. This linear relationship attributed to
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greenhouse forcing emerges because various other factors that
influence the frequency of extreme El Niño in each model, such
as decadal variability and weather noise, tend to be averaged
out across an ensemble of models. The effects of these factors
other than greenhouse forcing would be notable in a single
realization, as in observation. Thus, future frequency increase due
to greenhouse forcing in a single observed realization will continue
to be influenced by internal variability and stochastic forcing.
However, as we have shown here, the ultimate risk involves a
continued increase in extreme El Niño frequency long after the
GMT stabilization. This suggests a higher risk of extreme El Niño
to future generations, and highlights the need to take into account
the greater risks beyond the transient period.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Definition of extreme El Niño. Extreme El Niño events are characterized by an
exceptional warming extending into the eastern equatorial Pacific9,15. The high sea
surface temperatures (SST) lead to an equatorward shift of the Intertropical
Convergence Zone (ITCZ), and hence intense rainfall in the equatorial eastern
Pacific (Niño3 area: 5◦ S–5◦ N, 150◦ W–90◦ W) where cold and dry conditions
normally prevail. Niño3 rainfall is thus a good indicator of extreme El Niño7,26. An
extreme El Niño is defined as an event during which such massive reorganization
of atmospheric convection takes place, leading to Niño3 rainfall that exceeds 5mm
per day averaged over the El Niño mature season of December, January and
February7. This definition distinctly identifies the 1982/83 and 1997/98 events as
extreme El Niño.

Extreme El Niño and mean rainfall trend. Given that mean Niño3 rainfall
increases under greenhouse warming, a question arises as to how the mean rainfall
increase affects the frequency change. The mean rainfall trend includes changes
contributed by the mean-state change, and changes due to the increased frequency
of extreme El Niño frequency.

To determine the first contribution, we exclude samples in which Niño3 rainfall
is greater than 5mmd−1 (our original definition of extreme El Niño events) in all
models. A new multi-model ensemble average time series and its linear trend are
then constructed. The trend is 0.21mm per day per 100 years, and this is taken as
the mean-state change without the contribution from extreme El Niño. This is
nearly 45% smaller than the total trend of 0.38mm per day per 100 years,
suggesting that aggregated over all 13 models the increased frequency contributes
nearly 45% to the mean Niño3 rainfall increase. Therefore, we remove the trend
due to mean-state change only by applying the same procedure to an individual
model (that is, in each model, calculate and remove the individual model trend
without the contribution from extreme El Niño). The frequency increases from
3.97 (instead of the original 4.47) to 8.68 (instead of the original 10.4) events per
100 years; that is, a 118% increase. This compares well with the 130% increase in
the original result. Using a quadratic detrending yields almost the same result. We
conclude that the mean rainfall increase does not change our results in any
material way.

Eastern equatorial Pacific meridional SST gradients. During extreme El Niño
events, warming in the eastern equatorial Pacific dramatically weakens the
meridional SST gradient. This gradient measures the difference between the
northern off-equatorial (5◦–10◦ N, 150◦–90◦ W, that is, the present-day
climatological ITCZ position) and the equatorial Pacific (2.5◦ S–2.5◦ N,
150◦–90◦ W) (red solid box minus red dashed box, Fig. 1c). Convection follows the
highest SSTs; as such, the ITCZ shifts equatorward7,26 leading to atmospheric
convection and extraordinary rainfall (>5mm per day) in the normally dry eastern
equatorial Pacific. The smaller the gradient, the greater ease for this to occur.

Definition of extreme La Niña. An extreme La Niña is not the opposite of an
extreme El Niño27. During extreme La Niña events, coldest sea surface conditions
develop in the central Pacific27 inhibiting formation of rain-producing clouds there,
but enhancing atmospheric convection and rainfall in the western equatorial
Pacific. An extreme La Niña event is defined as one for which the amplitude of
central equatorial Pacific (Niño4, 5◦ S–5◦ N, 160◦ E–150◦ W) SST anomalies,
referenced to the pre-industrial climatology and then quadratically detrended, is
greater than a 1.75 pre-industrial standard deviation (s.d.) value in the La Niña
mature season, that is, December, January and February.

Maritime-minus-central Pacific SST gradient. During extreme La Niña events,
coldest sea surface conditions develop in the central Pacific, creating an enhanced
temperature gradient from the Maritime continent to the central Pacific. This
cooling generates stronger easterly winds, which pile up warm water in the western
Pacific, increasing the Maritime–central Pacific temperature gradient8 (defined as
the average over 5◦ S–5◦ N, 100◦ E–125◦ E minus the average over 5◦ S–5◦ N,
160◦ E–150◦ W) (blue solid box minus blue dashed box, Fig. 1c). This in turn
generates further anomalous upwelling of cool water to the surface, and westward
surface currents in the Niño4 region, conducive to growth of cold anomalies in the
region, in a positive feedback. An increasing trend of this gradient is conducive to
occurrences of this positive feedback.

Model selection.We used CMIP5 model outputs of surface temperature,
precipitation, zonal surface wind stress and ocean temperature to calculate

thermocline depth, under the RCP2.6 ‘peak and decline’ emissions scenario, for the
boreal winter season (December, January and February), in which an El Niño event
matures. In RCP2.6, CO2 stabilizes at 450 ppm around 2040 and declines
thereafter2. This is the only pathway available to limit a peak GMT rise close to
1.5 ◦C above the pre-industrial level. A total of 13 models are used, which were
selected by a previous study7 for their ability to simulate extreme El Niño events
leading to a positive skewness in eastern equatorial Pacific rainfall. Models that are
unable to simulate such events in the first place clearly cannot be used to make
future projections of such events. Furthermore, all the selected models must be able
to reach a 1.5 ◦C warming under the RCP2.6 scenario. We took a 31-year period
centred at the warming of 1.5 ◦C under the RCP2.6 scenario, and 2 ◦C under
RCP4.5, relative to the pre-industrial period of 1869–1899. The choice of the length
is a balance between two factors. If the period span is too short, the number of
extreme El Niño events within each window would tend to be too small (because
the frequency is about one event in 10 to 20 years); on the other hand, if the period
is too long, it will capture warming that is both far smaller and far greater than the
targeted 1.5 ◦C, as well as shortening the time series for examining the time-varying
response (for example, Fig. 2). Either case would make it less effective in assessing
the link between the frequency and background warming. Changing the
window length to 21, 41, or 51 years does not modify our results
(Supplementary Figs 1–4). Note that these simulations are transient and an
equilibrium state does not exist for most models. The first ensemble member
from each model is used with equal weight across models. To compare the changes
at 1.5 ◦C warming with the internally generated interdecadal variability,
we have also used data from the pre-industrial control experiment
(Supplementary Table 1).

Statistical significance tests.We applied various statistical tests to assess the
significance of our results based on multi-model aggregation. In terms of frequency
of extreme El Niño and extreme La Niña events, we chose a Poisson distribution,
which is suitable for a discrete probability distribution that expresses the
probability of a given number of events occurring in a fixed interval of time. The
Poisson confidence intervals are estimated, using the MATLAB software package,
which calculates a given confidence interval for Poisson data (that is, frequency of
extreme El Niño events in Figs 1a,b and 2b,d, and places throughout the text).
Otherwise, we use a Student’s t-test. Unless otherwise stated, statistical significance
is based on a 90% confidence interval, and the number of degrees of freedom is
simply the number of models, as each model is regarded as an independent sample.

To estimate the uncertainties associated with the change in the zonal gradient
and meridional gradient between a 1.5 ◦C warming world and the pre-industrial
period (Fig. 1d and Supplementary Fig. 5d), which is expressed as a difference
between two 31-year periods, for each model we first quadratically detrend the
entire time series of the gradient (1869–2100), and apply a 31-year sliding window
to calculate the running average of the gradient. We then randomly select two
values 10,000 times and calculate their difference to obtain 10,000 realizations of
such differences. The 90% confidence interval based on these 10,000 realizations is
then estimated. A statistically significant result means the difference between the
1.5 ◦C warming world and pre-industrial period in each model is significant
beyond the approximate range of natural variability in that model. For the
multi-model ensemble difference, the confidence interval is based on the
inter-model spread using a Student’s t-distribution.

Changes in extreme La Niña frequency. There is no inter-model consensus on the
change in extreme La Niña frequency between the pre-industrial and the 1.5 ◦C
warming world. The ensemble differences are not statistically significant at the 90%
confidence level: 3.23 ± 0.86 events per 100 years at 1.5 ◦C warming (the errors
correspond to the 90% confidence interval determined from a Poisson
distribution), and 4.96 ± 1.06 events per 100 years at 2.0 ◦C warming from the
pre-industrial level (4.22 ± 1.0 events per 100 years). The frequency of the
catastrophic combination of an extreme El Niño event followed by an extreme
La Niña event, as seen in 1997 and 1998, shows no significant difference between
the pre-industrial (0.98 ± 0.50 events per 100 years) and 1.5 ◦C warming (0.99 ±

0.50 events per 100 years). However, the frequency of this sequence increases to
2.73 ± 0.79 events per 100 years at 2 ◦C warming, significantly greater than that at
1.5 ◦C warming. This suggests that reducing warming from 2 ◦C to 1.5 ◦C presents
the potential to reduce the 1997–98 type of catastrophic swing in extremes.

Data availability. All data supporting the findings of this study are available from
the corresponding authors upon request.
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