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Abstract
Multi-system seasonal hindcasts supporting operational seasonal forecasts of the Copernicus Climate Change Service (C3S) 
are examined to estimate probabilities that El Niño and La Niña episodes more extreme than any in the reliable observational 
record could occur in the current climate. With 184 total ensemble members initialized each month from 1993 to 2016, this 
dataset greatly multiplies the realizations of ENSO variability during this period beyond the single observed realization, 
potentially enabling a detailed assessment of the chances of extreme ENSO events. The validity of such an assessment is 
predicated on model fidelity, which is examined through two-sample Cramér–von Mises tests. These do not detect differences 
between observed and modeled distributions of the Niño 3.4 index once multiplicative adjustments are applied to the latter 
to match the observed variance, although differences too small to be detected cannot be excluded. Statistics of variance-
adjusted hindcast Niño 3.4 values imply that El Niño and La Niña extremes exceeding any that have been instrumentally 
observed would be expected to occur with a > 3% chance per year on average across multiple realizations of the hindcast 
period. This estimation could also apply over the next several decades, provided ENSO variability remains statistically 
similar to the hindcast period.

Keywords El Niño-southern oscillation · Climate extremes · Seasonal forecasts · Teleconnections

1 Introduction

El Niño and La Niña events in the tropical Pacific, reflecting 
opposite phases of El Niño-Southern Oscillation (ENSO), can 
cause large and often adverse climate impacts over much of 
the globe (Taschetto et al. 2020). These impacts differ among 
events, both because the ENSO sea surface temperature (SST) 
anomalies that drive them have a diverse range of magnitudes 
and patterns (Capotondi et al. 2020), and because atmospheric 
internal variability imparts randomness to the response (Deser 
et al. 2017, 2018; Singh et al. 2018). ENSO-driven climate 
anomalies therefore should be viewed in terms of probabilities 

(Mason and Goddard 2001; Davey et al. 2014), rather than as 
deterministic certainties. Nonetheless, ENSO impacts tend 
on average to scale with the intensity of El Niño and La Niña 
events, both in the tropics (Santoso et al. 2017) and extratrop-
ics (Hoell et al. 2016; Kumar and Chen 2020).

Direct information about the strongest recorded ENSO 
events is provided by instrumental observations. Gridded 
SST products from which ENSO metrics such as the Niño 3.4 
index (defined as mean SST anomaly in the region 5°N–5°S, 
120°–170°W) can be computed extend back through the sec-
ond half of the nineteenth century (Rayner et al. 2003; Huang 
et al. 2017). Although the quality of these products diminishes 
in the earlier periods for which fewer and less accurate meas-
urements are available, they indicate that the strongest instru-
mentally recorded El Niño events have occurred in recent 
decades, most notably in 1982–83, 1997–98 and 2015–16 
(Fig. 1), and that no comparable events have been recorded 
except possibly in the late nineteenth century (Rayner et al. 
2003; Chen et al. 2004). Strong La Niña events have also been 
seen in recent decades (Trenberth 2020).

While skillful ENSO forecasts can provide advance warn-
ings about when large El Niño and La Niña events will occur 
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(L’Heureux et al. 2020), a similarly important matter from 
the perspective of preparedness and climate change adapta-
tion is what are the largest El Niño and La Niña events that 
can occur. Given the limited instrumental record and inher-
ent uncertainties in pre-instrumental (paleo) determinations 
(Emile-Geay et al. 2020), applying global climate models to 
this question would appear to be a logical approach because 
of the sizeable sample of events represented in the many 
available historical simulations and climate change projec-
tions, including large ensembles from a range of models 
(Deser et al. 2020). However, climate model simulations 
continue to exhibit a range of biases and imperfections in 
their representations of ENSO (Planton et al. 2021), which 
brings into question their ability to accurately represent the 
nature and magnitudes of ENSO extremes.

An alternative approach to assessing the potential for 
unprecedented climate extremes to occur is to examine ensem-
bles of climate model runs initialized from observation-based 
states, as are applied for subseasonal, seasonal and decadal pre-
dictions (Meehl et al. 2021). Although starting from realistic 
states, such runs gradually develop biases (Saurral et al. 2021) 
and so after some period tend, like uninitialized simulations, 
to become inconsistent with observations. One therefore needs 
ideally to consider a range of lead times that are sufficiently 
long that the model state is not too strongly constrained by 
the initial conditions (in which case it is unlikely to simulate 
unprecedented extremes), and sufficiently short that model 
states are consistent with observations according to statistical 
tests. One such methodology, called Unprecedented Simulated 
Extremes using Ensembles, or UNSEEN, has been applied 
to assessing probabilities of record regional rainfall and heat 
extremes (Thompson et al. 2017, 2019). By considering N 

(typically 20–40) start dates, M (typically 10–50) ensemble 
members, and L lead times, a sample of N × M × L simulations 
is obtained that potentially amounts to thousands of realiza-
tions of weather and climate for a particular calendar month, 
from which chances for low-probability events can straightfor-
wardly be inferred. This sample can potentially be increased 
further by considering simulations from multiple prediction 
systems (Jain and Scaife 2022).

In this study, a similar approach is applied to estimate the 
likelihood that extreme El Niño and La Niña events, including 
ones stronger than any yet observed, could occur in the current 
climate. Section 2 outlines the seasonal prediction systems, 
observational data and analysis techniques. Section 3 assesses 
the extent to which ENSO variability in the hindcasts is consist-
ent with observations, estimates probabilities of unprecedented 
ENSO extremes, and examines simulated global impacts of 
such events. Concluding remarks are provided in Section 4.

2  Data and Methods

2.1  Seasonal Prediction Systems

The seasonal predictions analysed here consist of 6-month 
hindcasts initialized each month in 1993–2016 from eight 
systems contributing to the Copernicus Climate Change 
Service (C3S) seasonal forecast suite, obtained via the C3S 
Climate Data Store (Buontempo et al. 2022). These systems 
are identified in Table 1, along with corresponding hindcast 
ensemble sizes and references where comprehensive infor-
mation about the systems is provided. Altogether, the eight 
systems provide 184 ensemble members. Data from each 
system are provided on a common 1° by 1° grid, and for the 
analysis reported here monthly mean predicted values for 
sea surface temperature (SST) are considered.

Fig. 1  Time series of monthly Niño 3.4 index in °C from the OIS-
STv2 observational analysis, spanning 1982–2021. The horizontal 
dashed lines indicate thresholds of ±1.5, 2.0 and 2.5 for extrema of El 
Niño (red) and La Niña (blue) events, and the vertical solid lines the 
1993–2016 C3S hindcast period that is analysed here and serves as a 
climatological base period

Table 1  Seasonal prediction systems contributing to C3S multi-sys-
tem seasonal forecasts that are considered in this study, providing a 
total of 184 ensemble members

Center System Ensemble size Reference

CMCC SPS3 40 Sanna et al. (2017)
DWD GCFS2.0 30 Fröhlich et al. 

(2021)
ECCC CanCM4i 10 Lin et al. (2020, 

2021)
ECCC GEM5-NEMO 10 Lin et al. (2020, 

2021)
ECMWF SEAS5 25 Johnson et al. (2019)
Météo-France System 7 25 Batté et al. (2019)
Met Office GloSea5 28 MacLachlan et al. 

(2015)
NCEP CFSv2 16 Saha et al. (2014)
Total 184
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2.2  Observational Data

As an observational reference we consider monthly mean 
SST values from Version 2 of the Optimum Interpolation 
Sea Surface Temperature (OISSTv2) dataset (Reynolds et al. 
2002). OISSTv2 combines measurements from satellite radi-
ometers and in situ data from ships, buoys and Argo floats, 
with interpolation applied to fill in spatial gaps. It spans 
from December 1981 until present and therefore covers the 
1993–2016 period considered here. The representation in 
OISSTv2 of SST in the equatorial Pacific region that is the 
focus of this study is similar to that of other gridded SST 
analyses based on remote sensing and in situ measurements 
(Yang et al. 2021).1

2.3  Analysis Approach and Methods

The ENSO metric considered here is the Niño 3.4 index, 
which provides a robust measure of ENSO SST variability 
and its wider influence (Barnston et al. 1997). Anomalies for 
each calendar month are computed as differences from the 
average value for that month during 1993–2016, separately 
for observations and for each model as a function of lead 
time, with forecast months 1–6 corresponding to lead times 
of 0 to 5 months.

Despite being initialized near observed states, seasonal 
prediction models can exhibit biases in representing the 
amplitude of predicted ENSO variability (e.g., Johnson 
et al. 2019). These biases generally depend on calendar 
month and lead time, and if they are appreciable then 
inferences about ENSO extremes cannot meaningfully be 
drawn from the hindcasts unless corrected for. This can 
be done by multiplying the predicted Niño 3.4 anomalies 
from a given model by the ratio of their observed stand-
ard deviations for the 1993–2016 hindcast period to those 
from the model, for each calendar month and lead time. 
Because this ratio can differ somewhat between ensemble 
members due to sampling variability, it is best to average 
the standard deviations from each of the ensemble mem-
bers of the model considered. Such a correction is some-
times applied operationally,2 and is effectively equivalent 
to standardizing the observed and predicted anomalies. 
The hindcast amplitude biases and resulting corrections 
are examined in Section 3.1.1.

To validate the representation of ENSO variability in 
each model and the multi-model ensemble, we examine 
whether the observed and forecasted distributions of Niño 
3.4 values are statistically distinguishable. For this purpose, 
a two-sample Cramér–von Mises (CvM) test (Anderson 
1962) is applied separately for each calendar month and 
lead time. Like the frequently applied Kolmogorov-Smirnov 
test, the CvM test is non-parametric, but since it considers 
distributional differences in the full joint sample it is more 
sensitive to differences in higher moments than the mean. 
The outcomes of these tests are discussed in Section 3.1.2.

3  Results

3.1  Hindcast Analysis and Validation

3.1.1  Niño3.4 Amplitude Biases

The dependence of Niño 3.4 amplitude biases on calendar 
month and lead time are illustrated in Fig. 2 for the eight 
C3S systems considered here. In the first forecast month 
the biases are relatively small although not insignificant 
(Fig. 2a, b), whereas by the sixth forecast month they have 
become more substantial, depending on the system and 
time of year (Fig. 2c, d). The lead-time dependence of 
these amplitude biases is examined in further detail for 
December, the month of peak observed Niño 3.4 stand-
ard deviation, in Fig. 3. As indicated by Fig. 2, the biases 
tend to be relatively small (hindcast/observed Niño 3.4 
standard deviation close to 1) at a lead time of 0 months, 
whereas behavior at longer lead times is mixed, with some 
systems showing generally increasing or decreasing ampli-
tudes and others less systematic behavior. To offset these 
biases and enable a more plausible estimation of ENSO 
extremes, we subsequently implement the amplitude cor-
rection described in Section 2.3 by multiplying hindcast 
Niño 3.4 anomalies by the reciprocal of the ratio indicated 
on the horizontal axis of Fig. 3.

Notably, Fig. 3 shows an evident inverse association 
between biases in Niño 3.4 amplitude and climatological 
mean SST in the Niño 3.4 region. The latter are indicative of 
systematic temperature errors in the equatorial cold tongue 
region (most often cooler than observed) that are prevalent 
in many climate simulation and prediction models (e.g., 
Bayr et al. 2019; Ying et al. 2019; Ma et al. 2020). Quanti-
tatively, the correlation between December Niño 3.4 ampli-
tude and cold tongue biases is −0.84 if all of the systems are 
considered, or − 0.56 if the DWD system that has a growing 
warm bias in the cold tongue region is excluded. Similar 
behavior has been noted in an earlier generation of seasonal 
prediction systems (Vannière et al. 2013).

1 Yang et  al. (2021) consider the OISSTv2.1 dataset (Huang et  al. 
2020, 2021), which is identical to a high-resolution version of OIS-
STv2 (Reynolds et al. 2007) that is considered here before 2016.
2 For example, amplitude corrections are routinely applied to Niño 
3.4 values predicted by models contributing to the North American 
Multi-Model Ensemble: https:// www. cpc. ncep. noaa. gov/ produ cts/ 
NMME/ curre nt/ plume. html

https://www.cpc.ncep.noaa.gov/products/NMME/current/plume.html
https://www.cpc.ncep.noaa.gov/products/NMME/current/plume.html
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Whether these biases are smaller for this range of lead 
times than in long climate simulations for which the ini-
tial conditions have little influence cannot be determined 

because such simulations are not available for the set of 
prediction systems considered here. However, for other 
sets of models it has been found that equatorial Pacific 
SST biases in seasonal predictions can sometimes over-
shoot or develop signs opposite to those in long climate 
simulations from the same model (Hermanson et al. 2018; 
Ma et al. 2020). These studies also find that SST biases 
tend to develop more rapidly in the tropics than the extra-
tropics. Equatorial Pacific SST and upper ocean biases in 
seasonal hindcasts have complex origins (Vannière et al. 
2013; Siongco et al. 2020), and complex effects on ENSO 
forecasts (Ma et al. 2020; Wu et al. 2022). Since it is evi-
dent that ENSO-related SST and amplitude biases cannot 
be avoided for the range of lead times considered here, 
we proceed pragmatically by implementing the amplitude 
correction described above and examining extremes in the 
resulting Niño 3.4 distributions.

3.1.2  Bias‑Corrected Niño3.4 Distributions

An example of the ensemble Niño3.4 predictions considered 
here is depicted in Fig. 4. In this instance, the first forecast 
month is July 2015, during the lead-up to the very strong El 
Niño that peaked in late 2015 and early 2016 (McPhaden 
et  al. 2020), and the ensemble hindcast from ECMWF 

Fig. 2  Standard deviations of the Niño 3.4 index for the indicated 
months during the 1993–2016 hindcast interval, for lead times of (a)-
(b) 0 months, and (c)-(d) 5 months. Colored lines denote values for 

individual ensemble members of eight seasonal prediction systems 
as indicated, and the black line values for the OISSTv2 observational 
reference

Fig. 3  Relationship between December ENSO amplitude bias (ratio of 
the uncorrected hindcast Niño 3.4 standard deviation to observed Niño3.4 
standard deviation, horizontal axis) and December equatorial Pacific cold 
tongue bias (hindcast minus observed climatological mean SST in the 
Niño 3.4 region, vertical axis) during the 1993–2016 hindcast period. 
Increasing lead time from 0 to 5 months is indicated by increasing symbol 
sizes for each of the C3S prediction systems (symbols as indicated)
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SEAS5 is shown. According to Fig. 2, SEAS5 hindcasts tend 
to systematically overestimate interannual Niño3.4 variance 
in July at lead 0, and slightly underestimate Niño3.4 vari-
ance in December at lead 5. After the amplitude correction 
is applied (Fig. 3b), the mean of the ensemble verifies close 
to observed values throughout the forecast range. December 
Niño3.4 values for five ensemble members exceed 3.0 °C, 
greater than any values in the modern instrumental record, 
with two ensemble members exceeding the even more 
extreme threshold of 3.5 °C.

To assess the fidelity of the hindcasts in represent-
ing the distribution of Niño 3.4 values, the CvM test is 
applied to pairings of hindcast and observed Niño 3.4 
samples. One such pairing is illustrated in Fig. 5, which 

compares the distribution of observed December Niño 
3.4, with 24 values during the hindcast period, with that 
from the combined hindcast ensemble at 5 month lead 
time. The hindcast sample size is larger by a factor of 
184, the aggregate number of ensemble members. Two 
evident aspects of this comparison are that the two dis-
tributions have roughly the same shape, and a non-negli-
gible fraction of hindcast values lie outside the observed 
positive and negative extrema.

The outcome of the CvM tests is illustrated in Fig. 6, which 
shows the CvM test statistic3 tc for each of the individual mod-
els and the multi-model ensemble, for all calendar months and 
lead times. Here the p values represent probabilities that the 
associated tc values would be equaled or exceeded by chance 
if the hindcast and observed samples came from the same 
distribution. Thus, for small p values this null hypothesis is 
unlikely to be true, and if the two samples do come from the 
same distribution then 9 samplings out of 10 will be charac-
terized by p ≥ 0.10 (tc < 0.347) for example. This is seen to 
be the case for all but 14, or 2.4% of the raw single-model 
hindcast distributions (576 cases stemming from 8 models, 12 
calendar months and 6 lead times), and none of the rescaled 
single-model hindcast distributions. In addition, all of the 
multi-model hindcast distributions (raw and rescaled) meet 
this criterion, with only the raw distributions showing any tc 
values exceeding 0.1. Thus, for the rescaled samples in par-
ticular, the most that can be inferred given the implied large p 
values is that the null hypothesis that the hindcast and observed 
samples come from a common distribution cannot be rejected, 
and the test was unable to detect any inconsistency between 
the two distributions. However, differences too small to be 
detected might exist, in which case the test fails to reject the 

Fig. 4  Niño 3.4 index from 
ECMWF SEAS5 hindcast start-
ing from July 2015, showing 
predicted anomalies (a) before 
and (b) after variance rescaling. 
The 25 ensemble members are 
represented in red, the ensemble 
mean by the heavy solid black 
line, and the OISSTv2 verifica-
tion by the heavy dashed black 
line. Light dotted black lines 
indicate Niño 3.4 anomaly 
thresholds of 3.0 °C and 3.5 °C 
that are unobserved in the 
modern era

Fig. 5  Distributions of observed December mean Niño 3.4 values 
during the 1993–2016 hindcast period from OISSTv2 (thick his-
togram, 24 values) and rescaled values from the 184 C3S ensemble 
members at 5  month lead, i.e. starting from July (thin histogram, 
4416 values). The vertical dashed lines indicate positive and negative 
extrema of the observed sample

3 The subscript distinguishes the CvM test statistic, defined in 
Anderson (1962), from other test statistics including that of the well-
known parametric Student’s t test.
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null hypothesis when it is false (Type II error or false negative). 
Even though the CvM test is relatively powerful (Liu and Chan 
2016; DelSole and Tippett 2022), its power may be limited in 
this instance because the means and standard deviations of the 
two distributions have been made identical by construction. A 
further aspect to note is the absence of any rescaled cases for 
which p ≤ 0.10 (tc > 0.347) as would be expected by chance 
with ~10% frequency if the two samples did come from a com-
mon distribution. This likely can be explained by some degree 
of non-independence of the hindcast samples, since they tend 
to be correlated with the observed samples to the extent that 
Niño3.4 is predicted with some skill for a given target month 
and lead time.

Finally, to check if consistency between the hindcast and 
observed distributions depends on the length of the observa-
tional record, December Niño 3.4 values from the ERSSTv5 
dataset (Huang et al. 2017) for 1950–2022 were considered, 
with hindcast values again rescaled to match the standard 
deviations of the observed time series. Taking December at 
5 month lead time as an example, values of tc are slightly 
larger when ERSSTv5 is employed as the observational ref-
erence, 0.078 using a 1993–2016 base period and 0.094 for 
centered 30-year base periods updated every 5 years (Lind-
sey 2013), compared to 0.053 for OISSTv2. Although sug-
gesting that hindcast values are slightly less consistent with 
the longer record from ERSSTv5 than with OISSTv2, the 

ERSSTv5-based tc continue to imply p values substantially 
exceeding 0.10 according to Fig. 6, and the conclusions drawn 
above based on 1993–2016 values of OISSTv2 are unchanged.

3.2  Occurrences of ENSO Extremes

The objective here is to assess the potential for occurrence of 
unprecedented ENSO extremes based on C3S multi-model 
seasonal hindcasts. With 184 total ensemble members initial-
ized monthly over the 24-year hindcast period, these com-
prise approximately 5.3 ×  104 6-month model runs, and nearly 
3.2 ×  105 simulated months. Early in the forecasts, however, 
Niño 3.4 values are highly constrained by the initial conditions 
as exemplified in Fig. 4. As a result, unprecedented extremes 
are less likely to be simulated than later in the forecasts when 
more substantial ensemble spreads have developed.

Bearing this consideration in mind, along with the property 
that observed Niño 3.4 tends to peak in December (Fig. 2), 
Fig. 7 illustrates the frequency with which December Niño 
3.4 values exceeding various positive and negative thresholds 
occur at the longest lead time of 5 months among the 4416 
hindcast runs, represented by the 184 C3S ensemble mem-
bers across the 24 year hindcast period (red circles in Fig. 7). 
Based on this sample, El Niños having December Niño 
3.4 > 1.5 and La Niñas having December Niño 3.4 < −1.5 
(sometimes classified as “strong” events; Trenberth 2020) 
occur more frequently than once in 10 years, both in the hind-
casts and observations. More specifically, both types of events 
were observed to occur on average once in 6 years during the 
hindcast period (corresponding to four El Niño and four La 
Niña years meeting this criterion in 1993–2016), whereas the 

Fig. 6  Values of the two-sample Cramér–von Mises test statistic tc, 
based on comparing observed and hindcast distributions of Niño 3.4 
for the 1993–2016 hindcast period. Black numerals denote tc for the 
indicated lead times for all of the eight C3S prediction systems and 
initial months, and red numerals corresponding values for the multi-
model hindcast distribution. The horizontal axis indicates tc values 
for raw hindcast Niño 3.4 anomalies, and the vertical axis values for 
hindcast distributions to which variance rescaling has been applied

Fig. 7  Frequencies of occurrence of positive (El Nino, upper panel) 
and negative (La Nina, lower panel) December Niño 3.4 extremes 
in exceedance of the indicated thresholds, according to 1993–2016 
observations (black circles), aggregated C3S ensemble hindcasts 
(red circles), and hindcasts from individual C3S prediction systems 
(symbols as indicated). Frequencies are computed as fractions of the 
observed and lead 5  month hindcast Niño 3.4 values for December 
that exceed the corresponding thresholds. Absence of any exceed-
ances is indicated by symbols at the edges of each panel
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hindcast frequency is once in 7.3 years for El Niño and once in 
7.8 years for La Niña. By contrast, two “very strong” El Niño 
events having December Niño 3.4 > 2.0 (and indeed >2.5) 
were observed during this period, implying an observed Niño 
3.4 > 2.5 exceedance frequency of once in 12 years, whereas 
the hindcasts imply a frequency of once in 15.7 years.

The observed sample contains no events exceeding the 
higher thresholds in Fig. 7, and thus becomes inadequate 
for even crudely estimating the frequency of such events 
by direct means. Notably, no La Niña events having Niño 
3.4 < −2.0 were observed in 1993–2016, reflecting the inher-
ent asymmetry of ENSO (An et al. 2020). According to the 
hindcasts, however, such events should be expected approxi-
mately once in 15 years. This can be somewhat reconciled 
with longer SST records such as ERSSTv5, indicating that 
the Niño 3.4 < −2.0 threshold may have been crossed, or 
nearly so, by observed La Niñas in 1973–74 and 1988–89 
(e.g., Santoso et al. 2017), and was nearly crossed in 1998 
when December Niño 3.4 reached −1.92.4 Even stronger 
La Niñas are implied to be progressively rarer, with exceed-
ances of −2.5 and − 3.0 occurring approximately once every 
60 and 440 years respectively, whereas the −3.5 threshold is 
crossed in only one of the 4416 lead 5 hindcast realizations.

By contrast, hindcast El Niño events having lead 5 
December Niño 3.4 values that exceed 3.0, unprecedented in 
the reliable instrumental record, are not exceptionally rare, 
with an implied occurrence rate of once in 29 years. The 3.5 
threshold is exceeded once in 88 years (50 realizations), and 
4.0 is exceeded in one hindcast realization.

As seen in Fig. 7, these frequencies are somewhat sys-
tem dependent, with four systems (CMCC, DWD, ECMWF, 
Météo-France) accounting for the 50 realizations having 
Niño 3.4 > 3.5, and a different set of 4 (DWD, MF, Met 
Office, NCEP) accounting for the 10 realizations having 
Niño 3.4 < −3.0. The Met Office system in particular stands 
out as having particularly frequent large negative Niño 3.4 
values, despite having a rescaled Niño 3.4 distribution not 
demonstrably different from observations (Section 3.1).

Exceedance frequencies of the aggregated C3S ensemble 
at 5 month lead considering all calendar months are shown 
in Fig. 8. As expected, the frequencies are generally highest 
in December (an exception is slightly more frequent Niño 
3.4 < −3.0 exceedances in November based on a small num-
ber of cases). Exceedance frequencies are markedly lower in 
spring and early summer months, with virtually no exceed-
ances even of ±1.5 occurring in May and June.

3.3  Interpretation

As suggested by Fig. 4, the occurrences of extremes shown 
in Figs. 7 and 8 are mainly associated with hindcasts of the 
largest El Niño and La Niña events during the 1993–2016 
hindcast period, in particular the El Niños of 1997–98 and 
2015–2016, and La Niñas of 1998–2000 and 2010–2011. 
This is a consequence of the hindcasts being skillful, and 
hence significantly correlated with the observed Niño 3.4 
values, even at the longest available lead time of 5 months. 
Figure 9 shows the dependence of predicted December Niño 
3.4 values on lead time for the two strongest El Niño events 
(Niño 3.4 > 2.0) and four strongest La Niña events (Niño 
3.4 < −1.5) during the hindcast period. It is seen that the 
strongest unprecedented extremes having Niño 3.4 > 3.5 
and < −3.0 occur at lead times of 3 and 4 months (and to 
some extent 2 months) in addition to the longest lead time 
of 5 months, but are largely absent at the shortest 0 and 
1 month lead times where the prediction is more strongly 

Fig. 8  Frequencies of occur-
rence of positive (El Nino, 
upper panel) and negative 
(La Nina, lower panel) Niño 
3.4 extremes in each calendar 
month exceeding thresholds 
indicated by the symbols. 
Frequencies connected by solid 
lines are for the aggregated 
C3S ensemble at lead 5 months 
(sample size 4416), and gray 
circles are for 1993–2016 obser-
vations (sample size 24, ± 1.5 
threshold only). Absence of a 
symbol for a given month and 
threshold indicates no occur-
rences in the data considered

4 These values are somewhat sensitive to the base period consid-
ered due to long-term variability and warming in the Niño 3.4 region 
(Lindsey 2013). For example, the December 1973 Niño 3.4 index is 
−2.23 according to ERSSTv5 using the 1993–2016 base period of the 
C3S hindcasts, and − 2.06 using a centered 30-year base period. The 
relative Niño3.4 index of van Oldenborgh et al. (2021) offers another 
means to account for such changes.
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constrained by initial conditions. It is noteworthy that no 
such December Niño 3.4 extremes occurred in the hindcasts 
for the La Niña of 2007–2008, which was not predicted well 
beyond 2-month lead, or for any other hindcast years not 
represented in Fig. 9.

The estimates presented here for frequencies of occur-
rence of ENSO extremes are thus specific to the period 
considered, and are conditioned by the major El Niños 
and La Niñas that occurred within it (Fig. 1). By contrast, 

based on available measurements ENSO activity tended 
to be weaker during a multidecadal period before 1970, 
whereas several large ENSO events appear to have 
occurred in the late 19th and early 20th centuries (Chen 
et al. 2004; Giese et al. 2010). Whether this is due to 
interdecadal to intercentennial variability in ENSO inten-
sity as has been noted in long climate model control simu-
lations in which radiative forcings are fixed (e.g., Witten-
berg 2009), or is driven by changes in radiative forcings 

Fig. 9  Predicted December Niño 3.4 values from the 184 C3S ensem-
ble members at lead times from 0 to 5 months in the years indicated, 
for the two strongest El Niño events (Niño 3.4 > 2.0, top row) and 

four strongest La Niña events (Niño 3.4 < −1.5, middle and bottom 
rows) during the hindcast period. Thick lines in each panel indicate 
the observed December Niño 3.4 values
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during the historical period, is not currently understood 
(Fedorov et al. 2020). In either case, the estimates for 
extreme ENSO frequency presented here can be viewed as 
characterizing recent decades, and framing them as “pre-
sent day” probabilities, e.g. applicable to the next decade 
or so, implicitly assumes that this recent level of ENSO 
variability will continue in the near term. This assumption 
is not guaranteed of course, and may not apply later in 
the twenty-first century, particularly if the characteristics 
of ENSO are appreciably modified by climatic warming 
(Collins et al. 2010; Cai et al. 2021). The brevity of the 
24-year hindcast record and the small number of ENSO 
events from which the exceedance statistics are drawn 
implies that sampling is also a source of uncertainty.

3.4  Global Influences

The above results suggest that the occurrence of an El Niño 
or La Niña far more extreme than any in the instrumental 
record is not beyond the realm of possibility in the current 
epoch. This raises the question of what the associated global 
impacts could be, considering that major regional societal 
and ecosystem disruptions have been caused by lesser ENSO 
events in the past (e.g., McPhaden et al. 2006).

Figure 10 compares global composites of December near-
surface 2 m air temperature (T2m) and precipitation anoma-
lies for the historically strong 1997–1998 and 2015–2016 El 
Niños having peak Niño 3.4 values between 2.5 and 3.0 that 
were observed during the hindcast period, and composites 
for the 66 occurrences of Niño 3.4 index >3.5 prior to res-
caling in lead 5 predictions of these events. For this hind-
cast composite and a corresponding one for La Niña events 
described below, ensemble members are selected based on 
non-rescaled Niño 3.4 values, so as to maintain physical 
consistency between Niño 3.4 and the two-dimensional 
anomalies that are shown which also are not rescaled. In 
addition, the years from which these ensemble members are 
drawn are weighted equally in order to reflect the diversity of 
observed ENSO events in the same manner as the observed 
composites.

The observed T2m composite (Fig. 10a), although based 
on only two events, is broadly similar to the pattern of linear 
dependence of T2m on the Niño 3.4 index over a 70 year 
period shown in Taschetto et al. (2020). Exceptions include 
north-central North America which was exceptionally warm 
even for an El Niño winter in 1997–98 (Smith et al. 1999), 
and mid-to-high latitude regions, particularly in the Eastern 
Hemisphere, where ENSO influences are less pronounced 
compared to internal atmospheric variability (e.g., McPhaden 
et al. 2020). Other differences may be attributable to model 
biases. For example, the excessive warm anomalies over 
Brazil in the C3S composite compared to the observed com-
posite may reflect a tendency for models to overestimate 

temperature variability in this region (e.g., Merryfield et al. 
2013). In addition, the unrealistic equatorial Pacific warm 
anomalies to the west of the Dateline in Fig. 10b are likely 
due to a tendency for excessive westward extension of ENSO 
SST anomalies in global climate models, which in turn is 
related to the tendency for cool biases in the equatorial 
Pacific cold tongue discussed in Section 3.1.1 (Jiang et al. 
2021). Overall, while the T2m anomalies in the Niño 3.4 
region are higher in the C3S composite than the observed 
composite due to the stronger El Niño events represented 
in the former, the associated global temperature influences 
are not conspicuously stronger in Fig. 10b than in Fig. 10a, 
except where noted above. This is likely at least partially 
due to the extremely limited sample of observed very strong 
El Niño events, together with differences in atmospheric 
responses to ENSO, particularly in the extratropics, caused 
by atmospheric internal variability (Kumar and Hoerling 
1997). By contrast, averaging over the much larger sample 
of 66 simulated exceptional El Niño events more effectively 
distills the average response, while filtering out the atmos-
pheric internal variability that accompanies individual events. 
However, model inadequacies in representing El Niño global 
temperature influences could also be a factor.

Similar considerations apply in comparing the observed 
and C3S composites of El Niño precipitation influences in 
Fig. 10c-d. While both patterns again broadly resemble that 
of a regression on Niño 3.4 based on long climate records 
(Taschetto et al. 2020), some regional differences are evi-
dent. For example, the C3S composite shows a precipita-
tion enhancement of up to 2 mm/day along the California 
coast in qualitative agreement with long climate records, 
whereas the observed composite for the two very strong El 
Niño shows a mixed influence due to an atypical response 
to the 2015–2016 El Niño in this region, likely as a result 
of atmospheric internal variability (Kumar and Chen 2017; 
Chen and Kumar 2018). Northern Australia is another region 
where the C3S ensemble agrees qualitatively with long cli-
mate records, but the observed composite of the 1997–1998 
and 2015–2016 El Niños is opposite in sign. By contrast, 
Fig. 10c qualitatively agrees with long climate records in 
eastern and southern Africa whereas Fig. 10d does not, 
which may be indicative of model errors in representing El 
Niño precipitation influences in these areas.

Figure  11 presents similar comparisons between 
observed December T2m and precipitation composites 
for the four strongest La Nina winters of 1998–1999, 
1999–2000, 2007–2008 and 2010–2011 for which Niño 
3.4 < −1.5 (Fig. 1), and 11 ensemble members for which 
Niño 3.4 < −3.5 prior to rescaling in December 1998 and 
2010. In this instance the pronounced difference between 
the strength of the observed and simulated La Niña events 
is especially evident, although the global temperature 
influences are again mostly similar except in mid-to-high 
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latitude regions of the Eastern Hemisphere where atmos-
pheric internal variability is likely dominant in the small 
observed sample. Where there is qualitative agreement, the 
signal in the C3S composite is generally not larger except 
in northern Brazil, where a tendency for at least some mod-
els to overestimate temperature variability was previously 
noted, and in Australia.

The picture is somewhat different for the La Niña pre-
cipitation composites, in which the simulated wet influ-
ence over the warm pool and adjacent regions including the 
Philippines and northern Australia in the C3S composite 
far exceeds that in the observed composite (Fig. 11d). This 
suggests that if such a La Niña event having Niño 3.4 < −3.5 
were to occur (which is exceedingly unlikely in a given year 
according to Fig. 6 based on rescaled Niño 3.4 values) then 
the excess December rainfall in these regions would be 
comparably extraordinary. Elsewhere, the dry anomalies 
in southwestern North America are in qualitative agree-
ment with long climate records as in Taschetto et al. (2020), 
but not the observed composite for the hindcast period 
(Fig. 11c), due to atmospheric internal variability evidently 

playing a confounding role in this smaller sample. In some 
regions such as southeastern South America and East Africa, 
precipitation anomalies in the C3S composite are in qualita-
tive disagreement both with the hindcast-period composite 
and with longer climate records, pointing to model biases as 
a likely cause for the disagreement.

A further important aspect of these comparisons is that 
the most severe ENSO impacts, exceeding the mean ENSO 
influences represented by the composites in Figs. 10 and 11, 
accompany extreme weather and climate events caused by 
a combination of ENSO and other influences (Goddard and 
Gershunov 2020). For example, particularly severe instances 
of low northern Brazil rainfall induced by major El Niños 
in boreal winter have been linked in ensemble hindcasts to 
warm SST anomalies in the northeastern subtropical Pacific 
and Atlantic, accompanied by regions of anomalously low 
sea level pressure further north (Kay et al. 2022). Further 
examinations of the C3S seasonal hindcast dataset consid-
ered here could support additional studies of the diversity of 
ENSO influences, and of factors associated with particularly 
severe impacts.

Fig. 10  Composites of December (a) observed T2m anomalies in 
1997 and 2015, during the two strongest El Niño events of the hind-
cast period, (b) T2m anomalies of 66 C3S ensemble members for 
which December Niño 3.4 index >3.5 at lead 5 prior to rescaling, (c) 

observed precipitation anomalies for the same years as in (a), (d) C3S 
precipitation anomalies for the same C3S ensemble members and 
lead time as in (b)
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4  Summary and Conclusions

This study has examined the occurrence of ENSO extremes, 
especially El Niño and La Niña episodes more extreme than 
any in the reliable instrumental record, in seasonal hindcasts 
from eight systems contributing to the C3S multi-system 
seasonal forecast ensemble. With a total of 184 ensemble 
members and monthly initializations across the 24-year 
hindcast period 1993–2016, these hindcasts represent over 
5 ×  104 initialized model runs, each having a 6-month range.

The Niño 3.4 index, which represents monthly-mean 
SST anomalies in the central-eastern equatorial Pacific 
where SST variance is particularly high and is especially 
well correlated with wider ENSO phenomena (Barnston 
et al. 1997), is used as an ENSO metric. To reduce the 
impact of model biases affecting simulated ENSO ampli-
tude, hindcast Niño 3.4 values were multiplied by a cor-
rection factor so that for each model, Niño 3.4 variance for 
each calendar month and lead time matches observed Niño 
3.4 variance in the corresponding calendar month. Within 
these adjusted Niño 3.4 hindcasts numerous instances of 
unprecedented extremes occur, mainly in years when the 
strongest El Niño and La Niña events are observed and 

predicted, and for longer lead times of up to 5 months 
when the simulations are less constrained by their obser-
vation-based initial conditions than at shorter lead times. 
Implied occurrence rates for unprecedented extremes in 
December, when ENSO SST anomalies typically peak, are 
approximately once in 30 years for Niño 3.4 > 3.0, once 
in 90 years for Niño 3.4 > 3.5, once in 60 years for Niño 
3.4 < −2.5, and once in 440 years for Niño 3.4 < −3.0. 
These results, including asymmetry between the likeli-
hood of El Niño and La Niña extremes, are qualitatively 
similar to inferences drawn from statistics of El Niño and 
La Niña magnitudes inferred from existing instrumental 
records dating to the mid-1800s (Douglass 2010), although 
the implied frequencies for unprecedented El Niño events 
found here are somewhat larger.

As an exploration of typical global impacts of unprec-
edented ENSO extremes, T2m and precipitation compos-
ites for the strongest observed El Niño and La Niña events 
in the hindcast period were compared with composites 
for extreme simulated El Niños having unadjusted Niño 
3.4 > 3.5, and extreme simulated La Niñas having unadjusted 
Niño 3.4 < −3.5. Although impacts in the tropical Pacific 
region that is the seat of ENSO are generally larger in the 

Fig. 11  Composites of December (a) observed T2m anomalies in 
1998, 1999, 2007 and 2015, during the four strongest La Niña events 
of the hindcast period, (b) T2m anomalies of 11 C3S ensemble mem-
bers for which December Niño 3.4 < −3.5 at lead 5 prior to rescal-

ing, (c) observed precipitation anomalies for the same years as in (a), 
(d) C3S precipitation anomalies for the same C3S ensemble members 
and lead time as in (b)
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composites of simulated ENSO extremes than the observed 
composites, the magnitudes of remote influences are less 
distinguishable. This reflects the significant role of inter-
nal variability in determining remote climate anomalies for 
individual ENSO events (or averages over a small number of 
events as for the observational composites considered here), 
particularly in mid-to-high latitudes.

Although C3S seasonal hindcasts provide a large sample 
for examining extreme ENSO events, certain assumptions, 
caveats and limitations of this study should be kept in mind. 
First, the hindcasts are assumed to represent 184 simulated 
realizations of what could have happened if conditions at each 
hindcast start date had been slightly different from “truth”. In 
reality these realizations differ from the observed one for a 
variety of reasons, including observational, assimilation and 
model errors, and in some cases stochastic model physics. 
They also are not entirely independent of the state of the cli-
mate system at each start date, even at the longest lead time, 
because the hindcasts have some skill. Therefore, character-
izing the derived probabilities of ENSO extremes as present-
day values implicitly assumes a near-term continuance of the 
level of ENSO variability that occurred during the hindcast 
period. As a result, the analysis and conclusions drawn, while 
pertaining essentially to present-day climate, are somewhat 
conditioned on the single observed realization of ENSO activ-
ity during 1993–2016, which included two historically large 
El Niños and several significant but more moderate La Niñas 
(Fig. 1). Subsequent years through 2022 have yet to see any 
comparably strong events, and a continuation of that circum-
stance would suggest that the hindcast period was an inter-
val of unusually high ENSO activity, possibly due to natural 
multi-decadal variation (e.g., Rodrigues et al. 2019). Longer 
hindcast periods, spanning even up to a century or more ena-
bled by corresponding reanalyses (Weisheimer et al. 2020), 
could potentially provide more robust estimates, although cli-
mate nonstationarity and the general degradation of observa-
tional coverage and accuracy more than a few decades in the 
past would remain considerations. In addition, any significant 
future changes to ENSO properties caused by anthropogenic 
forcings could alter the statistics of extreme ENSO events.

A further caveat is that the conclusions drawn are reliant 
on model fidelity in representing ENSO. Corrections were 
applied to the mean (through the calculation of anomalies) 
and variance of the Niño 3.4 index, and a sensitive statis-
tical test, the two-sample Cramér–von Mises test, did not 
detect gross differences between the observed and variance-
adjusted Niño 3.4 distributions. However, some distributional 
differences could have escaped detection due to the limited 
observational sample, particularly for individual models as 
suggested by the differences between models in representing 
the frequencies of ENSO events for high exceedance thresh-
olds (Fig. 6), although sampling fluctuations may be another 

contributing factor. As well, systematic model errors such 
as an excessive westward extent of equatorial Pacific tem-
perature and unrealistic rainfall anomalies associated with 
El Niño episodes are evident to some degree in the model 
composites (Fig. 9), despite the initialization of these simula-
tions from observation-based states.

Overall, this study demonstrates the potential for applying 
large ensembles of initialized climate predictions to explore 
probabilities of unprecedented extremes of ENSO variability 
and remote influences. In particular, much further potential 
exists for assessing chances of extreme ENSO impacts, which 
typically arise from a combination of direct ENSO influence 
and other factors including internal atmospheric variability 
(Goddard and Gershunov 2020). Such studies, like that of 
Kay et al. (2022), require additional tests of model fidelity for 
the variables and regions considered to assure that the many 
simulated realizations of climate variability represent a plau-
sible proxy for the natural system. The C3S seasonal hindcast 
ensemble considered here could provide a valuable resource 
for such studies, as well as for broader studies of the likeli-
hood of unprecedented climate extremes across the globe.
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