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Abstract

Inter-El Nifio variability, which represents the diversity in spatiotemporal evolution among
El Nifio events, has been identified using the first two leading modes of sea surface
temperature anomalies along the equator. The first mode represents the transition from El
Nifo into La Nifia and the second mode reveals El Nifio’s persistence through the following
spring. Here, we examine the ability of models to capture inter-El Nifio variability and predict
future changes due to global warming using historical and Representative Concentration
Pathway 8.5 simulations of phase 5 of the Coupled Model Intercomparison Project (CMIP5).
Most CMIP5 models realistically reproduce the first mode, but three-fifths of the models fail
to capture the second mode, with considerable inter-model diversity. The ten best models are
therefore selected according to a measurement of pattern correlation coefficients and
normalized root mean square with respect to reproduction of the second mode. The results
aggregated from the best models indicate that the first “transition” mode will remain
unchanged from the present climate to the future climate; in contrast, the second
“persistence” mode changes stochastically across the CMIP5 models. Consequently, we
conclude that ElI Nifio’s transition into La Nifia is the most dominant characteristic of
simulated inter-El Nifio variability and will remain unswayed under global warming
conditions. Model deficiency in simulating El Nifio’s persistence is a key source of
uncertainty in modeling inter-El Nifio variability, resulting in difficulty predicting how certain

characteristics of El Nifio events may change with global warming.
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1. Introduction

El' Nifo-Southern Oscillation (ENSO) is one of the most important interannual
fluctuations of an atmosphere-ocean coupled system. Its worldwide implications have
prompted. efforts to expand our understanding of ENSO dynamics and characteristics [e.g.,
Jin, 1997, McPhaden et al., 2006; Kug et al., 2009; Yu et al., 2012]. In particular, recent
studies have shown a renewed interest in differences among ENSO events, which are called
inter-ENSO variability or ENSO diversity [Lopez and Kirtman, 2013; Lee et al., 2014; Yeh et
al., 2014; Capotondi et al., 2015]. Note that considerable differences are not only revealed in
the maximum location and strength of ENSO sea surface temperature anomalies (SSTA) but
also in their temporal evolution [Ha et al., 2012]. A better understanding of inter-ENSO
variability with respect to spatiotemporal evolution is therefore a prerequisite for the study of
ENSO-induced teleconnections and impacts [Capotondi et al., 2015].

In light of El Nifio’s event-to-event variation, it has been increasingly recognized
that there are two different spatial types of EI Nifio events. One is the eastern-Pacific (EP) El
Nifo that is centered over the eastern Pacific Nifio 3 region; the other is the central-Pacific
(CP) El Nifo that occurs over the Nifio 4 region [Kao and Yu, 2009; Kug et al., 2009; Yeh et
al., 2009]. Relevant dynamics exhibit significant differences between the EP- and CP- El

Nifo. For example, the thermocline feedback is more effective in driving the EP- El Nifio,
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whereas zonal advection feedback has a greater contribution to inducing the CP- El Nifio [e.g.,
Kug et al., 2009]. Variation in the temporal evolution of El Nifio has also been explored, in
particular the onset and termination of El Nifio, with a focus on El Nifio’s transition to La
Nifa. For instance, variability of anomalous wind forcing in the western tropical Pacific and
North Pacific subtropical high, which is affected by abnormal warming in the Indian Ocean
and local air-sea interaction, play a key role in modulating the rapid transition to La Nifia via
the thermocline adjustment and equatorial Kelvin wave responses [Wang et al., 1999; Kim
and.Lau, 2001; Kug and Kang, 2006; Yun et al., 2015; Chen et al., 2016].

Previous studies have also shown the divergent impacts of greenhouse warming on
ENSO [Yeh et al., 2009; Bellenger et al., 2014; Kim et al., 2014; Cai et al., 2014; 2015; Chen
et al., 2015]. Climate models project no robust changes in ENSO amplitude [Collins et al.,
2010; Stevenson, 2012; Power et al., 2013]. Chen et al. [2015] demonstrated that the
projected diversity in ENSO amplitude originates from changes in ENSO meridional width,
by modulating thermocline and zonal advection feedbacks. The occurrence of CP- El Nifio
events relative to EP- El Nifio is expected to increase in the model simulations under global
warming conditions [Yeh et al., 2009; Kim and Yu, 2012; Taschetto et al., 2014]. These
changes were primarily attributable to weakened equatorial upwelling and thermocline
feedback in future scenarios. The frequency of extreme El Nifio events is also projected to

increase due to greenhouse warming, as a consequence of mean state changes [Cai et al.,
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2014]. Several studies have drawn attention to changes in the temporal evolution of ENSO

but no significant changes emerge across all models [Taschetto et al., 2014; Chen et al.,

2016]. This indicates that ENSO diversity might increase due to greenhouse warming.

Recently, an observational study by Lee et al. [2014] attempted to show the

spatiotemporal SST evolution of inter-El Nifio variability using empirical orthogonal function

(EOF) analysis in a time-latitude domain averaged over the equator [5°S-5°N] (see Fig. 1). It

was noted that the first mode represents the extent to which warm SSTAs in the EP persist

into.the boreal spring after the EI Nifio peak (i.e., persistent mode), whereas the second mode

reveals the transition and resurgence of El Nifio in the decaying year (i.e., transition mode).

This study raises an important question regarding how well the current climate models

capture the two major observed modes of El Nifio events. The major objective of the present

study s therefore (1) to examine the models’ capacity in capturing the spatiotemporal

evolution of inter-El Nifio variability and (2) to explore how inter-El Nifio variability will

change in the future, using historical and representative concentration pathway 8.5 (RCP8.5)

simulations of phase 5 of the Coupled Model Inter-comparison Project (CMIP5). La Nifia

events show subtler inter-event variation of spatial patterns [Capotondi et al., 2015]. For this

reason, we focus only on the inter-El Nifio variability. Here, we use 40 available climate

models and provide a comprehensive overview of their performance in reproducing the inter-

El Nifio variability.
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The remainder of this paper is organized as follows. Sections 2 presents the CMIP5
model data and methodology for assessing the inter-El Nifio variability. Section 3 describes
the models’ performance in reproducing the inter-El Nifio variability in a historical simulation.
Section 4 depicts possible future changes to inter-El Nifio variability. Section 5 discusses and

summarizes the results.

2. Datasets and methods
2.1.CMIP5 model data
A total of 40 coupled general circulation models (CGCMs) that participated in the

CMIP5 were used [Taylor et al., 2012]. A historical simulation (i.e. the twentieth-century
experiment) for the period of 1900-2005 was applied to examine the models’ abilities to
reproduce the observed spatiotemporal evolution of inter-El Nifio variability. The historical
run imposed changing conditions that were consistent with observations, including natural
and anthropogenic forcings. For future climate projections, an RCP8.5 run, in which radiative
forcing continuously rises toward 8.5 W/m? in 2100, was analyzed during the period from
2006 to 2099. To reduce uncertainties in models, we used members of ensemble as many as
possible in each model experiment. Details of the 40 CMIP5 models are listed in Table 1.

To assess model performance with respect to observation data (OBS), this study used

SST data from 1900 to 2014 obtained from Met Office Hadley Centre Sea Ice and Sea
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Surface Temperature version 1.1 (HadlSST1.1) [Rayner et al., 2003]. To ensure fair
comparisons, all data were interpolated to a common grid of 2.5°x 2.5°. Before applying all
analyses, we performed variance correction of modeled SSTA for two major reasons. The
first is attributable to considerable inter-model diversity in ENSO amplitude, as reported in
many previous studies [e.g, Bellenger et al., 2014; Kim et al., 2014; Cai et al., 2015]. The
large inter-model spread in ENSO amplitude can lead to misinterpretation of the results based
on a multi-model average. The second reason for variance correction was to focus our
purpose on examining the phase transition and persistence of inter-El Nifio variability, not the
amplitude. At each grid point, we first computed a standard deviation of modeled SSTA for
each model (# o, ,) and a standard deviation of observed SSTA (0 o). The SSTA variability
of each model was then normalized to the observed variability as follows.

cor _SST 4,, =S8ST 4,, IMo,, x00, (1)

s.tn

where SS7 ,, indicates the modeled SSTA for each grid point (s), time (t), and model

/1

().

2.2 Spatiotemporal evolution of inter-El Nifio variability
To define El Nifio years, the monthly Nifio3.4 index [5°S-5°N, 170°W-120°W] was used.
Monthly SSTA was first obtained by removing the seasonal cycle and linear trends from the

OBS and from each model. Note that the modeled Nifio3.4 SSTA shows a linear increasing
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trend in the historical and RCP8.5 runs (figure not shown). The de-trending permits unbiased

selection between warm and cold events of ENSO through the entire period, excluding global

warming effect. The El Nifio years were then identified based on the following threshold: the

3-month running mean of Nifio3.4 SSTAs exceed 0.5°C for at least five consecutive months,

following. the definition used at the National Centers for Environmental Prediction (NCEP).

Finally, 1101 EI Nifio years, a sum across all 40 models, were identified during the period of

1900-2005 in the historical runs, whereas 994 EI Nifio years were selected during the period

of 2006-2099 in the RCP8.5 runs. The El Nifo event numbers from each model are shown in

Table 1. The mean number of events in the historical runs is 27.5, which is compared to 32 El

Nifio years observed during the period of 1900-2014.

The present study used an objective methodology to identify two major modes of inter-

El Nifio variability based on the longitude-time maps of equatorial SSTAs, as introduced by

Lee et al. [2014]. According to this methodology, we conducted an empirical orthogonal

function(EOF) analysis for the longitude-time domains of SSTA averaged over the equator

[5°S-5°N] for each individual event. The reconstructed spatiotemporal EOF domain consisted

of longitude (x-axis) ranging from 120°E to 90°W and monthly variance (y-axis) spanning

from January of the developing year to December of the decaying year. The inter-event

variability 'is given by the principal component (PC) time series. This provides an efficient

metric for depicting the continuum of inter-El Nifio evolution. The two leading EOF modes in
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the OBS explain about 54% of the total variance. The two leading modes (see Figs. 1a and b)
are essentially consistent with the results from Lee et al. [2014] but the persistence
(transition) mode is seen as EOF2 (EOF1). This is caused by longer time period and different

SST dataset used (figure not shown).

3./Inter-El Nifio variability in CMIP5

We first examine the composite mean (CM) evolution of EI Nifio SSTA along the
equator in the historical run (1900-2005), as a function of longitude and calendar month (Fig.
2). Here, the CM indicates the mean pattern of SSTA averaged for El Nifio years of each
model. The SSTA variability of each model is normalized to the observed counterpart before
analyzing the CM (see Section 2.1). Compared to the observed CM (see Fig. 1c), the modeled
CMs reproduce El Nifio’s maximum and seasonal evolution reasonably well with high pattern
correlation coefficients (PCCs) above 0.7, as shown in the upper right corner of each panel in
Fig. 2. Except for IPSL-CM5A-LR, EIl Nifio in most models develops during the boreal
summer and decays after the winter peak (i.e., November-December-January). Figure 3a
summarizes the model performance for simulating the CM based on the normalized root
mean square error (NRMSE) and PCC between the OBS and the individual CMIP5 models.
Here, NRMSE indicates domain-averaged RMSE normalized to the observed standard

deviation. Most models have a high fidelity in capturing the El Nifilo CM, as demonstrated by
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a strong linear relationship between RMSE and PCC (correlation coefficient r ~ -0.88).

Similarly good performance is also seen in the temporal correlation coefficients (TCCs)

between observed and simulated Nifio 3 and Nifio 4 SSTA CMs (Fig. 3b). Of particular note

is that the TCC of Nifio 3 is uncorrelated with that of Nifio 4 (r ~ 0.26). The CMIP5

discrepancies in El Nifio’s seasonality between the EP and CP also agree closely with the

result in Taschetto et al. [2014]. Contrary to OBS and other models, several models (e.g.,

FIO-ESM and GFDL_ESM2M) show the warmest anomalies developing first in the west and

growing to the east. The IPSL-CM5A-LF and MIROCS5 are the poorest performing models

that exhibit El Nifio’s summer peak and longer-lasting warming, respectively. The modeled

strength of SSTA also reveals large variation between CMIP5 models: CESM1-CAMS5 is

strongest, while inmcm4 is weakest.

The observed EOF1 mode depicts whether EI Nifio has transitioned into La Nifia (Fig.

1a), whereas the EOF2 mode describes whether a strong EI Nifio event will persist into the

boreal spring (March-April-May) of the decaying year (Fig. 1b). The CMIP5 historical

simulations capture the first two observed leading modes, as shown in the spatiotemporal

pattern of the first two modeled EOF modes (Figs. 4 and 5). The most important feature of

the modeled inter-El Nifio variability is the transition mode (i.e., EOF1; Fig. 4). Compared to

the OBS, most CMIP5 models capture the transition mode reasonably well. Particularly, the

bce-csm1-1-m and NorESM1-ME most realistically reproduce the transition from warm to
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cold phases. In several models, the maximum warm SST anomalies appear during the

MAM(0) of the developing year (e.g., CSIRO-Mk3-6-0), and the minimum cold SST

anomalies emerge in the fall (September-October-November(+1)) of the decaying year (e.g.,

GISS-E2-H). These peak positions are quiet different from the observed maximum during the

SON(0) of the developing year and observed minimum during the winter (NDJ(+1)) of the

decaying year, which indicates a marked bias in these models.

On the other hand, the CMIP5 models have large inter-model diversity in simulating the

persistence mode (EOF2), as shown in Fig. 5. The great inter-model diversity may be caused

by different physics, dynamics, initial conditions, and resolution in CMIP5 models. It should

be noted that the model spread in CMIP5 projection is dependent on internal climate

variability and model error that are difficult to disentangle in CMIP5 model ensemble.

Therefore, it would be useful to analyze a large ensemble simulation of climate model [e.g.,

Kay et al., 2015]. Generally, CESM1 models (i.e., CESM1-CAM5, CESM1-CAM5.1-FV2,

CESM1-WACCM) effectively reproduce the feature revealing springtime persistence. Three-

fifths of the 40 CMIP5 models fail to reproduce the EOF2 mode. For example, CSIRO-Mk3-

6-0, IPSL-CM5A-LR, IPSL-CM5A-MR, and MPI-ESM-MR are the poorest performing

models that show the warming maximum in EOF2 during the FMA(0) or SON(+1) season.

The percentage of modeled variance explained by EOF shows considerable inter-model

spread, ranging from 27.9 to 56.4% for EOF1 and from 12.7 to 30.8% for EOF2 (Fig. 6).
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Note that the percentage of variance by EOF1 tends to be overestimated by most CMIP5

madels; in contrast, the modeled variances of EOF2 are equivalent to the OBS. The models’

performance in reproducing the two leading modes is further explored by comparing the

NRMSEs and PCCs of EOF1 and EOF2 between OBS and the models (Fig. 7a). As

mentioned earlier, most CMIP5 models reproduce the spatiotemporal pattern of EOF1 well,

ranging from 0.71 to 0.95 PCC and from 0.31 to 1.0 NRMSE. The two poorest performing

models (IPSL-CM5A-MR and CSIRO-Mk3-6-0) still exhibit significant PCCs that exceed

0.6..Interestingly, the models’ skill in capturing EOF1 tends to be related to their ability to

reproducing EOF2 (r ~ 0.32), implying that internal model dynamics affect their ability to

capture inter-ENSO variability.

Compared to EOF1, there is considerable inter-model diversity in EOF2 performance,

which is a relatively poor. The PCCs and RMSEs have divergent ranges of -0.18 to 0.89 and

0.47 to 1.7, respectively. Consequently, the inability of climate models to realistically

simulate-the EOF2 mode is an important source of uncertainties and model deficiency with

respect to inter-El Nifio variability. The ten best models were chosen for further analysis,

based on a PCC performance greater than 0.75 and a NRMSE exceeding 0.8 for EOF2;

CESM1-CAM5, CESM1-CAM5.1-FV2, CESM1-WACCM, CMCC-CM, CMCC-CMS,

FGOALS-g2, GFDL-ESM2M, HadGEM2-CC, MIROCS5, and NorESM1-ME (see Fig. 7b).
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4. Future change due to global warming

How ENSO diversity will change in a warming climate is currently one of the most

significant issues in climate change science [Capotondi et al., 2015; Cai et al., 2015]. In this

section, we examine the projected future changes of inter-ENSO variability in the historical

runs due-to global warming using the RCP8.5 simulations. Although three-fifths of the

maodels fail to reproduce the leading mode of inter-ENSO variability, the ten best models

produce reasonable leading modes of El Nifio transition and persistence. Hereafter, most

analyses show results from the ten best multi-model mean (i.e., BLOMMM). All analyses are

first performed in each model and the BILOMMM is then calculated by averaging the results

derived from the ten best models.

Before analyzing the change in leading modes, we investigate the change in the El

Nifio CM using the BLOMMM results. Figure 8 displays the temporal evolution of CM for

Nifio 3.4 SST anomalies in the historical and RCP8.5 simulations, respectively, for each

model. The SST evolution, which varies considerably across the models, shows no significant

change between the present and future climates. Under the future climate scenario, a slight

change is projected by weaker (or earlier) maximum and a more rapid decay of El Nifio

evolution during the MAM(+1).

We next explore changes in inter-El Nifio leading modes. Although several biases still

appear in the BILOMMM, the BIOMMM realistically simulates the two observed leading
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modes during El Nifio events (Fig. 9). Compared to the OBS, the modeled probability that

phases of PC1 and PC2 occur is overestimated in the phases of positive PC1 and PC2

(+8.6%) and negative PC1 and PC2 (+1.4%), while the probability is underestimated in the

phases of positive PC1 and negative PC2 (-3.9%) and negative PC1 and positive PC2 (-5.8%).

Only two. small changes are revealed between the present and future climates. First, the

occurrence of a negative PC1 and positive PC2 phase tends to decrease, but the probability of

other phases increases. Second, the CP warming in EOF2 is likely to decay earlier in the

boreal spring (MAM(+1)). The early decay of CP warming is also evident in the temporal

evolution of SSTA at 160°W (i.e., CP) and the change is significant compared to the inter-

model spread (Fig. 10). Note that no significant change is expected in the EP (i.e., 110°W),

which is consistent with results from previous studies [e.g., Cai et al., 2014; Chen et al.,

2016]. Despite these changes, the two leading modes seem to undergo no fundamental

changes between the present and future climates.

Figure 11 displays the changes in fractional variance. There are no significant changes in

fractional variance; it increases in 16 models but decreases in 24 models. Interestingly, the

inter-model correlation coefficients of variances between the present and future climates are

0.32, which is significant at the 95% confidence level. For the ten best models, the percentage

variances explained by EOFL1 in the present climate are highly correlated with those in the

future climate (r ~ 0.91). Another point of note is that in most models, the EOF1 mode of the
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historical simulation remains the same as the EOF1 mode of the RCP8.5 simulation,
indicating that the transition mode is the most dominant one across all models from the
present to future climate. There are only two exceptions. The CMCC-CM3 and CNRM-CM5
predict changes from the present EOF1 (EOF2) into the future EOF2 (EOF1), and vice versa.
The cross.correlation coefficients between the observed EOF1 (EOF2) and EOF2 (EOF1) in
the future climate are very high at 0.83 (0.87) for CMCC-CM3 and 0.80 (0.74) for CNRM-
CM5.

The modeled fractional variances of EOF2 also exhibit no significant changes; they
increase in 17 models but decrease in 23 models. However, the variance has a tendency to
change randomly from the present to the future climate (r ~ 0.09), reflecting that future
changes in the persistence mode are considerably stochastic and non-directional across all
models. Consequently, we speculate that ElI Nifio’s transition into La Nifia will remain
unchanged from the present to future climate, which plays a key role in understanding
modeled-El Nifio diversity. Meanwhile, the persistence of inter-El Nifio variability is most
sensitive _to increasing greenhouse gases. Due to considerable inter-model diversity in the
persistence mode, it is extremely difficult to predict the effect of global warming on inter-El

Nifio variability.
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5. Discussion and conclusion

The present study examined the 40 models’ reproducibility in relation to the mean

spatiotemporal structure and two leading modes of inter-El Nifio variability. Compared to the

OBS, most of the climate models realistically simulate the spatiotemporal evolution of El

Nifo and; furthermore, the EOF1 mode, called the “transition mode”. However, only two-

fifths of the 40 CMIP5 models are successful in reproducing the EOF2 mode that is

characterized by spring persistence of EI Nifio SSTA. There is also considerable inter-model

diversity in EOF2 performance, indicating that major model deficiency in simulating inter-El

Nifo variability is derived from the second EOF mode. Therefore, we selected the ten best

models based on the performance of EOF2 using a measurement of PCC and NRMSE.

The future changes from the BLOMMM are summarized as follows.

(1) The mean SST evolution shows no robust changes between the present and future

climates across all models.

(2) The leading two modes also exhibit no significant changes between the present and

future climates, with respect to the spatiotemporal pattern, phase relationship of event-to-

event variability, and fractional variance. A small change is only seen in the CP warming of

EOF2 that tends to decay earlier in the boreal spring.

(3) While the transition mode is the most dominant mode across all models from the

present to future climate, the persistence mode reveals stochastic and non-directional changes
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across the models.

Consequently, we argue that the EI Nifio’s transition into La Nifia is most important for

understanding the modeled inter-ElI Nifio variability and remains unaffected under global

warming. The changes in persistence among El Nifio events are most susceptible to rising

greenhouse gases, thus resulting in high uncertainties in predictions of future changes of

inter-El Nifio variability.

Note that the future changes in spatial patterns of inter-EI Nifio variability are

somewhat sensitive to the analyzed EOF periods (figure not shown). However, regardless of

the EOF time periods, no coherent changes in spatial pattern and fractional variance are

revealed from the present climate to the future climate. Our finding of no significant changes

in the EP is consistent with results from previous studies [e.g., Taschetto et al., 2014; Chen et

al., 2016]. Another point of note is the significant change in the CP of EOF2 during the

boreal spring. The SSTA evolution of CM for Nifio 4 also reveals a more rapid decay during

the following spring under the future climate than for Nifio 3 (figure not shown). The earlier

decay in the CP may be in part associated with the change in the North Pacific atmospheric

circulation. The mid-latitude atmospheric variability during winter is closely related to SST

variances in the CP during the following season [Vimont et al., 2003; Yu et al., 2010]. The

relevant dynamics are a subject of ongoing study.

There is vigorous debate as to whether greenhouse warming can modulate changes in

©2016 American Geophysical Union. All rights reserved.



ENSO’s nonlinearity and asymmetry [e.g., Yeh and Kirtman, 2007; Cai et al., 2015]. With

this recognition, the changes in inter-La Nifia variability should be examined to understand

ENSO’s nonlinear effect due to changes in the mean state. Substantial issues still remain

regarding the realistic simulation of inter-ENSO variability, in spite of great progress made in

the ENSO modeling. In particular, effort is needed to improve the ability to simulate the

persistence mode and to further understand a diverse continuum of ENSO events. In addition,

substantial variations in spatiotemporal evolution will be investigated with respect to various

ocean feedbacks (e.g., recharge/discharge oscillator, thermocline, and zonal advection

feedbacks) in our future work. Better models and improved understanding of model

deficiencies are scientifically important for enabling more reliable projections and predictions

under a warmer climate.
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Table 1. Description of CMIP5 models used in the study. “ENS No.” indicates the number

of ensemble members used in the individual historical and RCP8.5 runs and “El Nifio No.” is

the number of El Nifio events identified in each run.

Model Institution Ens No. El Nifio No.

(HI1S-RCP8.5) (HIS-RCP8.5)

1 ACCESS1.0 CSIRO-BOM, Australia 2-1 25-22
2 ACCESS1.3 CSIRO-BOM, Australia 3-1 28-23
3 BCC-CSM1.1 Beijing Climate Center, China 3-1 30-26
4 BCC-CSM1.1(m) Beijing Climate Center, China 3-1 33-30
5 BNU-ESM College of Global Change and Earth 1-1 32-23

System Science, China

6 CanESM2 Canadian Centre for Climate Modelli 5-5 28-26

ng and Analysis, Canada

7 CCsm4 National Center for Atmospheric Res 6-6 24-26
earch, USA
8 CESM1(BGC) Community Earth System Model Co 1-1 25-26

ntributions, USA

9 CESM1(CAMS) Community Earth System Model Co 3-3 24-29

ntributions, USA
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17
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19

20

CESM1(CAM5.1,FV2)

CESM1(WACCM)
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CMCC-CMS

CNRM-CM5

CSIRO-MK3.6.0

EC-EARTH

FGOALS-g2

FIO-ESM

GFDL-CM3

GFDL-ESM2G

Community Earth System Model Co

ntributions, USA

Community Earth System Model Co

ntributions, USA

Centro Euro-Mediterraneo per |

Cambiamenti Climatici, Italy

Centro Euro-Mediterraneo per |

Cambiamenti Climatici, Italy

Centro Euro-Mediterraneo per |

Cambiamenti Climatici, Italy

CSIRO-QCCCE, Australia

EC-EARTH consortium, Various

LASG-CESS, China

First Institute of Oceanography, SO

A, China

NOAA Geophysical Fluid Dynamics

Laboratory, USA

NOAA Geophysical Fluid Dynamics

Laboratory, USA

4-1

1-1

1-1

10-5

10-10

2-1

5-1

3-2

5-1

1-1

29-27

25-27

27-24

30-27

33-21

22-21

28-24

30-27

31-37

33-30

30-22
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INM-CM4

IPSL-CM5A-LR

IPSL-CM5A-MR

IPSL-CM5B-LR

MIROC5

NOAA Geophysical Fluid Dynamics

Laboratory, USA

NASA Goddard Institute for Space

Studies, USA

NASA Goddard Institute for Space

Studies, USA

NASA Goddard Institute for Space

Studies, USA

NASA Goddard Institute for Space

Studies, USA

Met Office Hadley Centre, UK

Met Office Hadley Centre, UK

Met Office Hadley Centre, UK

Institute for Numerical Mathematics,

Russia

Institut Pierre-Simon Laplace, France

Institut Pierre-Simon Laplace, France

Institut Pierre-Simon Laplace, France
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MIROC-ESM

MIROC-ESM-CHEM

MPI-ESM-LR

MPI-ESM-MR

MRI-CGCM3

NorESM1-M

NorESM1-ME

MIROC, Japan

MIROC, Japan

Max-Planck-Institut fiir Meteorologie,

Germany

Max-Planck-Institut flir Meteorologie,

Germany

Meteorological Research Institute,

Japan

Norwegian Climate Centre, Norway

Norwegian Climate Centre, Norway
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1-1

3-1
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Figure 1. (a, b) Time-longitude plots of the first two inter-event EOFs of tropical SSTAS
averaged over 5°S-5°N for 32 EI Nifio events. (¢) Composite mean (CM) of SSTAs for El
Nifio events. (d) Scatter plot of normalized PC1 versus PC2. The HadISST data is used for

the observation (OBS).
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Figure 2. Longitude-time plot of EI Nifio SSTA CMs obtained from the historical run of 40

CMIP5 models during 1900-2005.
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NRMSE is domain-averaged RMSE normalized by the observed standard deviation. (b)

Scatter plot of temporal correlation coefficients between OBS and individual CMIP5 models

for the Niflo 3 and Nifio 4 SSTA CMs.
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Figure 4. Longitude-time plots of the first EOF (EOF1) for inter-El Nifio variability obtained
from the historical run of 40 CMIP5 models during 1900-2005.



001 305L30ZL  MOZWAOS 08} F0SL30ZL 06l 2051302} 08l 30s130Z} o8l 30si30z 081 3051302  MOZWMOSL 081 oS} 3021 oo siz0es
b it i1 E kI E . E Tv E .‘1 E Jtonnr
>
B _ _ o B _ o E_ W __d B W _ 4 B 8 _ S P B A I eee— ]
F 4 F 4 F 4 F 4 F 4 F 4 F 4 F Ja
F 4 F 4 F 4 F 4 F 4 F 4 F 4 F 40z
N-LNS3ION W-LNS3ION ENDDI-THIN HN-NS3FIdN HTNS3-IdN SO0HIN WN3HD-WS3-D0HIN NS3-O0HIN
NV
E 4 F ) 4 F 4 F 4 F 4 F 4 F 4 F Jtonne
E e g Fe—oC_d E—ce——_d EF-Ee_ _ 4 Bl _ q BEas_ 4 BT - _ g Epg®. _ _ dusoN
F 1 F 1 F 1 F 1 F 1 F 1 F 1 F Jga
3 1t it N3 i1t £ £ 3 i1t Janam
HTasNO-1sdl HIN-VSHD-1S8dI H1-YSNO-1SdI pwowul 83-ZN39PeH J3-ZN3VPEH OV-ZWIOPeH J0-U-23-88ID
v ~ \DINVI
F 4 F 4 F 4 F 4 F 4 F 4 F 4 F Jlonnr
E . _ _d B ——_d B _d B _—__—_d Ezam._ 4§ E_____qBET___d EBS_ . _ _ -osN
3 4 F 4 F 4 4 F 4 F 4 F 4 F S ud
o 1 F 1 F E ‘ 1 F i1 F 1 F 1 F ()dae
Hz3-ssid 00-He3-ssId H-23-sSID WZWS3-1a4 HZNSI-104D ENO-1a4D Ns3-old 26-STV0Dd
- S 2a ] INVE
F 1 F 1 F 1 F 1 E 1 F 1 E 1 E JloNnr
Em e e e E-—A5SE_ 5 E_____d BN _ - Come yllllll. *Illlha:bz
F 4 F 4 F 4 F 4 F 4 F 4 F 4 E U+
HLU4VY3-03 CHs3ued 0-9-©IN-0HISI SHD-WUND SHNI-OJND NO-20M0 NOOVM-HNS3D CAJ-F'SNVI-LNS3AD
INVT
E 41 F 1 F 1k 4 F 1 F 1 F 41 F Jtonar
E— e __d F-cc—c——-d B B B Eec—c—c—cd BEe—c———d E=- == —_ fqonoN
E 1 F 1 F 1 E 1 F 1 F 1 F 1 E JuEa
P
F 4 F 4 F 4 F 4 F 4 F 4 F 4 F Janda
SHYO-LNSIO J98-INs3I0 YINSID WS3NNG W--pwiso-09q -lwso-03q £188300V 0'188300V

Figure 5. Same as Fig. 4, but for the second EOF (EOF2).
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Figure 6. Fractional variance explained by the first two leading modes (EOF1 and EOF2) in

the OBS (green) and by the multi-model mean of historical simulations (yellow). The vertical

error bar in yellow indicates one standard deviation of inter-model variability. Blue and red

diamonds denote the minimum and maximum of fractional variances in CMIP5 models,

respectively.
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Figure 7. (a) Scatter plot of NRMSE (x-axis) and pattern correlation coefficients (y-axis)

between OBS and individual CMIP5 models for the first two EOFs in the historical run. (b)

Bar plot of correlation coefficients between OBS and CMIP5 models for EOF2. Diamonds

above the bar indicate the ten best models with respect to performance in simulating EOF2.
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Figure 9. (a) Longitude-time plot of BIOMMM for the first two modeled EOFs of tropical

SSTAs averaged over 5°S-5°N for El Nifio variability in the historical run. (b) Same as (a),
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historical (left) and RCP8.5 (right) runs.
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Figure 10. (a, b) Temporal SSTA evolution of BIOMMM for (a) EOF1 and (b) EOF2 at
110°W longitude in the historical (blue) and RCP8.5 (red) runs. (c, d) Same as (a, b), but for
at 160°W. longitude. The vertical bar indicates one standard deviation among the ten best

models.
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Figure 11. Fractional variance explained by (a) EOF1 and (b) EOF2 in the historical (x-axis)

and RCP8.5 (y-axis) runs. Red boxes indicate the ten best models shown in Fig. 7.
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