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[1] In this study, we evaluate the intensity of the Central-
Pacific (CP) and Eastern-Pacific (EP) types of El Nifio-
Southern Oscillation (ENSO) simulated in the pre-industrial,
historical, and the Representative Concentration Pathways
(RCP) 4.5 experiments of the Coupled Model Intercom-
parison Project Phase 5 (CMIP5). Compared to the CMIP3
models, the pre-industrial simulations of the CMIP5 models
are found to (1) better simulate the observed spatial patterns
of the two types of ENSO and (2) have a significantly smaller
inter-model diversity in ENSO intensities. The decrease in
the CMIP5 model discrepancies is particularly obvious in the
simulation of the EP ENSO intensity, although it is still more
difficult for the models to reproduce the observed EP ENSO
intensity than the observed CP ENSO intensity. Ensemble
means of the CMIP5 models indicate that the intensity of
the CP ENSO increases steadily from the pre-industrial to the
historical and the RCP4.5 simulations, but the intensity of the
EP ENSO increases from the pre-industrial to the historical
simulations and then decreases in the RCP4.5 projections.
The CP-to-EP ENSO intensity ratio, as a result, is almost the
same in the pre-industrial and historical simulations but
increases in the RCP4.5 simulation. Citation: Kim, S. T.,
and J.-Y. Yu (2012), The two types of ENSO in CMIP5 models,
Geophys. Res. Lett., 39, L11704, doi:10.1029/2012GL052006.

1. Introduction

[2] It has been increasingly recognized that two different
flavors or types of El Nifio-Southern Oscillation (ENSO)
occur in the tropical Pacific [e.g., Wang and Weisberg, 2000;
Trenberth and Stepaniak, 2001; Larkin and Harrison,
2005; Yu and Kao, 2007; Ashok et al., 2007; Kao and Yu,
2009; Kug et al., 2009]. The two types of ENSO are the
Eastern-Pacific (EP) type that has sea surface temperature
(SST) anomalies centered over the eastern tropical Pacific
cold tongue region, and the Central-Pacific (CP) type that
has the anomalies near the International Date Line [Yu and
Kao, 2007; Kao and Yu, 2009]. In the literature, the non-
conventional type of El Nifio (i.e., the CP El Nifio) has also
been referred to as Date Line El Niflo [Larkin and Harrison,
2005], El1 Nifio Modoki [4shok et al., 2007], or Warm Pool El
Nifio [Kug et al., 2009]. Several recent observational studies
have indicated that the CP El Nifio has been intensified in
the past three decades [Lee and McPhaden, 2010] and that
the climate impacts of the CP and EP types of ENSO can be
distinctly different. For instance, the impact of the CP ENSO
on winter surface air temperatures over the United States was
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found to be characterized by an east-west dipole pattern
rather than the well-known north-south dipole pattern asso-
ciated with the EP ENSO [Mo, 2010]. In the Atlantic, the CP
El Nifio tends to increase the frequency of Atlantic hurri-
canes, which is opposite to the impact produced by the EP
El Nifo [Kim et al., 2009]. In the Southern Hemisphere, Lee
et al. [2010] identified the large impacts of the 2009-10 CP
El Nifio on the warming in the South Pacific Ocean and west
Antarctica and discussed the possible role of the increasing
intensity of CP El Nifo. Ding et al. [2011] also related the
west Antarctica warming with the three-decade warming
trend in the central equatorial Pacific, which was attributed to
increasing intensity and frequency of CP El Nifio by Lee and
McPhaden [2010]. These findings point to a need to examine
the different flavors or types of ENSO in the climate models
used in the Intergovernmental Panel on Climate Change
(IPCC) reports that aim to project future changes in climate
variability modes (including ENSO) and their climate
impacts.

[3] The existence of the two types of ENSO has been
considered in several studies that evaluated the performance
of the coupled climate models from the Coupled Model
Intercomparison Project Phase 3 (CMIP3) [Meehl et al.,
2007] in simulating ENSO [e.g., Yu and Kim, 2010; Ham
and Kug, 2012]. Yu and Kim [2010], for example, docu-
mented the intensity, ratio, and leading frequency of the EP
and CP ENSOs in the CMIP3 pre-industrial simulations and
concluded that about nine of the nineteen models realistically
simulate the intensity of the two types of the ENSO.
Recently, the CMIPS5, which include generally higher reso-
lution models and a broader set of experiments relative to
CMIP3, has been coordinated to be used in the IPCC Fifth
Assessment Reports [Taylor et al., 2012]. In this study, the
two types of ENSO in the CMIP5 models are examined and
compared with the CMIP3 models to gauge the improvement
in performance from CMIP3 to CMIP5 models. A group of
CMIPS5 models that realistically simulate these two types
of ENSO are then identified and used as the “best model
ensemble” to examine changes in the two types of ENSO
from the pre-industrial simulation to the historical simulation
and the future climate projection. The results obtained in this
study indicate that the EP and CP ENSO may not respond in
the same way to climate change.

2. Data and Method

[4] In this study, the two types of ENSO simulated in
the pre-industrial, historical, and future projection runs of
CMIPS5 models are analyzed. For the pre-industrial simula-
tions, a total of twenty CMIP5 models are available for
analysis. The names of these models are listed in the legend
of Figure 2a. For the future climate projections, we choose
to analyze the Representative Concentration Pathways 4.5
(RCP4.5) experiments because more models are available for
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analysis in this intermediate stabilization scenario. In this
scenario, the target radiative forcing near year 2100 is set to
be equal to 4.5 Wm 2. Only thirteen of the twenty CMIP5
models provide SST outputs from their pre-industrial, his-
torical, and RCP4.5 simulations. These thirteen models were
used in the analysis of the response of the two types of ENSO
to changes in atmospheric CO, concentrations. These models
are indicated by an asterisk in the legend of Figure 2a. We
analyzed the first 200 years of the pre-industrial simulations,
roughly the years 1860—2005 of the historical simulations,
and roughly the years 2006-2100 of the RCP4.5 projections.
The exact lengths of the simulations vary slightly from model
to model. The Extended Reconstruction of Historical Sea
Surface Temperature version 3 (ERSST V3) data [Smith and
Reynolds, 2003] are used to provide SST observations for the
period 1950-2010. Monthly SST anomalies from the obser-
vations and the coupled models are calculated by removing
the monthly mean climatology and the trend.

[5] To identify the two types of ENSO in the CMIP5
coupled models and the observations, we use a combined
regression-Empirical Orthogonal Function (EOF) analysis
[Kao and Yu, 2009; Yu and Kim, 2010]. We first remove the
tropical Pacific SST anomalies that are regressed with the
Nifol +2 (0°-10°S, 80°W—-90°W) SST index and then apply
EOF analysis to the remaining (residual) SST anomalies to
obtain the SST anomaly pattern for the CP ENSO. Similarly,
we subtract the SST anomalies regressed with the Nifio4
(5°S-5°N, 160°E-150°W) index from the total SST anoma-
lies and then apply EOF analysis to identify the leading
structure of the EP ENSO. We remove not only the simul-
taneous regression but also the regression at lags —3, —2, —1,
+1, +2, and +3 months using a linear multiple regression
method to account for the possible propagation of SST
anomalies.

3. Results

[6] Figure 1 shows the spatial patterns of the leading EOF
modes for the EP and CP types of ENSO obtained by the
regression-EOF method from the pre-industrial simulations
of the twenty CMIP5 models. In the figure, the loading
coefficients for the EOFs are scaled by the square root of their
corresponding eigenvalues to represent the standard devia-
tions (STD) of each of the EOF modes. Although dis-
crepancies exist in the detailed realism of the simulated
spatial patterns, several models are able to reproduce the
observed features of the two types of ENSO, in which the
EP type is characterized by SST variability extending from
the South American Coast into the central Pacific along the
equator and the CP type by SST variability centered in the
central tropical Pacific (between 160°W and 120°W) that
also extend into the subtropics of both hemispheres. We
notice that the observed characteristic of the EP ENSO in
which maximum SST variability is located immediately off
the South American Coast is well captured by several CMIP5
models (e.g., GFDL-ESM2G, MIROCS, MPI-ESM-LR,
MPI-ESM-P), whereas this feature was not as well captured
in the CMIP3 models [see Yu and Kim, 2010, Figure 1]. The
average pattern correlation coefficients between the simu-
lated and observed EP and CP ENSOs for the CMIP5 models
are 0.82 and 0.71, respectively. These values are larger than
the CMIP3 pattern correlation coefficients (0.75 for the EP
ENSO and 0.62 for the CP ENSO). Also, the inter-model
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deviation of the pattern correlation coefficients is reduced
from the CMIP3 to CMIP5 for the CP ENSO (from +0.19 to
40.13) but about the same for the EP ENSO (from £0.17 to
£0.13).

[7] Using the scaled EOFs (Figure 1), we compute the
maximum STDs between 10°S—10°N and 120°E-70°W to
quantify the intensities of the two types of ENSO. Figure 2a
displays a scatter diagram of the EP versus CP ENSO
intensity from the CMIPS5 simulations. The observed inten-
sities calculated from the ERSST dataset (the gray point) are
about 0.7°C for the CP ENSO and 1.0°C for the EP ENSO,
indicating that the observed EP ENSO is stronger than the CP
ENSO by about 40%. In order to determine which models
produce realistically strong EP and CP ENSOs, we use the
lower limit of the 95% significance interval of the observed
ENSO intensities (using an F-test) as the criteria. The limits
turn out to be 0.78°C for the EP ENSO and 0.51°C for the CP
ENSO. Based on these criteria, nine of the twenty CMIPS
models (CNRM-CM5, GFDL-ESM-2G, GFDL-ESM2M,
GISS-E2-H, HadGEM2-CC, HADGEM2-ES, MPI-ESM-
LR, MPI-ESM-P, Nor-ESM1-M) simulate both the EP and
CP ENSOs with realistically strong intensities. We also
notice that it is more difficult for the models to produce
realistically strong EP ENSOs than to produce strong CP
ENSOs. Eleven (55%) of the twenty CMIP5 models fail to
reach the lower intensity limit of the observed EP ENSO,
while only 30% of the models fail to reach the limit of the CP
ENSO.

[8] To compare the CMIP5 models’ performance to that of
the CMIP3 models, a similar scatter plot of the EP and CP
ENSO intensities from Yu and Kim [2010] for the CMIP3
models is reproduced here in Figure 2b. We first notice that
the percentage of models that can simulate both types of
ENSO with realistically strong intensity (i.e., those models
inside the blue squares in Figure 2) is similar in the CMIP5
models (45%; nine out of the twenty models) and CMIP3
models (47%; nine out of the nineteen models). In this
regard, it can be concluded that there are no dramatic dif-
ferences between these two generations of coupled climate
models in the simulation of the two types of ENSO. How-
ever, some improvements in the simulations of the two types
of ENSO can be identified in the CMIP5 models. Most
importantly, the points produced from the CMIP5 models
(Figure 2a) are less diverse than those from the CMIP3
models (Figure 2b). The CMIP3 models are more clearly
separated into a group that produces strong ENSO intensities
and a group that produces weak ENSO intensities. In CMIP5,
the ENSO intensities simulated by the models converge
into one single group closer to the observations. A closer
inspection reveals that the reduction of the inter-model
diversity in the simulated ENSO intensities is particularly
significant for the EP type of ENSO. This is demonstrated in
Figure 3, where the multi-model means of the ENSO inten-
sities and their inter-model deviations (i.e., the STD) are
shown for both the CMIP3 and CMIP5 models. The inter-
model deviation (indicated by the colored vertical lines in
Figure 3) is decreased in the CMIP5 compared to the CMIP3
models for both ENSO types. In particular, the reduction is
much larger for the EP type than for the CP type. The inter-
model STD of the EP ENSO intensities is 0.30°C among the
CMIP3 models but only 0.18°C among the CMIP5 models,
which is a statistically significant improvement at the 95%
level according to an F-test. The reduction of the inter-model
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Figure 1. Spatial patterns of the standard deviations of the first EOF mode for the CP ENSO and EP ENSO calculated from
observations and 20 CMIP5 models. The observations correspond to the ERSST dataset. Pattern correlations between models
and observations are also shown in parentheses.
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Figure 2. Scatter plots of maximum standard deviation from (a) CMIP5 and (b) CMIP3 models (reproduced from Yu and
Kim [2010, Figure 2a]). The blue dashed lines indicate the lower limit of the 95% significance interval of the observed
ENSO intensities based on an F-test. The names of the models used in the analyses are provided. The CMIP5 models that
provide SST output from all the pre-industrial, historical, and RCP4.5 simulations are indicated by an asterisk.

difference for the CP ENSO, on the other hand, is less sta-
tistically significant (from 0.24 to 0.21). Figure 3 also indi-
cates that the multi-model mean of both the EP and CP ENSO
intensities are not very different between CMIP3 and CMIP5
models. In both generations of the CMIP models, the multi-
model means of CP ENSO intensity are very close to the
observed value (indicated by the dashed-line in the figure),
but the multi-model means of the EP ENSO are only about
half of the observed intensity. Therefore, though the CMIP5
models have smaller inter-model discrepancies in the simu-
lation of the two types of ENSO, challenges remain in pro-
ducing a realistically strong EP ENSO in these coupled
climate models.

[v] We next examine the response of two types of ENSO
to changes in atmospheric CO, concentrations using the
thirteen CMIP5 models that provide SST outputs from the
pre-industrial, historical, and RCP4.5 runs. Seven of them
(CNRM-CMS5, GFDL-ESM-2G, GFDL-ESM2M, HadGEM2-
CC, HADGEM2-ES, MPI-ESM-LR, and Nor-ESM1-M) are
among the nine CMIP5 models that produce strong EP and
CP ENSOs. This group of seven models is used to produce

the “best model ensemble” for projecting the response of the
two types of ENSO to the ongoing and possible future
global warming. Figure 4a shows the “best model mean”
of the EP and CP intensities and their ratio (CP/EP) in the
pre-industrial, historical, and RCP4.5 simulations. The figure
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[N

S @CMIP3
< l ecMPsl- — — — — — | 0BS EP
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Figure 3. The multi-model ensemble mean of the intensi-
ties of the two types of ENSO from the CMIP3 models (blue)
and the CMIP5 models (red). Inter-model deviations are indi-
cated by vertical lines. The observed intensities are indicated
by dashed lines.
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Figure 4. Multi-model mean of EP and CP intensities
and the CP-to-EP ratio from the pre-industrial, historical,
and RCP4.5 experiments for (a) the seven ‘best’ models, and
(b) all thirteen models.

shows that the intensity of CP ENSO increases gradually
from the pre-industrial simulation to the historical simulation
and the RCP4.5 projection, while the intensity of EP ENSO
increases from the pre-industrial simulation to the historical
simulation but then decreases in the RCP4.5 projection.
Since the best-model means of the EP and CP ENSO inten-
sities show similar rates of increase from the pre-industrial to
historical simulations, the CP-to-EP intensity ratio does not
change much between these two runs. On the other hand,
a sharp decrease in the EP ENSO intensity and a gradual
increase in the CP ENSO intensity result in an increase in the
ratio from the historical simulation to the RCP4.5 projection.
As shown in Figure 4b, similar tendencies are also found
when all the thirteen CMIP5 models are used to calculate the
model ensemble means. It is interesting to note that in the
RCP4.5 warming scenario, the intensity of the CP ENSO will
increase to close to 80% (based on the best-model means)
or 90% (based on the all-model means) of the EP ENSO
intensity.

4. Summary and Discussion

[10] In this study we assessed the ability of the CMIP5
models in simulating the EP and CP types of ENSO. We find
that close to 50% of the CMIP5 models still cannot simulate
realistically strong EP and CP ENSOs, as was the case for
the CMIP3 models. Furthermore, it is more difficult for the
models to reproduce the observed EP ENSO intensity than
the observed CP ENSO intensity. However, some encouraging
improvements in the simulations of the two types of ENSO
were found in the CMIP5 models. First of all, the simulated
spatial patterns of both types of ENSO in the CMIP5 models
are improved compared to the CMIP3 models according to
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a pattern correlation coefficient analysis of the simulated and
observed ENSO SST anomalies. Secondly, the inter-model
differences in the intensities of the two types of ENSO are
reduced among the CMIP5 models relative to the differences
among the CMIP3 models. The decrease in the inter-model
discrepancies (and hence the improvement in the consistency
of model performance) is particularly significant for the
simulations of the EP ENSO intensity. We also conclude
that the responses of the two types of ENSO to increases
in atmospheric CO, concentrations are different. The CP
ENSO intensity is found to increase gradually from the pre-
industrial simulation to the historical simulation and to the
RCP4.5 projection, while the EP ENSO intensity is found to
increase and then decrease during these three climate con-
ditions. However, it should be cautioned that the changes
of ENSO intensities from the pre-industrial, historical, to
projected simulations are smaller than the standard deviation
among the CMIP5 models.

[11] This study did not examine the cause(s) of the differ-
ent responses of the two types of ENSO to global warming,
which would require an extensive examination of both
atmospheric and oceanic processes in the CMIP5 models.
This issue is beyond the scope of this paper. It is possible that
the different responses imply different generation mechan-
isms underlying the CP and EP ENSOs. Whereas the EP
ENSO shares many characteristics with the canonical ENSO,
whose underlying dynamics are known to rely on thermo-
cline variations, the underlying dynamics of the CP ENSO
have been suggested to potentially involve forcing from
the extratropical atmosphere [Kao and Yu, 2009; Yu et al.,
2010; Yu and Kim, 2011; Kim et al., 2012] and zonal ocean
advection in the ocean mixed layer [Kug et al., 2009; Yu
et al., 2010]. These dynamical processes may be affected
differently by global warming and result in the different
responses. Further analyses are needed to examine this
hypothesis.
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