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ABSTRACT

The eastern- and central-Pacific El Nifio-Southern Osititla(EP- and CP-ENSQO) have been found to be dominant in
the tropical Pacific Ocean, and are characterized by imeidrand decadal oscillation, respectively. In the presamdy,
we defined the EP- and CP-ENSO modes by singular value desitiopg SVD) between SST and sea level pressure (SLP)
anomalous fields. We evaluated the natural features of tieséy/pes of ENSO modes as simulated by the pre-industrial
control runs of 20 models involved in phase five of the Couglmtlel Intercomparison Project (CMIP5). The results
suggested that all the models show good skill in simulatig3SST and SLP anomaly dipolar structures for the EP-ENSO
mode, but only 12 exhibit good performance in simulatingtthmlar CP-ENSO modes. Wavelet analysis suggested that th
ensemble principal components in these 12 models exhiliittarannual and multi-decadal oscillation related to tRe &nd
CP-ENSO, respectively. Since there are no changes in exfencing in the pre-industrial control runs, such a resulftlies
that the decadal oscillation of CP-ENSO is possibly a resfufiatural climate variability rather than external forgin
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1. Introduction Kug et al., 2009; Yu et al., 2010; Xiang et al., 2013).

The EIl Niflo-Southern Oscillation (ENSO) is the most According to observations, CP-ENSO.events have be-
S . . . . : s come more frequent and much stronger in recent decades
significant interannual signal in tropical air-sea intéi@ts,

but its impacts extend far beyond the tropical region. &AShOk etal., 2007; Ashok et al., 2009; Kao and Yu, 2009;

etal., 2009; Lee and McPhaden, 2010; McPhaden et al.,
has b_egn (_)bserved th_at there. are two types of ENSO_ev %1' Xu et al., 2012). Therefore, it seems logical to atitkeb
prevailing m_t_he tropical Pacific: one is the convention e hi’gherfreq’uency of CP-El Nir”;o events to the recentdren
Eiaﬁit?g]p)P?ﬁg:jce (5:? eT(;?e gn8d6_th.ﬁ eorfggtrzsatr?g gfem;liaq?{:]lobal warming. On the other hand, some studies have sug-
" : P ested that CP-EI Nifo events can also be found in long-term

2001; Larkin and Harrison, 2005; Ashok et al., 2007; Yglimate records (Yeh et al., 2009; Yu and Kim, 2013; Wang

and Kao, 2007; Kao and Yu, 2009; Kug et al., 2009; Rearlwgd Wang, 2013a), and a decadal signal seems to be domi-

and Jin, 2011; Xu et al., 2012; Wang et al., 2012; Wang an . ; oo o
Wang, 2013a, 2013b). The mechanism of EP-EI Nifio even antzgoghev:/r;tr?ragtnzﬁl ;/gg?bl:?g O;F;_Eéc,)\l(;g? é’?‘]‘:‘)?oel: :It
can be mostly explained by classic ENSO theories (Bjerg ¥ ' 9 " , Ug v ' N

e s P o0 gLz 13 oS g 1) e,
Suarez, 1988; Jin, 1997a, 1997b). However, CP-El Nif P P

events show large irregularity during their evolution, aod that cp-£l Nino may be a part of natural variability in the

far at least four different mechanisms have been propogé].at ;osphere—ocean coupled climate system (e.g., Yu and Kim,
to explain the dynamics of CP-El Nifio (Ashok et al., 200<; 0, Ham and Kug, 2011; Kim and Yu, 2012; Kug et al.,

012).
The CP-ENSO has shown a different impact on remote
* Corresponding author: SU Jingzhi climate, which has provided us with a potential predictor in
Email: sujz@cams.cma.gov.cn decadal climate forecasting. However, whether or not the fr
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guent occurrence of CP-El Nifio events is a result of globahd the sea level pressure (SLP) data for the same period
warming or just natural variability in the climate systemwvere from the Met Office Hadley Centre (HadSLP2) dataset.
should be clearly addressed. Recently, much attention Ad8s dataset is a unique combination of monthly globally-
been paid to the Coupled Model Intercomparison Projesbmplete fields of land and marine pressure observations on
(CMIP) for the IPCC's Fifth Assessment Report. CMIP% 5.0 x 5.0° grid (Allan and Ansell, 2006).

includes generally higher resolution models, and the model In the present study, model anomalies were defined as
outputs tend to be super in many aspects (Taylor et algviations from the model climatology, which was defined
2012). Compared to the models included in CMIP3, the prly the average of 200 years in the model control runs. The
industrial simulations of the CMIP5 models are better at simnomaly correlation coefficient (ACC) was used to indicate
ulating the observed characteristics of the two types of @GNShe pattern correlation between model-simula®ad ob-
(Kim and Yu, 2012; Kug et al., 2012). However, the multiserved ¢) values, which is defined as

decadal variability of CP-ENSO and its causes have yet to be

properly explored in CMIP5 results N _ _
We investigated the periodicities and coupled modes of i;W' (s —$)(0i—0)

EP/CP-ENSO based on the pre-industrial control runs of ACC= N N ’

CMIP5 models From th_e_ results, in the present paper we dis- \/ Wi(s — 552 lei (0 — 6)2

cuss the natural variability of the two types of ENSO events. [ i=

Since there is no external forcing in the pre-industrialtomin o , ] ,

runs, any decadal changes of ENSO can therefore be con¥ffjéré an over bar indicates time averages area weight,

ered as natural climate variability. In this way, we aim te arf"d subscriptis grid point. The ACC indicated a skill score

swer whether or not the decadal variations of EP/CP-ENSthSPatial similarity between CMIPS model simulations and
are the result of internal interaction or external forcinghie _the observafuon map. The ACC ranges frem.0 to_1.0; and
climate system. if a model simulation was close to the observation, then the

The remainder of the paper is organized as follows. TEEC score would be closer to 1.0. Besides ACCs, the signal-

datasets and methods used are described in section 2.r5ediTOr ratio (SER) was also utilized to evaluate modet per
3 focuses on the interannual and decadal variations of SSTIRMaNce, which is defined by

the tropical Pacific. Two types of ENSO modes in the CMIP5 1N wlo—s

control runs are presented in section 4. And finally, a discus SER= = M
sion and summary of the key findings is given in section 5. N& wo

)

whereo is the STD of the observed SS3,is the STD of
2. Data and methodology the model-simulated SSW is area weight, and subscript
We f d h industrial | ¢ 2is grid point. The SER indicated the total amount of spatial
¢ focused on the pre-industrial control Tuns o 8ifference between the model simulations and the observa-
CMIP5 climate models. In these model control runs, t &N map. i.e., a low SER value would demonstrate greater
greenh_ouse gases are fixed at pr_e-ind_ustrial le_V8|S dUr'eng éimilarity betv\;een the simulated and observed SST anoma-
whole integration. Table 1 provides information regardin s fields. In addition, wavelet analysis, the Butterwdith

eagh r?f tlhe m0(|1els Qe(\j/_elopershanq their m}egra;tl(;]n PSIOfer and singular value decomposition (SVD) were applied as
and the last column indicates the time period of the Cont?};\rt of our statistical analyses.

runs. It can be seen that the time period of each model con-

trol run is different, and some models, such as BCC-csm1-

1, CNRM-CMS5, FGOALS-g2, FGOALS-s2, HadGEM2-ES3 . vjariations of SST anomalies in the tropical

inmcm4, and MIROCS, also demonstrate apparent discon- Pacific

tinuity and instability during their full record lengthsdth

not shown). Therefore, to find a stable benchmark time To evaluate how well the SST variability in the tropical

period in the control runs, we firstly calculated the globdtacific is simulated in the model control runs, we firstly cal-

area-weighted mean SST, and defined one standard deviatiglated the STD fields of the observed and simulated annual

(STD) of its time series as a criterion to evaluate model staST anomalies (SSTAs) over the tropical Pacific (Fig. 1).

bility. The STD was calculated for a moving 200-yr periodt was found that the variances of the observed ENSO-related

in each model control run, and the “most stable” 200-yr p&STAs primarily occur in the equatorial Pacific {(83-10N),

riod was defined as the benchmark and used in our analygi¢ending from the coast of South America into the central

(see the last column of Table 1). It was noted that the modsgjuatorial Pacific. There exists another large STD center in

CESM1-WACCM only has a 200yr run; and as a result fdhe subtropical North Pacific, southwest to the coast of iNort

this model we retained the whole time period for analysis. America. Such observed variances of SSTAs seem to be well
The observed monthly SST data used in the study weveptured by most of the models, but the amplitudes of STD

derived from the Met Office Hadley Centre Sea Ice and Sbatween the models and the observation still show some sig-

Surface Temperature (HadISST) dataset, which is griddedhificant differences, especially in the equatorial Pacégion

1.0° x 1.0° for the period 1870-2010 (Rayner et al., 2003)Fig. 1).
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Fig. 1. Spatial patterns of standard deviation (STD) of annual s6ace temperature (SST) for the observation
and 20 models in CMIP5. Color shaded regions represent tBeeQteeding 0.3C.

The ACCs between model-simulated and observed axifio events are characterized by decadal variation (Aghok
nual SSTAs in the STD fields varied from 0.57 (inmcm4) tal., 2007; Weng et al., 2007; Kug et al., 2009; Choi et al.,
0.83 (CCSM4) over the tropical Pacific region {38-30N), 2012; Xu et al., 2012; Xiang et al., 2013). To evaluate the
and the ensemble mean of ACCs was 0.72. Fifteen of therformance of the models in simulating SSTAs on the inter-
models can realistically simulate the major maximum ceannual and decadal time scales, we applied a high-pass filter
ters of observed SSTA variances. We noted that the AC@sthe SSTA fields and obtained the interannualg(years)
related with all these 15 models were greater than 0.66, axaimponents. Meanwhile, we also applied a low-pass filter to
hence a criterion of 0.66 can be used to evaluate the abilitthe SSTA fields, and obtained the decada8(years) compo-
of model simulations. It is worth noting that the ACC benents. The STD fields of the observed and model-simulated
tween GISS-E2-H and the observation was 0.74, but it failsitterannual SSTs are displayed in Fig 2. The results sug-
simulate the observed SST variances in the subtropicahNogest that the spatial pattern of observed SST variabilitiién
Pacific. In addition, the BCC-csm1-1 (with an ACC of 0.62¢quatorial Pacific on the interannual time scale is analsgou
and MIROCS (with an ACC of 0.65) model-simulated SSTAo the unfiltered counterpart; it is characterized by a maxi-
variability centers in the equatorial Pacific are more westium center of STD in the eastern equatorial Pacific, but with
ward than observed, and the inmcm4 (with an ACC of 0.5@)weaker intensity. Most (90%) of the models can capture the
and MRI-CGM3 (with ACC of 0.62) model-simulated SSTAspatial pattern of the interannual variability of SSTAsthwi
variances are much weaker than observed. ACC values larger than 0.7. However, two of the models (in-

A number of studies have suggested that EP-El Nifincm4 with an ACC of 0.61 and MRI-CGCM3 with an ACC
events mainly exhibit an interannual variability while &P- of 0.67) failed to simulate the observed interannual SST pat
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Fig. 2. The same as Fig. 1, but for the interannuald yr) component of annual SST.

terns, possibly due to the weaker variability of the simedat especially the two maximum centers in the central equdtoria
interannual SSTAs in the equatorial Pacific. Pacific and the subtropical region.

Figure 3 depicts the STD patterns of decadal SST for the Figure 4 shows the ACCs and SERs of the STD fields
observation and simulations. As can be seen, there are tHreaveen the observed and model-simulated annual SSTAs in
maximum centers in the STD field for observed decadal SShe tropical Pacific (averaged betweeriS@nd 36N) on in-
the central equatorial Pacific (between 1B60and 150W), terannual and decadal time scales. We noted that the ACCs
the eastern equatorial Pacific and the subtropics in thehlNofBERS) of the unfiltered and the interannual SSTA fields were
Pacific southwest to the coast of North America. Comparethintained at a substantially high (low) level, while the@<
with the interannual variability (Fig. 2), the STD of the in{SERs) of decadal SSTA fields were much lower (higher)
terdecadal observed SSTAs (Fig. 3) shows a relatively fargeith uneven values. Therefore, the unfiltered and the filtere
variation in the central equatorial Pacific and the subtrophodel-simulated SSTAs on the interannual time scale were
cal regions. Such an observed pattern indicates that the €Brsistent with the observation (Figs. 1 and 2), which im-
El Nifo is related with the subtropical variability, whichplies that the CMIP5 models are successful in capturing the
is consistent with previous studies (Yu et al., 2010). Moiiaterannual variations of the annual observed SST in the tro
than half of the models (CCSM4, CESM1-BGC, CESMIlical Pacific.

FASTCHEM, CESM1-WACCM, FGOALS-s2, GFDL-ESM In the case of the decadal time scale, the lower ACCs
2M, IPSL-CM5A-LR, IPSL-CM5A-MR, MIROCS5, MPI- (higher SERS) indicated poorer performance of the models
ESM-LR and NorESM1-M) are able to capture the spatial simulating the decadal variation of SST. However, we
pattern of observed SST variability on decadal time scalemted that the ACCs on the decadal time scale in nine mod-
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Fig. 3. The same as Fig. 1, but for the decadal§ yr) component of annual SST, and color shaded regions
represent the STD exceeding 0°C5

els (CCSM4, CESM1-BGC, CESM1-FASTCHEM, CESM1and 6) The observed Nifio3 and Nifio4 indices clearly exhibi
WACCM, FGOALS-s2, GFDL-ESM2M, IPSL-CM5A-LR, a significant 2—7-yr interannual oscillation, which hasrbee
IPSL-CM5A-MR and MPI-ESM-LR) were greater than 0.4%liscussed previously in a number of other studies (e.g- Ras
(see Fig. 4a), suggesting that the decadal variations oAS STnusson and Carpenter, 1982; Battisti and Hirst, 1989; Weng
can also be captured by these models. Nonetheless, ¢hal., 2007; Kao and Yu, 2009; Wang et al., 2009; Xu et al.,
decadal ACCs in MIROC5 and NorESM1-M were 0.33 and012). Such characteristics are well depicted by the CMIP5
0.34, respectively, but these two model-simulated SSTA patodels.
terns were very close to the observation (Fig. 3). In addi- Recent studies noted that there exists a prominent decadal
tion, the SERs in these 11 models on the decadal time scsilgnal in the time series of CP-El Nifio (Weng et al., 2007;
were all less than 0.3 (see Fig. 4b), meaning these modélgy et al., 2009; Yeh et al., 2009; Choi et al., 2012; Xu et al.,
show good performance in simulating the SST variation @912, 2013). The observed Nifio4 index shows a remarkable
the decadal time scale in the tropical Pacific. 2—7-yr oscillation, similar to those of Nifio3 index. Besid
The time series of SST anomalies averaged in the this, the variability of Nifio4 index also shows a remarlabl
gion of Nifio3 (5S-5N, 150-90°'W) and Nifio4 (8S-5N, 10-15-yr oscillation (see Fig. 6). We found that 14 (70%)
160°E-150W) are usually utilized to evaluate the variatiorof the 20 models (CESM1-BGC, CESM1-FASTCHEM,
of EP- and CP-ENSO events, respectively. To explore the ggESM1-WACCM, FGOALS-s2, GFDL-ESM2G, GFDL-
riod of SST variation in the central and eastern Pacific, we apSM2M, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR,
plied wavelet analysis to the time series of Nifio3 and MiidPSL-CM5A-MR, MIROC5, MPI-ESM-LR, MRI-CGCM3
indices in the observation and the CMIP5 models (Figs. @md NorESM1-M) show the capability to simulate the ob-
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Fig. 4. (a) The anomaly correlation coefficients (ACCs) and (b) aigo-error ratios (SERs) of the an-
nual SSTA standard deviation in the tropical Pacific (avedagetween 306 and 30N) between the

model simulations and observation. Gray, diagonal-pagttand checked bars represent the unfitered,

interannual and decadal SST, respectlively.

served interannual and decadal oscillations of Nifo4 i{2013) emphasized that two types of El Nifio events have dif-

dex. However, the model-simulated decadal signals of Mififerent responses to the Southern Oscillation. The coupled

index are not significant in BCC-csm1-1,

HadGEM2-CC, HadGEM2

GFDL-ESM2Gmnodes of SST and SLP for EP- and CP-ENSO can clearly be
-CGCM3 due to theeen in the SVD modes of the observed monthly SST and

-ES and MR

weaker decadal STD in Nifio4 region in these models (Fi§LP anomalies by the first and second mode, respectively

3).

In addition, the westward shift of centers of SSTAs ifFig. 7). Before applying the SVD analysis, the linear trend

CCSM4 may also cause a failure to simulate the STD of all fields in the observation and CMIP5 model simulations

decadal Nifo4 SSTAs (see Fig. 3).

Generally, more tharas removed.

half (70%) of the models in CMIP5 are able to simulate the The EP-EI Nifio is generally characterized by a traditional

decadal SST oscillation in the Nifio4 region.

dipole of SSTAs, with warming centers in the eastern—céntra

equatorial Pacific and a cooling center in the western trop-
ical Pacific (the first column of Fig. 7). Similarly, the EP-
Southern Oscillation (SO) is characterized by a zonal @ipol

4. Two types of ENSO modes in the models

The ENSO shows a distinct atmosphere-ocean inter&-SLP anomalies in the tropics and subtropics. The posi-
tion, which is characterized by close coupled patterns Hé and negative centers dominate in the Asia-Indian{Raci
tween the tropical SST and SLP anomalous fields. Xu et jinction and the eastern Pacific respectively, and theyiare d
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Fig. 5. The wavelet analysis of the Nifio3 index, calculated on tim<of the observation and model simulations. The left axis
is the Fourier Period (years) and the bottom axis is timergjed he shaded area designates statistical significaribe 86%
confidence level against the red noise process, and theneegfadashed lines on either end indicate the “cone of inflelgnc
where edge effects become important.

vided by the dateline (the second column of Fig. 7). Theatonly 12 (60%) models (CCSM4, CESM1-BGC, CESM1-
second SVD mode suggests that the warming center in #&STCHEM, CESM1-WACCM, CNRM-CM5, FGOALS-
observed CP-EI Nifio is mainly in the central Pacific, extend2, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC, Had
ing into the subtropics in both hemispheres, with cold SSTABEM2-ES, MIROCS5, and NorESM1-M) can simulate both
prevailing in the eastern and the western tropical Pacifi@ Tthe CP-El Nifio and its associated SO pattern, and five models
observed CP-SO in the SLP anomalous field exhibits a tripg-GOALS-s2, GISS-E2-H, IPSL-CM5A-LR, IPSL-CM5A-
lar structure, with two positive centers in the easternit@p MR, and MPI-ESM-LR) fail to capture the CP-El Nifio and
Indian and the eastern tropical Pacific associated with a nége SO pattern (the last two columns of Fig. 7). BCC-csm1-1
ative center in the central tropical Pacific. Therefore, we cand MRI-CGCM3 are able to reproduce the CP-El Nifio, but
define the EP- and CP-ENSO modes by the SVD analydes to simulate the observed CP-SO patterns. Additionally
between SST and SLP anomalous fields, and used thesetbe-tripolar pattern of CP-SO seems to be well-simulated by
teria to determine whether a particular model can simuldtencm4, but the warming center of SSTAs simulated by this
the ENSO modes well or not. model is mainly in the western Pacific warm pool, which is
We noted some discrepancies (e.g., amplitude, center pme far west in contrast to the observation.
sition) in the SVD modes between the simulations and ob- Figure 8 shows the ACCs between the SVD modes in
servation. Almost all the models can reproduce the mottee observation and the model simulations in the case of
of EPEI Nifio and the SO in the tropical Pacific. For CPthe two ENSO modes. It shows that the mean of ACCs
ENSO, most models can simulate CP-EIl Nifio patterns in thre the El Nifilo and SO fields were 0.86 and 0.91 in the
second SVD mode of the SST anomalous field. Howevegse of EP-ENSO. In the CP-ENSO case, however, the
it seems that the models can barely simulate both the aheans of ACCs were only 0.60 and 0.61 in the El Nifio
served CP-EI Nifio and CP-SO modes as a whole. We fouswad SO fields, respectively. These results suggest that the
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Fig. 6. The same as Fig. 5, but for the Nifio4 index.

current models show relatively better performance in simation. However, the global power spectrum of PC1 suggests
ulating the EP-ENSO modes than the CP-ENSO moddsat only an interannual oscillation is dominant in the MME,
When we applied the value of 0.65 as a threshold to evalit the observed counterpart exhibits significant intewahn
uate model capability, we found that there are 12 modnd decadal oscillations. In the case of PC2 analysis, the
els that can simulate both the observed EP- and CP-EN&®ults suggest that both the MME and the observation ex-
modes well (Fig. 7). Therefore, we chose these moddibit remarkable multi-decadal oscillations correspoigdio
(CCSM4, CESM1-BGC, CESM1-FASTCHEM, CESM1-the CP-Nifio mode. In addition, we performed a power spec-
WACCM, CNRM-CM5, FGOALS-g2, GFDL-ESM2G, tral analysis to each model-simulated CP-EI Nifio in CMIP5.
GFDL-ESM2M, HadGEM2-CC, HadGEM2-ES, MIROC5The wavelet power spectrums suggest that all the above 14
and NorESM1-M) as multi-model ensembles (MMES) to renodels can reproduce the characteristics of multi-deazsdal
veal the variations of the two types ENSO events, and thlations, although some of the model results are not fiigni
results are now analyzed in the remaining part of this secti@ant. This result agrees with the multi-model ensemblea(dat
The variations of the two types ENSO events could bet shown), which implies that the CP-ENSO mode and os-
evaluated by the EP and CP-El Nifio indices, which are deHation can be simulated by more than half of the models in
fined by the first two principal components (PC1 and PCZMIP5.
in the SST field (Xu et al., 2012). It was found that these The above analyses suggest that the CP-ENSO mode
two indices exhibit a 2—7 yr and 10-15 yr oscillation correzould potentially be simulated by some of the models dur-
sponding to the EP- and CP-ENSO mode, respectively (Figg their pre-industrial control runs, and the simulated CP
9). To validate the dominating time periods in the time vareENSOs are dominated by multi-decadal oscillations, wtdch i
ations of EP and CP-EI Nifio events, we calculated the MMtbnsistent with the observation. Since there are no sigrials
of the global power spectrum of PC1 and PC2 (Fig. 9). lglobal warming in the pre-industrial control runs, the rault
general, the model-simulated periodicity of EP and CP-Hecadal variations of simulated CP-ENSO can be regarded
Niflo shows a similar feature as we have seen in the obsas-natural oscillations in the climate system. Therefdre, t
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frequent occurrence of CP-ENSO in recent decades doesmwis; hence, the variability related to the two types of ENSO
mean that CP-ESNO is the result of global warming. In fadt) those control runs could be treated as natural varigbitit
the CP-ENSO has been observed to be dominant before was found that most of the models (18 out of 20) in CMIP5
recent trend in global warming (Giese and Ray, 2011).  can realistically simulate the interannual observed SS¥ va
ances in the equatorial Pacific, but only half of the models
(11 out of 20) can simulate the variances of SSTAs on the
decadal time scale. The variation of CP-ENSO defined by
The EP- and CP-ENSO have been found to be domindhe time series of SSTAs in Nifio4 shows significant decadal
in the tropical Pacific, at interannual and decadal timeesgalvariation in about 70% of the models. These results support
respectively. In the present study, we chose 20 CMIP5 cihe conclusion that the interannual-decadal (decadaigvar
mate models to evaluate their capabilities in simulating twiion of EP-EI Nifio (CP-EI Nifio) is a natural variability the
types of ENSO modes on the basis of pre-industrial conti@imate system.
runs. There are no external forcing changes in these control Two types of ENSO events exhibit atmosphere-ocean in-

5. Summary and discussion
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Fig. 7. Spatial patterns of the first two SVD modes of SST and SLP afwrsdields for the EP- and CP-ENSO, calculated on
the basis of the observation and model control runs. The(last) two columns show the EP-EI Nifio (CP-El Nifio) in tHeTS
anomalous field and EP-SO (CP-SO) in the SLP anomalous fesdectively.
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teraction on the interannual and decadal time scales, whartd then decreases from the historical simulation to the
are characterized by the coupled modes between the SST B@P4.5 projection. Therefore, changes in external forcing
SLP anomalies in the tropical Pacific. The SVD analyses sug-g. GHG-forcing, aerosol-forcing) may play a role in the
gested that all the model simulations in the control runs cdecadal variations of CP-El Nifio in terms of its frequency
capture the EP-ENSO modes, while the CP-ENSO modes anal amplitude. The observed higher frequency of CP-ENSO
well simulated by only 12 models. The wavelet analysis afuring recent decades may be the result of joint impacts of
the first two PCs based on a 12-model ensemble indicated thath natural atmosphere-ocean interactions and changes in
the model-simulated EP-ENSO mode exhibits an interannaaternal forcing. In particular, some of the CMIP5 models
variability, and the decadal oscillation is found to be demfail to capture the observed CP-ENSO features in the pre-

Fig. 7. (continued)
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nant in the variation of the CP-ENSO mode, which is comrdustrial control run; but how do they perform in the histor

sistent with observations. Therefore, both the EP- and Cg&l simulations and RCP projections? These issues are worth

ENSO exhibit natural variability in the pre-industrial dool  examining in future studies.
runs, suggesting a natural variability in the climate syste

sponses of the two types of ENSO to increases inp Cah-

In addition, it should also be noted that there are proba-
However, Kim and Yu (2012) suggested that the rdly differences in the atmosphere-ocean coupled physics be
tween models, and that the coupled modes of EP/CP-ENSO
centrations are different. They noted that the intensity afso may not be the same in all of the models. This is the
CP-ENSO increases gradually from the pre-industrial simeason why some models (e.g., MPI-ESM-LR) can simulate
ulation to the historical simulation, and toward the RCP4the decadal variation of the tropical SST but fail to capture

projection, while the intensity of EP-ENSO increases firstithe atmosphere-ocean coupled modes of CP-ENSO.
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CP-El Nifio (CP-SO).
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(a) Global wavelet power spectrum of PC1

quired concerning the detailed dynamics of CP-ENSO. Par-
ticularly, a focus is needed on explaining why CP-ENSO oc-
curs more frequently in some decades but not in others under
scenarios both with and without global warming. The an-
swers to these questions will help us to understand the sause
of the recent frequent occurrence of CP-ENSO events.
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