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ABSTRACT

The eastern- and central-Pacific El Niño-Southern Oscillation (EP- and CP-ENSO) have been found to be dominant in
the tropical Pacific Ocean, and are characterized by interannual and decadal oscillation, respectively. In the presentstudy,
we defined the EP- and CP-ENSO modes by singular value decomposition (SVD) between SST and sea level pressure (SLP)
anomalous fields. We evaluated the natural features of thesetwo types of ENSO modes as simulated by the pre-industrial
control runs of 20 models involved in phase five of the CoupledModel Intercomparison Project (CMIP5). The results
suggested that all the models show good skill in simulating the SST and SLP anomaly dipolar structures for the EP-ENSO
mode, but only 12 exhibit good performance in simulating thetripolar CP-ENSO modes. Wavelet analysis suggested that the
ensemble principal components in these 12 models exhibit aninterannual and multi-decadal oscillation related to the EP- and
CP-ENSO, respectively. Since there are no changes in external forcing in the pre-industrial control runs, such a resultimplies
that the decadal oscillation of CP-ENSO is possibly a resultof natural climate variability rather than external forcing.
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1. Introduction

The El Niño-Southern Oscillation (ENSO) is the most
significant interannual signal in tropical air-sea interactions,
but its impacts extend far beyond the tropical region. It
has been observed that there are two types of ENSO events
prevailing in the tropical Pacific: one is the conventional
eastern Pacific (EP) mode and the other is the central Pa-
cific (CP) mode (Fu et al., 1986; Trenberth and Stepaniak,
2001; Larkin and Harrison, 2005; Ashok et al., 2007; Yu
and Kao, 2007; Kao and Yu, 2009; Kug et al., 2009; Ren
and Jin, 2011; Xu et al., 2012; Wang et al., 2012; Wang and
Wang, 2013a, 2013b). The mechanism of EP-El Niño events
can be mostly explained by classic ENSO theories (Bjerk-
nes, 1969; Wyrtki, 1975; Philander et al., 1984; Schopf and
Suarez, 1988; Jin, 1997a, 1997b). However, CP-El Niño
events show large irregularity during their evolution, andso
far at least four different mechanisms have been proposed
to explain the dynamics of CP-El Niño (Ashok et al., 2009;
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Email: sujz@cams.cma.gov.cn

Kug et al., 2009; Yu et al., 2010; Xiang et al., 2013).
According to observations, CP-ENSO events have be-

come more frequent and much stronger in recent decades
(Ashok et al., 2007; Ashok et al., 2009; Kao and Yu, 2009;
Kug et al., 2009; Lee and McPhaden, 2010; McPhaden et al.,
2011; Xu et al., 2012). Therefore, it seems logical to attribute
the higher frequency of CP-El Niño events to the recent trend
of global warming. On the other hand, some studies have sug-
gested that CP-El Niño events can also be found in long-term
climate records (Yeh et al., 2009; Yu and Kim, 2013; Wang
and Wang, 2013a), and a decadal signal seems to be domi-
nant in the interannual variability of CP-El Niño (Ashok et
al., 2007; Weng et al., 2007; Kug et al., 2009; Choi et al.,
2012; Xu et al., 2012, 2013; Xiang et al., 2013). Meanwhile,
results from a number of numerical experiments have implied
that CP-El Niño may be a part of natural variability in the
atmosphere-ocean coupled climate system (e.g., Yu and Kim,
2010; Ham and Kug, 2011; Kim and Yu, 2012; Kug et al.,
2012).

The CP-ENSO has shown a different impact on remote
climate, which has provided us with a potential predictor in
decadal climate forecasting. However, whether or not the fre-
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quent occurrence of CP-El Niño events is a result of global
warming or just natural variability in the climate system
should be clearly addressed. Recently, much attention has
been paid to the Coupled Model Intercomparison Project
(CMIP) for the IPCC’s Fifth Assessment Report. CMIP5
includes generally higher resolution models, and the model
outputs tend to be super in many aspects (Taylor et al.,
2012). Compared to the models included in CMIP3, the pre-
industrial simulations of the CMIP5 models are better at sim-
ulating the observed characteristics of the two types of ENSO
(Kim and Yu, 2012; Kug et al., 2012). However, the multi-
decadal variability of CP-ENSO and its causes have yet to be
properly explored in CMIP5 results

We investigated the periodicities and coupled modes of
EP/CP-ENSO based on the pre-industrial control runs of
CMIP5 models From the results, in the present paper we dis-
cuss the natural variability of the two types of ENSO events.
Since there is no external forcing in the pre-industrial control
runs, any decadal changes of ENSO can therefore be consid-
ered as natural climate variability. In this way, we aim to an-
swer whether or not the decadal variations of EP/CP-ENSO
are the result of internal interaction or external forcing in the
climate system.

The remainder of the paper is organized as follows. The
datasets and methods used are described in section 2. Section
3 focuses on the interannual and decadal variations of SST in
the tropical Pacific. Two types of ENSO modes in the CMIP5
control runs are presented in section 4. And finally, a discus-
sion and summary of the key findings is given in section 5.

2. Data and methodology
We focused on the pre-industrial control runs of 20

CMIP5 climate models. In these model control runs, the
greenhouse gases are fixed at pre-industrial levels during the
whole integration. Table 1 provides information regarding
each of the models’ developers and their integration periods,
and the last column indicates the time period of the control
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-CM5, FGOALS-g2, FGOALS-s2, HadGEM2-ES,
inmcm4, and MIROC5, also demonstrate apparent discon-
tinuity and instability during their full record lengths (data
not shown). Therefore, to find a stable benchmark time
period in the control runs, we firstly calculated the global
area-weighted mean SST, and defined one standard deviation
(STD) of its time series as a criterion to evaluate model sta-
bility. The STD was calculated for a moving 200-yr period
in each model control run, and the “most stable” 200-yr pe-
riod was defined as the benchmark and used in our analysis
(see the last column of Table 1). It was noted that the model
CESM1-WACCM only has a 200yr run; and as a result for
this model we retained the whole time period for analysis.

The observed monthly SST data used in the study were
derived from the Met Office Hadley Centre Sea Ice and Sea
Surface Temperature (HadISST) dataset, which is gridded at
1.0◦× 1.0◦ for the period 1870–2010 (Rayner et al., 2003);

and the sea level pressure (SLP) data for the same period
were from the Met Office Hadley Centre (HadSLP2) dataset.
This dataset is a unique combination of monthly globally-
complete fields of land and marine pressure observations on
a 5.0◦×5.0◦ grid (Allan and Ansell, 2006).

In the present study, model anomalies were defined as
deviations from the model climatology, which was defined
by the average of 200 years in the model control runs. The
anomaly correlation coefficient (ACC) was used to indicate
the pattern correlation between model-simulated (s) and ob-
served (o) values, which is defined as

ACC =

N

∑
i=1

wi(si − s̄)(oi − ō)

√

N

∑
i=1

wi(si − s̄)2
N

∑
i=1

wi(oi − ō)2

,

where an over bar indicates time average,w is area weight,
and subscripti is grid point. The ACC indicated a skill score
of spatial similarity between CMIP5 model simulations and
the observation map. The ACC ranges from−1.0 to 1.0; and
if a model simulation was close to the observation, then the
ACC score would be closer to 1.0. Besides ACCs, the signal-
to-error ratio (SER) was also utilized to evaluate model per-
formance, which is defined by

SER=
1
N

N

∑
i=1

wi|oi − si|

wioi
,

whereo is the STD of the observed SST,s is the STD of
the model-simulated SST,w is area weight, and subscripti
is grid point. The SER indicated the total amount of spatial
difference between the model simulations and the observa-
tion map. i.e., a low SER value would demonstrate greater
similarity between the simulated and observed SST anoma-
lies fields. In addition, wavelet analysis, the Butterworthfil-
ter, and singular value decomposition (SVD) were applied as
part of our statistical analyses.

3. Variations of SST anomalies in the tropical
Pacific

To evaluate how well the SST variability in the tropical
Pacific is simulated in the model control runs, we firstly cal-
culated the STD fields of the observed and simulated annual
SST anomalies (SSTAs) over the tropical Pacific (Fig. 1).
It was found that the variances of the observed ENSO-related
SSTAs primarily occur in the equatorial Pacific (10◦S–10◦N),
extending from the coast of South America into the central
equatorial Pacific. There exists another large STD center in
the subtropical North Pacific, southwest to the coast of North
America. Such observed variances of SSTAs seem to be well
captured by most of the models, but the amplitudes of STD
between the models and the observation still show some sig-
nificant differences, especially in the equatorial Pacific region
(Fig. 1).



JULY 2014 XU ET AL. 803

Ta
bl

e
1.

M
od

el
de

sc
ri

pt
io

ns
in

C
M

IP
5

ar
ch

iv
es

.
(S

ee
co

m
pl

et
e

”M
od

el
in

g
G

ro
up

s
an

d
th

ei
r

Te
rm

s
of

U
se

”:
ht

tp
:/

/c
m

ip
-p

cm
di

.ll
nl

.g
ov

/c
m

ip
5/

te
rm

s.
ht

m
l.) In

te
gr

at
io

n
pe

ri
od

M
od

el
C

M
IP

ID
A

G
C

M
re

so
lu

tio
n

O
G

C
M

re
so

lu
tio

n
(s

el
ec

te
d

pe
ri

od
)

nu
m

be
r

(l
ab

el
in

fig
ur

es
)

M
od

el
in

g
gr

ou
p

(L
on

×
L

at
,v

er
tic

al
)

(L
on

×
L

at
,v

er
tic

al
)

un
its

:
yr

1
B

C
C

-c
sm

1-
1

B
ei

jin
g

C
lim

at
e

C
en

te
r,

C
hi

na
M

et
eo

ro
lo

gi
ca

lA
dm

in
is

tr
at

io
n,

C
hi

na
2.

81
◦
×

2.
75

◦
,L

26
1.

00
◦
×

(0
.3

3◦
–1

.0
0◦

),
L

40
50

0
(2

07
–4

06
)

2
C

C
S

M
4

N
at

io
na

lC
en

te
r

fo
r

A
tm

os
ph

er
ic

R
es

ea
rc

h,
U

S
A

1.
25

◦
×

0.
90

◦
,L

26
1.

11
◦
×

(0
.2

7◦
–0

.5
4◦

),
L

60
50

0
(2

68
–4

67
)

3
C

E
S

M
1-

B
G

C
C

om
m

un
ity

E
ar

th
S

ys
te

m
M

od
el

C
on

tr
ib

ut
or

s,
U

S
A

1.
25

◦
×

0.
90

◦
,L

26
1.

11
◦
×

(0
.2

7◦
–0

.5
4◦

),
L

60
50

0
(2

87
–4

86
)

4
C

E
S

M
1-

FA
S

T
C

H
E

M
C

om
m

un
ity

E
ar

th
S

ys
te

m
M

od
el

C
on

tr
ib

ut
or

s,
U

S
A

1.
25

◦
×

0.
90

◦
,L

26
1.

11
◦
×

(0
.2

7◦
–0

.5
4◦

),
L

60
22

2
(1

6–
21

5)

5
C

E
S

M
1-

W
A

C
C

M
C

om
m

un
ity

E
ar

th
S

ys
te

m
M

od
el

C
on

tr
ib

ut
or

s,
U

S
A

1.
25

◦
×

0.
90

◦
,L

26
1.

11
◦
×

(0
.2

7◦
–0

.5
4◦

),
L

60
20

0
(1

–2
00

)

6
C

N
R

M
-C

M
5

C
en

tr
e

N
at

io
na

l
de

R
ec

he
rc

he
s

M
ét

éo
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Fig. 1.Spatial patterns of standard deviation (STD) of annual sea surface temperature (SST) for the observation
and 20 models in CMIP5. Color shaded regions represent the STD exceeding 0.3◦C.

The ACCs between model-simulated and observed an-
nual SSTAs in the STD fields varied from 0.57 (inmcm4) to
0.83 (CCSM4) over the tropical Pacific region (30◦S–30◦N),
and the ensemble mean of ACCs was 0.72. Fifteen of the
models can realistically simulate the major maximum cen-
ters of observed SSTA variances. We noted that the ACCs
related with all these 15 models were greater than 0.66, and
hence a criterion of 0.66 can be used to evaluate the abilities
of model simulations. It is worth noting that the ACC be-
tween GISS-E2-H and the observation was 0.74, but it fails to
simulate the observed SST variances in the subtropical North
Pacific. In addition, the BCC-csm1-1 (with an ACC of 0.62)
and MIROC5 (with an ACC of 0.65) model-simulated SSTA
variability centers in the equatorial Pacific are more west-
ward than observed, and the inmcm4 (with an ACC of 0.57)
and MRI-CGM3 (with ACC of 0.62) model-simulated SSTA
variances are much weaker than observed.

A number of studies have suggested that EP-El Niño
events mainly exhibit an interannual variability while CP-El

Niño events are characterized by decadal variation (Ashoket
al., 2007; Weng et al., 2007; Kug et al., 2009; Choi et al.,
2012; Xu et al., 2012; Xiang et al., 2013). To evaluate the
performance of the models in simulating SSTAs on the inter-
annual and decadal time scales, we applied a high-pass filter
to the SSTA fields and obtained the interannual (< 8 years)
components. Meanwhile, we also applied a low-pass filter to
the SSTA fields, and obtained the decadal (> 8 years) compo-
nents. The STD fields of the observed and model-simulated
interannual SSTs are displayed in Fig 2. The results sug-
gest that the spatial pattern of observed SST variability inthe
equatorial Pacific on the interannual time scale is analogous
to the unfiltered counterpart; it is characterized by a maxi-
mum center of STD in the eastern equatorial Pacific, but with
a weaker intensity. Most (90%) of the models can capture the
spatial pattern of the interannual variability of SSTAs, with
ACC values larger than 0.7. However, two of the models (in-
mcm4 with an ACC of 0.61 and MRI-CGCM3 with an ACC
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 interannual (< 8 yr) component of annual SST.

terns, possibly due to the weaker variability of the simulated
interannual SSTAs in the equatorial Pacific.

Figure 3 depicts the STD patterns of decadal SST for the
observation and simulations. As can be seen, there are three
maximum centers in the STD field for observed decadal SST:
the central equatorial Pacific (between 160◦E and 150◦W),
the eastern equatorial Pacific and the subtropics in the North
Pacific southwest to the coast of North America. Compared
with the interannual variability (Fig. 2), the STD of the in-
terdecadal observed SSTAs (Fig. 3) shows a relatively larger
variation in the central equatorial Pacific and the subtropi-
cal regions. Such an observed pattern indicates that the CP-
El Niño is related with the subtropical variability, which
is consistent with previous studies (Yu et al., 2010). More
than half of the models (CCSM4, CESM1-BGC, CESM1-
FASTCHEM, CESM1-WACCM, FGOALS-s2, GFDL-ESM
2M, IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC5, MPI-
ESM-LR and NorESM1-M) are able to capture the spatial
pattern of observed SST variability on decadal time scales,

especially the two maximum centers in the central equatorial
Pacific and the subtropical region.

Figure 4 shows the ACCs and SERs of the STD fields
between the observed and model-simulated annual SSTAs in
the tropical Pacific (averaged between 30◦S and 30◦N) on in-
terannual and decadal time scales. We noted that the ACCs
(SERs) of the unfiltered and the interannual SSTA fields were
maintained at a substantially high (low) level, while the ACCs
(SERs) of decadal SSTA fields were much lower (higher)
with uneven values. Therefore, the unfiltered and the filtered
model-simulated SSTAs on the interannual time scale were
consistent with the observation (Figs. 1 and 2), which im-
plies that the CMIP5 models are successful in capturing the
interannual variations of the annual observed SST in the trop-
ical Pacific.

In the case of the decadal time scale, the lower ACCs
(higher SERs) indicated poorer performance of the models
in simulating the decadal variation of SST. However, we
noted 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 (> 8 yr) component of annual SST, and color shaded regions
represent the STD exceeding 0.15◦C.

els (CCSM4, CESM1-BGC, CESM1-FASTCHEM, CESM1-
WACCM, FGOALS-s2, GFDL-ESM2M, IPSL-CM5A-LR,
IPSL-CM5A-MR and MPI-ESM-LR) were greater than 0.45
(see Fig. 4a), suggesting that the decadal variations of SSTAs
can also be captured by these models. Nonetheless, the
decadal ACCs in MIROC5 and NorESM1-M were 0.33 and
0.34, respectively, but these two model-simulated SSTA pat-
terns were very close to the observation (Fig. 3). In addi-
tion, the SERs in these 11 models on the decadal time scale
were all less than 0.3 (see Fig. 4b), meaning these models
show good performance in simulating the SST variation on
the decadal time scale in the tropical Pacific.

The time series of SST anomalies averaged in the re-
gion of Niño3 (5◦S–5◦N, 150◦–90◦W) and Niño4 (5◦S–5◦N,
160◦E–150◦W) are usually utilized to evaluate the variation
of EP- and CP-ENSO events, respectively. To explore the pe-
riod of SST variation in the central and eastern Pacific, we ap-
plied wavelet analysis to the time series of Niño3 and Niño4
indices in the observation and the CMIP5 models (Figs. 5

and 6) The observed Niño3 and Niño4 indices clearly exhibit
a significant 2–7-yr interannual oscillation, which has been
discussed previously in a number of other studies (e.g., Ras-
musson and Carpenter, 1982; Battisti and Hirst, 1989; Weng
et al., 2007; Kao and Yu, 2009; Wang et al., 2009; Xu et al.,
2012). Such characteristics are well depicted by the CMIP5
models.

Recent studies noted that there exists a prominent decadal
signal in the time series of CP-El Niño (Weng et al., 2007;
Kug et al., 2009; Yeh et al., 2009; Choi et al., 2012; Xu et al.,
2012, 2013). The observed Niño4 index shows a remarkable
2–7-yr oscillation, similar to those of Niño3 index. Besides
this, the variability of Niño4 index also shows a remarkable
10-15-yr oscillation (see Fig. 6). We found that 14 (70%)
of the 20 models (CESM1-BGC, CESM1-FASTCHEM,
CESM1-WACCM, FGOALS-s2, GFDL-ESM2G, GFDL-
ESM2M, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR,
IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, MRI-CGCM3
and NorESM1-M) show the capability to simulate the ob-
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Fig. 4. (a) The anomaly correlation coefficients (ACCs) and (b) signal-to-error ratios (SERs) of the an-
nual SSTA standard deviation in the tropical Pacific (averaged between 30◦S and 30◦N) between the
model simulations and observation. Gray, diagonal-patterned and checked bars represent the unfitered,
interannual and decadal SST, respectlively.

served interannual and decadal oscillations of Niño4 in-
dex. However, the model-simulated decadal signals of Niño4
index are not significant in BCC-csm1-1, GFDL-ESM2G,
HadGEM2-CC, HadGEM2-ES and MRI-CGCM3 due to the
weaker decadal STD in Niño4 region in these models (Fig.
3). In addition, the westward shift of centers of SSTAs in
CCSM4 may also cause a failure to simulate the STD of
decadal Niño4 SSTAs (see Fig. 3). Generally, more than
half (70%) of the models in CMIP5 are able to simulate the
decadal SST oscillation in the Niño4 region.

4. Two types of ENSO modes in the models

The ENSO shows a distinct atmosphere-ocean interac-
tion, which is characterized by close coupled patterns be-
tween the tropical SST and SLP anomalous fields. Xu et al.

(2013) emphasized that two types of El Niño events have dif-
ferent responses to the Southern Oscillation. The coupled
modes of SST and SLP for EP- and CP-ENSO can clearly be
seen in the SVD modes of the observed monthly SST and
SLP anomalies by the first and second mode, respectively
(Fig. 7). Before applying the SVD analysis, the linear trend
of all fields in the observation and CMIP5 model simulations
was removed.

The EP-El Niño is generally characterized by a traditional
dipole of SSTAs, with warming centers in the eastern–central
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 dipole
of SLP anomalies in the tropics and subtropics. The posi-
tive and negative centers dominate in the Asia-Indian-Pacific
junction and the eastern Pacific respectively, and they are di-
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Fig. 5.The wavelet analysis of the Niño3 index, calculated on the basis of the observation and model simulations. The left axis
is the Fourier Period (years) and the bottom axis is time (years). The shaded area designates statistical significance atthe 95%
confidence level against the red noise process, and the regions of dashed lines on either end indicate the “cone of influence”,
where edge effects become important.

vided by the dateline (the second column of Fig. 7). The
second SVD mode suggests that the warming center in the
observed CP-El Niño is mainly in the central Pacific, extend-
ing into the subtropics in both hemispheres, with cold SSTAs
prevailing in the eastern and the western tropical Pacific. The
observed CP-SO in the SLP anomalous field exhibits a tripo-
lar structure, with two positive centers in the eastern tropical
Indian and the eastern tropical Pacific associated with a neg-
ative center in the central tropical Pacific. Therefore, we can
define the EP- and CP-ENSO modes by the SVD analyses
between SST and SLP anomalous fields, and used these cri-
teria to determine whether a particular model can simulate
the ENSO modes well or not.

We noted some discrepancies (e.g., amplitude, center po-
sition) in the SVD modes between the simulations and ob-
servation. Almost all the models can reproduce the mode
of EPEl Niño and the SO in the tropical Pacific. For CP-
ENSO, most models can simulate CP-El Niño patterns in the
second SVD mode of the SST anomalous field. However,
it seems that the models can barely simulate both the ob-
served CP-El Niño and CP-SO modes as a whole. We found

that only 12 (60%) models (CCSM4, CESM1-BGC, CESM1-
FASTCHEM, CESM1-WACCM, CNRM-CM5, FGOALS-
g2, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC, Had
GEM2-ES, MIROC5, and NorESM1-M) can simulate both
the CP-El Niño and its associated SO pattern, and five models
(FGOALS-s2, GISS-E2-H, IPSL-CM5A-LR, IPSL-CM5A-
MR, and MPI-ESM-LR) fail to capture the CP-El Niño and
the SO pattern (the last two columns of Fig. 7). BCC-csm1-1
and MRI-CGCM3 are able to reproduce the CP-El Niño, but
fail to simulate the observed CP-SO patterns. Additionally,
the tripolar pattern of CP-SO seems to be well-simulated by
inmcm4, but the warming center of SSTAs simulated by this
model is mainly in the western Pacific warm pool, which is
too far west in contrast to the observation.

Figure 8 shows the ACCs between the SVD modes in
the observation and the model simulations in the case of
the two ENSO modes. It shows that the mean of ACCs
in the El Niño and SO fields were 0.86 and 0.91 in the
case of EP-ENSO. In the CP-ENSO case, however, the
means of ACCs were only 0.60 and 0.61 in the El Niño
and SO fields, respectively. These results suggest that the
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Fig. 6.The same as Fig. 5, but for the Niño4 index.

current models show relatively better performance in sim-
ulating the EP-ENSO modes than the CP-ENSO modes.
When we applied the value of 0.65 as a threshold to eval-
uate model capability, we found that there are 12 mod-
els that can simulate both the observed EP- and CP-ENSO
modes well (Fig. 7). Therefore, we chose these models
(CCSM4, CESM1-BGC, CESM1-FASTCHEM, CESM1-
WACCM, CNRM-CM5, FGOALS-g2, GFDL-ESM2G,
GFDL-ESM2M, HadGEM2-CC, HadGEM2-ES, MIROC5
and NorESM1-M) as multi-model ensembles (MMEs) to re-
veal the variations of the two types ENSO events, and the
results are now analyzed in the remaining part of this section.

The variations of the two types ENSO events could be
evaluated by the EP and CP-El Niño indices, which are de-
fined by the first two principal components (PC1 and PC2)
in the SST field (Xu et al., 2012). It was found that these
two indices exhibit a 2–7 yr and 10–15 yr oscillation corre-
sponding to the EP- and CP-ENSO mode, respectively (Fig.
9). To validate the dominating time periods in the time vari-
ations of EP and CP-El Niño events, we calculated the MME
of the global power spectrum of PC1 and PC2 (Fig. 9). In
general, the model-simulated periodicity of EP and CP-El
Niño shows a similar feature as we have seen in the obser-

vation. However, the global power spectrum of PC1 suggests
that only an interannual oscillation is dominant in the MME,
but the observed counterpart exhibits significant interannual
and decadal oscillations. In the case of PC2 analysis, the
results suggest that both the MME and the observation ex-
hibit remarkable multi-decadal oscillations corresponding to
the CP-Niño mode. In addition, we performed a power spec-
tral analysis to each model-simulated CP-El Niño in CMIP5.
The wavelet power spectrums suggest that all the above 14
models can reproduce the characteristics of multi-decadalos-
cillations, although some of the model results are not signifi-
cant. This result agrees with the multi-model ensemble (data
not shown), which implies that the CP-ENSO mode and os-
cillation can be simulated by more than half of the models in
CMIP5.

The above analyses suggest that the CP-ENSO mode
could potentially be simulated by some of the models dur-
ing their pre-industrial control runs, and the simulated CP-
ENSOs are dominated by multi-decadal oscillations, which is
consistent with the observation. Since there are no signalsof
global warming in the pre-industrial control runs, the multi-
decadal variations of simulated CP-ENSO can be regarded
as natural oscillations in the climate system. Therefore, the
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frequent occurrence of CP-ENSO in recent decades does not
mean that CP-ESNO is the result of global warming. In fact,
the CP-ENSO has been observed to be dominant before the
recent trend in global warming (Giese and Ray, 2011).

5. Summary and discussion

The EP- and CP-ENSO have been found to be dominant
in the tropical Pacific, at interannual and decadal time scales,
respectively. In the present study, we chose 20 CMIP5 cli-
mate models to evaluate their capabilities in simulating two
types of ENSO modes on the basis of pre-industrial control
runs. There are no external forcing changes in these control

runs; hence, the variability related to the two types of ENSO
in those control runs could be treated as natural variability. It
was found that most of the models (18 out of 20) in CMIP5
can realistically simulate the interannual observed SST vari-
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 time series of SSTAs in Niño4 shows significant decadal
variation in about 70% of the models. These results support
the conclusion that the interannual-decadal (decadal) varia-
tion of EP-El Niño (CP-El Niño) is a natural variability inthe
climate system.

Two types of ENSO events exhibit atmosphere-ocean in-

Fig. 7. Spatial patterns of the first two SVD modes of SST and SLP anomalous fields for the EP- and CP-ENSO, calculated on
the basis of the observation and model control runs. The first(last) two columns show the EP-El Niño (CP-El Niño) in the SST
anomalous field and EP-SO (CP-SO) in the SLP anomalous field, respectively.
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Fig. 7. (continued)

teraction on the interannual and decadal time scales, which
are characterized by the coupled modes between the SST and
SLP anomalies in the tropical Pacific. The SVD analyses sug-
gested that all the model simulations in the control runs can
capture the EP-ENSO modes, while the CP-ENSO modes are
well simulated by only 12 models. The wavelet analysis of
the first two PCs based on a 12-model ensemble indicated that
the model-simulated EP-ENSO mode exhibits an interannual
variability, and the decadal oscillation is found to be domi-
nant in the variation of the CP-ENSO mode, which is con-
sistent with observations. Therefore, both the EP- and CP-
ENSO exhibit natural variability in the pre-industrial control
runs, suggesting a natural variability in the climate system.

However, Kim and Yu (2012) suggested that the re-
sponses of the two types of ENSO to increases in CO2 con-
centrations are different. They noted that the intensity of
CP-ENSO increases gradually from the pre-industrial sim-
ulation to the historical simulation, and toward the RCP4.5
projection, while the intensity of EP-ENSO increases firstly,

and then decreases from the historical simulation to the
RCP4.5 projection. Therefore, changes in external forcing
(e.g. GHG-forcing, aerosol-forcing) may play a role in the
decadal variations of CP-El Niño in terms of its frequency
and amplitude. The observed higher frequency of CP-ENSO
during recent decades may be the result of joint impacts of
both natural atmosphere-ocean interactions and changes in
external forcing. In particular, some of the CMIP5 models
fail to capture the observed CP-ENSO features in the pre-
industrial control run; but how do they perform in the histori-
cal simulations and RCP projections? These issues are worth
examining in future studies.

In addition, it should also be noted that there are proba-
bly differences in the atmosphere-ocean coupled physics be-
tween models, and that the coupled modes of EP/CP-ENSO
also may not be the same in all of the models. This is the
reason why some models (e.g., MPI-ESM-LR) can simulate
the decadal variation of the tropical SST but fail to capture
the atmosphere-ocean coupled modes of CP-ENSO.
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Fig. 8.The ACCs of the two types of El Niño and SO between the observation and the 20 CMIP5 mod-
els. Black (diagonal-patterned) bars represent EP-El Niño (EP-SO) and gray (checked) bars represent
CP-El Niño (CP-SO).

Fig. 9. The global power spectrum of the principal components
(PCs) for (a) the first and (b) the second PC corresponding to
the SVD modes in the SST anomalous filed. The observed (12-
model ensemble) is indicated by the solid line with open circle
(closed circle), and the black dashed line shows its significance
at the 0.05 level.

Although our analyses potentially support the assumption
that the frequent occurrence of CPEl Niño may result from
natural climate variation, further investigations are still re-

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 causes
of the recent frequent occurrence of CP-ENSO events.
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