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or prescribed as a basic state. It was concluded that the SST 
trend pattern forcing insignificantly changes ENSO ampli-
tude, and the PZM forcing intensifies ENSO amplitude.
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1  Introduction

The El Nino-Southern Oscillation (ENSO) is the abnor-
mal climate condition of SST over the tropical eastern-to-
central Pacific. It is one of the strongest interannual phe-
nomena on the Earth. During an ENSO event (i.e., El Nino 
and La Nina), the tropical eastern Pacific SST, which usu-
ally has the lowest temperature along the equatorial ocean 
band, reaches temperatures as high as those of the tropical 
western Pacific sea surface and as low as the temperature 
associated with complete surface outcropping of the ther-
mocline (about 20  °C; An and Jin 2004; An 2009). The 
tropical western Pacific surface is a ‘warm pool’ that fre-
quently records the radiative-convective equilibrium tem-
perature (over 30  °C; Waliser and Graham 1993). These 
theoretical upper and lower limits of ENSO amplitude were 
referred to as maximum potential intensity (MPI; An and 
Jin 2004).

The increasing backward terrestrial radiation due to 
increases in greenhouse gases leads to a higher radiative-
convective equilibrium temperature, i.e., pushing up the 
upper limit of El Nino (Kim and An 2011). Oceanic subsur-
face warming (e.g., thermocline adjustment) due to global 
warming may reduce the lower limit of La Nina. However, 
climate model scenario simulations of future greenhouse 
warming showed that the surface temperature over the cold 
tongue increases more than subsurface ocean temperature 
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at about 100  m depth (e.g., Timmermann et  al. 1999; An 
et  al. 2008). This expands the lower limit of the MPI. 
Therefore, the future MPI is expected to be larger, possibly 
indicating larger ENSO amplitude. Although MPIs of each 
model in the same experiment are mostly enhanced (e.g., 
An et al. 2008), amplitude changes in ENSO in future sce-
nario experiments are statistically insignificant (Stevenson 
2012) as well as model- and scenario-dependent (Meehl 
et al. 2007; Guilyardi et al. 2012; Kim and Yu 2012; Ste-
venson et  al. 2012; Christensen et  al. 2013). In general, 
climate warming increases the MPI, thereby increasing 
the potential range of ENSO amplitude; however, ENSO 
amplitude is not simply proportional to the MPI as seen in 
Coupled Model Intercomparison Project (CMIP).

Although the MPI constrains the range of ENSO ampli-
tude, the actual fluctuation of ENSO is determined by vari-
ous feedback and atmospheric stochastic process. These 
are mainly governed by large-scale dynamical and thermo-
dynamical air–sea interactions (e.g., Neelin et  al. 1998). 
Recently, Jin et al. (2006) introduced a linear coupled-sta-
bility index for ENSO known as the Bjerknes stability (BJ) 
index. Kim and Jin (2011) later showed a significant rela-
tionship between ENSO amplitude and the BJ index. The 
BJ index is determined by the mean state and the sensitivity 
in the inter-response between atmosphere and ocean such 
as atmospheric heating driven by changes in the SST, or 
ocean currents driven by surface wind stresses. The inter-
response sensitivities can be modified by the mean state as 
well. Accordingly, changes in the mean state due to climate 
forcing influence ENSO amplitude, regardless of its statis-
tical significance. Ample evidence of the dependency of 
ENSO amplitude on the mean state has been exhibited. As 
a result, it was suggested that the enhanced ENSO variabil-
ity that occurred between the pre-1980s and the post-1980s 
was related to changes in the mean climate of the tropical 
Pacific such as the mean surface wind and upwelling (An 
and Wang 2000) or the mean thermocline (Fedorov and 
Philander 2000) or both (An and Jin 2000; Kim and An 
2011). However, it is uncertain to what extent global warm-
ing modifies ENSO amplitude due to the uncertainty of the 
future state of the tropical Pacific mean state (e.g., Collins 
et  al. 2010), the strong decadal-to-centennial modulation 
of ENSO through the internal process (Wittenberg 2009, 
2014), and the complexity in the sensitivities of ENSO to 
changes in the mean state (e.g., Yu and Kim 2010; Kim and 
Yu 2012; Borlace et al. 2013). Moreover, it is questionable 
as to whether ENSO amplitude is sensitive to the climate 
state change associated with global warming.

To answer the question as to whether a change in ENSO 
amplitude associated with global warming is beyond that 
of natural change, we measure the range of the natural 
modulation of ENSO amplitude. Here, the natural modu-
lation range of ENSO amplitude was computed using 

pre-industrial (PI) simulations (or a control simulation) 
because the PI simulation has no time-varying external 
climate forcing. The amplitude modulation of ENSO is 
defined as the standard deviation of the 11-year running 
standard deviation of the Nino-3 index. Although ENSO 
amplitude could be modulated in the centennial time scale, 
the decadal-to-interdecadal time scale modulation is thus 
far the most reliable. The 2,000-year simulation of GFDL 
CM2.1 also shows dominant interdecadal fluctuation of 
ENSO amplitude than the longer time scale (Wittenberg 
2009). Thus we focus on the fluctuations within interdec-
adal time scale. Note that the wider window for running 
standard deviation decreases the range and the narrow win-
dow has the opposite effect.

To compare the internal modulation range of ENSO 
amplitude to the anthropogenic effect on ENSO ampli-
tude change, the change in the amplitude of ENSO asso-
ciated with global warming is defined as the difference in 
the standard deviation of Nino-3 SSTA index (5°S–5°N, 
150°–90°W) between the PI run and RCP run. For the 
RCP run, we use 95 years of data from 2006 to 2100 after 
removing linear trends. The range of the long-term natu-
ral modulation of ENSO amplitude is 0.1–0.3  K and is 
highly depending on the model, while the change in the 
amplitude of ENSO associated with global warming is 
0–0.8  K and is strongly scattered (Fig.  1). Sixteen of the 
31 models recorded that ENSO amplitude change associ-
ated with global warming is beyond the 50 % probability 
range of the natural modulation of ENSO amplitude. Four 
models are out of a 90 % probability range. Among these, 
only one model recorded a decrease in ENSO amplitude, 
while the others recorded an increase in ENSO amplitude. 
Approximately 10  % of Coupled Model Intercomparison 
Project Phase 5 (CMIP5) models show a somewhat signifi-
cant increase in ENSO amplitude; others showed insignifi-
cant (or low chance) change in ENSO amplitude associated 
with global warming. On the whole, a 10 % chance is not 
sufficient to conclude that ENSO amplitude will increase 
due to global warming. The reason the change in ENSO 
amplitude due to global warming is less significant may be 
uncertainty in the internal processes of ENSO (Wittenberg 
2009). However, in this study, we focus on the dynamical 
relationships between the change in mean state and ENSO.

By changing the mean climate state, we addressed how 
and to what extent climate warming influences ENSO 
amplitude. In Sect. 2, we introduce the CGCM output uti-
lized and an intermediate coupled model (ICM). The mean 
patterns that are associated with ENSO amplitude are iden-
tified using the undisturbed climate forcing experiment in 
Sect. 3. In Sect. 4, we analyze the mean patterns associ-
ated with future global warming to determine whether they 
resemble patterns associated with ENSO amplitude in the 
undisturbed climate forcing experiment. To further verify 
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the previous findings, in Sect. 5, we performed an inter-
mediate atmosphere–ocean coupled model experiment in 
which the mean patterns associated with ENSO amplitude 
are altered and those associated with global warming are 
externally adapted. A summary and discussion are included 
in Sect. 6.

2 � Data and model

2.1 � Data

2.1.1 � Observation and reanalysis of data

In this study, four historical reanalysis SST datasets are 
used: (1) the Extended Reconstructed Sea Surface Tem-
perature (ERSST) dataset, version 3 (Smith and Reyn-
olds, 2004), (2) the extended Kaplan SST (Kaplan SST), 
version 2 (Kaplan et al. 1998), (3) the Hadley Centre Sea 
Ice and Sea Surface Temperature (HadISST) dataset, ver-
sion 1 (Rayner et al., 2003), and (4) the Simple Ocean Data 
Assimilation (SODA) reanalysis dataset, version 2.2.4 
(Carton and Giese 2008). The SODA reanalysis project 
reconstructs historical ocean climate variability over space 
and time scales similar to atmospheric reanalysis projects. 
Each dataset covers the periods of January 1951–Novem-
ber 2012 (ERSST, Kaplan SST), January 1951–Septem-
ber 2012 (HadISST), and January 1951–December 2008 
(SODA). Their horizontal grids are interpolated onto a uni-
form 2° × 2° grid. Anomalies are defined as departure from 
the 1951–2011 climatological values for each month. All 
data are linearly detrended before statistics are calculated, 
which might be associated with a global warming trend.

2.1.2 � CMIP5

General information about the coupled general circula-
tion models (CGCMs) used in this study is summarized 
in Table 1, which consists of 31 CGCMs from phase 5 of 
the CMIP (Taylor et al. 2012). Three types of simulations 
were used: PI control and two future projection simulations 
forced with specified concentrations referred to as RCPs. 
Pre-industrial simulation has quasi-equilibrium integra-
tion, which has no time-varying external climate forcing. 
All models selected for PI simulation were integrated for 
more than 100 years. Furthermore, we select two RCP sim-
ulations for future climate analysis: a high emissions sce-
nario (RCP8.5) and a midrange mitigation emissions sce-
nario (RCP4.5). The labels for the RCPs provide a rough 
estimate of the radiative forcing in the year 2100 relative to 
PI conditions (Taylor et al. 2012). The integration periods 
are 95 years during 2006–2100 in both RCP runs. Note that 
the two CGCMs (GISS-E2-H-CC and GISS-E2-R-CC) are 
excluded from the RCP8.5 run. All model outputs are inter-
polated onto a uniform 2° × 2°grid.

2.2 � Intermediate coupled model

The ICM is basically the same as Zebiak and Cane’s 
(1987) model, which has been used to understand and 
predict ENSO. The atmosphere model of ICM is a steady 
state, linear, shallow-water system with an equatorial beta-
plane assumption. This represents the baroclinic structure 
of a tropical atmosphere. Atmospheric forcing, which is 
mainly the latent heat releasing in the middle atmosphere 
due to convection, is controlled by the anomalous surface 
evaporation associated with change in the SST anomaly 

Fig. 1   Percentiles based on the standard deviation of 11  years run-
ning standard deviation of the Nino-3 index (5°S–5°N, 150°–90°W) 
obtained from the control experiment (PI setting) of CMIP5 (bar). 
Thick and thin bars indicate the 50 and 90  % probability range, 
respectively. Circular (rectangular) marks indicate the difference 

between the standard deviation of the Nino-3 index from RCP4.5 
(RCP8.5) and that from the control experiment of CMIP5. The linear 
trend was removed prior to computation. The model numbers in the 
axis of abscissa are matched to Table 1
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and the moisture convergence feedback due to the interac-
tive change with the lower level convergence. The ocean 
model is composed of the fixed-depth mixed layer, which 
determines the SST anomalies  and surface horizonal cur-
rents, and the upper dynamic layer, which determines the 
thermocline depth. The motions in the dynamic layer are 
described by a linear shallow-water equation forced by the 
surface wind stress. The SST is determined by the hori-
zontal advection in the mixed layer, vertical advection by 

the upwelling, and a comprehensive surface cooling (i.e., 
Newtonian cooling). The climatological basic states are 
prescribed, and thus we can measure the model’s sensitivity 
to changes in basic states. Note that ICM has intrinsically 
nonlinear components, and thus the sensitivity can be influ-
enced by the nonlinearity. Nevertheless, it is known that the 
variability and skewness (a measure of ENSO nonlinear-
ity; An 2009) changes in the same direction (e.g., An et al. 
2005). Therefore, the nonlinear process of ICM may not 
significantly influence the main conclusion.

3 � ENSO amplitude modulation through internal 
processes

It may not be easily answered as to what controls the 
ENSO amplitude. Theoretically, the growth rate of a pro-
totype ENSO model is related to various feedback pro-
cesses (Jin 1997), but the intrinsic feedback processes are 
very complicated. Therefore, instead of considering each 
feedback process separately, we compute the regression 
pattern associated with ENSO amplitude, which provides a 
comprehensive feature. The PI experiments are utilized to 
identify patterns associated with ENSO amplitude change 
due to natural variation. Here, two indices are used: the 
ENSO index and the ENSO amplitude index (actually the 
decadal-modulation index of ENSO amplitude). To define 
the ENSO index, we apply the empirical orthogonal func-
tion (EOF) analysis to the tropical Pacific SST anomalies 
obtained from the PI experiment. The normalized first EOF 
principal component (PC) time series is then defined as the 
ENSO index. We characterize the ENSO amplitude index, 
which is referred to as the N3var index. The N3var index 
is computed using the interannual (2–7 years) wavelet vari-
ance of the Nino-3 SST anomaly as described in Torrence 
and Webster (1998).

The regression patterns of tropical Pacific SST anoma-
lies are computed against the ENSO index and the normal-
ized N3var index of each CMIP5 model. An ensemble-
average with equal weighting is then taken. The regression 
patterns of the equatorial-band average (5°S–5°N) and 
the tropical Pacific SST anomaly against the ENSO index 
represent the conventional El Nino pattern, namely, the 
maximum loading over the equatorial eastern Pacific. The 
regressions from each model converge well to the ensem-
ble mean curve (Fig. 2a, b). On the other hand, the regres-
sion pattern against the ENSO amplitude index (Fig. 2c, d) 
shows a zonal-dipole pattern, where the positive and nega-
tive centers are located at the tropical eastern Pacific and 
tropical western Pacific, respectively [hereafter referred 
to as the Pacific zonal mode (PZM)]. The regression lines 
from each model are diverse compared with the regression 
against the ENSO index.

Table 1   Model descriptions

PI (years) indicates the integration periods of the PI runs

The integration period is 95 years for both RCP runs (2006–2100)

No. Models Institution Resolution PI (years)

1 ACCESS1-0 CSIRO-BOM/Aus-
tralia

192 × 145 250

2 ACCESS1-3 CSIRO-BOM/Aus-
tralia

192 × 145 500

3 BCC-CSM1-1 BCC/China 128 × 64 500

4 BNU-ESM BNU/China 128 × 64 550

5 CanESM2 CCCma/Canada 128 × 64 690

6 CCSM4 NCAR/USA 288 × 192 500

7 CESM1-BGC NSF-DOE-NCAR/
USA

288 × 192 500

8 CNRM-CM5 CNRM-CERFACS/
France

256 × 128 850

9 CSIRO-Mk3.6 CSIRO-QCCCE/
Australia

192 × 96 500

10 FGOALS-G2 LASG-CESS/China 128 × 60 700

11 GFDL-CM3 NOAA GFDL/USA 144 × 90 500

12 GFDL-ESM2G NOAA GFDL/USA 144 × 90 500

13 GFDL-ESM2 M NOAA GFDL/USA 144 × 90 500

14 GISS-E2-H NASA-GISS/USA 144 × 90 240

15 GISS-E2-H-CC NASA-GISS/USA 144 × 90 250

16 GISS-E2-R NASA-GISS/USA 144 × 90 500

17 GISS-E2-R-CC NASA-GISS/USA 144 × 90 250

18 HadGEM2-CC MOHC/UK 192 × 145 240

19 HadGEM2-ES MOHC/UK 192 × 145 475

20 INMCM4 INM/Russia 180 × 120 500

21 IPSL-CM5A-LR IPSL/France 96 × 96 430

22 IPSL-CM5A-MR IPSL/France 144 × 143 300

23 IPSL-CM5B-LR IPSL/France 96 × 96 300

24 MIROC5 MIROC/Japan 256 × 128 670

25 MIROC-ESM MIROC/Japan 128 × 64 530

26 MIROC-ESM-
CHEM

MIROC/Japan 128 × 64 255

27 MPI-ESM-LR MPI-M/Germany 192 × 96 900

28 MPI-ESM-MR MPI-M/Germany 192 × 96 845

29 MRI-CGCM3 MRI/Japan 320 × 160 500

30 NorESM1-M NCC/Norway 144 × 96 100

31 NorESM1-ME NCC/Norway 144 × 96 250
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The computed PZM pattern (Fig.  2d) was projected to 
the tropical SST anomalies, resulting in a time series of the 
projected coefficient values. This time series represents the 
intensity of the PZM. Then correlation between the 7-year 
running average projected coefficient and the N3var index 
was computed. The resulting temporal correlation coef-
ficients are presented in the last column of Table 2. With-
out exception, all models produced statistically significant 
(95  % confidence level) positive correlations, indicat-
ing that the PZM is strongly associated with changes in 
ENSO amplitude on a decadal-to-interdecadal time scale 
(Table 2).

Choi et  al. (2013) referred to this dipole pattern (i.e., 
PZM) as ‘ENSO-induced tropical Pacific decadal mode‘, 
because the nonlinear rectification due to El Nino–La 
Nina asymmetry can induce this pattern. During the active 
ENSO period (large amplitude), El Nino is dominated by 
eastern Pacific (EP) type, while La Nina is dominated by 
central Pacific (CP) type. The residual resulting from El 
Nino–La Nina asymmetry becomes the warm-east and 
cold-west pattern. On the other hand, during the inactive 
ENSO period (small amplitude), El Nino and La Nina are 
dominated by CP type and EP type, respectively, and thus 
the resulting residual becomes the warm-west and cold-east 
pattern. Therefore, the residual pattern during the active 
ENSO period resembles the PZM pattern in the SST, and 
that during the inactive ENSO period resembles the oppo-
site pattern of PZM (Sun and Yu 2009). On the other hand, 
Choi et  al. (2009, 2012) argued that two-way feedback 
between the mean climate state and ENSO is mutually rein-
forcing. The positive correlations in Table  2 support their 
argument.

To see whether PZM is realistic, we perform the same 
analysis using various observed SST data sets. As indicated 
in Sect. 2, four different data sets are utilized. Due to poor 
data quality prior to the 1950s, data from 1951 through the 

recent year (see Sect. 2) are used in this calculation. The 
linear trend has been removed before computation. All four 
data sets regularly show PZM-like patterns, although two 
poles (especially the negative pole over the western Pacific) 
are located southward compared with the models. In addi-
tion, a weak warming exists over the far-western tropical 
Pacific (Fig.  3). Consequently, PZM patterns associated 
with changes in ENSO amplitude, especially on the dec-
adal-to-interdecadal time scale, are quite robust (Figs. 2, 3).

To obtain insights as to why the PZM is related to ENSO 
amplitude change, the regression patterns of other variables 
against N3var index are also computed. Figure 4 represents 
the ensemble-averaged tropical Pacific surface zonal wind 
stress and the precipitation patterns associated with the 
N3var index obtained from CMIP5 multi-model ensem-
ble. We used the same models as in the computation of the 
data shown in Fig.  2. As shown in the regression map of 
the surface zonal wind stress (Fig. 4a), the trade wind over 
the central-to-eastern equatorial Pacific has been weaken-
ing. This is dynamically consistent with the weakened 
zonal SST gradient between the western and eastern tropi-
cal Pacific (Fig.  2d; e.g., Lindzen and Nigam 1987). The 
precipitation map (Fig. 4b) shows the reduced precipitation 
over the tropical western Pacific and the increased precipi-
tation over the tropical central-to-eastern Pacific.

The subsurface patterns of ocean temperature associated 
with the ENSO index and the N3var index are also com-
puted using the equatorial ocean temperature (5°S–5°N) 
from the surface to 250 m in depth. Due to the heavy load 
in collecting ocean subsurface data during the entire PI 
integration period, only one CGCM output is used (CCSM4 
results). In CCSM4, the patterns of SST, zonal wind stress, 
and precipitation associated with the N3var index resemble 
the patterns of a multi-model ensemble (not shown). The 
subsurface temperature associated with the ENSO index is 
warm over the central-to-eastern Pacific and cold over the 

Fig. 2   a Regression of the 
equatorial-band (5°S–5°N) 
average SST anomaly against 
the PC time series of the first 
EOF of the tropical Pacific SST 
anomaly obtained from the PI 
experiment of CMIP5. Each line 
indicates the regression from 
each model. b As in (a) but 
for the tropical Pacific domain 
and ensemble average of all 
regression maps. c, d As in (a) 
and (b), respectively, but for the 
normalized N3Var index. Units 
are K
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western Pacific. Most notably, the maximum positive and 
negative loadings are found in the eastern pacific around a 
50 m depth, and the western Pacific around a 150 m depth, 
respectively (Fig.  5a). This pattern resembles the pattern 
during the mature state of El Nino, which is associated with 
a weakened trade wind. The subsurface pattern associated 
with the N3var index also shows a warm-east and cold-
west pattern (Fig. 5b). However, unlike the ENSO pattern, 
the maximum negative loading is located only about 40 m 

deeper than the maximum positive loading, and the ampli-
tudes of the two poles are smaller than the ENSO pattern. 
This pattern is quite similar to the ENSO-induced tropical 
Pacific decadal variability pattern of Choi et al. (2013, see 
their Fig. 2).

Previously, we identified the SST pattern associated with 
ENSO amplitude change, but the merits of this approach 
are debatable because of unclear causality. In other words, 
the regression pattern associated with ENSO amplitude is 
either caused by the change in the ENSO itself, such as a 
nonlinear process (Timmermann et al. 2003), or is causing 
change in ENSO amplitude (Fedorov and Philander 2000; 
An and Wang 2000). Interactive feedback between the mean 
state and ENSO is also a possible mechanism (Choi et  al. 
2009, 2012). Nevertheless, there are dynamical reasons as to 
how the patterns associated with the N3var index, i.e., PZM 
could influence ENSO amplitude. As shown in Fig. 4b, the 
positive precipitation over the central-to-eastern Pacific 
indicates a low-level convergence anomaly, indicating 
intensified low-level background convergence. When a per-
turbed low-level convergence occurs over this region due to 
the positive SST anomaly, it is intensified by the low-level 
background convergence through convergence feedback, 
namely that the perturbed convective heating generates low-
level convergence, which carries more moisture into the ini-
tial convergence region (Zebiak and Cane 1987; Kang and 
Kug 2002). This indicates an  intensified air-sea coupling. 
Strong air–sea coupling obviously leads to a strong El Nino. 
Choi et al. (2009) performed a stability analysis of the lin-
earized intermediate tropical Pacific atmosphere–ocean 
model that had been particularly designed to simulate the 
ENSO phenomenon, in which the altered background states, 
i.e., zonal dipole SST pattern, which resembles PZM SST 
pattern, are prescribed. In the sensitivity experiment, they 
found that the growth rate of the ENSO mode increased 
under the zonal-dipole SST pattern, mainly due to the inten-
sified atmospheric heating associated with the zonal dipole 
SST pattern. The intensification of ENSO in their experi-
ment is also related to the eastward migration of the action 
center due to the warming of the cold tongue. Since the 
action center associated with El Nino moves to the east, the 
delayed negative feedback by the upwelling oceanic Rossby 
wave is further delayed and the El Nino has more time to 
grow (Wang and An 2001, 2002). This results in an increase 
in ENSO amplitude. On the whole, the PZM and the associ-
ated atmospheric change provide a favorable condition for 
intensification of the ENSO.

4 � Future change in ENSO amplitude

In the previous section, we showed the tropical Pacific cli-
mate pattern associated with change in ENSO amplitude 

Table 2   Linear trends of the global mean (80°S–90°N) surface air 
temperature (GMT) from each model and RCP scenario experiment

Units are in K 100 year−1  . The last column represents the temporal 
correlation between the N3Var index and the seven-year moving aver-
aged-projected coefficients of the PZM pattern in the PI simulation

* Statistically significant at 95 % confidence level

Model Linear trend of GMT PI COR 
(N3Var-7 year PZM)

RCP4.5 RCP8.5

1 ACCESS1-0 2.23 4.76 0.45*

2 ACCESS1-3 2.15 4.66 0.47*

3 BCC-CSM1-1 1.49 3.94 0.44*

4 BNU-ESM 2.00 4.94 0.87*

5 CanESM2 2.24 4.98 0.47*

6 CCSM4 1.55 4.11 0.87*

7 CESM1-BGC 1.46 4.00 0.85*

8 CNRM-CM5 2.02 4.12 0.71*

9 CSIRO-Mk3.6 2.50 4.84 0.62*

10 FGOALS-G2 1.20 3.49 0.72*

11 GFDL-CM3 2.60 5.25 0.75*

12 GFDL-ESM2G 0.91 3.31 0.59*

13 GFDL-ESM2 M 1.05 3.11 0.81*

14 GISS-E2-H 1.39 3.24 0.80*

15 GISS-E2-H-CC 1.20 – 0.73*

16 GISS-E2-R 1.02 2.77 0.66*

17 GISS-E2-R-CC 1.00 – 0.56*

18 HadGEM2-CC 2.42 5.39 0.53*

19 HadGEM2-ES 2.61 5.25 0.44*

20 INMCM4 1.37 3.18 0.41*

21 IPSL-CM5A-LR 2.24 5.27 0.32*

22 IPSL-CM5A-MR 2.22 5.18 0.38*

23 IPSL-CM5B-LR 1.74 3.98 0.66*

24 MIROC5 1.70 3.83 0.74*

25 MIROC-ESM 2.56 5.47 0.26*

26 MIROC-ESM-
CHEM

2.63 5.70 0.40*

27 MPI-ESM-LR 1.50 4.10 0.40*

28 MPI-ESM-MR 1.66 4.14 0.32*

29 MRI-CGCM3 1.77 3.95 0.41*

30 NorESM1-M 1.66 3.72 0.52*

31 NorESM1-ME 1.72 3.93 0.76*

Ensemble mean 1.80 4.30
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(identified as the PZM). In this section, we address why 
the future change in ENSO amplitude is uncertain. First, 
we check the validity of the PZM in two scenarios: RCP4.5 
and RCP8.5. To compute the SST pattern associated with 
change in ENSO amplitude, the same computation meth-
ods used in the previous section are applied to RCP4.5 and 
RCP8.5 data sets. Since both RCP4.5 and RCP8.5 have 
significant linear trends, the data are de-trended. The PZM 
is clearly observed in both RCP4.5 and RCP8.5, although 
each model’s results show scattered features (Fig.  6). In 

other words, PI, twentieth century observations, RCP4.5, 
and RCP8.5 commonly represent the PZM as the pattern 
associated with change in ENSO amplitude.

Next, we compute the linear SST trend using the raw 
data in two scenario experiments: RCP4.5 and RCP8.5. 
The linear trend of the global mean surface air tempera-
ture (GMT) of each model is listed in Table 2. In general, 
the tropical SST trend is smaller than the global mean sur-
face air temperature trend. In both experiments, the entire 
Pacific shows a positive SST trend with the exception of 
one CGCM. This strong trend is observed over the tropical 
eastern Pacific, and thus the patterns of both experiments 
are quite similar (Fig.  7). The trend in RCP8.5 is greater 
than that in RCP4.5. Only one CGCM (FGOALS-G2) sim-
ulated the cooling trend over the equatorial Pacific in both 
scenario experiments. Overall, the linear trend pattern of 
the SST has a basin-wide warming pattern, but is different 
from the PZM. As shown in the previous section, the PZM 
is the most coherent pattern with change in ENSO ampli-
tude; however, the linear trend pattern is not similar to the 
PZM. For example, the pattern correlations between the 
PZM (Fig. 6b, d) and the linear trend pattern (Fig. 7b, d) 
are less than 0.20 for both RCP4.5 and RCP8.5.

The linear trends of the surface zonal wind stress and 
precipitation are computed using RCP4.5 and RCP8.5. As 
shown in Fig. 8, the trade wind over the northern western-
to-central Pacific is weakened, and that over the southern 
eastern Pacific is intensified. The precipitation over the 
equatorial western Pacific is increased more than that over 
the equatorial eastern Pacific. The two patterns are almost 
the opposite of those associated with the PZM (i.e., the dry-
ing over the western Pacific and the wetting over the east-
ern Pacific; Fig. 4). It should be noted that the significance 

Fig. 3   Regression map of 
tropical Pacific SST anoma-
lies against the N3var index 
obtained from a ERSSTv3 
(January 1951–November 
2012), b Kaplan SST (January 
1951–November 2012), c Had-
ISST (January 1951–September 
2012), and d SODA2.2.4 SST 
(January 1951–December 
2008). Units are K. The linear 
trend has been removed. Con-
tour intervals are 0.05

Fig. 4   Ensemble regression of a surface zonal wind stress and b pre-
cipitation anomalies against the normalized N3var index obtained 
from the PI experiment of CMIP5. Units are Pa for (a) and mm day−1 
for (b)
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of these ensemble patterns is rather weak because of con-
siderable scattering among the models. Nevertheless, it is 
expected that the pattern of Fig. 8 could lead to suppressed 

or static ENSO activity through the reduction of the air–
sea coupling with the same reason as PZM could intensify 
ENSO activity but in an opposite way. Therefore, the linear 

Fig. 5   a, b As in Fig. 1b, 
d, respectively, but for the 
subsurface ocean temperature 
along the equatorial Pacific 
band (5°S–5°N) from CCSM4 
of CMIP5

Fig. 6   a Regression of the 
de-trended equatorial-band 
(5°S–5°N) average SST anom-
aly against the PC time series 
of the normalized de-trended 
N3Var index obtained from the 
RCP4.5. Each line indicates the 
regression from each model. 
b As in (a) but for the tropical 
Pacific domain and ensemble 
average of all regression maps. 
c, d As in (a) and (b), respec-
tively, but for the RCP8.5. Units 
are K

Fig. 7   a Linear trend of the 
equatorial-band average SST 
anomaly from the RCP4.5 
scenario experiment. Each 
line indicates the linear trend 
obtained from each model. 
b Ensemble mean of the 
linear trend of the tropical 
Pacific SST from the RCP4.5 
scenario experiment. c As in 
(a) but for RCP8.5. d As in 
(b) but for RCP8.5. Units are 
K 100 years−1
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trend pattern, i.e., the global warming signal cannot signifi-
cantly influence ENSO amplitude.

5 � Intermediate coupled model (ICM) experiment

To further confirm the impacts of the linear trend pattern 
(i.e., basin-wide warming with an emphasis over the east-
ern tropical Pacific) and the PZM pattern on ENSO ampli-
tude, we performed two types of numerical model simula-
tions: a fixed SST anomaly forcing experiment (EXP1) and 
the prescribed mean SST experiment (EXP2) using an 
intermediate coupled ocean–atmosphere model1 (see Sect. 
2 for model details). The main difference between EXP1 
and EXP2 is that EXP1 modifies all physical values linked 
to a fixed SST perturbation so examining the general effect 
of two different SST pattern but EXP2 modifies only the 
atmospheric heating.

For EXP1, we imposed the SST forcing associated with 
the linear trend (or PZM) pattern to the SST equation of the 
model as like an anomalous heat flux:

1  Conceptually, ICM system used in EXP1 can be written as 
d �X
dt

= f (�X0, �X) + γ �Q, where f is a differentiable vector field, �X is a 
state vector of perturbation for atmospheric and oceanic variables, 
and �X0 is its mean vector. Since �X0 is a constant vector, �Q con-
tinuously modifies �X as to satisfy d �X

dt
= 0. Therefore, ICM system 

becomes d �X
dt

≈ f (�X0, �X + �XQ), especially when nonlinear terms in 
ICM are relatively small compared to the linear terms, where �XQ is a 
constant vector for f (�X0, �XQ) = γ �Q. On the other hand, ICM system 

for EXP2 can be d
�X

dt
= f (�X0, ∆�X0 + �X), where ∆�X0 is a vector to rep-

resent the linear trend SST pattern or PZM SST pattern. Therefore, in 
EXP1, a Jacobian matrix for the linear stability of the original ICM 
system may not be changed but the equilibrium states (a.k.a. fixed 
point) are changed, while in EXP2, the Jacobian matrix is changed.

where γ is a control factor for the intensity of forcing with 
the inverse of time unit, and Q is the linear trend or PZM 
SST patterns. Since Q acts as a steady state forcing, the 
winds and the horizontal and vertical currents will adjust 
to a given SST forcing after a few time steps of integration. 
In this manner, the Q pattern influences the model’s behav-
iors. Similar idea was used in a transient run for simulating 
the ENSO variability of the late interglacial period (Clem-
ent et al. 2000). Since the maximum values of each pattern 
are different, the two SST forcing (i.e., the linear trend and 
PZM patterns) are divided by their own average value over 
the Nino-3 region. Thus, the magnitudes of SST forcing 
over Nino-3 region become 1 (°C/time) in both the linear 
trend and PZM experiments. Here, we perform 400-year 
integration for each run, and the last 200 years of outputs 
are utilized. Since our focus is the ENSO amplitude, the 
standard deviation is computed from each run. To check the 
reliability of the model’s sensitivity, we repeat the experi-
ments with a slightly altered coupling parameter (±2  % 
of control value). As shown in Fig. 9, when the PZM pat-
tern is applied, the ENSO intensity significantly increases 
as the intensity of forcing increases (e.g., 1/25-year run 
has stronger forcing than the 1/100-year run). The ENSO 
intensity slightly decreases when the linear trend pattern is 
applied. The perturbed coupling parameter still provides a 
consistent result.

In EXP2, in order to examine the response of the atmos-
phere to SST change, we change the background mean SST 
states only in the atmosphere model. The reason to perform 

(1)

dT ′

dt
= −αT ′ − (ū + u′)

∂T ′

∂x
− u′ ∂T̄

∂x
− (v̄ + v′)

∂T ′

∂y
− v′ ∂T̄

∂y

− M(w̄)
∂T ′

∂z
−

{

M(w̄ + w′) − M(w̄)
}∂T̄

∂z
+ γ Q,

Fig. 8   The linear trend of the 
zonal wind stress anomaly 
from a RCP4.5 and b RCP8.5 
scenario experiments. c, d As in 
(a) and (b) but for precipitation. 
Units are Pa 100 years−1 and 
mm day−1 100 years−1
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this experiment is that the increasing water vapor content 
in the atmosphere and so latent heat is considered as the 
first order response of the tropical atmosphere to the global 
warming. Therefore, it is worthy to be checked as to how 
much this specific process influences ENSO variability. In 
this ICM, the latent heating, i.e. convective heating in the 
atmosphere, (Q0) is parameterized based on the mean SST 
(Tc) and SST anomaly (SSTA) as follows:

where α is a conversion parameter for latent heat. There-
fore, a warmer or cooler mean SST modifies the sensitivity 
of the convective heating to the changes in SSTA. Similar 
to the previous experiments, both the linear trend and PZM 
SST patterns are divided by each average value over the 
Nino3 region. Then, Tc in the above equation is replaced 
by Tc*, where Tc* = Tc + βΔ. The Δ is the SST pattern 
of the linear trend or the PZM, and β is set to 0.2, 0.4, and 
0.6. In other words, 20, 40, and 60  % of the linear trend 
and PZM SST patterns is added to the original mean SST 
states of ICM. Note that we only tuned atmospheric heat-
ing parameterization by modifying the mean SST state. 
The background state in the ocean model is the same as 
the control experiment. Therefore, this experiment meas-
ures the sensitivity on how much each SST pattern influ-
ences ENSO variability through modifying the atmospheric 
convective heating (physically, the surface evaporation rate 
against to SST change). For example, the linear trend SST 
pattern will increase the sensitivity over the whole Pacific 
because of the basin-wide warming, while the PZM SST 
pattern will increase it over the tropical eastern Pacific but 
decrease it over the tropical western Pacific. As a result, the 
PZM SST pattern would promote the sensitivity of convec-
tive heating only over the eastern Pacific, while the linear 

(2)Q0 = α × SSTA × exp[(Tc − 30◦C)/17.0],

trend SST pattern, i.e., the basin-wide warming, would 
enhance the whole Pacific basin. A possible consequence 
associated with change in the convective heating center has 
been mentioned in the Sect. 3.

Here, we performed 400-year integration for each run, 
and the last 200  years are used to calculate the ENSO 
amplitude. As shown in Fig. 10, the ENSO amplitude sig-
nificantly increases as the intensity of forcing increases 
when the PZM pattern is prescribed. On the other hand, the 
change in ENSO intensity is insignificant when the linear 
trend pattern is prescribed. Note that the sensitivity to the 
coupling strength was prominent in PZM case but not stood 
out in the linear trend case.

In order to figure out the main process for the intensi-
fication of ENSO in EXP2, we computed SST tendency 
terms of each experiment (see Eq.  1) and then draw the 
lagged regression map of SSTA and SST tendency terms 
against to Nino-3 SSTA [for the control case, see An et al. 
(1999)]. Basically such lagged regression map indicates 
the evolution of SST tendencies in a canonical ENSO 
cycle. Figure 11 shows the difference between two results. 
Figure  11a represents the evolution of SSTA difference 
between two experiments along the equator associated 
with ENSO. This SSTA difference is mainly attributed 
to the positive SST tendency due to the zonal (Fig. 11b), 
meridional (Fig. 11c) and vertical (especially due to anom-
alous upwelling; Fig. 11e) advections. The vertical advec-
tion by mean upwelling (Fig.  11d) increases the eastern 
Pacific SST but decreases the central Pacific SST.

Since the oceanic mean states is not perturbed, the main 
cause for such intensification is due to the air–sea coupling. 
This is because all three positive SST tendency terms are 
linearly proportional to the air–sea coupling strength. Here 
we also computed the air–sea coupling strength, which is 

Fig. 9   Standard deviation of the Nino-3 index with respect to the 
relaxation time scale toward the forced surface-heating rate obtained 
from the intermediate model experiment. Solid and dashed lines indi-
cate the model sensitivity to the SST pattern associated with the PZM 
and the linear SST trend pattern, respectively. The simulations with 
different coupling strength are marked by rectangles (2 % increase), 
closed circles (control), and triangles (2 % decrease)

Fig. 10   Standard deviation of the Nino-3 index with respect to the 
prescribed mean SST in the atmospheric model obtained from the 
intermediate model experiment. Solid and dashed lines indicate the 
model sensitivity to the SST pattern associated with the PZM and the 
linear SST trend pattern, respectively. The simulations with different 
coupling strength are marked by rectangles (2  % increase), closed 
circles (control), and triangles (2 % decrease)
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measured by the regression of the equatorial surface zonal 
wind stress against Nino-3 index. Zonal mean values of the 
regression coefficients are 6.9 (10−3 Pa K−1) for PZM-pat-
tern experiment and 6.6 (10−3 Pa K−1) for the trend-pattern 
experiment. Thus, the coupling strength for PZM-pattern 
experiment is larger than that for the trend-pattern experi-
ment. More importantly, as shown in Fig. 12, the difference 
in the longitudinal location of the maximum wind stress 
between two experiments is about 25°, which is similar to 
the observed decadal change between pre-1980s and post-
1980s (An and Wang 2000). During these two decades, a 
significant change in ENSO amplitude was recorded (An 
and Wang 2000). As mentioned in Sect. 3, on the dynami-
cal consequence between ENSO amplitude and the zonal 
location of action center, further eastward migration of 
action center due to PZM pattern leads to the intensification 
of ENSO.

Fig. 11   Regression maps of 
SST anomaly (a), zonal advec-
tion (b), meridional advection 
(c), vertical advection by mean 
upwelling (d) and anomalous 
upwelling (e), and the thermo-
dynamical damping (f), against 
Nino-3 SST anomaly along the 
equator (5°S–5°N) obtained 
from EXP2. Units are K (a), 
and K month−1 for all others

Fig. 12   Regression curves of the equatorial zonal wind stress anom-
aly (5°S–5°N) against Nino-3 SST anomaly along the equator (5°S–
5°N). Open and close dots indicate the results from EXP2 when the 
PZM and linear trend patterns are employed with 60 % rate, respec-
tively
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In summary, we found that zonal dipole-like mean SST 
changes (i.e., PZM pattern) could efficiently alter ENSO 
intensity through changes in atmosphere sensitivity, as 
mentioned in Sect. 3, while the basin-wide SST warming 
(i.e., linear trend pattern) could not significantly influence 
ENSO amplitude. On the whole, the intermediate model 
experiment supports the results of the previous analysis.

6 � Summary and discussion

In this study, we initially focused on the decadal modu-
lation of ENSO amplitude through the internal process. 
In most of the CGCMs, the decadal modulation range of 
ENSO amplitude is larger than the differences in ENSO 
amplitudes between the PI and RCP experiments. Based 
on the regression method, we found that the most coher-
ent SST pattern to the change of ENSO amplitude is the 
zonal dipole pattern (PZM) in the PI simulation. It was also 
found that this PZM is consistently observed in the four 
observation data sets. The PZM leads to the reduction of 
the zonal gradient of the mean SST, and the consequential 
weakening of trade winds. The associated precipitation 
over the central-to-eastern Pacific increases, while that over 
the western Pacific decreases, and thus resulting in the east-
ward shift of ENSO-induced convection center. In addition, 
the subsurface temperature anomalies associated with the 
PZM also show a zonal dipole structure. The PZM patterns 
are also observed in the RCP experiments with CMIP5; this 
indicates that the PZM is the robust mode.

We next examined the impact of climate change trend. 
The linear trend of the SST obtained from RCP experi-
ments shows a basin-wide warming relatively weighted 
over the tropical eastern Pacific different from that of the 
PZM. The corresponding surface zonal wind stress and pre-
cipitation patterns show very different features compared 

with the PZM. The linear trend pattern of zonal wind stress 
shows north–south asymmetry. In addition, the precipita-
tion increases at the equator in the RCP experiments, while 
the western equatorial Pacific is wetter than the eastern 
equatorial Pacific. Consequently, the atmospheric changes 
associated with the linear trend show very different features 
from those of the counterparts of the PZM.

To investigate the relationship between mean SST 
change and ENSO variability change in RCP experiment, 
first we compute a pattern correlation between difference of 
mean SST (RCP minus PI) and PZM pattern, and then draw 
a scatter plot of the pattern correlation verse difference of 
the standard deviation of Nino-3 index (RCP minus PI) in 
Fig. 13. The pattern correlation indicates how far the mean 
SST pattern from RCP resembles PZM pattern compared to 
that from PI. The result shows a strong positive correlation 
between two quantities. It indicates that as the mean tropical 
Pacific SST pattern in RCP experiment (RCP4.5 and 8.5) 
becomes more similar to PZM pattern compared to the PI 
experiment, ENSO variability in RCP also increases more, 
inferring that PZM pattern could cause the intensification of 
ENSO variability. Note that MIROC5 (Model 24) recorded 
the largest pattern correlations as well as the largest change 
in the standard deviation of Nino-3 index.

In order to identify the dynamical process on the inten-
sification of ENSO, we further analyzed data, and per-
formed ICM experiments. First, the linear trend and PZM 
patterns are forced to the SST tendency equation. Second, 
both SST patterns are prescribed in the atmospheric latent 
heating term. Both experiments produce consistent results: 
the PZM pattern leads to the intensification of the ENSO, 
but the linear trend pattern does not. The PZM pattern (i.e., 
warm-east and cold-west) and the associated enhancement 
of precipitation over the central-to-eastern Pacific increase 
the air–sea coupling, and it has the ENSO-induced zonal 
wind patch be shifted to the east, which increases ENSO 

Fig. 13   a Scatter plot of a pat-
tern correlation between mean 
SST change (RCP4.5 minus 
PI) and PZM verse difference 
in Nino-3 standard deviation 
(RCP4.5 − PI). b As in (a) 
but for RCP8.5. Number in the 
circle indicates model number 
shown in Table 1 of main text
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amplitude by delaying the negative feedback. In addition, 
the reduction of the trade wind weakens the anomalous 
thermal advection by the mean meridional overturning 
circulation in the tropical Pacific due to the weakening of 
the pole-ward Ekman current, which weakens the damping 
of the ENSO (An et  al. 2004). As a result, ENSO ampli-
tude increases under PZM-like mean states. On the other 
hand, when the linear trend patterns are applied, the ENSO 
intensity slightly decreases or is not significantly changed 
as the forcing increases. The increased precipitation over 
the western Pacific promotes the shift of the action center 
of ENSO to the west; this causes a fast returning of the 
upwelling Rossby wave (so-called ‘delayed negative feed-
back’) so that the ENSO quickly damps. In addition, the 
intensification of the trade wind over the eastern Pacific 
could lead to the strengthening of the poleward Ekman 
current, which causes strong damping of ENSO by ther-
mal advection. Lastly, the intermediate model simulations 
verify that the linear trend pattern of the SST slightly sup-
presses ENSO amplitude, while the PZM intensifies ENSO.

The question remains as to what dynamical pro-
cesses control ENSO intensity in the future climate. In 
order to answer the question, we examined the sensitiv-
ity of the atmosphere to the SST anomaly in each model. 
We computed the air–sea coupling strength (μ) in BJ 
index (Jin et  al. 2006; Kim and Jin 2011) as defined by 
the linear regression coefficient between the zonal mean 
(120°E–80°W, τ′), zonal wind stress anomaly, and the 
Nino-3 SST anomaly (τ′ = μT′). Figure 14 represents the 
multi-model relationship between changes in the Nino-3 
standard deviation and μ. The two parameters are highly 
positively correlated in both RCP4.5 (0.92) and RCP8.5 
(0.81) runs, indicating larger air–sea coupling results in 
the larger change in ENSO amplitude. The air–sea cou-
pling strength is an important factor in the modification 
of ENSO amplitude in the future climate. However, more 

comprehensive analysis is needed in order to understand 
the role of ocean structure on ENSO intensity.
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