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members is needed to separate the relative contributions 
to ENSO amplitude change over the twenty-first century 
between forced response and internal variability.

1 Introduction

El Niño–Southern Oscillation (ENSO) is the dominant 
mode of coupled ocean–atmosphere variability in tropical 
oceans on interannual timescales, influencing the global 
climate system. During El Niño (La Niña) events, warm 
(cold) sea surface temperature (SST) anomalies appear in 
the eastern equatorial Pacific, tropical convection shifts 
eastward, and the Walker circulation weakens (intensifies) 
(Philander 1990). How ENSO responds to global warming 
is an important issue in climate change sciences (Cai et al. 
2015a). Recent studies revealed that the El-Niño induced 
rainfall variance increases in the eastern and central equato-
rial Pacific (Power et al. 2013), leading to more frequent 
occurrences of extreme El Niño and La Niña events (Cai 
et al. 2014, 2015b), with an eastward shift of ENSO telecon-
nections over the Pacific and North America (Zhou et al. 
2014). This intensification and eastward shift of ENSO-
induced atmospheric response results from an El Niño-like 
warming pattern that most models projects.

Even though the changes in atmospheric characteristics of 
ENSO are robust, there are still large uncertainties in mul-
timodel ENSO projections. There is no consistent change 
in ENSO amplitude under global warming among models 
(Yeh and Kirtman 2007; Guilyardi et al. 2009; Collins et al. 
2010; Cai et al. 2015a). The intermodel uncertainty in SST 
amplitude change is linked to that in the tropical Pacific 
oceanic warming pattern (Zheng et al. 2016): the El Niño 
(La Niña)—like warming reduces (increases) the barrier of 
mean SST to the tropical convection threshold (Johnson and 
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Xie 2010), enhancing (weakening) convective feedback on 
ENSO and further increasing (suppressing) SST variability. 
Other studies also reported that the intermodel diversity in 
ENSO amplitude change is related to that in atmospheric 
feedback (Watanabe et al. 2012; An and Choi 2015; Rashid 
et al. 2016; Ham and Kug 2016).

However, the model diversity is not the only source for 
the uncertainty in future climate projections. In fact, the 
uncertainty in climate prediction/projection results from 
three distinct sources: model diversity, forcing scenario, 
and internal variability (Hawkins and Sutton 2009). Among 
them, internal variability, which is defined as the natural 
variability of the climate system independent on the external 
forcing, cannot be neglected for the regional climate projec-
tion, especially for the extra-tropical region (Hawkins and 
Sutton 2009, 2012; Deser et al. 2012a). For example, Deser 
et al. (2012b) suggested that the internal variability is impor-
tant for the future projection in North American climate in 
a 40-member ensemble of climate change simulation. By 
contrast, the internal variability in tropical region is rela-
tive low and the robust mean state change (i.e. ‘signal’) will 
emerge in the next few decades (Hawkins and Sutton 2009; 
Deser et al. 2012a). Nevertheless, it is still unknown that 
how much internal variability influences regional projec-
tions of interannual variability in the tropics, such as ENSO.

The ENSO amplitude shows considerable internal natural 
variability both in observations and model simulations. Li 
et al. (2011, 2013) found that ENSO amplitude modulates 
in the past millennium by using tree-ring records. Such 
interdecadal modulations of ENSO amplitude impact the 
global climate via changing atmospheric circulations and 
teleconnections, including Asia, North America, South 
America, tropical Pacific and Indian Ocean (Xie et  al. 
2010b; Chowdary et al. 2012; Li et al. 2013). Based on a 
long coupled general circulation model (CGCM) simula-
tions, Rodgers et al. (2004) also found significant modula-
tions on interdecadal time scales. Such interdecadal modu-
lation of ENSO amplitude and its relationship with mean 
state change are investigated extensively by previous studies. 
(Wittenberg 2002, 2009; Rodgers et al. 2004; Yeh and Kirt-
man 2004; Fang et al. 2008; Burgman et al. 2008; Sun and 
Yu 2009; DiNezio et al. 2012; Ogata et al. 2013; Wittenberg 
et al. 2014). Specifically, the second tropical Pacific decadal 
variability (TPDV) mode featuring a zonal dipole pattern, 
is dynamically coupled with ENSO variability in long-term 
control run with constant forcing (Rodgers et al. 2004; Choi 
et al. 2013; Ogata et al. 2013). Considering this robust 
natural interdecadal modulations both in observations and 
model simulations, the internal variability can potentially 
change the ENSO amplitude in future climate projections 
(Stevenson 2012). Therefore, its contribution to uncertainty 
in ENSO amplitude change under global warming should 
be evaluated.

In this study, a 40-member large ensemble from Com-
munity Earth System Model Large Ensemble (CESM-LE) 
project is used to investigate the role of internal variabil-
ity in ENSO response to global warming. It is found that 
even though the ensemble mean ENSO amplitude increases 
by 10% with an El Niño-like mean warming in the tropi-
cal Pacific, there is a large uncertainty among CESM-LE 
members. The diversity among ensemble members from 
the historical run to the RCP8.5 run are associated with 
that of mean state change, which shows a zonal dipole-like 
pattern in the tropical Pacific reflecting the second TPDV 
mode in long-term control run. The uncertainty in CESM-
LE is almost comparable with that in a multimodel ensem-
ble from the Coupled Model Intercomparison Project phase 
5 (CMIP5). Therefore, a large ensemble is needed for the 
accurate estimation of forced ENSO response to global 
warming.

The rest of the paper is organized as follows. Section 2 
briefly describes the model datasets and methods used in 
this study. Section 3 shows ENSO amplitude change in 
CESM-LE and its relationship with ocean mean warming. 
In Sect. 4 we compare the uncertainties between CESM-LE 
and CMIP5 multimodel ensemble. In Sect. 5 we provide a 
discussion. Section 6 is a summary.

2  Data and methods

The CESM-LE project is designed to investigate the cli-
mate change in the presence of internal climate variability 
(Kay et al. 2015). The CESM-LE simulations use the Com-
munity Earth System Model, version 1 (CESM1, Hurrell 
et al. 2013), which consists of coupled atmosphere, ocean, 
land and sea ice component models. Its horizontal resolu-
tion is approximately 1° in all components. The atmospheric 
component of the model is the version 5 of the Community 
Atmosphere Model (CAM5) with 30 vertical layers (Neale 
et al. 2012). The oceanic component of the model is based 
on the Parallel Ocean Program, version 2 (POP2; Smith et al. 
2010) with 60 vertical layers.

In this study, 40 members from CESM1-LE are analyzed 
to show how internal variability affects ENSO variability 
in future climate projection. The first ensemble member 
started from a randomly selected date in the 1850 control 
simulation with constant preindustrial forcing. Then ensem-
ble member 1 was integrated forward from 1850 to 2100. 
Ensemble member 2–40 were all started from 1920 to 2100 
with slightly different initial conditions. All the CESM-LE 
members have the same external forcing, which is from the 
CMIP5 design protocol (Taylor et al. 2012). The model is 
forced by historical greenhouse gases (GHG), aerosols and 
other radiative forcing from 1920 to 2005, and representa-
tive concentration pathway 8.5 (RCP8.5) forcing from 2006 
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to 2100, with the radiative forcing reaching ~8.5 W m−2 
near 2100. Since all 40 members use the same model and 
share the same external forcing scenario, the uncertainty in 
CESM-LE projections results from internal climate variabil-
ity alone. To further investigate the role of internal variabil-
ity, we also analyzed an 1100-year control simulation under 
constant preindustrial forcing. The detailed information of 
CESM-LE design can be found in Kay et al. (2015).

To evaluate relative contributions of internal variability 
and model spread, we used the output of 23 models from the 
CMIP5 multimodel ensemble organized by the Program for 
Climate Model Diagnosis and Intercomparison for the Inter-
governmental Panel on Climate Change Fifth Assessment 
Report (Table 1). All of the CMIP5 ensemble members use 
the same period (1920–2100) and external forcing (histori-
cal simulation and RCP8.5 scenario) as CESM-LE. For each 
model only one ensemble member (r1i1p1) is analyzed in 
this study, so the multimodel uncertainty in CMIP5 ensem-
ble results both from model differences and from internal 
variability.

In this study, the SST and rainfall averaged in the east-
ern equatorial Pacific Niño-3 (5°S–5°N, 90°–150°W) 

region are referred to as the ENSO SST and rainfall 
indices, respectively. Firstly we remove seasonal cycle 
in CESM-LE and CMIP5 outputs. Then to focus on the 
interannual variability, we calculate the anomalies by per-
forming a 3-month running average to reduce intrasea-
sonal variability, and subtracting a 9-year running mean 
to remove decadal and longer variations. Anomalies in the 
first 4 years (1920–1923) and last 4 years (2097–2100) 
were not calculated because the 9-year running mean were 
not available for those years. We calculated 50-year run-
ning standard deviations of ENSO SST and rainfall indices 
(i.e., years 1925–1974, 1926–1975, so on), and started the 
analyzed period at the second half of twentieth century 
(1950–1999). Specifically, the ENSO amplitude ratio 
between 2046–2095 and 1950–1999 represents the change 
under global warming quantitatively. We also examined 
standard deviation of ENSO in 30-year sliding windows, 
the results of which is very similar to that in 50-year slid-
ing windows.

Table 1  Twenty-three CMIP5 models used in this study

Model name Institute (country)

BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration (China)
CanESM2 Canadian Centre for Climate Modeling and Analysis (Canada)
CCSM4 National Center for Atmospheric Research (USA)
CNRM-CM5 Centre National de Recherches Météorologiques (France)
CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research Organization in collaboration with the Queensland Climate Change 

Centre of Excellence (Australia)
FGOALS-g2 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (China)
FGOALS-s2 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (China)
GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory (USA)
GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory (USA)
GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory (USA)
GISS-E2-R NASA Goddard Institute for Space Studies (USA)
HadGEM2-CC Met Office Hadley Centre (UK)
HadGEM2-ES Met Office Hadley Centre (UK)
INM-CM4 Institute of Numerical Mathematics (Russia)
IPSL-CM5A-LR L’Institute Pierre-Simon Laplace (France)
IPSL-CM5A-MR L’Institute Pierre-Simon Laplace (France)
MIROC5 University of Tokyo, Atmosphere and Ocean Research Institute, National Institute for Environmental Studies, and Japan 

Agency for Marine-Earth Science and Technology (Japan)
MIROC-ESM University of Tokyo, Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Insti-

tute, and National Institute for Environmental Studies (Japan)
MIROC-ESM-CHEM University of Tokyo, Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Insti-

tute, and National Institute for Environmental Studies (Japan)
MPI-ESM-LR Max Planck Institute for Meteorology (Germany)
MPI-ESM-MR Max Planck Institute for Meteorology (Germany)
MRI-CGCM3 Meteorological Research Institute (Japan)
NorESM1-M Norwegian Climate Centre (Norway)
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3  ENSO variability change in CESM‑LE

ENSO in CESM1 with CAM5 is well simulated and similar 
to that in the Community Climate System Model, version 
4 (CCSM4), even though the magnitude is overestimated 
(Hurrell et  al. 2013). Figure 1 shows monthly standard 
deviation of Niño-3 SST in observations (1950–1999) based 

on the National Oceanic and Atmospheric Administration 
Extended Reconstructed SST version 3b dataset (Smith et al. 
2008), with that for the periods before (1950–1999) and after 
(2046–2095) the GHG-induced warming in CESM-LE. As 
in observations, the peak of SST variance appears during 
boreal winter in both periods. Unless mentioned otherwise, 
we use averaged Niño-3 indices of SST and rainfall during 
November–December–January in this study.

3.1  ENSO amplitude change and its uncertainty

The ensemble mean ENSO amplitude increases under global 
warming in CESM-LE with large inter-member uncertainty. 
Figure 2a shows CESM-LE ENSO variance in the 50-year 
sliding windows, starting at 1950–1999. The ensemble mean 
ENSO amplitude increases from 1.21 °C (1950–1999) to 
1.32 °C (2046–2095), with large inter-member diversity 
throughout the simulation. For the period 1950–1999, ENSO 
amplitude ranges from 0.95 to 1.56 °C, while from 1.0 to 
1.8 °C during 2046–2095. With an increase by 10.7% in the 
ensemble mean, ENSO amplitude projection shows a much 
larger diversity among ensemble members (Fig. 2b), ranging 
from −34.6% (ensemble member 20) to 72.7% (ensemble 
member 5). The inter-member standard deviation is 22.8% 
and more than twice ensemble mean value, indicating that 
the internal variability is one of the main source of uncer-
tainty in future projections of ENSO variability.
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Fig. 1  Monthly standard deviations of Niño-3 index in observations 
during 1950–1999 (pink bars), CESM-LE ensemble mean during 
1950–1999 (blue bars) and 2046–2095 (red bars). The error bars 
denote the standard deviation of inter-member variability

Fig. 2  50-year running time 
series of a Niño-3 SST variance 
and b its percentage change rel-
ative to the period 1950–1999. 
The black thick line denotes the 
multi-member ensemble mean. 
The red and blue lines denote 
the ensemble member with most 
increased (ensemble member 
5) and decreased (ensemble 
member 20) ENSO variability. 
The error bars are the standard 
deviations of inter-member 
variability during 1950–1999 
(left) and 2046–2095 (right), 
respectively. The years shown 
on the x-axis denote the 25th 
year of the 50-year period
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The increased ENSO amplitude with large uncertainty 
in CESM-LE is also demonstrated in Fig. 3 (the left col-
umns). The SST amplitude change are highly correlated 
with that of rainfall at r = 0.88 (not shown). A member with 
enhanced (weakened) SST amplitude of ENSO usually 
shows an enhanced (weakened) atmospheric response rep-
resented by rainfall amplitude, reflecting that the Bjerknes 
(1969) feedback is efficiently working in the tropical Pacific 
in CESM-LE. Compared with SST variability, the amplitude 
in Niño-3 rainfall shows a significant increase by 67.4% in 
the ensemble mean, in spite of an even larger inter-member 
diversity (Fig. 3b). This increased ENSO rainfall variability 

is associated with the warming pattern in the tropical Pacific 
(Power et al. 2013; Cai et al. 2014; Zheng et al. 2016). 
Similar to most model projections, CESM-LE shows an El 
Niño-like warming pattern in the tropical Pacific (Fig. 4), 
with reduced evaporative damping on the equator, weak-
ened Walker circulation and associated oceanic dynamical 
response (Liu et al. 2005, 2016; Vecchi and Soden 2007; Xie 
et al. 2010a; Lu and Zhao 2012; Luo et al. 2015). This El 
Niño-like warming pattern reduces the barrier of mean SST 
to the tropical convection threshold in the eastern equato-
rial Pacific, strengthens the convective feedback, and further 
amplifies the ENSO variability via the Bjerknes feedback. 
Indeed, the model uncertainty in ENSO amplitude change 
is associated with the warming pattern in the tropical Pacific 
(Watanabe et al. 2012; Zheng et al. 2016). Next we examine 
the relationship between changes in ENSO variability and 
mean state among CESM-LE members.

3.2  The relationship with the mean state change

Different from the CMIP5 ensemble [see Fig. 3 in Zheng 
et al. (2016)], the warming patterns in CESM-LE ensemble 
members are quite similar. All of them show an El Niño-like 
warming pattern in the tropical Pacific, highly spatially cor-
related with the ensemble mean (Fig. 4). To extract the slight 
diversity of these warming patterns associated with the 
internal variability, we performed an inter-member empiri-
cal orthogonal function (EOF) on the mean SST warming 
following our previous study (Zheng et al. 2016). The lead-
ing mode explaining nearly half of the total variance shows 
an east–west dipole pattern in the tropical Pacific (Fig. 5a). 
A member with a positive principal component (PC) value 
shows a more (less) warming in the eastern (western) tropi-
cal Pacific, and vice versa. We found that PC1 is highly 
correlated with the inter-member diversity in ENSO SST 
amplitude changes (r = 0.91) (Fig. 6a), indicating a close 
relationship with the ocean mean warming. Additionally, 
PC1 is correlated with the inter-member diversity in ENSO 
rainfall amplitude change at r = 0.76 (Fig. 6b).

To further illustrate the relationship with mean state 
change in CESM-LE, here we selected two representa-
tive members, ensemble member 5 and 20, with the most 
increased and decreased ENSO amplitude, respectively. 
For the mean state change, ensemble member 5 shows a 
more zonal gradient and significant positive PC1 value, 
while ensemble member 20 shows a roughly uniform warm-
ing along the equator with the largest negative PC1value 
(Figs. 4, 5). Consequently, in ensemble member 5 with a 
more pronounced zonal warming gradient, the ENSO-
induced rainfall and zonal wind anomalies increase and shift 
eastward along the equator, reflecting the enhanced atmos-
pheric feedback (Fig. 7a, b). By contrast, rainfall and zonal 

CESM−LE PI control CMIP5
−50%

0

50%

100%

150%

200%

N
iñ

o
3
 r

a
in

fa
ll 

a
m

p
lit

u
d
e
 c

h
a
n
g
e

CESM−LE PI control CMIP5
−50%

−40%

−30%

−20%

−10%

0

10%

20%

30%

40%

50%

N
iñ

o
3
 S

S
T

 a
m

p
lit

u
d
e
 c

h
a
n
g
e

(a) 90%
75%

50%

25%
10%

(b) 90%
75%

50%

25%
10%

Fig. 3  The multi-member ensemble mean percentage changes 
between 2046–2095 and 1950–1999 in Niño-3 a SST and b rainfall 
standard deviations in CESM-LE (left) and CMIP5 models (right). 
The box-and-whisker plots show the 10th, 25th, 50th, 75th, and 90th 
percentiles, representing the inter-member variability. The middle 
column shows the ensemble mean with inter-member variability of 
100 ENSO amplitude differences between the first and last 50-year 
windows of randomly selected 145-year segment in 1100-year 
unforced control run
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wind anomalies even shift westward in ensemble member 
20 (Fig. 7c, d).

Derived from internal variability, the first inter-member 
EOF mode of ocean mean warming is similar to a natu-
ral TPDV mode in the long-term control run with constant 
 CO2 forcing, which also displays an east–west zonal dipole 
pattern in SST and covaries with interdecadal ENSO vari-
ability (Rodgers et al. 2004; Yeh and Kirtman 2004; Choi 
et al. 2013; Ogata et al. 2013). Here we performed the EOF 
analysis on the 11-year low-passed SST anomalies in the 
tropical Pacific based on the 1100-year CESM1 preindustrial 

control run (Fig. 8). Consistent with previous studies (Choi 
et al. 2013; Ogata et al. 2013), the first mode shows an El 
Niño-like decadal variability, while the second mode shows 
an east–west dipole-like pattern, explaining nearly 24% of 
the variance. The PC2 is correlated with 11-year running 
variance of Niño-3 index at r = 0.68, above the 95% signifi-
cance level, indicating the second mode is associated with 
the natural decadal modulation of ENSO amplitude. In addi-
tion, this mode is highly spatially correlated with the first 
inter-member EOF mode of SST warming (see Fig. 5a) at 
r = 0.95, corroborating this relationship.

Fig. 4  SST changes (oC) between 2046–2095 and 1950–1999 under global warming for 40 members of CESM-LE and ensemble mean (bottom) 
in the tropical Pacific. The values at the top right of each panel are the spatial correlations of warming pattern with that of ensemble mean
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To further illustrate the contribution of internal vari-
ability, we calculated a total of 100 differences of ENSO 
amplitude between the first and last 50-year windows of 
randomly selected 145-year segment in 1100-year unforced 
control run, such as differences between years 106–155 and 
11–60 and so on. The range of ENSO amplitude in con-
trol run (the box-and-whisker plot of the middle column in 
Fig. 3a) is comparable to that in CESM-LE. By contrast, the 
uncertainty in ENSO rainfall amplitude becomes larger in 
CESM-LE than that in control run (Fig. 3b), indicating the 

intensified ENSO-induced rainfall anomalies under global 
warming.

4  Comparison to CMIP5 multimodel ensemble

Previous studies usually used CMIP5 multimodel ensemble 
to investigate the ENSO amplitude change in future climate 
projections (Watanabe et al. 2012; Cai et al. 2014; Ham and 
Kug 2016; Zheng et al. 2016). However, most of them used 

Fig. 5  a The first EOF mode 
of inter-member spread in SST 
change between 2046–2095 
and 1950–1999 in CESM-LE. 
b The inter-member principal 
component of first mode
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only one ensemble member for individual models. There-
fore, model spread results both from model diversity and 
internal variability, while uncertainty in CESM-LE is from 
internal variability alone. Comparing CESM-LE and CMIP5 
ensemble can help us understand the relative importance of 
the two factors to uncertainty in the multimodel ensemble.

In this study, we collected 23 CMIP5 models with a sin-
gle ensemble member. ENSO amplitude in CMIP5 ensemble 
decreases slightly by about 10% with a large diversity among 
models (Fig. 9). The relative change of ENSO amplitude 
ranges from −52.5% in FGOALS-g2 to +72.4% in MRI-
CGCM3 in 2045–2095. The standard deviation of inter-
model variability is 28.6% in CMIP5, 1.2 times of that in 
CESM-LE. Overall, the uncertainty among CESM-LE mem-
bers is comparable with the CMIP5 model spread (the box-
and-whisker plot of the right column in Fig. 3a), indicating 
internal variability being an important source of uncertainty 
in ENSO projections under global warming.

Similar results are shown in the scatter diagrams of 
Niño-3 SST amplitude during 1950–1999 and 2046–2095 
(Fig. 10). In a warmer climate, the ensemble mean value of 
ENSO amplitude increases in CESM-LE while decreases 
slightly in CMIP5 ensemble. It is conceivable that the fluc-
tuation range in ENSO amplitude in CESM-LE, which is 
derived from a same model, is smaller than that in CMIP5 
ensemble both under present-day and future climates (hori-
zontal and vertical error bars in Fig. 10, respectively). How-
ever, the spread in ENSO amplitude change, which is repre-
sented by the radius of circle around the ensemble mean, are 
almost same in CESM-LE and CMIP5 ensemble, suggesting 

that the interference effect by internal variability cannot be 
ignored on detecting ENSO response to global warming.

The intermodel diversity of ENSO amplitude is also 
related to that in mean ocean warming pattern among CMIP5 
models. Here we examine the regression of ocean mean 
warming in tropical Pacific upon ENSO amplitude change to 
further compare the relationships between changes in mean 
state and ENSO amplitude in CESM-LE and CMIP5. The 
regression map in CESM-LE shows the zonal dipole-like 
pattern, quite similar to the first inter-member EOF mode 
of mean SST warming (Fig. 11a). By contrast, for CMIP5 
models, the associated warming pattern shows enhanced 
warming in the eastern equatorial Pacific (Fig. 11b).

In CMIP5 ensemble, our previous study suggested that 
mean warming pattern is considered to change the ENSO 
amplitude via regulating the convective feedback (Zheng 
et al. 2016). To show this effect of ocean warming pattern 
on tropical convection, here we define the relative SST in 
Niño-3 region (T*

Niño-3) as T*
Niño-3 = TNiño-3 − Ttropical-mean 

following Zheng et al. (2016), where T*
Niño-3 is SST in the 

Niño-3 region and Ttropical-mean is the tropical mean SST over 
 20oS-20oN. The relative SST change (ΔT*

Niño-3) between 
2046–2095 and 1950–1999, which is a good indicator for 
the warming pattern in the tropical Pacific, is significantly 
correlated with amplitude changes in ENSO SST and rainfall 
among CMIP5 models (Fig. 12a, b). The increased ENSO 
amplitude in CESM-LE ensemble mean also reflects this 
explanation: An El Niño-like warming pattern (Fig.  4) 
reduces the barrier to deep convection in the eastern equa-
torial Pacific, intensifies the convective feedback and ENSO 
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Fig. 7  The a rainfall (mm day−1) and b zonal wind (m s−1) regression along the equator (averaged in 5°S–5°N) upon Niño-3 SST anomalies 
during NDJ in CESM-LE member 5. c, d same as a, b but in member 20
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variability. As a result, ensemble mean Niño-3 SST and rain-
fall amplitudes both increase in CESM1 future projection.

Additionally, ENSO amplitude can also be modulated 
substantially by changes in zonal gradient of equatorial 
SST through strengthening air–sea coupling (An and Choi 
2015). To testify this mechanism, we define a zonal SST 
gradient index represented by the difference between east-
ern (110°–80°W, 10°S–10°N) and western (140°E–180°, 
10°S–10°N) equatorial Pacific. The intermodel diversity 
of change in zonal SST gradient index is also significantly 
correlated to that in ENSO amplitude at r = 0.51 (Fig. 13a). 
These results suggest that changes in T*

Niño-3 (i.e. local con-
vective feedback) and zonal SST gradient both contribute to 
modulating ENSO activity.

By contrast, in CESM-LE the change in ENSO amplitude 
is only highly correlated with that in zonal SST gradient 
(Fig. 13c, d), but shows weak relationship with ΔT*

Niño-3 
(i.e. local convection, Fig. 12c, d). We also found that the PC 
of second TPDV mode, which is correlated with the ENSO 
amplitude modulation, shows no significant correlation with 

11-year running T*
Niño-3 in 1100-year control run (r = 0.17, 

not shown). The weak correlation between changes in local 
convection and zonal SST gradient can also be found among 
CMIP5 models (Fig. 13b). On the other hand, the PC of first 
TPDV mode, which shows an El Niño-like pattern, is highly 
correlated with 11-year running T*

Niño-3 (r = 0.83). However, 
the first TPDV mode only weakly correlated with ENSO 
amplitude modulation at r = 0.28 (not shown), indicating 
that the pattern of first TPDV mode cannot regulate ENSO 
amplitude via convective feedback. Indeed, different to the 
warming pattern in CESM-LE (Fig. 4), the first TPDV mode 
shows a basin-wide warming. Its maximum warming even 
locals in the central to western equatorial Pacific (Fig. 8a). 
This pattern is unfavorable to attracting rainfall eastward and 
strengthening ENSO activity (An and Choi 2015).

It is also worth noting that the warming patterns in 
CMIP5 (see Fig. 3 in Zheng et al. 2016) are much more 
divergent than that in CESM-LE, which all display an 
El Niño-like pattern with weakened zonal SST gradient 
(Fig. 4). Therefore, diversities in ΔT*

Niño-3 (horizontal 

Fig. 8  Spatial SST pattern for a 
first TPDV and b second TPDV 
mode in 1100-year CESM1 
control run. c The PC of second 
TPDV mode (blue line) and 
11-year sliding standard devia-
tion of Niño-3 index (pink line)
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error bars in Fig. 12a, b) and changes in zonal SST gradient 
index (horizontal error bars in Fig. 13a, b) are both much 
smaller among CESM-LE members than those among 
CMIP5 models. By contrast, the amplitude uncertainty 
in CESM-LE reaches 80% of that in CMIP5, suggesting 
this large spread in ENSO amplitude change may not be 
caused by the slight mean state diversity. These results 
imply the distinct causations between ENSO response and 
ocean warming pattern in CESM-LE and CMIP5 ensem-
ble, which will be discussed in the next section.

5  Discussion

5.1  Detecting the significance of ENSO amplitude 
change

Considering the relative large uncertainty due to internal 
variability, the significance of ENSO response in ensemble 
mean need to be detected. We evaluate the 95% statistical 
significance of the ensemble mean changes against a null 
hypothesis of zero change using a 2-sided Student’s t test 

Fig. 9  As in Fig. 2 but for 23 
CMIP5 models. The red and 
blue lines denote the model with 
most increased (MRI-CGCM3) 
and decreased (FGOALS-g2) 
ENSO variability. The years 
shown on the x-axis denote the 
25th year of the 50-year period
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Fig. 10  Scatterplots of standard 
deviation of Niño-3 SST for 
NDJ between 1950–1999 and 
2046–2095. Blue dots denote 
values derived from CESM-
LE and squares denote values 
derived from CMIP5 models. 
The blue (red) asterisks and 
error bars denote the ensem-
ble mean and inter-member 
(intermodel) standard deviation. 
The radius of circle around 
the ensemble mean denotes 
the inter-member (inter-
model) standard deviation of 
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(1-sided t test for SST change), which is modified from 
Deser et al. (2012a). The minimum number of ensemble 
members (Nmin) needed to detect the forced response rep-
resented by ensemble mean at the 95% significance level is 
then calculated. Here the Nmin is a measure of the amplitude 
of the forced signal (ensemble mean) relative to the noise 
(ensemble member spread). The detailed information of the 
test method can be found in the appendix.

Figure 14 shows the 50-year running mean of changes 
in Niño-3 SST, T*

Niño-3, and zonal SST gradient index 
in ensemble mean and individual members (right axis), 
along with the associated Nmin time series (left axis). 
Both in CESM-LE and CMIP5, a significant change in 
TNiño-3 is detected with a single member at the beginning 
of the twenty-first century due to strong radiative forcing 
in RCP8.5 scenario. Additionally, changes in T*

Niño-3 and 
zonal SST gradient index is also significant after ~2030 with 
1–2 members in CESM-LE on account of an El Niño-like 
warming pattern in all ensemble members (Fig. 4). By con-
trast, changes in T*

Niño-3 and change in zonal SST gradient 
index in CMIP5 are significant with more ensemble member 
because of considerable intermodel variation of tropical SST 
warming pattern (Zheng et al. 2016). An ensemble of 2–4 
(4–6) models is still needed to detect the forced response of 
T*

Niño-3 (zonal SST gradient index) after 2000. In sum, the 
mean SST change in the tropical Pacific is significant both 
in CESM-LE and CMIP5, and shows relative large signal-to 
noise ratio (Hawkins and Sutton 2012; Deser et al. 2012a).

By contrast, the significant signal of ENSO response 
emerges much later than ocean mean warming (Fig. 15a). 

In CESM-LE, even though ensemble mean ENSO amplitude 
increases relative to the period 1950–1999, the relatively 
large number of ensemble member (~15) is still needed to 
detect it. Note that the Nmin decreases to less than 10 in the 
window centered at ~2030, and then increases gradually. 
This reflects a non-unidirectional response of ENSO ampli-
tude to anthropogenic forcing (Kim et al. 2014). Further-
more, it shows no significant ENSO response throughout the 
twenty-first century with slight decrease in CMIP5 ensemble 
mean (Fig. 15c). Thus robust change in ENSO variability 
can hardly be detected due to smaller signal-to-noise ratio. 
Even only considering the uncertainty due to internal vari-
ability in CESM-LE, a relative large number of ensemble 
members (~15) are needed to detect the forced response.

It should be noted that the significance calculation is 
sensitive to the selected present-day climate. Indeed, if we 
calculate change relative to first 50-year window in period 
1925–1974, a significant response in ENSO variability can 
be detected after 1980s with an ensemble of 3–6 members in 
CESM-LE (Fig. 15b). The significant signal is related to the 
rapid increase in ENSO amplitude during the mid-twentieth 
century, which is consistent with observations (Chowdary 
et al. 2012). However, this remarkable ENSO intensification 
seems not to be forced by GHG increase (note that the mag-
nitude in global warming is relatively small in the twentieth 
century). We suggest that the ENSO intensification might 
be attributed to the nearly same initial oceanic condition at 
1920 shared by all CESM-LE members. Indeed, compared 
with the climatology in preindustrial control run, NDJ SST 
in 1920 shows an evident cooling in the eastern equatorial 

Fig. 11  The regression of 
inter-member spread in SST 
change upon ENSO amplitude 
change between 2046–2095 and 
1950–1999 in a CESM-LE and 
b CMIP5 ensemble. Grid points 
marked with filled dots exceed 
the 95% confidence level based 
on Student’s t test

(a)

(b)
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Pacific in most members (not shown), in favor of suppress-
ing ENSO activity. By contrast, with a stochastic present-
day climate, the ensemble mean change in CMIP5 remains 
insignificant under global warming relative to the period 
1925–1974 (Fig. 15d).

5.2  The causations between ocean mean warming 
and ENSO amplitude change

Though the ENSO responses to global warming in both 
CESM-LE and CMIP5 are associated with ocean mean 
warming, the casual relationships are distinct in CESM-LE 
and CMIP5. In CMIP5 models, the mean warming pattern, 
which emerges earlier, is first forced by radiative forcing, 
and then affects the ENSO variability via regulating the 

air-sea coupling (An and Choi 2015; Zheng et al. 2016). 
However, the mechanism of ENSO natural modulation is 
still being debatable: several studies suggested the effect of 
low-frequency variability to ENSO amplitude (Wittenberg 
2002; Fang et al. 2008; DiNezio et al. 2012), while others 
suggested the interaction between ENSO modulation and 
decadal internal variability, pointing out ENSO’s nonlin-
earity is important to the mean state change (Rodgers et al. 
2004; Watanabe and Wittenberg 2012; Ogata et al. 2013; 
Wittenberg et al. 2014). Therefore, the ENSO amplitude 
change due to internal variability may not simply result 
from the mean state change. Here our results suggest the 
latter mechanism may works on the uncertainty due to inter-
nal variability. Slight differences of mean warming among 
CESM-LE members are not adequate to affecting ENSO 
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Fig. 12  Inter-model scatterplots between ΔT*
Niño-3 (°C) and the 

twenty-first to twentieth century ratio of standard deviation for 
Niño-3 a SST and b rainfall in CMIP5 ensemble. c, d As in a, b, 
but for CESM-LE. The red and blue asterisks and error bars denote 

the ensemble mean and inter-member standard deviations in CMIP5 
ensemble and CESM-LE, respectively. The dashed line denotes the 
linear regression. The years shown on the x-axis denote the 25th year 
of the 50-year period
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variability via changing convective feedback effectively as in 
CMIP5 (Figs. 12, 13), but may result from the rectification 
of internal ENSO amplitude modulation. Similarly, uncer-
tainty in ENSO amplitude change in CESM-LE results from 
interaction between chaotic ENSO perturbation and TPDV, 
and is not predictable in coupled model projections (Wit-
tenberg et al. 2014). In this case, the magnitude in ENSO 
amplitude change is largely affected by the random ENSO 
activity in present-day climate. Indeed, the inter-member 
correlation between ENSO amplitude in present-day climate 
(1950–1999) and ENSO amplitude change under global 
warming is significantly correlated at r = −0.72 (not shown). 
As a circumstantial evidence, the ensemble mean change 
relative to the first 50-year window of period 1925–1974 is 
more significant, which is restricted by the nearly same ini-
tial oceanic condition for all ensemble members (Fig. 15c).

It should be noted that the ENSO-induced TPDV is 
largely affected by the performance of model to simulate 

ENSO variability: models with a large (small) ENSO ampli-
tude simulate strong (weak) interaction between ENSO and 
mean state, leading to intensified (reduced) dipole-like 
TPDV mode (Choi et al. 2013). Because of the excessively 
strong ENSO amplitude compared with observations and 
other CMIP5 models (Figs. 1, 10), the effect of internal 
variability on ENSO amplitude might be overestimated in 
CESM-LE. If available, we will use large ensemble from 
other models with more realistic ENSO simulation to evalu-
ate uncertainty in ENSO response to global warming due to 
internal variability in the future.

6  Summary

Internal variability is an important component of uncertainty 
in future climate projections. In this study, a 40-member 
large ensemble from CESM-LE project is analyzed to assess 
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Fig. 13  As in Fig. 11 but for changes in zonal SST gradient index
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this part of uncertainty in ENSO amplitude change. We find 
a considerable inter-member diversity in ENSO amplitude 
response among CESM-LE members despite relatively small 
variations of warming pattern. The change in ENSO vari-
ance is associated with ocean mean warming in the tropical 
Pacific. Specifically, a dipole-like inter-member EOF mode 

of warming pattern is highly correlated with member diver-
sity in ENSO amplitude response: a member with intensified 
(weakened) ENSO variability shows a more (less) east–west 
warming gradient along the equator. This dipole-like pat-
tern looks similar to the second TPDV mode associated 
with ENSO amplitude modulation in an 1100-year CESM1 
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Fig. 14  50-year running mean NDJ time series of a Niño-3 SST, b 
 T*

Niño-3 and c zonal SST gradient index (°C, right axis) in CESM-
LE ensemble. The black thick lines denote the 40-member ensemble 

mean. The shading shows the minimum number of ensemble mem-
bers (left axis) needed to detect a 95% significant change relative to 
1950–1999. d–f As in a–c but for CMIP5 multimodel ensemble
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control run. Next we compare ENSO response in CESM-LE 
with that in CMIP5 ensemble. The standard deviation of 
inter-member variability in CESM-LE reaches 80% of that in 
CMIP5, indicating large contribution of internal variability. 
Significance detection shows that a large number (~15) of 
ensemble member is needed to detect a significant change 
and suppress interference of internal variability in CESM-
LE. Furthermore, we suggest that the causations between 
ocean mean warming and ENSO amplitude change are dis-
tinct in CESM-LE and CMIP5 ensemble. Particularly, in 
CESM-LE, the ENSO amplitude changes rectify onto the 
mean state, leading to the dipole-like inter-member mode 
of ocean mean warming in the tropical Pacific.

Abundant previous studies used coupled models with a 
single ensemble member to investigate ENSO amplitude 
change under global warming (Watanabe et al. 2012; Cai 
et al. 2014; Rashid et al. 2016; Ham and Kug 2016; Zheng 

et al. 2016). Most of them suggested that the intermodel 
diversity results from mean state simulation or mean state 
change but only with a moderate correlation (e.g. Watan-
abe et al. 2012; Zheng et al. 2016). However, in these stud-
ies, uncertainty in ENSO amplitude change among models 
with single ensemble member is attributed not only by 
model differences but also by internal variability. Indeed, 
the responses of ENSO amplitude to global warming in 
individual models can only be detected with a relatively 
large number of realizations (Fig. 15). Therefore, to have 
a better understanding of intermodel diversity in ENSO 
change under global warming, large ensemble mean in an 
individual model instead of single member should be used 
on multimodel comparison. In addition to amplitude, the 
effect of internal variability to changes in other ENSO 
properties such as period, flavors, asymmetry, teleconnec-
tion should be investigated in the future.
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Fig. 15  Percentage change (right axis) of 50-year running stand-
ard deviation of the NDJ Niño-3 SST relative to a 1950–1999 and b 
1925–1974 in CESM-LE ensemble. The black thick lines denote the 
40-member ensemble mean. The shading shows the minimum num-

ber (left axis) of ensemble members needed to detect a 95% signifi-
cant change relative to 1950–1999 and 1925–1974, respectively. c, d 
As in a, b, but for CMIP5 multimodel ensemble
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Appendix: The estimation of the minimum 
ensemble size Nmin

In this study, we evaluate the 95% statistical significance of 
the ensemble mean changes against a null hypothesis of zero 
using a one-sample t test. We use the statistic for ensemble 
mean defined as

where x̄ is the ensemble mean change of ENSO amplitude in 
a specific 50-year running window relative to that in the first 
window, � is the sample standard deviation of the changes 
in CESM-LE (CMIP5), N is the ensemble size 40 (23),and 
t(N − 1) is the t statistic for the degrees of freedom N − 1. 
When x̄ and � satisfy the following relationship 

we can reject the hypothesis and the ensemble mean changes 
are significant at the 95% confidence level.

According to t-distribution, t(N − 1)p=0.05 ∼ 2 for 2-sided 
t test (~1.7 for 1-sided t test) when N > ~20. Therefore, we 
can estimate the minimum ensemble size asNmin ∼

4

(x̄∕𝜎)2
 

(Nmin ∼
2.9

(x̄∕𝜎)2
) for 2-sided (1-sided) t test. In this study, we 

detect the significance of changes in TNiño-3 based on 1-sided 
t test, while detect the significances of ΔT*

Niño-3 and ENSO 
amplitude changes based on 2-sided t test.
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