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of ENSO amplitude is particularly significant when the 
Indian Ocean is decoupled, but the shift of ENSO to lower 
frequencies is more pronounced in the Atlantic decoupled 
experiments. These changes of ENSO statistical properties 
are related to stronger Bjerknes and thermocline feedbacks 
in the nudged experiments. During the mature phase of El 
Niño events, warm SST anomalies are found over the Indian 
and Atlantic oceans in observations or the control run. Con-
sistent with previous studies, the nudged experiments dem-
onstrate that these warm SSTs induce easterly surface wind 
anomalies over the far western equatorial Pacific, which fas-
ten the transition from El Niño to La Niña and promote a 
shorter ENSO cycle in the control run. These results may be 
explained by modulations of the Walker circulation induced 
directly or indirectly by the Indian and Atlantic SSTs. 
Another interesting result is that decoupling the Atlantic 
or Indian oceans change the timing of ENSO onset and the 
relative role of other ENSO atmospheric precursors such as 
the extra-tropical Pacific Meridional Modes or the Western 
North Pacific SSTs.

Keywords El Niño–Southern Oscillation · Indian Ocean · 
Atlantic Ocean · Ocean–atmosphere interactions · Coupled 
climate model

1 Introduction

El Niño–Southern Oscillation (ENSO) is the dominant 
mode of climate variability in the Tropics (Clarke 2008). 
ENSO has a far-reaching effect leading to extensive floods 
or anomalous droughts in many regions of the globe. Thus, 
advanced and accurate forecast of ENSO has significant 
applications, but is still a challenging problem as illus-
trated by the complete failure of the recent forecasts issued 

Abstract The impact of the Indian and Atlantic oceans 
variability on El Niño–Southern-Oscillation (ENSO) phe-
nomenon is investigated through sensitivity experiments 
with the SINTEX-F2 coupled model. For each experiment, 
we suppressed the sea surface temperature (SST) variability 
in either the Indian or Atlantic oceans by applying a strong 
nudging of the SST toward a SST climatology computed 
either from a control experiment or observations. In the 
sensitivity experiments where the nudging is done toward 
a control SST climatology, the Pacific mean state and sea-
sonal cycle are not changed. Conversely, nudging toward an 
observed SST climatology in the Indian or Atlantic domain 
significantly improves the mean state and seasonal cycle, 
not only in the nudged domain, but also in the whole trop-
ics. These experiments also demonstrate that decoupling the 
Indian or Atlantic variability modifies the phase-locking of 
ENSO to the annual cycle, influences significantly the timing 
and processes of ENSO onset and termination stages, and, 
finally, shifts to lower frequencies the main ENSO periodici-
ties. Overall, these results suggest that both the Indian and 
Atlantic SSTs have a significant damping effect on ENSO 
variability and promote a shorter ENSO cycle. The reduction 
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in boreal spring of 2014 by the different operational pre-
dictions groups, which indicated a high chance of a major 
El Niño evolving over the summer, autumn and winter of 
2014 (Tollefson 2014). Basic properties of ENSO are now 
rather well understood and simulated by current Coupled 
General Circulation Models (CGCMs). However, anticipat-
ing its behavior before boreal spring and understanding its 
relationship with other tropical and extra-tropical regions 
are still related and challenging problems.

While the classical picture is that the Indian and Atlantic 
oceans only play a passive role in ENSO evolution, many 
new studies suggest an active role of these two basins on 
ENSO. First, there is a lot of studies focusing on the role 
of Indian Ocean Basin-wide (IOB) warming or Indian 
Ocean Dipole (IOD) in ENSO onset and evolution (Kug 
and Kang 2006; Kug et al. 2006a, b; Ohba and Ueda 2007; 
Izumo et al. 2010; Luo et al. 2010; Dayan et al. 2014). 
They pointed out that there are significant differences in 
ENSO evolution with and without IOB warming or IOD in 
observations. It has been suggested that the ENSO-forced 
IOB warming might affect atmospheric circulation over the 
western Pacific to fasten the turnabout of the ENSO cycle 
(Kug and Kang 2006). Izumo et al. (2010) claimed that 
skillful ENSO forecasts are possible 14 months in advance 
with the help of the IOD. These results are related to the 
fact that zonal wind anomalies associated with the IOB or 
IOD may propagate from the equatorial Indian Ocean into 
the equatorial Pacific before the onset of El Niño or during 
the transitions from El Niño to La Niña and are thus use-
ful parameters to overcome the spring predictability bar-
rier of ENSO (Barnett 1983; Clarke and Van Gorder 2003; 
Clarke 2008; Kug et al. 2010). sea surface temperature 
(SST) anomalies over the South Indian Ocean may also 
act as a remote forcing to promote wind anomalies in the 
western equatorial Pacific (Dominiak and Terray 2005; Ter-
ray 2011; Boschat et al. 2013). These recent studies imply 
that the Indian Ocean may be an integral part of the ENSO 
dynamics. But, the relative roles of the IOD, IOB or South 
Indian Ocean SSTs in ENSO are difficult to assess from 
observations because these relationships involve a complex 
interplay of ocean and atmospheric processes in both the 
Indian and Pacific oceans (Santoso et al. 2012; Dayan et al. 
2014).

The relationships between the tropical Atlantic Ocean 
and ENSO have also been the focus of many recent stud-
ies (Dommenget et al. 2006; Rodriguez-Fonseca et al. 
2009; Jansen et al. 2009; Ding et al. 2012; Keenlyside 
et al. 2013; Ham et al. 2013a, b; Polo et al. 2014; Kurchar-
ski et al. 2015). Several of these studies emphasized that 
the so-called Atlantic El Niño events during boreal sum-
mer can modulate ENSO variability through a modulation 
of the Walker circulation (Frauen and Dommenget 2012; 
Ding et al. 2012; Polo et al. 2014). Interestingly, some 

Atlantic Niñas coincide with the strongest El Niño cases 
(i.e. 1982/1983 and 1997/1998) in the twentieth century. 
This implies that Atlantic Niñas may help to develop the 
strongest El Niño events in the Pacific and improve ENSO 
predictions (Keenlyside et al. 2013). The lead relationship 
between Atlantic variability and ENSO also exists in boreal 
winter and early spring, involving the southern Atlantic 
(Terray 2011; Boschat et al. 2013) or the subtropical North 
Atlantic (Ham et al. 2013a, b; Dayan et al. 2013). Thus, a 
large variety of mechanisms may account for the statisti-
cal relationships between the Atlantic and Pacific basins 
in addition to the traditional ENSO teleconnection (Chang 
et al. 2006).

The complex interactions between ENSO, Indian and 
Atlantic oceans make it difficult, and probably almost 
impossible, to determine their cause-and-effect rela-
tionships using observational analyses or forced atmos-
pheric experiments (Dayan et al. 2014). All the puz-
zling results discussed above need to be verified with 
a comprehensive CGCM in order to demonstrate causal 
relationships between Atlantic or Indian ocean variabil-
ity and ENSO. CGCM experiments that can isolate the 
coupling processes within and external to the Pacific 
Ocean are thus a useful alternative for testing the vari-
ous hypotheses.

Basin decoupling or partially coupled experiments have 
already been performed to study the inter-basin interac-
tions between the Indian, Atlantic and Pacific oceans (e.g. 
Yu et al. 2002, 2009; Yu 2005; Wu and Kirtman 2004; Kug 
et al. 2006b; Santoso et al. 2012 for the Indian Ocean; 
Rodriguez-Fonseca et al. 2009; Ding et al. 2012; Keenly-
side et al. 2013; Polo et al. 2014 for the Atlantic Ocean). 
However, very few studies have performed decoupling 
or partially coupled experiments for both the Indian and 
Atlantic oceans in exactly the same modeling framework, 
except Dommenget et al. (2006) or Frauen and Dommenget 
(2012).

Frauen and Dommenget (2012) argued that knowing the 
initial conditions and simulating the evolution in the tropi-
cal Atlantic is more important than the knowledge of Indian 
Ocean evolution for ENSO predictability. On the other 
hand, Keenlyside et al. (2013), using numerical experi-
ments with observed Atlantic SSTs nudged into a coupled 
model, found that Atlantic variability during boreal winter 
and spring is irrelevant for ENSO prediction, only Atlan-
tic Ocean SSTs during boreal summer do matter for ENSO. 
Similarly, the CGCM results obtained so far on the impact 
of Indian Ocean SSTs on ENSO are somewhat controver-
sial. Some of these previous CGCM studies find that Indian 
Ocean coupling could enhance ENSO variability (Yu et al. 
2002, 2009; Wu and Kirtman 2004), while others found the 
reverse (Dommenget et al. 2006; Kug et al. 2006a; Frauen 
and Dommenget 2012; Santoso et al. 2012) or no impact of 
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the Indian Ocean coupling on ENSO amplitude (Yeh et al. 
2007).

The inconsistencies in these numerical experiments 
could be partly due to model biases, too short simula-
tions, the use of partly simplified coupled models or flux 
adjustments, or different decoupling strategies. The most 
common approach in the different studies is to replace the 
simulated SSTs in a basin with a monthly SST climatology. 
However, some studies used a SST climatology estimated 
from observations (Yu et al. 2002, 2009), while others used 
a SST climatology from a control simulation in the decou-
pled experiments (Wu and Kirtman 2004; Kug et al. 2006b; 
Santoso et al. 2012). These different approaches may 
induce different conclusions because SST biases may vary 
from one model to another. Furthermore, by using SST cli-
matology from observations, these SST biases are removed, 
but we cannot ascertain that the changes of variability in 
the decoupled experiment are due to the SST biases or to 
the absence of variability in the basin in which the ocean–
atmosphere coupling has been turned off.

Here, we employ a fully coupled climate model with-
out any flux adjustments and a realistic ENSO variability 
to address these issues. More precisely, we use a series of 
basin-decoupling CGCM experiments using both observed 
and simulated SST climatologies to discriminate the rela-
tive roles of Indian and Atlantic basins on ENSO variabil-
ity. While our modeling results are consistent with some 
previous studies and support the hypothesis that both the 
Indian and Atlantic SST variability accelerates the decay-
ing phase of El Niño, they also suggest that Indian and 
Atlantic variability plays an important role in ENSO onset 
and modulates ENSO feedbacks.

The article is organized as follows. In Sect. 2, we give 
a brief overview to the SINTEX-F2 coupled model, the 
design of the decoupled experiments and the statistical 
tools used here. Section 3 is devoted to the validation of 
ENSO variability in SINTEX-F2 and to a description of the 
changes of ENSO properties and feedbacks directly associ-
ated with Indian and Atlantic variability in the decoupled 
experiments. Sections 4 and 5 focus more specifically on 
the onset and decaying stages of ENSO, which account for 
many of the simulated ENSO changes. Conclusions and 
prospects for future work are given in Sect. 6.

2  Coupled model, experimental design 
and statistical tools

2.1  Model setup and sensitivity experiments

In order to study the impact of the tropical Atlantic and 
Indian oceans on ENSO, the SINTEX-F2 CGCM is 
employed (Masson et al. 2012). The atmosphere model is 

ECHAM5.3 and is run at T106 spectral resolution (about 
1.125° by 1.125°) with 31 hybrid sigma-pressure levels 
(Roeckner et al. 2003). The oceanic component is NEMO 
(Madec 2008), using the ORCA05 horizontal resolution 
(0.5°), 31 unevenly spaced vertical levels and including the 
LIM2 ice model (Timmermann et al. 2005). Atmosphere 
and ocean are coupled by means of the Ocean–Atmos-
phere–Sea Ice–Soil (OASIS3) coupler (Valcke 2006). 
The coupling information, without any flux corrections, 
is exchanged every 2 h. The model does not require flux 
adjustment to maintain a stable climate, and simulates a 
realistic mean state and interannual variability in the tropi-
cal Pacific (Masson et al. 2012). It has also been shown to 
perform very well in ENSO prediction studies (Luo et al. 
2005a). The performance of the SINTEX-F2 model in 
simulating the seasonal cycle in the Indian areas has been 
assessed in Terray et al. (2012) and Prodhomme et al. 
(2014) and is not repeated here.

We first run a 210-years control experiment (named 
REF hereafter) with the standard coupled configuration of 
SINTEX-F2. The mean SST climatology estimated from 
the REF simulations has been compared to SST data from 
1979 to 2012 taken from the Hadley Center Sea Ice and 
Sea Surface Temperature dataset version 1.1 (HadISST1.1; 
Rayner et al. 2003). The tropical areas are generally too 
warm and extra-tropics too cold (Fig. 1a, b). Mean devia-
tions from observed SST is <1 °C over much of the tropi-
cal Indian and Pacific oceans, with exceptions in the Hum-
bolt and California upwelling regions where warmer biases 
are found. The REF simulation also exhibits a slight cold 
tongue bias in the central equatorial Pacific, but this bias is 
very limited compared to many other CGCMs. The SSTs in 
the Atlantic are much less realistic, with a strong warm bias 
(over 3 °C) in the eastern equatorial and Benguela regions, 
a problem found in many state-of-the-art CGCMs (Richter 
and Xie 2014).

To study in a common framework, the interactions of 
the tropical Indian and Atlantic oceans with ENSO, a par-
tial coupled configuration of the model is used, with full 
coupling everywhere and no flux corrections, except in a 
specific area (e.g. the tropical Atlantic or Indian oceans), 
where model SSTs are nudged to a daily varying SST cli-
matology obtained from the control run or observations, 
following the protocol described in Luo et al. (2005a). The 
method essentially modifies the non-solar heat flux pro-
vided by the atmosphere to the ocean by adding a correc-
tion term that scales with the SST error of the model. For 
example, if the model SST is too warm we decrease the 
heat flux. The damping constant used is −2400 W m−2 K−1 
and this large feedback value is applied between 30°S and 
30°N in each domain. This value corresponds to the 1-day 
relaxation time for temperature in a 50-m ocean layer. A 
Gaussian smoothing is finally applied in a transition zone 
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of 5° in both longitude and latitude at the limits of the SST 
restoring domains. This large correction, using daily clima-
tology, completely suppresses the SST variability in each 
corrected region.

First, we perform two 110 years sensitivity experiments 
(named FTIC and FTAC hereafter), where the model SSTs 

in the tropical Indian and Atlantic oceans are nudged to the 
SST climatology obtained from the REF simulation. These 
two experiments are initialized with the same initial condi-
tions as REF in order to allow a direct comparison between 
the different simulations. Thus, in these experiments there 
are no change in the Indian or Atlantic SST mean state 

5 7 9 11 13 15 17 19 21 23 25 27 29 32

7
7

7
9

9
9

9 9

11

11 11

13

13

13

13 13

15 15

15

15

15 15
15

17 1717 17
17

17 17
17 17

19

19

1919

19 19
19

19

19

21

21

21

21

21 21
21

23

23

23

23

23
23 23

25

25

2525

25

25 25

25

25

25

27

27

2727

27
27

27

27

27 27

27

2727

29
29 29

29

29
29 29

31

100E 160W 60W
40S

20S

0

20N

40N

(a) SST Climatology - REF (21-210)

(b) SST Climatology differences - REF - HadISST

-1.0 -1.0
-1
.0

-1.0

0.0 0.0
0.0

0.0

0.0

0.0

0.0

0.0 0.00.0

0.0

0.0

0.
0

0.0

1.0

1.0 1.01.
0

1.0

1.
0

1.0

1.0

1.0

2.0

2.0

2.0

3.0
3.0

100E 160W 60W
40S

20S

0

20N

40N

-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

(c) SST Standard-Deviation - REF (21-210)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

(d) SST Standard-Deviation differences REF - HadISST

-0
.8-0
.8

-0
.8

-0.8

-0
.8

-0
.8

-0
.8

-0.8

8.
0-

-0
.6-0
.6

-0
.6

-0.6 -0
.6

-0
.6

-0
.6

-0.6 -0
.6

-0
.4-0
.4

-0
.4

-0
.4 -0.4 -0. 4

-0
.4

4.0-

-0.4 -0
.4

-0.2

-0
.2

-0.2

-0.2 -0
.2

-0
.2

-0
.2

-0.2 -0
.2 -0.2

0.0

0
.0

0.0

0.0

0
.0

0.0

0.0

0.0
0.
0

0.0

0.0 0
.0

0
.0

0
.0 0.

0 0.0

0.0 0.0

0.
0

0
.0

0.2

0.2

0.2

0.2 0
.2

0
.2

0
.2

0
.2

0.2

100E 160W 60W

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

100E 160W 60W
40S

20S

0

20N

40N

40S

20S

0

20N

40N

Fig. 1  a SST mean state in REF (°C) from 190-year annual mean 
(years 11-210 of REF), b SST means difference (°C) between REF 
(years 11-210) and HadISST1.1 dataset (years 1979–2012), c SST 

standard deviation in REF (°C) and d SST standard deviation dif-
ference (°C) between REF (years 11-210) and HadISST1.1 dataset 
(years 1979–2012)
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and seasonal cycle compared to the REF simulation, but 
SST interannual variability is suppressed in the corrected 
region. In order to assess the robustness of our results with 
respect to the SST biases of the model (especially for the 
tropical Atlantic where the model’s SST biases are par-
ticularly significant in REF), two additional experiments, 
named FTIC-obs and FTAC-obs, were also conducted in 
which the SST damping is applied towards a daily clima-
tology computed from the AVHRR only daily Optimum 
Interpolation SST (OISST) version 2 dataset for the 1982–
2010 period (Reynolds et al. 2007). These simulations have 
a length of 50 years. In these runs, the large feedback value 
applied fully removes the SST biases with respect to the 
observed SST climatology in addition of suppressing the 
SST variability in the restoring domain. It is important to 
keep in mind that the main focus of these two new experi-
ments will be again to delineate, at the first order, if ENSO 
is significantly different with or without inclusion of the 
tropical Indian or Atlantic SST variability in the coupled 
simulation. In particular, we will not discuss in details the 
changes of the Pacific mean state and variability induced 
specifically by the correction of the SST biases in the 
Indian and Atlantic Oceans in the FTIC-obs and FTAC-obs 
runs. Table 1 summarizes the specifications of the different 
sensitivity experiments used here. Finally, in the following 
analyses, the first 20 years of the REF, FTIC and FTAC, 
and the first 10 years of FTIC-obs and FTAC-obs have been 
excluded due to the spin-up of the coupled model.

2.2  Maximum covariance analysis

To trace the mechanisms governing the ENSO modifica-
tions in our set of experiments, we use the maximum covar-
iance analysis (MCA) approach described in Masson et al. 
(2012). In short, MCA describes the linear relationships 
between two fields by estimating the covariance matrix 
between these two fields and computing the singular value 
decomposition (SVD) of this covariance matrix for defin-
ing some pairs of spatial patterns, which describe a fraction 
of the total square covariance (Bretherton et al. 1992). The 
MCA results in spatial patterns and time series. The kth 
expansion coefficient (EC) time series for each variable is 
obtained by projecting the original monthly anomalies onto 

the kth singular vector of the SVD of the covariance matrix. 
Using the ECs from the MCA, two types of regression 
maps can be generated: the kth homogenous vector, which 
is the regression map between a given data field and its kth 
EC, and the kth heterogeneous vector, which is the regres-
sion map between a given data field and the kth EC of the 
other field. The kth heterogeneous vector indicates how 
well the grid point anomalies of one field can be predicted 
from the kth EC time series of the other field. The chosen 
geographical domain for the various MCA computations 
covers the Pacific Ocean (defined in the area 30°S–30°N 
and 120–290°E). Changing the latitude boundaries of this 
domain yields leading spatial patterns of variability that 
are almost similar and did not change the main results pre-
sented in Sect. 3.

The square covariance fraction (SCF) is a first simple 
measure of the relative importance of each mode (e.g. of 
each singular triplets of the covariance matrix between the 
two fields) in the relationship between two fields. The cor-
relation value (r) between the kth ECs of the two fields and 
the normalized root-mean-square covariance (NC), intro-
duced by Zhang et al. (1998), indicate how strongly related 
the coupled patterns are. These statistics will be used in 
Sect. 3 to assess the strength of various atmosphere–ocean 
feedbacks in the different experiments.

3  ENSO statistics, feedbacks and evolution

3.1  ENSO statistics in observations and REF

We first assess how the ENSO variability is realistic in 
REF, especially how the observed tropical SST evolution 
during ENSO events is reproduced. Such a validation is 
particularly important, as many of the discrepancies found 
about the influence of the Indian and Atlantic oceans on 
ENSO in previous modeling studies may be related to the 
errors in the particular CGCM used in each case.

The difference between the observed and simulated spa-
tial patterns of SST variability is shown in Fig. 1d. As in 
observation, the maximum of SST variability in REF is 
found in the central equatorial Pacific (Fig. 1c). This maxi-
mum is slightly weaker than observed (up to −0.2 °C), but 

Table 1  Summary of the 
numerical experiments with 
their main characteristics, 
including length, nudging 
domain and SST climatology 
used for the nudging in the 
Indian or Atlantic oceans 
decoupled experiments

Name REF FTIC FTIC-obs FTAC FTAC-obs

Correction area None Indian Ocean
30°E–120°E
25°S–30°N

Indian Ocean
30°E–120°E
25°S–30°N

Atlantic Ocean
100°W–20°E
25°S–25°N

Atlantic Ocean
100°W–20°E
25°S–25°N

Smoothing area None 30°S–25°S 30°S–25°S 30°S–25°S
25°N–30°N

30°S–25°S
25°N–30°N

SST data None REF AVHRR REF AVHRR

Time duration (year) 210 110 50 110 50
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is not shifted westward as in many other CGCMs, thanks to 
the coupling method described in Luo et al. (2005b). REF 
also shows some discrepancies with observations in the 
eastern Pacific. The SST variability is overestimated over 
the southeast Indian Ocean, particularly along the Java–
Sumatra coast, which is one of the centers of the IOD. On 
the other hand, the SST variability is significantly reduced 
over the southeast Atlantic Ocean. This is consistent with 
the strong SST biases in the tropical Atlantic mean state 
(Fig. 1b).

In order to provide a quantitative assessment of the 
tropical SST variability, the SST standard-deviations of 
the Niño-34, IOB, IOD indices and the equatorial Atlantic 
mode (defined by the classical ATL3 index) in observations 
and REF are shown in Table 2. As noted before, REF has 
a slightly lower Niño-34 SST variability than observed. In 
agreement with Terray et al. (2012), standard-deviation of 
the IOD index is much stronger than in observations, but 
the amplitude of the IOB is realistic. Finally, the simu-
lated ATL3 SST variability is significantly reduced. These 
important biases affecting the equatorial Indian and Atlan-
tic variability are unfortunately very common in current 
coupled models and are related to an erroneous represen-
tation of the Bjerknes, wind–evaporation–SST and cloud–
radiation–SST feedbacks, which govern the evolution and 
amplitude of the IOD and equatorial Atlantic modes (Liu 
et al. 2014; Li et al. 2015; Richter and Xie 2014; Kurchar-
ski et al. 2015).

We now examined the seasonal dependence of ENSO 
SST variability (Fig. 2a). The monthly standard devia-
tion of Niño-3.4 SSTs is the highest from November to 
February and is about 1–0.9 °C in the control simulation 
and 1–1.1 °C in observations. The lowest standard devia-
tions are observed during boreal spring in both observa-
tions and REF, suggesting that the model reproduces a 

reasonable phase-locking to the annual cycle and that El 
Niño onset usually occurs during boreal spring as observed. 
The results concerning the nudged experiments will be dis-
cussed below (see Sect. 3.1).

In order to document how the ENSO frequency is simu-
lated, power spectrum analysis is used (Fig. 2b). The spec-
tral density for the observations is estimated from the Had-
ISST1.1 dataset for the period 1900–2012 after removal of 
the seasonal cycle and trend. A similar preprocessing was 
done for the different simulations. As expected, the domi-
nant period for the observed Niño-3.4 SST index is about 
4 years with a broad spectrum between 2 and 6 years. The 
Niño-3.4 SST spectrum in REF is highly realistic with a 
similar broad spectral peak. Furthermore, the simulated 
ENSO spectrum is always inside the 99 % confidence inter-
val estimated from the observed spectrum (dashed lines 
in Fig. 2b). This is again a distinctive feature of SINTEX-
F2 compared to many CMIP5 models, which still fail to 
reproduce the observed ENSO frequency (Jha et al. 2013). 
This good agreement between the observed and simulated 
ENSO power spectra provides confidence to use SINTEX-
F2 to investigate the changes of ENSO frequency associ-
ated with Indian or Atlantic oceans variability as well as the 
mechanisms connecting the variability in the three basins, 
in the next sections.

Figure 3 shows the observed and simulated correlations 
of tropical SSTs with the Niño-3.4 SST during December–
January (DJ hereafter), when ENSO is in its mature phase. 
The ENSO-developing (decaying) phase is defined as a 
prior (posterior) period of the ENSO mature phase (DJ). 
The years for the ENSO-developing and decaying phases 
will be denoted “year0” and “year + 1”, respectively. Simi-
larly, we will use the notation “year − 1” to denote the year 
preceding the ENSO-developing year in REF. The modeled 
El Niño has its onset during the boreal spring as observed. 
The simulated spatial pattern of extra-tropical SST anoma-
lies in the North and South Pacific before or at the ENSO 
onset period matches the observations. Cold SST anoma-
lies are also observed and simulated before El Niño onset 
over the tropical Indian and Atlantic oceans. However, 
these SST signals are mainly confined in the tropics in 
REF, while they extend significantly in the southern ocean 
in observations. Also in the tropical Atlantic Ocean, signifi-
cant cold anomalies are found north of the equator in REF 
rather than in the southern hemisphere as in observations 
during boreal spring and summer of year0 (Fig. 3).

It is interesting to note that, conversely to many CCGMs, 
the ENSO events in REF are not too narrowly confined to 
the equator and do not extend too far to the west. Further-
more, the life cycle of the ENSO events in the model, as 
seen from the SST anomalies, agrees well with observa-
tions, exhibiting realistic teleconnections with the extra-
tropics, as well as over the Indian and Atlantic Oceans 

Table 2  SST standard-deviations

Standard-deviations (in °C) of Niño-3.4 (5°S–5°N, 170–120°W), 
ATL3 (5°S–5°N, 340–360°E), IOB (20°S–20°N, 40–110°E), and 
IOD SST indices in observations and REF. The IOD index is com-
puted as the differences between the SST anomalies in a western 
(10°S–10°N, 60–80°E) and eastern (0–10°S, 90–110°E) box in the 
tropical Indian Ocean. The different indices are computed as seasonal 
averages as defined in the first row of the table. These seasons cor-
respond to the peak season of the indices in the observations. The 
statistics for the observations are derived from the HadISST1.1 data-
set for the 1979–2012 period. The statistical significance of the dif-
ferences between the observed and simulated standard-deviations has 
been assessed with the help of a Fisher test. The simulated standard-
deviations significant at the 95 % confidence level are in bold

Indices Niño-3.4
DJF

ATL3
JJAS

IOB
AM

IOD
SON

Observations 1.11 0.45 0.29 0.35

REF 0.89 0.30 0.24 0.55
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(Fig. 3). As an illustration, SINTEX-F2 is able to reproduce 
realistic correlations of ENSO with IOD and IOB modes 
during boreal fall and winter, respectively. Nevertheless, the 
simulated IOD starts too early, extends too far west along 
the equator, is too strong (see Table 2) and is strongly cor-
related with ENSO compared to observations. This is a per-
sisting bias of the SINTEX model, which is related to the 
overestimated strength of the wind–thermocline–SST and 
wind–evaporation–SST positive feedbacks and a too shal-
low thermocline in eastern equatorial Indian Ocean during 
boreal summer and fall (Fischer et al. 2005; Terray et al. 
2012). To a large extent, El Niño (La Niña) events tend to 
be accompanied by Atlantic Ocean warming (cooling) from 

late boreal summer onward both in observations and REF 
(Fig. 3). Subsequent to the El Niño mature phase, the tropi-
cal Pacific SST anomalies start to decay at the beginning 
of year + 1 and most simulated El Niño events terminate 
before or during boreal summer of year + 1 as observed 
(see Fig. 12 later).

In summary, SINTEX-F2 simulates well many of the 
ENSO statistical properties, such as the spatial pattern of 
tropical Pacific SST standard deviation, the ENSO telecon-
nections, the power spectrum of Niño-34 SSTs, the sea-
sonal phase locking of ENSO variability (Masson et al. 
2012). This is entirely consistent with its success in cli-
mate predictability studies (Luo et al. 2005a). This good 

(b) Nino34 SSTs spectrum

10-5

10-4

10-3

10-2

10-1

100

Po
w

er
 S

pe
ct

ru
m

100 10 1

Period (year)

0.01 0.10 1.00

Frequency (1/year)

HadISST 1901-2012
REF
FTIC
FTAC

10-5

10-4

10-3

10-2

10-1

100

100 10 1

0.01 0.10 1.00

Period (year)

Frequency (1/year)

Po
w

er
 S

pe
ct

ru
m

HadISST 1901-2012
REF
FTIC-obs
FTAC-obs

(a) Nino34 SSTs monthly STDs
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Fig. 2  a Monthly standard deviations of the Niño-34 SST time 
series from HadISST1.1 dataset (for the 1950–2012 and 1979–2012 
periods) and the five experiments; b Power spectra of Niño-34 SST 
anomalies for HadISST1.1 dataset (Rayner et al. 2003) in black, 
REF in red, FTIC and FTIC-obs in green, FTAC and FTAC-obs in 

blue. The bottom axis is the period (unit: year), the left axis is vari-
ance (unit: °C2) and both axes are in logarithm scale. Dashed black 
curves show the point-wise 99 % confidence limits for the Niño-34 
SST spectrum estimated from the observations. The observed Niño-
34 SST spectrum is estimated from the 1901 to 2012 period
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Fig. 3  Lagged correlations between bi-monthly averaged SSTs and 
the December–January Niño-3.4 SST for a REF and b HadISST1.1. 
The correlations are calculated beginning in February–March of 
year0, prior to the El Niño onset, and ending in December–January at 

the peak season of El Niño events. For observations, the correlations 
are computed from the 1950 to 2012 period. Correlations that are 
above the 90 % significance confidence level according to a phase-
scramble bootstrap test (Ebisuzaki 1997) are contoured
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agreement provides confidence to further investigate the 
mechanisms connecting variability in the three tropical 
basins with this CGCM. In particular, we now carefully 
compare the ENSO statistics between the nudged and REF 
simulations.

3.2  ENSO statistics in the nudged experiments

The exclusion of the Atlantic or Indian Ocean variabil-
ity has a non-significant impact on the mean SST in the 
other tropical basins and, especially, in the tropical Pacific 
(Fig. 4a, c). Between 40°S and 40°N, the differences of the 
FTIC and FTAC nudged experiments with REF are most 
often smaller than 0.05 °C in amplitude inside, but also out-
side the nudging regions. In any case, these values are much 
smaller than the SST differences with the observations 

(Fig. 1b). This statement is also valid for the monthly SST 
climatologies computed from FTIC and FTAC (not shown). 
These results must be kept in mind when we discuss the 
changes of ENSO variability in these nudged experiments 
since these changes cannot be explained by differences in 
the Pacific mean state or seasonal cycle in these simula-
tions compared to REF.

However, these conclusions are not valid when we con-
sider the FTIC-obs and FTAC-obs experiments (Fig. 4b, 
d). Interestingly, the corrections of the tropical Indian 
(Atlantic) warm SST biases in these experiments have a 
significant influence on the mean state of the other basins 
and, generally, lead to a colder mean state and a system-
atic reduction of the warm SST bias in the tropics. This is 
especially true for the western–central Pacific, but also for 
different upwelling regions such as the eastern equatorial 
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Fig. 4  Maps of the difference of annual mean SST climatologies 
between a REF and FTIC, b REF and FTIC-obs, c REF and FTAC 
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Atlantic in FTIC-obs (Fig. 4b) or the South American and 
East African coasts in FTAC-obs (Fig. 4d). These nudged 
experiments also show a slight warming in the central–
east equatorial Pacific compared to REF. Thus, removing 
SST biases in the Atlantic or Indian oceans, surprisingly, 
improves the simulated Pacific mean state by inducing a 
cooling of the Indo-Pacific warm pool and a slight reduc-
tion of the cold tongue bias in the central–east equatorial 
Pacific. This is consistent with the works of Kucharski et al. 
(2011) or Chikamoto et al. (2012) in a global warming con-
text, which suggest that the long-term Atlantic or Indian 
warming trends have played a role in reducing the eastern 
Pacific warming. Similarly, the interpretation here is that 
reduction of the Indian or Atlantic tropical heating associ-
ated with the correction of the warm SST biases in FTIC-
obs and FTAC-obs promotes changes in the Walker circula-
tion and induces an El Niño-like change in the equatorial 
Pacific (figures not shown). This modest improvement of 
the equatorial Pacific mean state in both the FTAC-obs and 
FTIC-obs experiments may also have a significant impact 
on the simulated ENSO since many aspects of ENSO vari-
ability, including its seasonal phase-locking properties, are 
largely dependent on the tropical Pacific mean state.

Figure 4e–h first confirm that almost all the tropical 
Indian (Atlantic) SST variability has been removed in the 
nudged experiments. Outside the corrected region, the SST 
variability changes in the nudged experiments are mainly 
found in the tropical Pacific. A large increase of ENSO 
variability is found when the Indian Ocean variability is 
excluded (Fig. 4e, f), but only a marginal increase when 
the Atlantic Ocean is decoupled (Fig. 4g, h). The increase 
of the standard deviation is as large as 0.3–0.5 °C in the 
central–eastern equatorial Pacific for the Indian Ocean 
decoupled runs. This result is opposite to the earlier find-
ings (Yu et al. 2002; Yu 2005; Wu and Kirtman 2004), but 
agrees well with more recent studies (Kug and Kang 2006; 
Dommenget et al. 2006; Jansen et al. 2009; Frauen and 
Dommenget 2012; Santoso et al. 2012). On the other hand, 
decoupling the Atlantic SST variability leads to only a very 
modest increase of ENSO variability, which is in contrast 
to some recent results (Dommenget et al. 2006; Frauen and 
Dommenget 2012). Another interesting result is that the 
increased ENSO variability is always stronger when the 
nudging is done toward the observed SST climatology and 
this increase is particularly significant in FTIC-obs.

It is well known that ENSO exhibits an asymmetric 
behaviour between its opposing phases (Clarke 2008). 
This non-linear ENSO component manifests itself with a 
significant positive SST skewness in the eastern equatorial 
Pacific (Masson et al. 2012; Roxy et al. 2014). SINTEX-F2 
has difficulties in representing this positive skewness asso-
ciated with ENSO as many other CGCMs (see Fig. 11 of 
Masson et al. 2012). However, an interesting observation is 

that the SST skewness increased in all the decoupled exper-
iments, suggesting that the ENSO damping associated with 
the Indian and Atlantic oceans coupling affects more the El 
Niño than the La Niña events (figures not shown).

We are now shifting our focus to the assessment of the 
changes in ENSO seasonal phase locking in the nudged 
experiments (Fig. 2a). The peak phase of the simulated 
ENSO occurs in boreal winter and the minimum stand-
ard deviation is found during boreal spring in all simula-
tions and the observations, but there are distinctive features 
between the nudged experiments and REF. The most strik-
ing features are (1) the increase of ENSO variability during 
boreal summer in nearly all the nudged experiments, (2) 
the recovery of a clear and realistic minimum of monthly 
SST variability during boreal spring (e.g. April) and the 
so-called “spring barrier” in all the nudged experiments 
using an observed SST climatology despite of the general 
increase of ENSO variability in these simulations and (3) a 
less pronounced minimum of monthly SST variability dur-
ing boreal spring in FTIC and FTAC, which use a simu-
lated SST climatology for the nudging.

These results suggest surprisingly that the seasonal 
phase locking of ENSO is partly associated with its cou-
pling to the Indian and Atlantic oceans. More specifically, 
we interpret the recovery of a more realistic seasonal phase 
locking of ENSO in FTIC-obs and FTAC-obs as a direct 
consequence of the improvement of the Pacific mean 
state and seasonal cycle in these simulations, especially 
a tendency for a decreased east–west SST gradient in the 
equatorial Pacific compared to REF (see Fig. 4b, d). This 
change is rather modest in Fig. 4b, d where all the months 
are considered, but is much more prominent during boreal 
spring favoring the growth of instabilities related to El 
Niño onset in both FTIC-obs and FTAC-obs (see Fig. 14 
of Prodhomme et al. 2015). Conversely, there is a substan-
tial increase of SST variability during this crucial season in 
FTIC and FTAC simulations, pointing again to the signifi-
cant role of the Indian and Atlantic mean SST biases for a 
realistic simulation of ENSO properties. All these features 
are consistent with the rectification of the tropical Pacific 
mean state in FTIC-obs and FTAC-obs, which is missing in 
FTIC and FTAC since the nudging is done toward the REF 
climatology in these runs. The modification of the seasonal 
phase-locking of ENSO in FTIC and FTAC experiments 
also suggests that boreal spring is no more the preferential 
season for ENSO onset or termination, pointing to a pos-
sible change of the length of the ENSO events when the 
Indian or Atlantic oceans are decoupled.

In order to address these aspects of ENSO variability, 
power spectra of monthly mean Niño-3.4 SST anomalies 
in the nudged experiments are displayed in Fig. 2b. The 
spectra for all the nudged experiments are outside the 99 % 
confidence interval computed from the observed Niño-34 
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SST spectrum, while the spectrum estimated from REF 
matches the observations. The ratios between the Niño-3.4 
SST spectral densities in REF and the nudged experiments 
can be used to test the hypothesis of a common spectrum 
for two time series from the different experiments with an 
F-distribution (Fig. 5; see Masson et al. 2012 for further 
details). All the nudged experiments show more power at 
longer periods compared to REF and these changes are sig-
nificant since their corresponding spectral ratios are below 
the lower limit of the 90 % point-wise tolerance interval 
(computed under the assumption that the two underlying 
spectra are the same) for periods between 8 and 10 (10 and 
30) years for FTIC or FTIC-obs (FTAC and FTAC-obs). 
This shift to longer ENSO periods is particularly strong 
when the Atlantic Ocean is decoupled (Fig. 5c, d). Interest-
ingly, if we consider the periods between 1.5 and 3 years, 
almost all spectral ratios also show values above the upper 
limit of the 90 % point-wise tolerance interval, suggesting 

that both Indian and Atlantic oceans couplings introduce 
significant biennial variability in the simulated ENSO (Yu 
et al. 2009).

Furthermore, all these results are robust since they are 
found independently of the details of the nudging (e.g. if 
this nudging is done toward a simulated or observed SST 
climatology). This suggests that the turnabout of ENSO 
cycle is lengthened and that ENSO’s recurrence may shift 
to lower frequencies when the coupling is turned off, 
especially in the Atlantic Ocean. Moreover, none of these 
changes can be explained by a change of the mean-state 
in the tropical Pacific in the case of the FTIC and FTAC 
experiments. Taking into account that the mature phase 
of ENSO still occurs during boreal winter, there are two 
possible, but no contradictory, explanations for these dif-
ferences between the nudged experiments and the con-
trol simulation: the first is that ENSO onset occurs before 
boreal spring, the second is that the transition from El Niño 
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to La Niña is much slower in the decoupled runs. This last 
hypothesis is consistent with the feedback mechanism pro-
posed by Kug and Kang (2006) as far the Indian Ocean is 
concerned. Both explanations may also explain why the 
phase-locking of ENSO to the annual cycle is reduced in 
the FTIC and FTAC decoupled experiments (see Fig. 2a). 
These two hypotheses will be further examined in the next 
sections (i.e. in Sects. 4 and 5).

3.3  ENSO feedbacks in the nudged experiments

A lead-lag correlation analysis between the simulated 
20 °C isotherm depth (20d hereafter) and the DJ Niño-3.4 
SSTs further supports the finding that decoupling the Atlan-
tic or Indian oceans leads to a longer ENSO cycle with sig-
nificant changes of oceanic adjustment associated with the 
ENSO cycle (Fig. 6). We only show the results from the 
FTIC and FTAC experiments for conciseness and because 
the simulated changes cannot be explained by changes in 
the Pacific mean state in these experiments (Fig. 4a, c). 
However, similar results are obtained from the FTIC-obs 
and FTAC-obs experiments.

The simulated 20d anomaly in the western and cen-
tral (eastern) Pacific is significantly and positively (nega-
tively) correlated with the DJ Niño-3.4 SSTs when the 
former leads the latter by about 2 years in all the simula-
tions (Fig. 6, 1st row). This feature is consistent with the 
delayed oscillator and recharge oscillator theories in which 
subsurface ocean preconditioning is crucial for the devel-
opment of El Niño (Jin 1997; Clarke 2008). Interestingly, 
a similar correlation pattern is found when the 20d leads 
the Niño-3.4 SSTs by about one year in REF, but not in 
FTIC and FTAC (Fig. 6, 2nd row). When the Indian or 
Atlantic oceans are decoupled, the western Pacific positive 
heat content anomalies have already propagated eastward 
and are found in the central and eastern equatorial Pacific 
1 year in advance of the peak of the Niño-3.4 SST anom-
aly. This suggests that El Niño has already started in FTIC 
or FTAC, but not in REF. During El Niño mature phase, 
the correlation maps have similar patterns and amplitudes 
(Fig. 6, 3rd row). However, the correlation patterns when 
the DJ Niño-3.4 SSTs lead the 20d by 1 year confirm that 
the Indian or Atlantic oceans coupling fastens the transition 
from El Niño to La Niña in REF. Significant negative heat 
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Fig. 6  Lead-lag correlations between bi-monthly averaged depth of 
20 °C isotherm anomalies (20d) and the December–January (year0) 
Niño-3.4 SST for REF (left column), FTIC (middle column) and 
FTAC (right column). The correlations are shown only for Febru-
ary–March of year − 1, December–January of year − 1, December–

January of year0 (during the El Niño peak) and October–November 
of year + 1. Correlations that are above the 90 % significance confi-
dence level according to a phase-scramble bootstrap test (Ebisuzaki 
1997) are contoured
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content anomalies are already well established in the east-
ern Pacific and the extra-tropical heat discharge completed 
during the boreal fall following the peak ENSO phase in 
REF. On the other hand, the eastern Pacific positive heat 
content anomaly is not collapsed and the discharge is still 
active in FTIC or FTAC (Fig. 6, 4th row). This is consistent 
with the shift to lower frequencies in the simulated ENSO 
spectra in the nudged experiments.

ENSO evolution results from a number of ocean–atmos-
phere feedbacks (Jin et al. 2006; Guilyardi et al. 2009). 

Thus, evaluating the balance and strength of these feed-
backs may lead to a better understanding of the mecha-
nisms, which are important for the significant modifications 
of the simulated ENSO characteristics in the nudged exper-
iments. Here, we focus specifically on the positive Bjerk-
nes and thermocline feedbacks in the different experiments 
with the help of different MCAs (see Sect. 2.1).

Figure 7a, b display the leading modes derived from a 
MCA analysis of the SST and zonal wind stress (USTR 
hereafter) anomaly fields over the Pacific Ocean for the 

Fig. 7  a, b Maps of the spatial 
patterns of the leading SST–
USTR MCA mode for REF. 
a SST homogeneous vectors 
in °C, CI 0.1 °C. b USTR 
heterogeneous vectors in N/
m2, CI 0.2 N/m2. The maps 
were obtained by regressing the 
SST and USTR fields upon the 
normalized EC time series of 
SST. The SST and USTR fields 
are, respectively, homogenous 
and heterogeneous covariance 
patterns following the terminol-
ogy of Bretherton et al. (1992). 
Summary statistics for this 
mode are given in Table 3. c, d 
same as a, b, but for the leading 
USTR–20d MCA mode for 
REF. Units for USTR and 20d 
are in N/m2 and m, respectively. 
Summary statistics for this 
mode are given in Table 4
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REF simulation. In the terminology of Bretherton et al. 
(1992), the fields presented in Fig. 7a, b are homogenous 
(covariance) pattern for SST and heterogeneous pattern 
for USTR. The leading MCA modes for these variables in 
the nudged experiments have similar spatial structures, but 
with spatial loadings of slightly greater amplitude (espe-
cially for FTIC and FTIC-obs), and are thus not shown 
here. This MCA is useful to measure the strength of the 
Bjerknes feedback and, more particularly, the intensity of 
the wind response to SST anomalies in the central and east-
ern Pacific (Clarke 2008).

As expected, the SST homogenous pattern represents the 
peak phase of El Niño with warm SST anomalies along the 
equator in the central and eastern Pacific and the two cold 
branches of the traditional “horseshoe” pattern over the 
western Pacific (Fig. 7a). The corresponding heterogeneous 
USTR pattern features a westerly anomaly in the western 
and central equatorial Pacific, and a weaker easterly anom-
aly to the east (Fig. 7b). This wind response is reminiscent 
of a Gill–Matsuno response to the warm SST anomaly in 
the central and eastern Pacific in Fig. 7a.

In ENSO dynamics, another key element is the ther-
mocline response to the USTR anomaly in the equatorial 
Pacific (Wyrtki 1975; Clarke 2008). To explore how this 
ocean–atmosphere interaction is modulated in the differ-
ent experiments, we show the leading MCA mode from 
the covariance matrix between USTR and 20d anomalies 
for REF in Fig. 7c, d. Again, we only present the results 
for REF because the leading MCA modes in the nudged 
experiments have similar spatial patterns (figures not 
shown). In all the experiments, the heterogeneous 20d pat-
tern describes a zonally tilting mode between western and 

central–eastern tropical Pacific (Fig. 7d). The associated 
homogeneous USTR pattern is exactly similar in struc-
ture to the zonal wind stress pattern from the SST–USTR 
MCAs discussed above. That is the USTR pattern in 
Fig. 7b, c corresponds to the peak phase of El Niño and 
illustrates that the zonal tilt of the thermocline across the 
equatorial Pacific reacts quickly to wind stress anomalies 
in the western–central Pacific, partly in the form of ocean 
Kelvin waves (Clarke 2008).

Furthermore, combining this coupled 20d–USTR mode 
with the USTR–SST mode leads to the following interpre-
tation, which is embedded in the two diagnostic equations 
of the recharge oscillator model (Jin 1997; Burgers et al. 
2005): the eastern and central equatorial Pacific warming, 
which is observed during the peak phase of El Niño, sets 
up an anomalous wind stress anomaly in the western–cen-
tral Pacific through a Gill-type response. This wind stress 
anomaly, in turn, influences the east–west gradient in ther-
mocline depth as the warm water flows eastward. This 
leads to a weaker equatorial Pacific SST gradient and, 
finally, results in a positive wind–thermocline–SST feed-
back in which SST gradients trigger anomalous winds and 
these winds amplify the initial SST gradients.

Tables 3 and 4 present summary statistics for the MCAs, 
including the SCFs and NCs for the leading modes in the 
various MCA expansions and the correlation (r) between 
the EC time series of the left and right fields. These sta-
tistics are useful to investigate the strength of this posi-
tive wind–thermocline–SST feedback in the different 
experiments. First we note that the leading modes of the 
MCAs between SST, USTR and 20d account for most of 
the SCF between these variables in the different experi-
ments and are well separated from the lower MCA modes 
in terms of described SCF (Tables 3, 4). Secondly, despite 
the strong similarity of the spatial patterns of the leading 
SST, USTR and 20d MCA modes in each experiment, the 
coupling strength between these modes is strikingly differ-
ent depending on the activation of the Indian and Atlantic 
oceans coupling.

The SCF/NC/r for the first SST–USTR MCA mode 
of FTIC are 74/13/0.76 compared to 63/10/0.74 for REF 

Table 3  SST–USTR (zonal wind stress) MCAs

Summary statistics for the SST–USTR MCA leading modes esti-
mated from the REF, FTIC, FTIC-obs, FTAC and FTAC-obs experi-
ments, including the SCFs and NCs for the leading modes in the vari-
ous MCA expansions and the correlation (r) between the EC time 
series of the left and right fields. SCF square covariance fraction and 
NC normalized root-mean-square covariance, as given in the text. As 
discussed by Zhang et al. (1998), the NC and r coefficients are par-
ticularly useful in comparing the strength of the coupling between the 
left and right fields in modes obtained from different MCAs. SSTvar 
and USTRvar are, respectively, SST and USTR variances accounted 
for by the leading mode of each MCA analysis (e.g. this is the vari-
ance of the field explained by the related expansion coefficient time 
series by linear regression)

MCA1 SCF (%) NC (%) r SSTvar (%) USTRvar(%)

REF 63 10 0.74 30.2 6.1

FTIC 74 12.7 0.76 39.4 7.1

FTIC-obs 80 16.2 0.82 45.6 8.5

FTAC 74 12.3 0.78 34.7 7

FTAC-obs 72 11.8 0.79 37.2 6.8

Table 4  USTR–20d (depth of 20 °C isotherm) MCAs

Same as Table 3, but for the USTR–20d MCA leading modes from 
the REF, FTIC, FTIC-obs, FTAC and FTAC-obs experiments

MCA1 SCF (%) NC (%) r USTR var (%) 20d var(%)

REF 61 7.8 0.73 6.4 17.5

FTIC 73 11.1 0.73 8.4 27.4

FTIC-obs 68 13.2 0.81 9.3 28.3

FTAC 75 10.2 0.76 7.2 24.9

FTAC-obs 69 9.5 0.75 6.1 27.8
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(Table 3). Moreover, this first MCA mode accounts for 
39 % (7 %) of the SST (USTR) variance in FTIC, but 
for only 30 % (6 %) in REF. Much stronger results are 
obtained for both the SCF/NC/r coupling coefficients and 
(SST and USTR) explained variances in FTIC-obs consist-
ent with the highly significant increase of ENSO amplitude 
in this experiment (e.g. see Figs. 4f, 5b). The compari-
son of the FTAC, FTAC-obs and REF summary statistics 
gives similar results with a stronger SST–USTR coupling 
when the Atlantic Ocean is decoupled (Table 3). Thus, the 
Bjerknes feedback explains a larger fraction of the covari-
ance between SST and the zonal wind stress in the nudged 
experiments. Similarly, the leading USTR–20d MCA 
mode captures 61, 73, 68, 75 and 69 % of the total SCF in 
REF, FTIC, FTIC-obs, FTAC and FTAC-obs, respectively 
(see Table 4). This mode explains also more than 27, 28, 
25 and 27 % of the total variance of 20d in FTIC, FTIC-
obs, FTAC, FTAC-obs, respectively, but only 17 % in REF. 
The NC and r statistics are again stronger in the decoupled 
experiments. Looking more carefully to the explained vari-
ances of the different variables displayed in Tables 3 and 4, 
an interesting observation is that the increase of explained 
variances is particularly important for 20d and SST, but 
less significant for USTR in the decoupled experiments. In 
the USTR–20d MCA (see Table 4), the explained variance 
of USTR for FTAC-obs (6.1 %) is even less than the one 
found for REF (6.4 %), but the corresponding explained 
variance of 20d is still much higher in FTAC-obs (27.8 %) 
compared to REF (17.5 %). This suggests that the thermo-
cline feedback is particularly efficient when the Indian and 
Atlantic oceans are decoupled, a finding consistent with the 
results of Santoso et al. (2012).

In summary, the overall wind–thermocline–SST feed-
back in the equatorial Pacific is much more active when 
the Indian and Atlantic oceans are decoupled. This finding 
reconfirms that ENSO behavior is different in the nudged 
experiments.

4  ENSO onset phase

To further understand possible mechanisms leading to 
changes in ENSO properties in the Indian and Atlantic 
oceans decoupled runs, we focus specifically on the ENSO 
onset phase in this section.

In REF and observations, weak cold SST anomalies 
extending from the eastern equatorial Pacific toward the 
dateline are found 9 months before the ENSO peak, a struc-
ture consistent with the decaying phase of La Niña and the 
fact that ENSO is partly a standing oscillation in the tropi-
cal Pacific (Fig. 3). Interestingly, during February–March, 
the warmest SST anomalies in the Pacific occur off the 
equator. Simulated sea level pressure (SLP), precipitation 

and surface wind anomalies during boreal spring regressed 
onto the Niño-3.4 SST during DJ (at the end of year0) are 
displayed in Fig. 8a. These regression patterns suggest a 
significant connection between El Niño onset and the mid-
latitude North Pacific variability in REF, which is consist-
ent with the “seasonal footprinting mechanism” (SFM) and 
the “Pacific meridional mode” (PMM) discussed by Vimont 
et al. (2003) and Chang et al. (2007), respectively. More 
specifically, a north–south anomalous SLP dipole is found 
over the central North Pacific during DJ, which induces a 
significant weakening of the northeasterly trade winds and 
the emergence of a boomerang warm SST structure in the 
tropical North Pacific via changes in wind-induced latent 
heat flux during the following months (Figs. 3, 8a, b). 
These warm SST anomalies intrude into the deep tropics, 
displace the inter-tropical convergence zone (ITCZ) north-
ward and promote southwesterly surface wind anomalies 
in the western equatorial Pacific from late boreal winter 
to spring of year0 (Fig. 8b). These equatorial westerlies 
are connected to the anomalous westerlies in the central 
North Pacific subtropics; moreover both are part of a larger 
cyclonic flow centered in the North Pacific (Fig. 8a). This 
pattern resembles the anomalous zonal wind field associ-
ated with positive phase of the PMM, which is a signifi-
cant ENSO precursor 7–9 months prior to El Niño events 
in both observations and SINTEX-F2 (Boschat et al. 2013). 
They also support the idea that the North PMM is an effi-
cient ENSO trigger via equatorially trapped wave propaga-
tion in REF as in observations (Chang et al. 2007).

This suggests that the dominant non-ENSO variability 
influencing ENSO onset in REF is the PMM, but this does 
not rule out the possible impact from the Atlantic or Indian 
oceans (Boschat et al. 2013). In fact, significant cold SST 
and positive SLP anomalies are also observed during boreal 
spring (and before) in both the Indian and Atlantic oceans 
(Figs. 3, 8a). This SST pattern may result from the previ-
ous ENSO phase (Kug and Kang 2006) or, alternatively be 
linked to subtropical variability independent from ENSO 
(Terray 2011; Boschat et al. 2013). In order to address 
the relative importance of these Indian and Atlantic SST 
signals in ENSO onset, we now focus on the decoupled 
experiments.

Figure 9 displays the lag correlations between the DJ 
Niño-3.4 SSTs (at the end of year0) and the SST fields dur-
ing year − 1 in FTIC and FTAC. First, we note that Indian 
and Atlantic couplings seem to be critical for the timing 
of the ENSO onset, since in the decoupled runs this onset 
occurs several months before compared to REF (e.g. dur-
ing year − 1). Significant positive SST anomalies exist in 
the equatorial central Pacific as soon as August–September 
of year − 1 in FTIC and FTAC. These warm SST anoma-
lies slowly move eastward and extend meridionally during 
the following seasons. This illustrates the occurrence of 
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long-lasting El Niño episodes in the decoupled runs, partly 
due to a very slow developing phase, which last for sev-
eral months. This is in great contrast with REF in which 
the El Niño onset is a very fast process and the SST El 
Niño pattern is fully developed in June–July of the same 
year (Fig. 3a). FTIC-obs and FTAC-obs exhibit a very simi-
lar ENSO development, which further attests of the robust 
impact of Indian and Atlantic coupling on the ENSO onset 
and its timing (figures not shown).

We now illustrate how ENSO is initiated in the FTIC 
and FTAC experiments with the help of Figs. 10 and 11. 
During February–March of year − 1, the correlation pat-
terns suggest the existence of La Niña conditions in the 
tropical Pacific with significant cold (warm) anomalies in 
the eastern (western) equatorial Pacific, a positive phase 
of the Southern Oscillation and enhanced easterlies over 
the equatorial Pacific (Figs. 9, 10 and 11). Consistent with 
these zonal wind anomalies, there is a strong zonal contrast 

in the heat content over the tropical Pacific basin during 
February–March of year − 1 and this positive heat content 
in the western Pacific seems to be a robust and significant 
precursor of El Niño nearly two years in advance in FTIC 
and FTAC (Fig. 6).

During April–May, this La Niña-like pattern fades 
away in both decoupled experiments. It is interesting to 
observe that there are no clear links during boreal spring of 
year − 1 (or year0) between the cyclonic flow in the North 
Pacific, the westerly wind anomalies over the western 

(a) Regressions Nino34 SST (12-1) wind850/slp - REF - Year 0
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Fig. 8  a Lead regressions between bi-monthly averaged 850 hPa 
wind and SLP anomalies and b 10-m wind and precipitation anoma-
lies during El Niño onset (e.g. from December–January to April–May 
of year0) and the December–January (at the end of year0) Niño-3.4 

SST for REF. Regressions that are above the 90 % significance con-
fidence level according to a phase-scramble bootstrap test (Ebisuzaki 
1997) are underlined and only the 850 hPa wind anomalies above the 
90 % significance confidence level are shown

Fig. 9  Lagged correlations between bi-monthly averaged SSTs dur-
ing year − 1 and the December–January (year0) Niño-3.4 SST for 
a FTIC and b FTAC. The correlations are calculated beginning in 
February–March of year − 1, prior to the El Niño onset, and end-
ing in February–March of year0. Correlations that are above the 90 % 
significance confidence level according to a phase-scramble bootstrap 
test (Ebisuzaki 1997) are contoured
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equatorial Pacific and the amplitude of the ongoing El Niño 
event, which will peak at the end of year0 (Figs. 10, 11). 
This is in sharp contrast with the evolution in REF where 
the SFM over the North Pacific plays a key role in El Niño 
onset during year0 (Fig. 8). Closer inspection reveals that 
westerly wind anomalies appear over the western equato-
rial Pacific from boreal summer of year − 1 in association 
with El Niño onset in the decoupled runs (Figs. 10, 11). But 
these wind anomalies evolve independently of the North 
Pacific extra-tropical forcing and are not related to the SFM 
in both FTIC and FTAC, contrary to what is observed in 
REF.

We first focus on the possible origin of the persis-
tent positive westerly wind signal from June of year − 1 
onward in the FTIC experiment (Fig. 10). This wind vari-
ability over the far western Pacific is significantly associ-
ated with SST anomalies over the Western North Pacific 

(WNP), namely positive SST anomalies in the western 
and central equatorial Pacific and negative SST anomalies 
over the northwest Pacific from June of year − 1 onward 
in the FTIC experiment (see Fig. 9a). A similar SST pat-
tern is seen in FTIC-obs (figure not shown). This suggests 
that this wind variability over the western equatorial Pacific 
is mainly driven by the local SST related to the previous 
La Niña episode (Weisberg and Wang 1997). However, 
this does not exclude the role of other remote factors such 
as the mid-latitude atmospheric variability over the South 
Pacific or even the cold SST and positive SLP anomalies 
over the tropical Atlantic during boreal summer of year − 1 
since these two other signals exhibit a highly significant 
statistical association with the amplitude of the ongoing El 
Niño event (Fig. 10). We investigate these aspects next.

We first examine the potential role of the South Pacific 
atmospheric variability on the ENSO development in FTIC. 
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Fig. 10  Lagged regressions between bi-monthly averaged 850 hPa 
wind and SLP anomalies during year − 1 and the December–January 
(year0) Niño-3.4 SST for FTIC. Regressions that are above the 90 % 

significance confidence level according to a phase-scramble bootstrap 
test (Ebisuzaki 1997) are contoured and only the 850 hPa wind anom-
alies above the 90 % significance confidence level are shown
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As displayed in Fig. 10, an expanded trough emerges over 
the South Pacific, extends into the deep tropics and pro-
motes westerly wind anomalies over the western equato-
rial Pacific during the austral winter of year − 1 in FTIC. 
This mid-latitude South Pacific SLP variability is remi-
niscent of the first Pacific-South American (PSA) pattern, 
which is dominant during the developing phase of ENSO 
in observations (Jin and Kirtman 2009; Terray 2011; Ding 
et al. 2014). Ding et al. (2014) suggest that this PSA pat-
tern imparts a structure of SST anomalies over the South 
Pacific analogous to the PMM in the Northern Hemisphere 
through the associated wind and latent heat anomalies. This 
South PMM is, in turn, able to force zonal wind anomalies 
along the equator and has an influence on ENSO develop-
ment consistent with the SFM hypothesis for the Southern 
Hemisphere. Interestingly, the SST correlation patterns 
during boreal summer of year − 1 in FTIC experiment (see 
Fig. 9b) are reminiscent of this South PMM. This supports 
the idea that the South Pacific variability during austral 
winter may also play a role in the El Niño onset in FTIC.

However, this does not exclude other important contrib-
uting factors such as the cold tropical Atlantic SSTs dur-
ing boreal summer of year − 1 through a modulation of 
the Atlantic-Pacific Walker circulation (Ding et al. 2012; 
Polo et al. 2014). From April to July of year − 1, cold SST 
anomalies cover nearly the whole Atlantic basin in the FTIC 
experiment (Fig. 9a). Associated with these cold Atlantic 
SSTs there are local positive SLP anomalies (and also nega-
tive rainfall anomalies) over the equatorial Atlantic (Fig. 10). 
The corresponding diabatic cooling modulates the Walker 
circulation by inducing convergent (divergent) motion over 
the tropical Atlantic (western and central Pacific) at 200 hPa 
(figure not shown). This is in agreement with the high (low) 
SLP anomalies in the tropical Atlantic (western–central 
Pacific) during boreal summer of year − 1 (Fig. 10). The 
induced low pressure and ascending motion anomalies over 
the western Pacific may promote convective activity and 
westerly wind stress anomalies there (Fig. 10). This is con-
sistent with the mechanism described by Rodriguez-Fonseca 
et al. (2009), Ding et al. (2012) or Polo et al. (2014).

Regressions Nino34 SST (12-1) wind850/slp - FTAC - Year -1
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The main point is that all these different factors may 
be interrelated and collectively promote the generation of 
persistent low-level westerlies over the far western equato-
rial Pacific from June of year − 1 onward, which may be 
responsible for the ENSO onset in FTIC experiment since 
these low-level wind anomalies over the western equato-
rial Pacific are optimally situated to influence the genera-
tion of eastward propagating oceanic Kelvin waves (Kug 
et al. 2010). Forced by this westerly wind stress, the equa-
torial Pacific thermocline slope is decreased, with shoaling 
and deepening in the west and east, respectively, during 
year − 1 (see Fig. 6). At the end of year − 1, these wind 
stress, thermocline and SST anomalies are further amplified 
by the Bjerknes positive feedback, sustaining the develop-
ment of El Niño-like anomalies during year0 in FTIC.

In the Atlantic decoupled experiments, the persistent 
westerly wind signal over the western equatorial Pacific is 
seen from August of year − 1 onward, e.g. 2 months later 
than in the Indian decoupled runs (Figs. 10 and 11). How-
ever, again these wind changes and their timings are critical 
for the simulated ENSO variability in FTAC (Fig. 9b). As 
a result, the western Pacific positive heat content anoma-
lies migrate to the east during boreal fall and cover the 

whole equatorial Pacific at the end of year − 1 in FTAC 
(Fig. 6). This may trigger the ENSO onset in the Atlantic 
decoupled runs, consistent with SST correlation patterns 
during year − 1 displayed in Fig. 9b. A closer examina-
tion of Fig. 9b points again to the key-role of a dipole of 
SST anomalies in the WNP, with negative SST anomalies 
over the northwest Pacific and positive SST anomalies in 
the western equatorial Pacific, for sustaining the local low-
level cyclonic circulation from June onward (Weisberg and 
Wang 1997; Wang et al. 2012). This dipole of SST anom-
alies has a very similar pattern in the Indian and Atlantic 
decoupled runs, but its timing is different with a lag of two 
months in the Atlantic decoupled runs. Since the westerly 
wind anomalies also appear over the western equatorial 
Pacific with a lag of 2 months in the Atlantic decoupled 
runs, this strongly supports the idea that the SST dipole 
over the WNP is responsible for the emergence of the west-
erly zonal wind anomalies through coupled local interac-
tions in the different decoupled runs (Weisberg and Wang 
1997; Wang et al. 2012).

The North PMM plays a vital role in ENSO onset during 
year0 in the REF simulation. In this section, we have pre-
sented evidences that strongly support the idea that Indian 

Regressions Nino34 SST (12-1) SST - Year +1

0.1
0

0.10 0.10

0.10

0.10
0.1

0
0.1

0

0.10

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.10
0.10

0.10

0.10

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.10
0.10

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.
10

0.10

0.100.10 0.
10

0.10
0.10

100E 160W 60W

40S

20S

0

20N

40N

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.10

0.10

0.
10

0.1
0 0.1

0

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.10

0.10

0.10

0.1
0

0.1
0

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.100.10

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.
10

0.10

0.10 0.10 0
.10

0.100.10

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.10

0.10

0.1
0

0.1
0 0.1
0

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.10 0.10

0.1
0

0.100.1
0

100E 160W 60W

40S

20S

0

20N

40N

0.10

0.1
0

0.10

0.
10

0.10

100E 160W 60W

40S

20S

0

20N

40N

0.
10

0.10

0.1
0 0.

10

0.10

100E 160W 60W

40S

20S

0

20N

40N

REF FTIC FTAC

4-5

6-7

8-9

10-11

4-5

6-7

8-9

10-11

4-5

6-7

8-9

10-11

regression (C by C)
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and Atlantic SST variability is essential for this relationship 
between the PMM and ENSO onset in REF since ENSO 
onset occurs in year − 1 in all the decoupled experiments 
and are no more related to the North PMM during boreal 
spring.

5  ENSO decaying phase

We now focus on the role of Indian and Atlantic SSTs 
during the decaying phase of ENSO. Since the results are 
again similar between FTIC and FTIC-obs (or FTAC and 
FTAC-obs), we will present only the results from FTIC and 
FTAC experiments.

Figure 12 displays the lag-regressions of bi-monthly 
SST fields from April to November of year + 1 with the 
DJ Niño-3.4 SST time series during the previous boreal 
winter. First, we find that the ENSO-related SST anoma-
lies in the equatorial Pacific last longer in the decoupled 
experiments. This is consistent with the time evolution of 
20d shown in Fig. 6, as well as with previous studies (Kug 
and Kang 2006; Dommenget et al. 2006; Frauen and Dom-
menget 2012; Santoso et al. 2012). In REF, negative SST 
anomalies appear first over the central equatorial Pacific 
in June–July of year + 1 and persist afterward (Fig. 12). 
By contrast, high positive SST anomalies are noted in the 

same area and period in FTIC, while nearly climatological 
SST values are simulated in the central equatorial Pacific 
from June to July of year + 1 onward in FTAC. Thus, the 
SST evolution in FTAC is intermediate between the two 
contrasting SST evolutions in REF and FTIC simulations. 
This suggests that Indian Ocean SSTs may have a stronger 
impact on ENSO during its decaying phase. The warm 
ENSO-related SST anomalies over the tropical Atlantic 
(Indian) Ocean from April–May to October–November of 
year + 1 have the same amplitude or are slightly stronger 
in the FTIC (FTAC) compared to REF, especially at the end 
of year + 1. However, it is intriguing to observe that this 
persisting SST variability in the Atlantic or Indian basins in 
FTIC and FTAC runs, respectively, are not sufficient to lead 
to cold SST anomalies in the Pacific and a rapid demise of 
the ENSO events as in REF (Fig. 12).

To understand better why the equatorial Pacific SST 
anomalies last longer after the ENSO peak in the decou-
pled experiments, the evolution of bi-monthly mean 10-m 
zonal wind anomalies obtained through regression onto DJ 
Niño-3.4 SST in the control and decoupled runs are shown 
in Fig. 13.

During April–May of year + 1, the regressed surface 
zonal wind patterns in all the simulations are very similar 
with enhanced easterly (westerly) zonal wind anomalies 
over the western (central and eastern) equatorial Pacific. 
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However, from June to July onwards, the western Pacific-
enhanced easterly anomalies fade away in the decoupled 
runs, but persist in REF, which ultimately lead to the rapid 
demise of eastern Pacific warm heat content anomalies and 
a strong damping of the equatorial Pacific SST anomalies 
in REF (Figs. 6, 12). These anomalous easterlies over the 
western equatorial Pacific can induce an upwelling thermo-
cline anomaly propagating eastward that fastens the transi-
tion from El Niño to La Niña in REF (Kug and Kang 2006). 
In contrast, the transition to a normal Pacific state is fur-
ther delayed by several months in both the FTIC and FTAC 
experiments, as westerly wind anomalies are stronger, last 
longer over most of the west and central equatorial Pacific 
and the thermocline remains deep in the eastern Pacific 
(Figs. 6, 13). This is consistent with the enhanced Bjerk-
nes feedback in the decoupled runs (Tables 3, 4). In other 
words, the 20d, SST and surface zonal wind regression 
maps clearly show the role of the western Pacific wind 
anomalies in hastening the transition from El Niño to La 
Niña in REF compared to the nudged experiments.

Interestingly, despite of the absence of SST variability, 
strong and persistent equatorial easterlies are also found 

from April to November of year + 1 over the nudged region 
in both FTIC and FTAC (Fig. 13). All these features are in 
accordance with the slowdown of the Walker circulation 
during a long lasting El Niño when the convection and the 
uprising branch of the Pacific Walker circulation are shifted 
to the east during an extended period. Also, in agreement 
with the anomalous SST equatorial gradient in the Atlantic 
Ocean from June to November of year + 1, enhanced sur-
face easterly wind anomalies are simulated over this basin 
in FTIC (see Figs. 12, 13).

The 200 hPa wind and velocity potential regression maps 
during year + 1 onto the Niño-3.4 SST index demonstrate 
that the above features are related to important changes in 
the Walker circulation over the Atlantic and Indian oceans 
in FTIC and FTAC, respectively (Fig. 14). Negative rainfall 
anomalies or much weaker positive anomalies are observed 
over most of the nudged region in FTIC and FTAC experi-
ments compared to REF (figure not shown). Positive rain-
fall anomalies are restricted to a rather small western equa-
torial area inside of the nudged region consistent with the 
enhanced equatorial easterlies simulated near the surface 
(Fig. 13). Thus, over the nudged region in FTIC and FTAC, 
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the absence of SST variations induces subsidence in the 
atmospheric column, enhanced convergence in the upper 
atmosphere and strong westerly anomalies at 200 hPa dur-
ing year + 1.

In turn, the velocity potential regression maps dem-
onstrate that the western Pacific low-level wind changes 
are related to modulations of Pacific Walker circulation 
induced by the absence of the Indian or Atlantic SST 
anomalies in the nudged runs. Strong positive (negative) 
velocity potential anomalies are found at 200 hPa over 
the Indian–Maritime Continent (Pacific) region from late 
spring to early boreal winter in FTIC and FTAC (Fig. 14). 
The 200 hPa wind anomalies are easterly over the central 
equatorial Pacific, especially in FTIC. In REF, these upper 
velocity potential and wind anomalies are much weaker, 
quickly fade away after April–May of year + 1 and are 
replaced by negative (positive) velocity potential anomalies 
over the Maritime Continent (central Pacific). This suggests 
again a fast demise of the El Niño conditions and a return 
to normal conditions from late boreal summer or fall of 
year + 1 in REF.

In other words, the positive Indian or Atlantic SSTs 
induce anomalous heating in the atmosphere through local 
surface heat fluxes and rainfall anomalies. The anoma-
lous heating leads to a modulation of the Walker circula-
tion (Fig. 14). These circulation changes in turn cause 
surface wind anomalies in the far western Pacific, which 
are responsible for a fast El Niño to La Niña transition as 
described above. On the other hand, the low-level wind 
anomalies over the central and eastern equatorial Pacific 
remain eastward from early spring to fall of year + 1 in the 
different simulations and cannot explain this fast demise 
of El Niño in REF compared to the decoupled experi-
ments (Fig. 13). This demonstrates the existence of a very 
close relationship between the sign and amplitude of the 
zonal low-level wind over the far western Pacific and the 
time required for a transition from the warm phase to the 
cold phase of ENSO through the generation of oceanic-
upwelling Kelvin waves that change the oceanic thermo-
cline in the whole equatorial Pacific. Next, the results also 
indicate that these anomalous easterlies over the far west-
ern equatorial Pacific are intimately linked to the existence 
of upward motion (or positive rainfall) anomalies to the 
west, especially over the Maritime Continent and eastern 
Indian Ocean in the different simulations. The different 
experiments highlight that vertical motion over the eastern 
Indian Ocean and Maritime Continent is not only depend-
ent on the local SST or Pacific SST, but also on the Atlantic 
SST.

The regressed velocity potential fields also demon-
strate that the net influence on ENSO of either the Indian 
and Atlantic SST variability is strongly dependent of what 
happens in the other tropical basin (Fig. 14). As a first 

illustration, in FTIC, significant warm SST anomalies and 
negative upper level velocity potential anomalies are sim-
ulated over much of the tropical Atlantic and are stronger 
than in REF (Figs. 12, 14). Despite of these highly sig-
nificant anomalies, the transition from El Niño to La Niña 
is delayed by several months in FTIC compared to REF 
due to the exclusion of the Indian Ocean SST variability. 
In FTIC, there is no competition between the upper level 
divergence centers over the central Pacific and Atlantic 
oceans, both act in concert and promote a strong upper-
level convergence into the Indian Ocean, inducing subsid-
ence and inhibiting the local rainfall over this region and 
the Maritime Continent. This probably explains the very 
weak easterlies over the far western equatorial Pacific 
in FTIC experiment despite of the warm Atlantic SST 
anomalies.

In a similar way, in FTAC, significant warm SST anom-
alies are found over the tropical Indian Ocean from early 
boreal spring to late fall of year + 1 (Fig. 12). Despite of 
these warm SSTs, positive upper level velocity potential 
anomalies and negative rainfall anomalies cover the whole 
Indian domain, due to the subsidence aloft directly or indi-
rectly induced by the absence of Atlantic SST variability in 
FTAC (Fig. 14). This is consistent with the reduced surface 
easterlies over the western equatorial Pacific during the 
decaying ENSO phase in FTAC (Fig. 13). The direct effect 
is linked to the fact that the atmospheric response due to 
the absence of SST variability over the Atlantic may extend 
eastward in the Indian Ocean (Kucharski et al. 2007, 2008; 
Losada et al. 2010). The indirect effect is associated with 
the fact that exclusion of the Atlantic SST variability may 
affect ENSO through the Pacific-Atlantic Walker circu-
lation (Rodriguez-Fonseca et al. 2009; Ding et al. 2012; 
Frauen and Dommenget 2012) and the resulting long last-
ing El Niño event will promote increased subsidence over 
the tropical Indian ocean through the atmospheric bridge 
(Alexander et al. 2002). However, it is difficult without fur-
ther numerical investigations to determine if this reduced 
rainfall signal over the Indian Ocean is related to the sub-
sidence induced directly by the atmospheric response over 
the Atlantic basin to the west or indirectly by the persis-
tent El Niño conditions over the tropical Pacific, which are 
related to the modulation of the Atlantic–Pacific Walker 
circulation to the east.

6  Conclusions and Discussion

There are strong evidences of interactions between Indian, 
Atlantic and Pacific oceans and recent studies suggest an 
active role of the Indian and Atlantic basins on ENSO (Kug 
and Kang 2006; Rodriguez-Fonseca et al. 2009; Izumo 
et al. 2010; Luo et al. 2010; Ding et al. 2012; Frauen and 
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Dommenget 2012; Boschat et al. 2013). However, the 
mechanisms underlying these relations are not fully under-
stood and the relative impacts of these two basins remain 
unclear.

Thus, to better understand how the Indian and Atlan-
tic oceans impact ENSO, we have performed several long 
sensitivity experiments using a CGCM, which realistically 
simulates many facets of ENSO. For each experiment, we 
suppressed the SST variability in either the Indian or Atlan-
tic oceans by applying a strong nudging of the SST toward 
a SST climatology computed from a control experiment 
or observations. This experimental framework is the same 
as in Frauen and Dommenget (2012), but we used a fully 
global CGCM, while they used a hybrid model. This hybrid 
model does not take into account the ocean dynamics out-
side the Pacific region and used heat flux corrections to 
maintain a reasonable SST climatology outside the tropical 
Pacific. Thus, our work is a logical extension of the analy-
sis of Frauen and Dommenget (2012) since our study takes 
fully into account the possible existence of intrinsic coupled 
ocean–atmosphere modes of variability in the Atlantic or 
Indian basins, such as the IOD or the Atlantic zonal mode, 
which interact with ENSO (Fischer et al. 2005; Rodriguez-
Fonseca et al. 2009; Luo et al. 2010; Ding et al. 2012) and 
were also suggested as important ENSO precursors in recent 
studies (Izumo et al. 2010; Keenlyside et al. 2013).

The results first suggest that both the Indian and Atlantic 
SSTs have a significant damping effect on ENSO ampli-
tude. The increase of ENSO variability is particularly sig-
nificant when the Indian Ocean is decoupled. The dominant 
periodicities of the simulated ENSO cycle increase from 
about 2 to 5 years in the control run to about 3–12 years in 
the Indian or Atlantic decoupled runs. This shift to lower 
frequencies is more prominent in the Atlantic decoupled 
runs. With the help of different MCAs, we also demon-
strate that the Bjerknes and thermocline feedbacks are more 
active and are partly responsible of the ENSO changes in 
the decoupled runs. These results are consistent with recent 
studies using other CGCMs (Dommenget et al. 2006; San-
toso et al. 2012) or hybrid models (Frauen and Dommenget 
2012).

Surprisingly, the nudged experiments toward an 
observed SST climatology demonstrate that the simulated 
Pacific equatorial SST gradient, seasonal cycle and sea-
sonal phase locking of ENSO are significantly improved 
when SST biases are removed in the Indian or Atlantic 
oceans. One may thus conjecture that improving model 
skills in simulating Indian and Atlantic oceans SST clima-
tology may also lead to improved skill in simulating and 
predicting ENSO with coupled models, because they are 
important for a realistic ENSO seasonal phase-locking and 
simulation of the low-level wind variability over the west-
ern equatorial Pacific during boreal spring.

On the other hand, the Pacific mean state is not modi-
fied if we used the SST climatology from the control run 
in the decoupled experiments. This demonstrates first that 
the correction of the Pacific equatorial SST gradient dis-
cussed above is directly linked to the mean SST biases 
in the Atlantic and Indian oceans and second that any 
changes in ENSO variability in the decoupled runs using 
a simulated climatology cannot be explained by a recti-
fication of the Pacific mean state. This strongly supports 
the hypothesis that both the Indian and Atlantic oceans 
interplay with the ENSO dynamics (Kug and Kang 2006; 
Rodriguez-Fonseca et al. 2009; Izumo et al. 2010; Terray 
2011; Santoso et al. 2012; Ding et al. 2012; Ham et al. 
2013a, b).

Many of the previous studies focused on the influence 
of Indian and Atlantic SST variability on ENSO during 
the peak and decaying phases of El Niño. Moreover, to a 
large extent, they almost all agreed that the physical pro-
cesses that allow the Indian or Atlantic oceans to influ-
ence ENSO, involve modulations of the Walker circulation 
and of the surface winds in the western equatorial Pacific, 
which trigger eastward-propagating oceanic Kelvin waves 
responsible for the turnabout of ENSO. However, the 
Indian and Atlantic basins may also play a key-role in trig-
gering ENSO events (Izumo et al. 2010; Terray 2011; Bos-
chat et al. 2013; Frauen and Dommenget 2012; Ham et al. 
2013a, b). Our study confirms that Indian or Atlantic SSTs 
influence significantly both the onset and decaying stages 
of ENSO events.

During the decaying phase of ENSO, Indian and Atlan-
tic SST anomalies, both in observations and the control 
simulation, are largely forced by ENSO, and the processes 
we have detailed during this phase, may be best described 
as a negative feedback on ENSO (Kug and Kang 2006; 
Ohba and Ueda 2007; Santoso et al. 2012; Dayan et al. 
2014). The large agreement between our CGCM results 
and the results of Frauen and Dommenget (2012), who 
used a hybrid model excluding ocean dynamics outside 
the tropical Pacific, are consistent with this interpretation. 
An important point of our study is however that Atlan-
tic and Indian oceans act together, and SST anomalies in 
one basin alone may not be the only factor controlling 
the duration of the ENSO decaying phase. As an illustra-
tion, the strong warm anomalies over the tropical Atlantic 
Ocean simulated during year + 1 in the FTIC experiment 
are not sufficient to fasten the El Niño to La Niña transi-
tion in the absence of Indian Ocean SST variability. This is 
further confirmed by the results of the FTAC experiment in 
which the absence of Atlantic SST variability counteracts 
the expected effects of the warm Indian Ocean SSTs on 
ENSO during year + 1.

On the other hand, the changes of ENSO evolution dur-
ing the onset phase in the nudged experiments strongly 
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support the hypothesis that intrinsic SST variability over 
the Indian and Atlantic oceans does also matter for ENSO. 
First, the North PMM plays a vital role in the fast ENSO 
onset during year0 in the REF simulation as in observa-
tions. This is consistent with many previous studies, which 
have popularized SST anomalies over the North Pacific and 
the SFM, as a key process for the development and predict-
ability of ENSO (Vimont et al. 2003; Chang et al. 2007; 
Boschat et al. 2013). However, our decoupled experiments 
demonstrate that Indian and Atlantic SSTs are instrumen-
tal for this relationship between the North PMM and ENSO 
onset in REF since the timing of ENSO onset is advanced 
by about 1 year and ENSO has no more links with the 
North Pacific variability in these simulations. This supports 
the idea that the occurrence of western Pacific wind stress 
anomalies and the stochastic forcing of ENSO is strongly 
dependent on the Indian and Atlantic SSTs, a result, which 
is not obvious from observations or a simple analysis of the 
control run.

All the Indian and Atlantic decoupled runs present the 
evidences that ENSO is triggered in year − 1, i.e. more 
than 1 year in advance than its peak phase, which occurs 
at the end of year0. Decoupling the Indian and Atlantic 
oceans reinforces the anomalous SST gradient between the 
subtropical and tropical western Pacific during boreal sum-
mer and fall of year − 1 and ultimately impacts the low-
level circulation over the western Pacific during the second 
half of year − 1. These wind changes and their timing are 
critical for ENSO variability because the eastern Pacific 
SST is closely linked to the equatorial western Pacific wind 
via equatorial Sverdrup balance. As a result, the western 
Pacific positive heat content anomalies migrate relatively 
slowly to the east and cover the whole equatorial Pacific at 
the end of year − 1. This triggers the ENSO onset in the 
Indian and Atlantic decoupled runs.

Overall from our results, the importance of the Indian 
Ocean on ENSO seems stronger. However, the major sys-
tematic errors of complex models (Richter and Xie 2014), 
including the SINTEX-F2 model used here, in simulating 
the equatorial Atlantic climate need to be reduced before 
any definitive conclusion can be reached about the true 
forcing on ENSO induced by Atlantic SST variability. It 
should also be noted that the determination of the relative 
contribution of the subtropical Indian or Atlantic Ocean 
SST variability to the simulated ENSO cannot be fully 
addressed by the present simulations and requires addi-
tional numerical experiments. This will be addressed in a 
forthcoming study.

This study is based on one model and the conclusions 
can be model dependent. However, since SINTEX-F2 simu-
lates a realistic ENSO variability and performs very well in 
ENSO forecasting exercises (Luo et al. 2005a), the results 
reported here are fully consistent with the hypothesis that 

the skill of ENSO predictions must be higher if the tropical 
Indian and Atlantic variability were considered. The inter-
basin interactions are crucial to improve our understanding 
and predictability of ENSO because the timing and inten-
sity of the low-level wind anomalies over the far western 
equatorial Pacific during boreal spring is highly dependent 
on these inter-basin interactions.
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