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continent during the El Nino developing season are critical 
for determining the ENSO–IOD coupling strength in cli-
mate models.
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1  Introduction

The coupling between the El Nino-Southern Oscilla-
tion (ENSO) and the Indian Ocean Dipole (IOD) mode is 
of considerable interest (Webster et  al. 1999; Allan et  al. 
2001) as this can significantly modulate the global telecon-
nection pattern during ENSO events (Ashok et  al. 2001; 
Behera and Yamagata 2003; Cai et  al. 2011; Weller and 
Cai 2013). In addition, once the IOD is co-occurred with 
the ENSO, it also acts to fasten the phase transition of the 
ENSO (Kug and Kang 2006; Kug et al. 2006a, b; Luo et al. 
2010; Izumo et al. 2010; Kug and Ham 2012). This implies 
that the coupling between the ENSO and the IOD can influ-
ence not only the global teleconnection pattern, but also the 
ENSO evolution itself.

However, the detailed coupling process between the 
ENSO and the IOD is still not clear which leads the diverse 
previous literatures about the ENSO and the IOD coupling. 
As part of the discussion about whether IOD is not relevant 
to the ENSO (Saji et  al. 1999; Allan et  al. 2001; Behera 
et  al. 2006), modeling experiments showed contrasting 
results with regard to the independency of the IOD from 
the ENSO (Behera et al. 2000; Iizuka et al. 2000; Baquero-
Bernal et al. 2002). Allan et al. (2001) suggested that there 
is some ENSO-related IOD variability, but that some IOD 
events may be induced by an ENSO-independent processes 
over the Indian Ocean (IO). Hong et al. (2008) supported 

Abstract  This study examines a recent weakening of 
the coupling between the El Nino-Southern Oscillation 
(ENSO) and the Indian Ocean Dipole (IOD) mode after 
the 2000s and 2010s compared to the previous two decades 
(1980s and 1990s). The correlation between the IOD during 
the September–November season and the Nino3.4 index 
during the December–February season is 0.21 for 1999–
2014, while for the previous two decades (1979–1998) it 
is 0.64. It is found that this weakening of the ENSO–IOD 
coupling during the 2000s and 2010s is associated with dif-
ferent spatial patterns in ENSO evolution during the boreal 
spring and summer seasons. During the boreal spring sea-
son of the El Nino developing phase, positive precipitation 
anomalies over the northern off-equatorial western Pacific 
is systematically weakened during the 2000s and 2010s. 
This also weakens the low-level cross-equatorial southerly 
flow, which can cause local negative precipitation anoma-
lies over the maritime continent through increased evapora-
tion and cold and dry moist energy advection. The weak-
ened negative precipitation anomalies over the maritime 
continent reduces the amplitude of the equatorial easterly 
over the IO, therefore, suppresses a ENSO-related IOD 
variability. An analysis using climate models that partici-
pated in the Coupled Model Intercomparison Project phase 
5 (CMIP5) supports this observational findings that the 
amplitude of the cross-equatorial southerly flow and asso-
ciated suppressed convective activities over the maritime 
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this argument that IOD events can be categorized as the 
IOD with and without the influence of ENSO, and that 
there is systematic difference in the temporal evolution 
and the spatial distribution between those events. This was 
also shown in long-term numerical simulations (Lau and 
Nath 2004), which implied that some IOD events could be 
induced by intrinsic air–sea coupled feedbacks over the IO, 
while some were excited by ENSO.

Assuming that the IOD can be decomposed into ENSO-
independent and ENSO-dependent components, a relative 
amplitude change of those components at decadal time 
scales can result in a decadal modulation of the ENSO–
IOD relationship (Ashok et al. 2001, 2004; Ashok and Saji 
2007; Yuan and Li 2008; Ummenhofer et al. 2011; Izumo 
et  al. 2014). Yuan and Li (2008) showed that ENSO and 
IOD were independent from each other during 1948–1969, 
while ENSO-IOD coupling became strong after 1970. 
Ashok et  al. (2001) argued the coupling between ENSO 
and the Indian summer monsoon rainfall (ISMR) could 
be weakened when IOD–ISMR coupling is strong. This is 
further supported by the authors’ subsequent works using 
climate model (Ashok et  al. 2004; Ashok and Saji 2007). 
Similarly, Ummenhofer et  al. (2011) found that during 
El Nino events coupled with positive IOD events, ISMR 
anomalies are relatively weaker than during El Nino-only 
events, because positive IOD events tend to increase ISMR 
anomalies, while ENSO tends to reduce those anomalies. 
This implies that deciphering the mechanism that controls 
the ENSO–IOD relationship is key to understanding the 
ENSO–ISMR relationship.

The IOD event is strongly coupled to the surface wind 
variability over the central IO (Saji et  al. 1999), which 
might denote that the oceanic feedback induced by the sur-
face wind forcing is crucial to the generation of the IOD 
like the El Nino Southern Oscillation (ENSO) (Li et  al. 
2003). However, the systematic different oceanic states 
in the Indian Ocean from those in the Pacific prevent the 
ENSO-like variability over the Indian Ocean. That is, the 
deep mean thermocline over the eastern IO prevents an 
oceanic Rossby wave and the associated subsurface tem-
perature variability from linking to the SST variability (Li 
et al. 2003). While the surface heat flux is mainly a damp-
ing mechanism for the ENSO, the latent heat flux and the 
vertical temperature advection is important to induce the 
IOD event over the eastern IO (Li et al. 2002). In addition, 
it is found that the former leads the surface cooling during 
the IOD by a few months, while the latter is in phase with 
the SSTA, which implies that the latent heat flux is criti-
cal to generate the IOD over the eastern IO. This is further 
supported by later studies using long-term climate mod-
els (Hong et  al. 2008). In addition, Li et  al. (2003) men-
tioned that IOD develops during the boreal summer season 
when the climatological southeasterly is dominant over 

the south-eastern IO, which infers wind-evaporation-SST 
(WES) feedback induced by the anomalous southeasterly is 
crucial to induce the surface cooling over the eastern IO. 
On the other hand, with aids of the shallow thermocline, 
the IOD over the western IO is mainly generated by the 
oceanic process such as meridional and vertical tempera-
ture advection (Webster et al. 1999; Ueda and Matsumoto 
2000; Li et al. 2003).

However, although previous researches about the 
ENSO–IOD coupling, it is still not clear what causes the 
decadal modulation of the strength of the ENSO–IOD 
coupling. In addition, the decadal modulation during the 
recent decade has not yet been investigated as most of 
the studies on the decadal modulation of the relationship 
between ENSO and the Indian Ocean variability have 
used data covering the period up to the early 2000s (i.e., 
mostly until 2006, as in the case of the Indian Institute 
of Tropical Meteorology (IITM)). A possible change in 
the ENSO–IOD relationship during the recent decade 
is especially important because of the occurrence of the 
central Pacific El Nino (Yeh et  al. 2009), or the recent 
La Nina-like background change possibly induced by the 
Indian Ocean warming (Luo et  al. 2012). Therefore, it 
is essential to examine any systematic differences in the 
ENSO–IOD relationship between the recent and previous 
decades.

Therefore, this study investigates the decadal modula-
tion of the ENSO–IOD relationship during the recent dec-
ade (2000s and 2010s) using reanalysis data. In addition, 
the findings will be evaluated by climate model simulations 
in the Coupled Model Intercomparison Project phase 5 
(CMIP5). In Sect. 2, observational data and the model out-
put used in this study are summarized. Section 3 provides 
the observational evidence for a weakening of the ENSO–
IOD coupling during the 2000s and 2010s compared to 
the previous two decades (1980s and 1990s). In Sect.  4, 
the CMIP5 model results, which support the observational 
findings, will be shown. A summary and discussion are 
provided in Sect. 5.

2 � Data

The sea surface temperature (SST) data were derived from 
the Extended Reconstructed Sea Surface Temperature ver-
sion 3b (ERSST V.3b; Smith and Reynolds 2004), Had-
iSST v1.1 (Rayner et al. 2003), and Optimum Interpolation 
SST (OISST) v.2 (Reynolds et al. 2002) from NOAA. The 
monthly data of three-dimensional moisture, temperature, 
wind, and surface heat flux are from the ERA-INTERIM 
(Dee et  al. 2011). The precipitation data collected by the 
Global Precipitation Climatology Project (GPCP) were 
used for 1979 to 2014 (Adler et  al. 2003). For the model 
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output, we analyzed 34 climate models from historical sim-
ulation of CMIP5 (Ham and Kug 2015). Table 1 provides 
a list of those models. All data were de-trended before 
analysis.

3 � Mechanisms for the observed weakening of the 
ENSO–IOD coupling after 2000

To illustrate the decadal variation of the strength of the 
ENSO–IOD coupling, Fig.  1 shows the 15-year mov-
ing correlation between the Nino3.4 index (SSTA over 
170°W–120°W, 5°S–5°N) during the DJF season and 

the IOD index (SSTA differences over the western IO 
(50°E–70°E, 10°S–10°N) to the eastern IO (90°E–110°E, 
10°S–0°)) during the SON season. Note that the choice of 
season for the ENSO or the IOD index is based on the peak 
season of the ENSO and the IOD event, which is often used 
to examine the ENSO-IOD relationship (Yuan and Li 2008; 
Hong et al. 2008, 2010). Three different SST products (i.e., 
ERSST v.3b, Hadisst v1.1, and OISST v.2) consistently 
show that the correlation during 1980s and 1990s is above 
0.5, significant over the 95 % confidence level, indicating 
a strong coupling between the ENSO and the IOD. This 
supports arguments in previous literatures that the weak-
ening of the inverse ENSO–ISMR relationship during the 
1980s and 1990s was associated with a strengthening of 
the ENSO–IOD coupling (Ashok et al. 2001). However, all 
SST products also clearly exhibit that this strong coupling 
between ENSO and IOD systematically weakened during 
the 2000s and 2010s. For example, the correlation between 
ENSO and IOD from ERSST v.3b for 1999–2013 is only 
about 0.3 and only 0.21 for 2000–2014. This feature is still 
clear when the Nino3.4 index during boreal summer or fall 
season is used (not shown).

To examine the change in the ENSO-IOD relationship 
in more detail, Fig.  2 shows the time-series of the DJF 
Nino3.4 and SON IOD from 1979 to 2014. During 1979–
1998, among six cases whose Nino3.4 index is over 0.5 
standard deviation (std), IOD index is over 1 std for five 
cases. On the other hand, during 1999–2014, among five 
cases that Nino3.4 is greater than 0.5 std, only two case 
exhibits IOD index greater than 0.5 standard deviation. In 

Table 1   List of model from the CMIP5 archives

Model number Model name Integration period (years)

1 CNRM-CM5 156

2 CESM1-CAM5 156

3 GFDL-ESM2M 156

4 GFDL-CM3 156

5 NorESM1-ME 156

6 bcc-csm1-1-m 156

7 NorESM1-M 156

8 MPI-ESM-LR 156

9 CMCC-CMS 156

10 MIROC5 156

11 BNU-ESM 156

12 FIO-ESM 156

13 CESM1-BGC 156

14 GFDL-ESM2G 156

15 GISS-E2-R 156

16 CCSM4 156

17 IPSL-CM5A-MR 156

18 IPSL-CM5B-LR 156

19 CMCC-CM 156

20 bcc-csm1-1 156

21 IPSL-CM5A-LR 156

22 MRI-CGCM3 156

23 GISS-E2-H-CC 156

24 HadGEM2-ES 146

25 HadGEM2-CC 146

26 GISS-E2-H 156

27 GISS-E2-R-CC 156

28 MPI-ESM-MR 156

29 HadGEM2-AO 156

30 CanESM2 156

31 inmcm4 156

32 CSIRO-Mk3-6-0 156

33 MIROC-ESM 156

34 MIROC-ESM-CHEM 156

Fig. 1   Fifteen-year moving correlation between the Nino3.4 index 
(SSTA averaged over 170°–120°W, 5°S–5°N) during the December–
February (DJF) season and the IOD index (SSTA differences over the 
western IO (50°–70°E, 10°S–10°N) to the eastern IO (90°–110°E, 
10°–0°S) during the September–November (SON) season using 
three different SST products (black: ERSST v.3b, red: HadiSST v1.1, 
green: OISST v.2)
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addition, the relationship between the La Nina and nega-
tive IOD is systematically weakened during 1999–2014. 
For example, the four of seven La Nina events, which is 
defined as DJF Nino3.4 index is smaller than −0.5 std, are 
with negative IOD events during 1979–1998 periods, while 
only two of seven La Nina events are with negative IOD 

events. This clearly indicates that the ENSO-IOD coupling 
is weakened during 1999–2014.

The spatial distribution of ENSO-related SST anom-
alies during the SON season also exhibits consistent 
results. Figure  3 is the lag-regression of SST anomalies 
during the SON season onto the DJF Nino3.4 index. The 

Fig. 2   Normalized time series 
of the D(0)JF(1) Nino3.4 (black 
bar), and SON(0) IOD index 
(red line) from 1979 to 2014

(a)

Fig. 3   Lag-regression of 
normalized ERSST v.3b SST 
anomalies during the SON 
season against the Nino3.4 
index during the DJF season for 
a 1979–1998 and b 1999–2014. 
The values over 95 % confi-
dence level based on the student 
t test are denoted by black dots
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ENSO-related SST anomalies during 1979–1998 show 
distinctive negative anomalies over the eastern IO and the 
western Pacific, while positive SST anomalies are shown 
over the western IO, although the latter are relatively weak. 
On the other hand, SST signals over the IO are hardly seen 
during 1999–2014 (Fig.  3b). This implies that the cou-
pling between the ENSO and the IOD significantly weak-
ened during the 2000s and 2010s, which is consistent with 
Fig. 1. This weakening of the ENSO–IOD relationship may 
have resulted in a decreased IOD amplitude during SON in 
recent decades. The standard deviation of the IOD index 
decreased from 0.41 for 1979–1998 to 0.31 for 1999–2014.

This significant weakening in the ENSO–IOD coupling 
during the 2000s and 2010s can be explained by differ-
ences in ENSO evolution. Figure  4 shows the Nino3.4-
regressed precipitation and circulation anomalies during 
the El Nino developing seasons during 1979–1998 and 
during 1999–2014. At the El Nino-developing MAM sea-
son of 1979–1998, precipitation anomalies exhibit posi-
tive values over the northern off-equatorial western-central 
Pacific. This induces low-level westerly anomalies over the 

western-central Pacific, which contributes to the develop-
ment of the El Nino (Jin 1997; Kug et al. 2010). The weak-
ening of the upward branch of zonal Walker Circulation 
over the maritime continent might be related to the equa-
torial easterly over the IO during 1979–1998, which can 
help to induce the positive IOD event. In addition, these 
positive off-equatorial precipitation anomalies denotes a 
hemispheric asymmetry of atmospheric heating, which can 
induces a cross-equatorial southerly flow based on the Gill-
type response (Gill 1980). However, the cross-equatorial 
southerly is not clear during the El Nino-developing MAM 
seasons of 1999–2014, possibly due to the weakened off-
equatorial precipitation anomalies over the western Pacific. 
The difference map in Fig. 4c clearly shows stronger posi-
tive anomalous precipitation over the off-equatorial western 
Pacific with a stronger anomalous southerly over the mari-
time continent during the previous decades. Note that this 
feature is still clear when the same season for the Nino3.4 
index to that for the IOD index (i.e. SON) is used (not 
shown). During the June–August (JJA) seasons of 1979–
1998, the cross-equatorial southerly flow and the negative 

Fig. 4   Nino3.4-regressed precipitation (shading) and 850-hPa wind 
vector anomalies during the MAM (upper panel), JJA (middle panel), 
and SON (lower panel) seasons of 1979–1998 (left), and 1999–2014 
(middle). The difference in the regression of precipitation (shading) 
and 850-hPa meridional wind (contour) anomalies between the two 

decades is shown in the panels on the right. The red oblique line in 
the panels on the right denotes the area where the difference of the 
850-hPa meridional wind is positive. Only the values over 95 % con-
fidence level based on the student t test are drawn
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anomalous precipitation extend to the eastern IO (Fig. 4d), 
while the anomaly is confined to the western Pacific during 
1999–2014 (Fig. 4e). The negative anomalous precipitation 
in the eastern IO is a key to trigger the positive IOD event 
through the Bjerknes feedback during subsequent season. 
That is, the negative precipitation anomalies over the east-
ern IO during JJA generates the equatorial easterly over the 
central IO, it induces the positive SST anomalies over the 
western IO by exciting oceanic Rossby waves (Saji et  al. 
1999; Li et al. 2003). With aids of this Bjerknes feedback, 
the positive IOD event is induced during SON season with 
enhanced equatorial easterly over the IO in 1979–1998, 
while it is systematically weaker during 1999–2014.

Li et al. (2002) and Sooraj et al. (2009) pointed out that 
the cross-equatorial southerly over the eastern IO increases 
total wind speed, leading to a cold sea surface. These nega-
tive anomalous SST over the eastern IO help to develop the 
positive IOD event by inducing suppressed motions with 
the equatorial easterly over the central IO. Figure 5a shows 
a scatter diagram for precipitation over the western Pacific 
(120°E to 160°E, 0° to 15°N) and 850-hPa meridional wind 
over the eastern IO (90°E–110°E, 10°S–0°) for 1979–1998, 
which supports Li et al.’s (2002) and Sooraj et al.’s (2009) 
findings. The increased precipitation over the off-equatorial 
western Pacific is correlated with the southerly flow over 
the eastern IO for both the MAM and JJA seasons. Correla-
tion coefficients are 0.44 for the MAM season and 0.48 for 
the JJA season. This indicates that the anomalous precipita-
tion over the off-equatorial western Pacific can induce the 
southerly flow over the eastern IO. Once this southerly flow 
is induced over the eastern IO, it increases the local evapo-
ration that is associated with the cold SST anomalies. Fig-
ure 5b shows a scatter diagram for the 850-hPa meridional 
wind and the evaporation over the eastern IO. The correla-
tion are 0.62 for the MAM season and 0.77 for the JJA sea-
son, which implies that the southerly flow is strongly cor-
related with local evaporation. The negative SST anomalies 
over the eastern IO trigger the positive IOD event, which is 

supported by previous studies (Li et al. 2002; Sooraj et al. 
2009).

It is worthwhile to note that there is a clear asymmetry 
in the ENSO-IOD coupling process between the El Nino 
and La Nina. For example, the precipitation anomalies over 
the off-equatorial western Pacific much effectively affects 
to the variability over the eastern IO during the La Nina. 
We calculated the conditional correlation, and found that 
the correlation during MAM between the precipitation over 
the off-equatorial western Pacific and the meridional wind 
over the eastern IO is 0.35 during the El Nino (i.e. off-
equatorial western Pacific >0), and 0.53 during the La Nina 
(i.e. off-equatorial western Pacific <0). This asymmetry is 
even stronger in JJA season (i.e. correlation during the El 
Nino is 0.12, that during the La Nina is 0.82). In addition, 
the asymmetry in also clear in the relationship between the 
meridional wind over the eastern IO and the evaporation, 
that the correlation between them during MAM season is 
0.50 during the El Nino (i.e. meridional wind over the east-
ern IO >0), and 0.70 during the La Nina (i.e. meridional 
wind over the eastern IO <0).

In addition, meridional wind can induce precipitation 
changes via advection of moist energy. Ham et al. (2007) 
showed that equatorward flow over the maritime continent 
advects dry-cold moist energy from high latitudes, and then 
induces local downward motion during the El Nino peak 
season. Similarly, positive anomalous precipitation over 
the off-equatorial western Pacific can induce cross-equato-
rial southerly flow, which can cause advection of dry-cold 
moist energy, inducing an anomalous downward motion 
(i.e., negative precipitation) as the meridional gradient of 
climatological moist energy is positive south of 5°N. To 
support this argument, Fig. 6a shows a relationship between 
the anomalous precipitation over the off-equatorial western 
Pacific and the 850-hPa anomalous meridional flow over 
the maritime continent (120°E–150°E, 10°S–0°). The rela-
tionship between the 850-hPa meridional wind and the pre-
cipitation over the maritime continent is demonstrated to 

Fig. 5   a Scatter diagram for 
ENSO-related precipitation 
anomalies in the off-equatorial 
western Pacific (120°–160°E, 
0°–15°N) and 850-hPa meridi-
onal wind over the eastern 
IO (90°–110°E, 10°–0°S) for 
1979–1998; b scatter diagram 
for 850-hPa meridional wind 
and evaporation over the eastern 
IO (90°–110°E, 10°–0°S)

(a) (b)
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some extent by correlation coefficient of 0.44 for the MAM 
season and 0.38 for the JJA season, which are significant at 
95 % confidence level. This denotes that the positive anom-
alous precipitation over the off-equatorial western Pacific 
might possibly induce the southerly flow over the maritime 
continent. To examine whether the southerly flow over the 
maritime continent is associated with the local negative 
precipitation anomalies, Fig.  6b shows a scatter diagram 
between the 850-hPa anomalous meridional wind and the 
anomalous precipitation over the maritime continent. A 
clear negative relationship is indicated by correlation coef-
ficients of −0.41 for the MAM season and −0.61 for the 
JJA season, denoting that the southerly flow over the mari-
time continent can induce negative precipitation anomalies 
over the same area. It is worthwhile to note that the pre-
cipitation over the off-equatorial western Pacific affects 
850 hPa meridional wind over the maritime continent much 
effectively during the La Nina, while the southerly is cou-
pled to the negative precipitation strongly during the El 
Nino (not shown).

In short, there are two possible explanations for how 
the ENSO-related positive anomalous precipitation over 
the off-equatorial western Pacific can induce the IOD. The 
first is that the positive anomalous precipitation over the 
off-equatorial western Pacific induces southerly flow over 
the eastern IO, which increases evaporation by enhancing 
total wind speed. Then, the negative SST anomalies over 
the eastern IO generate locally suppressed motions, which 
can induce the equatorial easterly anomalies over the IO 
basin, to excite a positive IOD event. The other explanation 
is low-level moist advection due to southerly flow. Over the 
southern hemisphere, where the meridional moist energy 
gradient is positive, this southerly flow can induce dry-cold 
moist energy advection, inducing the suppressed motions.

To investigate whether there is a significant difference 
in the physical processes linking ENSO and IOD, Fig.  7 
shows the 850-hPa meridional flow over the eastern IO and 

maritime continent (90°E–150°E, 10°S–0°) and the evapo-
ration over the eastern IO (90°E–110°E, 10°S–0°) for the 
MAM and JJA seasons regressed onto the DJF Nino3.4 
index during 1979–1998 and 1999–2014. In addition, the 
vertically averaged (1000–500  hPa) moist energy advec-
tion due to the wind anomalies (−v

′ ∂m̄

∂y
, where m̄ is the cli-

matological moist energy, and v’ is the anomalous meridi-
onal wind) over the maritime continent (120°E–150°E, 
10°S–0°) is also shown. Note that the advection of clima-
tological moist energy due to the anomalous wind vector is 
the largest term among all linearized moist energy advec-
tion terms (not shown). The error-bar in the recent decade 
denotes 95 % confidence level using the bootstrap method 
(Yeh et al. 2009). That is, we randomly select the 16 years 
within whole period (i.e. 1979–2014), and calculate the 
regression coefficients with the selected years. This process 
is repeated 10,000 times to obtain the probability distribu-
tion function (PDF) of the regression coefficient. Finally, 
the upper 2.5 % and lower 2.5 % value is obtained to draw 
the error range.

The ENSO-related cross-equatorial meridional flow over 
the eastern IO and the maritime continent during the MAM 
seasons of 1999–2014 is three times smaller than that for 
1979–1998. The same cross-equatorial southerly flow dur-
ing the JJA seasons of 1979–1998 is still stronger, though 
the difference is reduced. Consistent with the weaker cross-
equatorial southerly flow over the maritime continent in 
recent decades, the amplitude of evaporation is systemati-
cally reduced (Fig.  7b), along with a weakened negative 
moist energy advection (Fig.  7c) for the both the MAM 
and JJA seasons of 1999–2014. This reduced evaporation 
is linked to weaker negative anomalous SST for a posi-
tive IOD over the eastern IO. In addition, weaker moisture 
advection signals can weaken the amplitude of the nega-
tive precipitation anomaly over the maritime continent and 
the equatorial easterly over the IO, which also weakens the 
IOD variability during the ENSO in the 2000s and 2010s.

Fig. 6   a Scatter diagram for 
precipitation anomalies over the 
off-equatorial western Pacific 
(120°–160°E, 0°–15°N) and 
850-hPa meridional wind over 
the maritime continent (120°–
150°E, 10°–0°S); b scatter 
diagram for 850-hPa meridional 
wind and precipitation anoma-
lies over the maritime continent 
(120°–150°E, 10°–0°S)

(b)(a)
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4 � CMIP5 analysis

To investigate what controls the ENSO–IOD coupling, 34 
CMIP5 models were analyzed. To quantify the strength 
of ENSO–IOD coupling in each model, the correlation 
between the SON IOD and the DJF Nino3.4 index was cal-
culated for each model and is shown in Fig.  8. This cor-
relation roughly represents the strength of the ENSO–IOD 
coupling. The observed ENSO–IOD coupling strength 
is 0.55 for the period of 1979–2014, and the multi-model 
ensemble (MME) value is slightly lower than 0.4, which 
means the observed ENSO–IOD relationship is simulated 
to some extent in the CMIP5 models. With the exception 
of two models, most of the models exhibit positive ENSO–
IOD coupling strength. It is interesting that the correla-
tion in the CMIP5 models varies from about 0.8 to −0.2, 
implying that the degree of ENSO–IOD coupling is quite 

different from model to model. To examine what controls 
ENSO–IOD coupling, we categorized the models into two 
groups: models number 1–10 belong to the “strong ENSO–
IOD Coupling (strong EIC)” models, while models number 
25–34 belong to the “weak ENSO-IOD Coupling (weak 
EIC) models.” Note that the “strong EIC models” generally 
simulate a degree of ENSO–IOD coupling strength similar 
to the observed strength. Therefore, it is interesting to com-
pare the inter-decadal variation of the ENSO–IOD coupling 
strength in the “strong EIC models” with the observed fea-
tures discussed in the previous chapter.

Before analyzing inter-decadal variation of the ENSO–
IOD coupling strength in the “strong EIC models,” it is 
worthwhile to check whether the models simulate realistic 
ENSO and IOD amplitudes, as the timing of ENSO and 
IOD development might be important for simulating real-
istic ENSO–IOD coupling mechanisms. Figure 9 shows the 

Fig. 7   a Area-averaged 
(90°–150°E, 10°–0°S) 850-hPa 
meridional wind anomalies 
(ms−1) over the eastern IO and 
western Pacific, b latent heat 
flux anomalies (Wm−2) over 
the eastern IO (90°–110°E, 
10°–0°S), c moist energy advec-
tion due to anomalous meridi-
onal wind (J kg−1 s−1) over 
1000–500 hPa over the mari-
time continent (120°–150°E, 
10°–0°S), regressed onto the 
DJF Nino3.4 index. The error-
bar in the recent decade denotes 
the 95 % confidence level based 
on the bootstrap method

Fig. 8   Correlation between the 
IOD during the SON season 
and the Nino3.4 index during 
the DJF season for each of the 
CMIP5 models
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monthly standard deviation (std) of the IOD and Nino3.4 
indices in all CMIP5 models, with the “strong EIC mod-
els” denoted by colored lines. The observed IOD std exhib-
its a peak phase during the boreal fall season especially 
during November, and of the CMIP5 models simulate the 
observed peak in the IOD index to some extent (Jourdain 
et al. 2013). In addition, the observed boreal winter peak of 
the Nino3.4 index is well simulated in most of the “strong 
EIC models.” It is clear that most of the “strong EIC mod-
els” simulate the observed seasonal IOD and ENSO peaks.

To investigate the inter-decadal variation of the ENSO–
IOD coupling in the “strong EIC models,” the 15-year mov-
ing correlation between the SON IOD index and the DJF 
Nino3.4 index was calculated (not shown). Then, decades 
with strong (weak) ENSO–IOD coupling were defined as 
the decades when the difference between the 15-year mov-
ing correlation and the time-averaged value was greater 
(less) than 1 (−1) std. Finally, the Nino3.4-regressed pre-
cipitation, SST, and the 850-hPa meridional wind were cal-
culated for strong and weak ENSO–IOD coupling decades. 
Figure 10 shows the Nino3.4-regressed precipitation, SST 
and 850-hPa meridional wind anomalies of the “strong EIC 
models” for strong and weak ENSO–IOD coupling dec-
ades during the El Nino developing AMJ season. For both 
cases, the positive precipitation anomalies over the west-
ern Pacific is shown along with the negative anomalous 

precipitation over the maritime continent. In addition, the 
positive SST anomalies over the equatorial central-eastern 
Pacific are clear, denoting the El Nino signal. It is interest-
ing that the positive SST anomalies over the central Pacific 
is extended to the north, which is dynamically consistent 
with the local positive precipitation anomalies. The south-
erly flow over the maritime continent, induced by the posi-
tive anomalous precipitation in the western Pacific, is also 
shown for both decades. However, ENSO-related positive 
anomalous precipitation over the western Pacific is sys-
tematically stronger during strong ENSO–IOD coupling 
decades. This is also reflected in the difference map of the 
strong and the weak ENSO–IOD coupling decades. Con-
sistently, the southerly flow over the maritime continent is 
systematically stronger during strong ENSO–IOD coupling 
decades. This implies that the off-equatorial positive pre-
cipitation anomalies during the ENSO developing phase 
are crucial for a strong ENSO–IOD coupling in climate 
models, which is consistent with the observational findings.

In addition to the inter-decadal variation in individual 
models, it might be worthwhile to examine whether the 
large inter-model diversity on the ENSO–IOD coupling 
strength shown in Fig.  8 is caused by similar factors. As 
shown in Fig. 9, most of the climate models, including the 
“weak EIC models,” simulate a realistic ENSO and IOD 
seasonal phase-locking, which implies that there would 

(b)(a)

Fig. 9   Monthly standard deviation of the a IOD index and b Nino3.4 index for 34 CMIP5 models and observation (black). The monthly stand-
ard deviation is normalized by standard deviation using all seasons. “Strong EIC models” are denoted by colored lines
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be a dynamical reason that determines the ENSO–IOD 
coupling strength in climate models. To investigate what 
causes the different ENSO–IOD coupling strengths among 
climate models, Fig.  11 shows the AMJ ENSO-related 
precipitation and 850-hPa meridional wind by calculating 
the regression with respect to the DJF Nino3.4 index in 
the “strong EIC models” and the “weak EIC models.” The 
“strong EIC models” tend to simulate stronger positive pre-
cipitation over the off-equatorial western Pacific compared 
to models with the lowest ENSO–IOD coupling strength 
along with the slightly stronger local positive SST anoma-
lies (Fig.  11a, b). In addition, the negative precipitation 

anomaly over the maritime continent is also stronger in the 
“strong EIC models,” which is dynamically consistent with 
the cross-equatorial southerly flow over the maritime conti-
nent as a Gill-type response (Gill 1980). It is clearly shown 
that the “strong EIC models” tend to simulate a stronger 
cross-equatorial southerly flow over the maritime conti-
nent, which is quite consistent with the observed inter-dec-
adal change in the ENSO–IOD relationship. Therefore, the 
inter-model differences in ENSO–IOD coupling strength 
of the CMIP5 models support the observational arguments 
regarding the inter-decadal change in the ENSO–IOD rela-
tionship between 1979–1998 and 1999–2014.

(a) (b) (c)

(f)(e)(d)

Fig. 10   Nino3.4-regressed precipitation (shading in upper panels), 
SST (contour in upper panels), and 850-hPa meridional wind anoma-
lies (lower panels) for the AMJ seasons during strong ENSO–IOD 
coupling decades (right) and weak ENSO–IOD coupling decades 

(middle) in the “strong EIC models.” The differences of Nino3.4-
regressed c precipitation and f 850-hPa meridional wind between two 
groups are also shown

(a) (b) (c)

(f)(e)(d)

Fig. 11   Nino3.4-regressed precipitation (shading in upper panels), 
SST (contour in upper panels), and 850-hPa meridional wind anoma-
lies (lower panels) during the AMJ season in “strong EIC models” 

(right) and “weak EIC models” (middle). The differences of Nino3.4-
regressed c precipitation and f 850-hPa meridional wind between two 
groups are also shown
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5 � Summary and discussion

This study reports a recent weakening of the ENSO–IOD 
coupling for 1999–2014 compared to the two previous 
decades (1979–1998). The 15-year moving correlation 
between the ENSO and the IOD is systematically smaller 
during the 2000s and 2010s compared to the two preced-
ing decades. During the developing phase of the El Nino, 
the positive anomalous precipitation over the northern 
off-equatorial western Pacific becomes systematically 
weaker during 1999–2014. This weakens the low-level 
cross-equatorial southerly anomalies over the maritime 
continent, which also weakens the local negative precipi-
tation anomaly through cold and dry moist energy advec-
tion. As this negative precipitation anomaly over the mari-
time continent acts to induce the equatorial easterly over 
the IO, which activates the positive IOD event via air–sea 
interaction, the weak negative precipitation over the mari-
time continent suppresses the ENSO-related IOD vari-
ability. In addition, weak cross-equatorial southerly flow 
leads to less evaporation with a weaker negative anoma-
lous SST over the eastern IO. In the CMIP5 models with 
realistic ENSO–IOD coupling strength (i.e., the “strong 
EIC models”), the ENSO-related cross-equatorial south-
erly flow and the associated suppressed convection over 
the maritime continent during the strong ENSO–IOD cou-
pling decade are significantly stronger than that during the 
weak ENSO–IOD coupling decade, supporting observa-
tional data. In addition, there is a huge inter-model diver-
sity in the ENSO–IOD coupling strength, and it is found 
that the ENSO-related off-equatorial positive anomalous 
precipitation over the western Pacific and the related 
southerly flow are systematically enhanced in models 
whose ENSO–IOD coupling strength is stronger than that 
of other models.

One can wonder whether the recent La Nina-like back-
ground state change, which is closely linked to the hiatus 
warming in 2000s (Kosaka and Xie 2013; Meehl et  al. 
2014), is responsible for the recent weakening ENSO-IOD 
coupling strength. McGregor et al. (2014) and Hong et al. 
(2013) argued the role of Atlantic SST warming on this La 
Nina-like cooling, and Luo et  al. (2012) emphasized the 
Indian Ocean warming. The stronger Indian Ocean warm-
ing due to the global warming would extend the warm-pool 
area with increased climatological convection over the 
Indian Ocean, and which might lead to a higher chance that 
the IOD is induced through intrinsic air–sea coupled feed-
back within the Indian Ocean. Also, it is possible that the 
cold background condition over the eastern Pacific would 
weaken the local convection anomalies during the El Nino 
(Kim et  al. 2011; Watanabe et  al. 2012; Ham and Kug 

2012), therefore, overall atmospheric El Nino teleconnec-
tion would be also weakened. This implies that the recent 
La Nina-like background change might play some roles in 
the weakening of the ENSO–IOD coupling strength during 
1999–2014.

This inter-decadal modulation in the ENSO–IOD rela-
tionship is a key to understand the teleconnection pattern 
during the ENSO, especially over regions close to the 
Indian Ocean. For example, the weakening of the ENSO–
IOD coupling during the 2000s could have reinforced the 
ENSO–ISMR relationship, which had been weakened 
during previous decades (Kumar et  al. 1999; Ashok et  al. 
2001). To check whether this argument can be applied to 
the recent inter-decadal change of the ENSO–IOD cou-
pling, we calculated the correlation between the area-aver-
aged precipitation over the IO (60°E–95°E, 5°N–35°N) 
during the JJA season and the DJF Nino3.4 index for 1979–
1998 and 1999–2014. The correlation between JJA rainfall 
and ENSO for 1999–2014 is −0.55, while for 1979–1998 
it is nearly zero (−0.04). This shows that the coupling 
between the ENSO and IO rainfall becomes significant 
in the 2000s and 2010s, together with a weakening of the 
ENSO–IOD coupling. Kumar et al. (2006) discovered that 
El Nino with strong ENSO–ISMR coupling have a stronger 
SST signal over the Central Pacific (CP) than other El 
Nino. Based on their argument, it is possible that the strong 
coupling between ENSO and the ISMR in the 2000s might 
be due to the coupling between the CP El Nino and the 
ISMR as the generation of the CP El Nino systematically 
increased in the 2000s (Yeh et al. 2009, 2014).

In addition, even though Kumar et  al. (2006) did not 
mentioned explicitly, the impact of the CP-type El Nino 
on the IOD can be inferred in their paper. In their Fig. 2, 
the additional warming over the central Pacific can lead 
a dipole pattern of the precipitation anomalies over the 
Indian Ocean. The precipitation is reduced over the west-
ern IO, while that is increased over the eastern IO, which 
is dynamically linked to the equatorial westerly, therefore 
the negative IOD. This implies that the stronger warm-
ing over the central Pacific during the CP El Nino, which 
is frequently induced in the 2000s, can weaken the typical 
impact of the positive ENSO-IOD relationship. This feature 
is reflected to some extent in the Nino3.4-related SST fields 
(Fig. 3a, b), which show that the positive SST peak over the 
equatorial Pacific was slightly extended to the west in the 
2000s, when the ENSO–IOD relationship was weakened. 
Based on these findings, it is worthwhile to dig up the role 
of the CP El Nino in Indian Ocean variability separately 
from that of the canonical El Nino to enhance society’s 
understanding of recent changes in the ENSO–IOD, and 
ENSO–ISMR relationships.
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