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Abstract

The El Niño-Southern Oscillation (ENSO) has great impacts on the Indian Ocean sea surface temperature (SST).
In fact, two major modes of the Indian Ocean SST namely the Indian Ocean Basin (IOB) and the Indian Ocean
Dipole (IOD) modes, exerting strong influences on the Indian Ocean rim countries, are both influenced by the
ENSO. Based on a combined linear regression method, this study quantifies the ENSO impacts on the IOB and the
IOD during ENSO concurrent, developing, and decaying stages. After removing the ENSO impacts, the spring
peak of the IOB disappears along with significant decrease in number of events, while the number of events is only
slightly reduced and the autumn peak remains for the IOD. By isolating the ENSO impacts during each stage, this
study reveals that the leading impacts of ENSO contribute to the IOD development, while the delayed impacts
facilitate the IOD phase switch and prompt the IOB development.  Besides,  the decadal variations of  ENSO
impacts  are  various  during  each  stage  and  over  different  regions.  These  imply  that  merely  removing  the
concurrent ENSO impacts would not be sufficient to investigate intrinsic climate variability of the Indian Ocean,
and the present method may be useful to study climate variabilities independent of ENSO.
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1  Introduction
The El Niño-Southern Oscillation (ENSO) in the tropical Pa-

cific is the strongest climatic phenomenon that has great impacts
on the globe (Klein et al., 1999; McPhaden and Yu, 1999; Alexan-
der et al., 2002; Cai et al., 2015). The Indian Ocean (IO), as one of
being significantly affected area, draws many studies in recent
decades because of its unique monsoon system and strong cli-
matic influences on not only surrounding countries but also far
regions (Ashok et al., 2001; Xie et al., 2002; Lau and Nath, 2004;
Abram et al., 2008; Schott et al., 2009; Han et al., 2014). The EN-
SO has great impacts on the IO sea surface temperature (SST)
that is usually considered as the energy source of the atmo-
sphere and the proxy of climate variability at low latitudes
(Meehl, 1993; Alexander et al., 2002; Annamalai et al., 2003;
Ashok et al., 2003; Du et al., 2009; Chowdary et al., 2012). Based
on the observations of SST, wind, and air-sea fluxes, previous
studies have found two major climate modes in the tropical IO
that are related with the ENSO, namely the Indian Ocean Basin
(IOB) and the Indian Ocean Dipole (IOD) modes (Deser et al.,

2010; Xie et al., 2016).
The IOB is characterized by basin-wide warming of SST an-

omalies during its positive phase, which is considered as the re-
sponses to the ENSO in the IO section (Klein et al., 1999; Yang et
al., 2007; Du et al., 2009, 2013b). With an El Niño event, SST in the
tropical IO warms up anomalously during boreal spring and
summer through the ocean dynamics and ocean-atmosphere in-
teractions, known as the capacitor effect (Xie et al., 2009). The
IOB is stronger during ENSO-IOD co-occurrence years than dur-
ing pure ENSO years (Chowdary and Gnanaseelan, 2007). Dur-
ing an El Niño, anti-cyclonic wind anomalies are induced over
the southeastern IO, forcing a westward propagating down-
welling Rossby wave and leading to positive SST anomalies in the
southwestern tropical IO (Xie et al., 2009). Such SST warming fur-
ther induces the northern IO warming via wind-evaporation-SST
feedback in following spring (Xie and Philander, 1994), driving
the IOB to mature phase (Du et al., 2009; Xie et al., 2009, 2016).
The IOB can accelerate the El Niño demise in turn and affect cli-
mate variability in South Asia (Park et al., 2010; Chowdary et al.,  
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2019) and East Asia by inducing atmospheric Kelvin waves east-
ward into the western Pacific (Xie et al., 2009; Huang et al., 2010;
Du et al., 2011), superimposing on intrinsic variability due to loc-
al air-sea interaction (Wang et al., 2020).

The positive IOD features a zonal gradient in the tropics with
a see-saw structure of SST: anomalous SST cooling in the east
and warming in the west. It generally matures in boreal autumn
before an El Niño peak (Saji et al., 1999; Webster et al., 1999). A
positive IOD event usually leads to drought in the Maritime Con-
tinent but flood in East Africa, causing large socioeconomic dam-
ages (Guan and Yamagata, 2003; Behera et al., 2008; Luo et al.,
2008; Qiu et al., 2014; Du and Zhang, 2015). To some extent, the
IOD can be induced by the ENSO because the ENSO affects the
Indo-Pacific Walker Circulation and further induces wind anom-
alies in the equatorial IO (Annamalai et al., 2003; Fischer et al.,
2005; Zheng et al., 2013; Yang et al., 2015; Stuecker et al., 2017).
However, the IOD is known as an intrinsic climate mode of the IO
without concurring ENSO (Du et al., 2013a; Guo et al., 2015; Sun
et al., 2015; Wang et al., 2016; Crétat et al., 2017), and what trig-
gers the independent IOD is a hot research topic at the begin-
ning but remains an open question still.

Although it is well-known that the ENSO can influence the IO
SST, it remains unclear how to quantify the ENSO impacts on the
SST. Based on the observational data and statistical analyses, this
study aims to answer this question by isolating ENSO-induced
SST variations through a novel approach. This procedure would
also benefit to study intrinsic variability in the IO.

2  Data and methods
The Extended Reconstructed Sea Surface Temperature

(ERSST) version 5 data with a spatial resolution of 2°×2° in the
period of 1950–2019 due to better data reliability of SST after the
1950s are used in this study (Huang et al., 2017). The seasonal
cycle and long-term trend are firstly removed from the original
data. The IOB index is defined as area-mean SST anomalies over
the tropical IO (15°S–15°N, 40°–100°E), while the IOD index is
defined as the difference between area-mean SST anomalies over
the western tropical IO (10°S–10°N, 50°–70°E) and the southeast-
ern tropical IO (10°S–0°, 90°–110°E). The Niño3.4 index is used to
represent the ENSO and defined as area-mean SST anomalies
over the central-eastern equatorial Pacific (5°S–5°N, 120°–
170°W). Note that other datasets are also analyzed producing
similar results, including the Met Office Hadley Centre’s sea ice
and sea surface temperature (HadISST) (Kennedy et al., 2011a,
b), the Optimum Interpolation Sea Surface Temperature (OISST)
(Reynolds et al., 2002), and the ERSST version 3b (Smith et al.,
2008).

To isolate the ENSO impacts in the IO, a combined linear re-
gression (CLR) is applied based on the notion that the ENSO is a
dynamical entity and both developing and decaying stages of EN-
SO have considerable impacts  on the IO (Penland and
Matrosova, 2006; Xie et al., 2009; Compo and Sardeshmukh,
2010). A typical ENSO event usually starts to develop in boreal
summer (June to August), peaks in winter (December to January
of next year), and subsequently decays in spring (March–April)
(Rasmusson and Carpenter, 1982). Considering this strong sea-
sonality of the ENSO, a three-step recursive regression is conduc-
ted base on the following formula:

yi− = yi + bixi, i = , , , (1)

yi biwhere  and  represent the intercept and the regression coeffi-
cient, respectively. In the first regression (i.e., i=1), a concurrent
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regression is applied upon the Niño3.4 index to the IO SST anom-
aly. The original IO SST anomaly is set as  and the Niño3.4 in-
dex is set as . The concurrent impacts of ENSO on the IO SST
can be expressed as . The remaining part of the IO SST anom-
aly becomes  (i.e., ). In the second recursive regres-
sion (i=2),  is set as the bimonthly mean value of the Niño3.4 in-
dex in December of the ENSO developing year and in January of
the decaying year (i.e., the typical peak stage of ENSO, also same
as ); then  is regressed onto  in each month of the ENSO de-
veloping year. Again,  represents the re-
maining part. In the third recursive regression,  is similarly re-
gressed onto  monthly in the decaying year and obtain . The
second/third step is a kind of lead/lag regression that represents
the ENSO impacts during the developing/decaying stage. At the
end of this recursive regression,  represents the IO SST anom-
aly after removing all the ENSO impacts, while the sum of 
represents the ENSO contribution to the IO SST anomaly. A time-
window of 12-year for running regression is set to avoid the inter-
ference of the ENSO decadal variability with the CLR results. A
students’ t test at the 80% confidence level is used to exclude fra-
gile ENSO impacts (Bretherton et al., 1999). Due to the limitation
of lead-lag regressions, the period of 1951–2018 is retained to en-
sure the removal of ENSO cycles near the end points. Note that
even though it has considered the ENSO impacts during differ-
ent periods, the CLR is still based on the linear concept and may
miss non-linear effects of the ENSO. Other potential issues are
addressed in Discussion.

3  Results
Here, a classic method, the empirical orthogonal function

(EOF) analysis, is used to extract the SST modes in the IO and
compare each principal component (PC) with the Niño3.4 index.
The decomposition of the original data is consistent with previ-
ous studies (Deser et al., 2010), in which the basin-wide warming
pattern explains major part of the IO SST variability (23.0%),
while the second mode exhibits a zonal dipole structure (14.5%)
(Figs 1a and b). Both PC1 and PC2 show good correlations with
the Niño3.4 index in a 24-month lead-lag window (Fig. 2a). Be-
sides, PC1 leads PC2 by 6-month or lags by 4-month (Fig. 2b).
This is consistent with the fact that accompanied by an El Niño
development the IO firstly responds in the form of the zonal
gradient of SST anomalies, and when the El Niño decays, basin-
wide SST warms up. Moreover, an El Niño is usually followed by
a La Niña, which suggests that there would be a negative IOD
forced by a La Niña event in the El Niño decaying year.

One usual way to remove the ENSO impacts is by subtracting
concurrent regression. However, such approach cannot totally
isolate the ENSO impacts, because the ENSO has considerable ef-
fects even before and after its mature phase (Fig. 2a) (Penland
and Matrosova, 2006). In comparison, the CLR can cover the
leading and delayed impacts of ENSO. The EOF decompositions
onto the ENSO-removed data by two methods exhibit clear dif-
ferences. When only the concurrent impact is removed, the EOF1
still shows a uniform SST anomaly pattern like the original res-
ults but with lower variance (20.1%), while the EOF2 is almost
unchanged (Figs 1c and d). The lead-lag correlations between PC
and Niño3.4 prove that the ENSO signals are retained in the IO
(Figs 2c and d).

On the other hand, the EOF1 of the CLR results (16.5%) shows
that the core of SST anomalies is anchored at the southern IO,
and only very weak SST anomalies are found in the tropical IO
(Fig. 1e). The EOF2 (14.4%) is still a dipole pattern, but closer to
the Indian Ocean Subtropical Dipole pattern with a southwest-
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northeast orientation (Fig. 1f) (Behera and Yamagata, 2001; Su-
zuki et al., 2004; Morioka et al., 2012). After applying the CLR, the
spatial patterns of EOF modes change more than those derived
by the usual concurrent regression. In addition, the correlations
of the first two PCs with the ENSO reduce significantly (Fig. 2e).
The mutual relationship between two leading modes is retained,
which possibly suggests a connection between the tropical and
subtropical IO SST. Note that the relationship between the IOD
and the IOB becomes much weaker after removing the ENSO im-
pacts (not shown) than that with the ENSO impacts (Fig. 2b). This
also suggests that the ENSO plays an important role in the appar-
ent IOD-IOB link.

The root-mean-square (RMS) distribution of SST anomaly is
used to better display the ENSO impacts for all and each stage
obtained by the CLR. Figures 3a and b exhibit original and ENSO-
removed results, while Figure 3c is the difference between above
two, which indicates the ENSO-induced SST variation. The EN-
SO-induced signals are mainly in the western tropical IO (Box A),
the southeastern tropical IO (Box B), the southern IO (Box C),
and the region west of Australia (Box D). Regarding each stage,
the concurrent impact mainly contributes to the IOB (Boxes A
and C) and Ningaloo Niño/Niña (Box D) modes (Feng et al.,
2013; Tozuka et al., 2014; Zhang et al., 2018c), while the leading
and delayed impacts concentrate more on the southeastern trop-
ical IO (Box B), which would influence the IOD most signific-
antly.

Since the IOB and the IOD are the first two leading modes of
IO SST (Fig. 1), the indices of IOB and IOD are set as proxies to
evaluate the ENSO influences. Figure 4 shows the indices with
trimonthly-means during respective mature phases (February–

April for the IOB and August–October for the IOD). Before apply-
ing the CLR, several remarkable cases of two modes that co-oc-
curred with El Niño can be observed, such as the 1982/83,
1997/98 and 2015/16 events. After removing the ENSO impacts,
the IOB index decreases significantly. The number of positive
IOB events decreases by about 83% (from 12 to 2, Fig. 4a), while
the decrease is only 25% for positive IOD events (from 12 to 9,
Fig. 4c). In addition, RMS of the whole time series of the IOB and
the IOD indices decrease by 36.9% (from 0.23°C to 0.15°C) and
12.6% (from 0.40°C to 0.35°C), respectively. These imply that the
IOB is more strongly tied to the ENSO occurrence compared to
the IOD. The comparison between ENSO-induced IOB and ori-
ginal IOB shows the ENSO contributes largely to the IOB season-
ality, with the intensity of 0.22°C vs. 0.27°C in their peak phases
(Fig. 4b). Without the ENSO impacts, the spring peak of the IOB
disappears and the intensity is almost constant at about 0.15°C
throughout the year (Fig. 4b). Therefore, without the ENSO im-
pacts, ENSO-related processes including downwelling Rossby
waves in the southern IO and heat flux anomalies in the northern
IO are significantly reduced and the number of IOB events de-
creases. Although the IOB is known as the ENSO-forced phe-
nomenon, there are some positive IOB events occurring under a
weak El Niño condition (e.g., 1970, 1991). Some even survive after
removing the ENSO impacts, suggesting that there may be a few
IOB events induced by internal variability, e.g., internal Rossby
waves in the southern IO (Masumoto and Meyers, 1998; Gna-
naseelan and Vaid, 2009), which awaits further studies.

In contrast, responses to the ENSO are quite different for the
IOD. Although the southeasterly wind anomalies associated with
the El Niño over the eastern equatorial IO can trigger the positive
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Fig. 1.   Spatial patterns of the first two modes of the empirical orthogonal function (EOF) onto original sea surface temperature (SST)
anomalies (a, b), SST anomalies without the concurrent impact of the El Niño-Southern Oscillation (ENSO) (c, d), and SST anomalies
without all ENSO impacts derived by the combined linear regression (CLR) in the Indian Ocean (IO) (e, f).
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IOD event, the IOD is not weakened as much as the IOB since the
IOD can independently occur with intrinsic variability of the IO.
For example, without the ENSO impacts, the 1997 positive IOD
event disappears, but the 2015 event just weakens slightly, imply-
ing other mechanism at work (Zhang et al., 2018b). Other strong
IOD events, such as the 1961, 1994 and 2006 events, are merely
affected by application of the CLR as the El Niño are weak or even
absent during these years (Vinayachandran et al., 1999; Horii et
al., 2008). Moreover, the IOD usually develops from boreal sum-
mer and peaks in autumn, as the ENSO contributes to the strong
peak during September–November. Although the intensity be-
comes weaker without the ENSO impacts, the IOD still shows a
phase lock to boreal autumn with a slight shift in the peak month
from October (0.57°C) to September (0.44°C) (Fig. 4d). This
agrees with previous model studies (Behera et al., 2006; Yang et
al., 2015). The above results suggest that the IOD is independent
from the ENSO, but partly influenced by the ENSO especially
during the IOD mature phase.

4  Discussion
Compared with the traditional regression method to exclude

the ENSO signals, which only removes the concurrent part, the
CLR can take account of the leading and delayed ENSO impacts.
It is important to clarify why it is necessary to exclude impacts
from these two periods. In particular, it is not clear how the EN-
SO can exert influences beforehand.

First, evolutions of the IOD and the IOB do not perfectly align
with the ENSO. The ENSO tends to develop since boreal summer
(sometimes earlier) (Xu and Chan, 2001), peak in winter, and de-
cay during following spring. However, the IOD develops in sum-
mer and autumn earlier than the ENSO (Du et al., 2013a), where-
as the IOB develops during spring of the ENSO decaying year
(Fig. 2a) (Xie et al., 2009). These time differences imply that the
concurrent regression cannot totally capture the ENSO impacts
on the IO SST.

In addition, interactions between the IO SST and the ENSO
are important (Yu et al., 2002; Ashok et al., 2003; Behera and
Yamagata, 2003; Annamalai et al., 2005; Kug et al., 2006; Luo et
al., 2010; Zhao et al., 2016; Zhang et al., 2018a). Not only the EN-
SO can induce the IOD and the IOB, but also the IOD and the IOB
in turn can affect the ENSO evolution (Annamalai et al., 2010;
Santoso et al., 2012) or transition (Izumo et al., 2010; Yuan et al.,
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Fig.  2.     Lead-lag correlation coefficients between the principal  components (PCs) for the first  two EOF modes of  original  SST
anomalies and the Niño3.4 index (a). c and e as in a, but with the concurrent and all ENSO impacts removed by the CLR, respectively.
b, d and f as in a, c and e, but for lead-lag correlation coefficients between the first two PCs. Correlation coefficients exceeding the 99%
confidence level of students’ t test are marked by “×” or “*”.
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2011, 2013; Jourdain et al., 2016). For example, the positive IOD
may induce stronger westerly anomalies in the equatorial Pacific
and thus enhance the development of El Niño. In return, the El
Niño prompts the IOD via the atmosphere bridge. Such interac-
tion eventually strengthens the IOD developing before the ENSO
peak, in which case the IOD and the ENSO act as a catalyst to

each other. On the other hand, the IOB can accelerate the phase
switch from El Niño to La Niña. The SST warming in the IO in-
duces an atmospheric Kelvin wave that propagates eastward
along the equator into the western Pacific, which is known as the
Matsuno-Gill pattern (Matsuno, 1966; Gill, 1980). This Kelvin
wave induces easterly wind anomalies in the equatorial Pacific,
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Fig. 3.   Root-mean-square (RMS) of SST anomalies in the Indian Ocean (IO). a. Original SST anomalies, b. SST anomalies without all
ENSO impacts, c. ENSO-induced SST anomalies, and d–f. ENSO-induced SST anomalies during the ENSO concurrent, developing,
and decaying stages, respectively. Boxes A, B, C and D indicate four high RMS value regions over the western tropical IO (10°S–10°N,
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(20°–35°S, 110°–116°E). Note that the range of colorbar decreases gradually from the upper to the lower panels.
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Fig. 4.   ENSO impacts on the Indian Ocean Basin (IOB) and Indian Ocean Dipole (IOD) modes. a and c. Trimonthly mean of the IOB
(February–April) and the IOD (August–October) indices calculated by original SST anomalies and SST anomalies (grey shading)
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leading to a following La Niña event that further affects the IO
(Xie et al., 2009).

In these senses, the leading and delayed ENSO impacts on the
IO SST are both considerable. Evaluation regarding the impacts
in each stage can be achieved by retaining one stage impacts and
then using it to subtract all-stage removed results (Figs 5 and 6).
Two regions, the southeastern tropical IO and the tropical IO, are
selected, since they are known as the dominant regions of the
IOD and the IOB, respectively (Du et al., 2008, 2013b). Because
the concurrent impacts contribute much less to these regions
compared with impacts from other two stages as discussed above
(Figs 5a and 6a), the leading and delayed ENSO impacts are fo-
cused for the following discussions.

Figure 5 shows that both the leading and delayed impacts are
influential to the southeastern tropical IO. During the develop-
ing year of the El Niño (La Niña), the IO SST anomalies induced
by the ENSO impacts cool down (warm up) especially during Ju-
ly to November since the IOD has been preconditioned by the IO
summer monsoon and the ENSO starts to develop. These results
correspond to Fig. 4d that the ENSO impacts concentrate on the
IOD peak season. However, some cooling events persist longer
starting from the beginning of the year. Those impacts were re-
markable from the 1960s to the 1990s, indicating a decadal vari-
ation. The Pacific Decadal Oscillation is a possible reason to the
IOD decadal variability through the adjustment of the thermo-
cline depth over the eastern tropical IO during that period (Um-
menhofer et al., 2017). On the other hand, the delayed impacts
also play a role in the IOD transition, in contrast to the leading
impacts that promote the IOD in autumn of the developing year
(Fig. 5b). The delayed impacts turn opposite in spring and even
persist to winter of the decaying year (Fig. 5c). This is in accord
with the fact that the SST over the southeastern tropical IO warms

up (cools down) anomalously during the El Niño (La Niña) de-
caying year and exert influences on the East Asia and northwest
Pacific (Huang et al., 2010; Chen et al., 2016, 2018). Overall, as the
dominant area of the IOD, the southeastern tropical IO is sensit-
ive to both the leading and delayed ENSO impacts, and hence af-
fects the IOD evolution.

Regarding the tropical IO, the delayed impacts are much
stronger than the leading impacts since the IOB usually develops
in the ENSO decaying year (Fig. 6). However, the durations of
delayed impacts vary in different periods. For example, the
strong El Niño event in 1982/83 had a warming effect in the trop-
ical IO in the whole decaying year, while the 1997/98 and 2015/16
events only induced warming in the first several months (Fig. 6c).
This difference may also be related to the ENSO decadal variabil-
ity. The ENSO impacts on the IO SST increased since the 1970s
because the ENSO became stronger and persisted longer than
the former period, as stronger anticyclonic wind stress curl an-
omalies excited stronger westward propagating oceanic down-
welling Rossby waves in the southern tropical IO, causing
stronger anomalous SST warming (Xie et al., 2010). However,
even in the post-1970s period, the delayed ENSO impacts under-
went different stages. During the 1980s to the mid-1990s, the
delayed impacts persisted throughout the year, while those di-
minished after July since the mid-1990s (Fig. 6c). On the other
hand, the decadal variability also seems to operate in the leading
impacts, which were stronger during the 1960s to the 1970s over
the tropical IO (Fig. 6b).

It is interesting to investigate more about those decadal vari-
ations of the ENSO impacts since the ENSO features strong
decadal variability (Zhang et al., 1997; Chen and Wallace, 2015).
The CLR results show how correlation coefficients vary tempor-
ally in the IO when a 12-year running window is applied. Here,
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Fig. 5.     Isolated ENSO impacts during the ENSO concurrent (a), developing (b), and decaying (c) stages on the area-mean SST
anomalies over the southeastern tropical Indian Ocean (10°S–0°, 90°–110°E). All shown results are exceeding the 80% confidence level
of students’ t test applied in the combined linear regression.
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the regional-mean SST indices in four regions indicated in Fig. 3c
based on higher RMS values of the ENSO-related SST anomalies
are chosen. Figure 7 shows the correlations in the ENSO concur-
rent stage (Fig. 7a), developing stage (September, Fig. 7b), and
decaying stage (March, Fig. 7c) of ENSO. Note that the confid-
ence level is set loosely at 80% in the CLR, otherwise the ENSO
impacts would considerably remain under the condition of a
stricter threshold (e.g., 90% or 95%).

The decadal variations of ENSO impacts are spatiotemporally
different (Fig. 7). During the concurrent stage (Fig. 7a), the re-
gion west of Australia (Box D) was negatively correlated with the
ENSO though it was very weak before the 1980s, while the other
regions were positively correlated. Although the western tropical
IO (Box A) and the southern IO (Box C) showed similar positive
responses, the southeastern tropical IO (Box B) had very weak
correlation with the ENSO from the mid-1980s to the mid-2000s.
During the ENSO developing stage (Fig. 7b), both Boxes B and D
had negative responses to the ENSO especially during the 1970s
to the 2000s. However, Boxes A and C were positively correlated
with the ENSO, while Box C exhibited decadal variations with
stronger responses during the 1970s to the 2000s. During the EN-
SO decaying year (Fig. 7c), the delayed impacts on Boxes A–C
were positively and significantly correlated in the form of the
IOB, though the correlations were relatively low during the 1980s;
while those were almost negative on Box D. Thus, the decadal
variation of the ENSO impacts on the IO is considerable and var-
ied regionally. The CLR including these aspects is expected to
provide fairer results on the internal variability research of the IO
(Zhang et al., 2020).

The partial regression/correlation analyses are widely used to
assess the ENSO impacts on not only the IO but also the globe
(Zhou et al., 2010; Cai et al., 2011; Ham et al., 2013; Zhao et al.,

2016). Comparably, the partial CLR is tried to obtain the ENSO
impacts by setting IOB, IOD and other SST indices as additional
predictors in Eq. (1). However, the partial CLR cannot totally isol-
ate the ENSO impacts on the IO SST by including any SST index
in the IO, since the IO SST is strongly linked with the ENSO as
showed in this study. The partial regression/correlation analyses
may be applied only if two climate modes are independent.
Therefore, it would be more proper to study the isolated influ-
ences of a climate phenomenon besides the ENSO, e.g., the IOD
impacts on salinity (Kido and Tozuka, 2017), while it could not
work for the ENSO-induced phenomenon like the IOB. To some
extent, the CLR adopts a simple but direct regression that may
have better performance on removing ENSO impacts.

However, the CLR has its own limitation. For instance, the
non-linear effects of the ENSO are hardly captured, which is also
a challenge in the climate research (Penland and Matrosova,
2006; Compo and Sardeshmukh, 2010). Although the CLR can
partly capture the asymmetry of the ENSO cycle (i.e., La Niña is
generally weaker but more frequent than El Niño; Figs 5 and 6), it
cannot reflect how the atmosphere responds to SST anomalies
with different background SSTs, as the air-sea interaction is more
active in a warmer condition. This may be a major shortcoming
in the isolation of ENSO impacts. Extension of the CLR based on
nonlinear regression techniques, e.g., a sign-separated regres-
sion (Cai et al., 2012), may address this issue, and it will be help-
ful to quantitative assessment of the ENSO contribution to the
asymmetry of the IOB and the IOD (Hong et al., 2010).

5  Summary
The present study uses the CLR to revisit the ENSO impacts

on the IO SST. The CLR considers the ENSO as a dynamical en-
tity that consists of concurrent, developing, and decaying stages,
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Fig. 6.     Isolated ENSO impacts during the ENSO concurrent (a), developing (b), and decaying (c) stages on the area-mean SST
anomalies over the tropical Indian Ocean (15°S–15°N, 40°–100°E).  All  shown results are exceeding the 80% confidence level of
students' t test applied in the combined linear regression.
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and that cannot be completely represented by an index (e.g.,
Niño3.4). By this method, the ENSO impacts are successfully isol-
ated for all and during its each stage. Two climate modes in the
IO, the IOB and IOD modes, are used to show how the ENSO in-
duces SST variabilities in the IO. After applying the CLR to re-

move the ENSO impacts, the results show that the spring peak of
the IOB disappears and the number of the IOB events decreases
significantly, while the number of events is only slightly reduced
and the autumn peak remains for the IOD, indicating that the
IOB is more strongly influenced by the ENSO than the IOD (Fig. 8).
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Fig. 7.   Decadal variations of the ENSO impacts during the concurrent (a), the developing (b), and the decaying (c) stages. The orange,
green, blue, and violet lines indicate the area-mean SST indices over the western TIO (WTIO) (Box A shown in Fig. 3c), the SETIO (Box
B shown in Fig. 3c), the southern IO (SIO) (Box C shown in Fig. 3c), and the region west of Australia (WA) (Box D shown in Fig. 3c),
respectively. The thick parts are exceeding the 80% confidence level of students’ t test applied in the combined linear regression.
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Fig. 8.   Schematic diagram of the ENSO impacts on the IOB and the IOD. The black line shows the ENSO intensity derived by the
monthly RMS of the Niño3.4 index. The red (blue) and violet (yellow) bars represent the intensity of the IOD (IOB) based on the
original SST anomalies and SST anomalies without the ENSO impacts. The developing year and decaying year of ENSO are marked as
(0) and (+1), respectively. Note that all the indices are scaled down respectively for better display.
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The isolations of impacts from each period reveal that the lead-
ing impacts of ENSO are influential to the IOD development,
while the delayed impacts urge the IOD phase switch and prompt
the IOB development. However, the concurrent impacts influ-
ence the IOB and IOD least since the evolution of ENSO is not in
phase with these modes. Moreover, the decadal variations of the
ENSO impacts are important to study the SST variabilities over
different regions in the IO. The CLR would be a helpful method to
study the intrinsic variabilities of the IO.
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