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ABSTRACT: Understanding the impact of the Indian Ocean dipole (IOD) on El Nifio-Southern Oscillation (ENSO) is
important for climate prediction. By analyzing observational data and performing Indian and Pacific Ocean pacemaker
experiments using a state-of-the-art climate model, we find that a positive IOD (pIOD) can favor both cold and warm sea
surface temperature anomalies (SSTA) in the tropical Pacific, in contrast to the previously identified pIOD-EIl Nino
connection. The diverse impacts of the pIOD on ENSO are related to SSTA in the Seychelles—Chagos thermocline ridge
(SCTR; 60°-85°E, 7°~15°S) as part of the warm pole of the pIOD. Specifically, a pIOD with SCTR warming can cause warm
SSTA in the southeastern Indian Ocean, which induces La Nifia-like conditions in the tropical Pacific through interbasin
interaction processes associated with a recently identified climate phenomenon dubbed the ““warm pool dipole.” This study
identifies a new pIOD-ENSO relationship and examines the associated mechanisms.
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1. Introduction

El Nifio—Southern Oscillation (ENSO) is the dominant mode
of interannual climate variability on the planet (McPhaden et al.
2006) (Fig. 1a). It is associated with substantial changes in the
ocean—-atmosphere coupled system in the tropical Pacific Ocean
(Bjerknes 1969). Through the atmospheric bridge, ENSO has
prominent climatic impacts around the globe (Wallace and
Gutzler 1981). For instance, it has been well recognized that El
Niflo/La Nifia can induce basinwide positive/negative sea sur-
face temperature anomalies (SSTA) in the tropical Indian
Ocean (Alexander et al. 2002; Klein et al. 1999). On the other
hand, the tropical Indian Ocean also exhibits strong interannual
climate variability manifested as an east-west dipole-like SSTA
pattern, referred to as the Indian Ocean dipole (IOD) (Saji et al.
1999; Webster et al. 1999) (Fig. 1b). While the basinwide
warming/cooling pattern of Indian Ocean SSTA is primarily
forced by ENSO, the IOD can exist independently of ENSO
(Behera et al. 2006; Yang et al. 2015). Like ENSO, the IOD also
involves strong air-sea coupling processes and is associated with
prominent changes in rainfall, winds, SST, and sea level in the
tropical Indian Ocean basin (Saji et al. 1999; Webster et al. 1999;
Rao et al. 2002). Through atmospheric teleconnections, the IOD
has distinct footprints on regional and global climate (Saji and
Yamagata 2003). It has been shown that the IOD can affect the
Indian summer monsoon (Ashok et al. 2004), Australian rainfall
(Cai et al. 2011), and European weather (Saji and Yamagata
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2003), and induce East African flooding and Indonesian drought
(Clark et al. 2003). Through active interbasin interactions in the
tropical Indo-Pacific region, ENSO and IOD can also strongly
affect each other (Luo et al. 2010; Cai et al. 2019; Wieners et al.
2017, 2019; Izumo et al. 2020). Understanding the variability of
the IOD, ENSO, and their relationship is thus important for
climate prediction.

Existing studies have shown a significant correlation and co-
occurrence between the IOD and ENSO, particularly after
the mid-1970s (Baquero-Bernal et al. 2002; Xie et al. 2002;
Krishnamurthy and Kirtman 2003; Annamalai et al. 2003;
Meyers et al. 2007). Such connections between the IOD in the
northern autumn season and other aspects of the seasonal cycle
and interannual variability of Asian-Australian monsoon rain-
fall and eastern equatorial Pacific SSTs, have always been a
central aspect of the tropospheric biennial oscillation (TBO)
(Meehl 1997; Meehl and Arblaster 2002). It has been found that
the negative precipitation anomalies over the western Pacific
warm pool region during El Nifio can induce easterly wind
anomalies over the tropical Indian Ocean, contributing to de-
velopment of the positive phase of the IOD (pIOD) (Annamalai
et al. 2003; Shinoda et al. 2004). In addition to this variability
forced by ENSO, about two-thirds of the historical IOD events
have arisen as a result of Indian Ocean internal dynamics since
the 1950s (Behera et al. 2006; Yang et al. 2015), in part related to
mechanisms similar to those in the recharge oscillator concep-
tual model of ENSO (McPhaden and Nagura 2014) as well as
influences from atmospheric noise forcing such as atmospheric
intraseasonal oscillations (Rao and Yamagata 2004; Han et al.
2006). On the other hand, it has also been suggested that only
about one-third of the IOD events occurred independently of
El Nifio since the 1970s (Stuecker et al. 2017). Such discrepancy
is likely due to the different data analysis periods, given that
IOD-ENSO correlation exhibits interdecadal variability and
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FIG. 1. Regression of SSTA (°C) on normalized climate mode
indices using ERSSTv3b for the 1920-2010 period, showing the
(a) regression of DJF-mean SSTA on the normalized DJF Nifo-3.4
index, (b) regression of SON-mean SSTA on the normalized SON
dipole mode index (DMI), and (c) regression of DJF-mean SSTA
on the normalized DJF Ningaloo Nifio index. Outlined boxes de-
note regions used to calculate the climate mode indices.

significantly increases since the mid-1970s. The less reli-
able data prior to the satellite era may be another reason.
Conversely, it has been suggested that the pIOD could in turn
contribute to the development of El Nifio (Terray et al. 2016;
Behera and Yamagata 2003; Luo et al. 2010; Zhang et al.
2021b) and that the pIOD played an important role in contrib-
uting to the observed extreme El Nifio events of 1972/73, 1982/83,
and 1997/98 (Hameed et al. 2018; Zhang et al. 2021a). The pre-
viously identified IOD-ENSO relationship has thus emphasized
the simultaneous interplay between the pIOD and El Nifio (or
negative IOD and La Nifa). By contrast, it has also been suggested
that the predictability of IOD mainly originates from ENSO, while
10D does not add additional predictability to ENSO, indicating
that the IOD-ENSO relationship may primarily act in one di-
rection (Zhao et al. 2019, 2020). Hence, despite the recent prog-
ress, the impact of the IOD on the simultaneous development of
ENSO, which is the focus of this study, has not been fully under-
stood. This simultaneous impact is in addition to the previously
described impact the IOD can have on ENSO development in the
following year through modulating Pacific zonal wind anomalies
(Izumo et al. 2010; Jourdain et al. 2016), although it has also been
suggested that the IOD effect on ENSO in the following year
could be part of the intrinsic ENSO cycle (Stuecker et al. 2017).
In addition to the IOD and ENSO, a regional interannual
climate phenomenon was identified over the southeast Indian
Ocean (SEIO) off the west coast of Australia, termed ‘‘Ningaloo
Nifio” (Feng et al. 2013) (Fig. 1c). It is characterized by positive

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/02/24 02:36 PM UTC

JOURNAL OF CLIMATE

VOLUME 34

SSTA extending northwestward from the west coast of Australia
into the central tropical Indian Ocean. It has been found that the
southeast Indian Ocean warming can be triggered remotely by
the Pacific La Nifia through both the atmospheric bridge and the
oceanic connection via the Indonesian passages (Feng et al.
2013; Kataoka et al. 2014; Zhang et al. 2018); in turn, the
southeast Indian Ocean SST warming can strengthen the Pacific
easterly trades and subsequently cause cold SSTA in the central
tropical Pacific (Terray and Dominiak 2005; Zhang and Han
2018). As such, this interbasin coupling yields a warm Indian
Ocean—cold Pacific pattern (Zhang and Han 2018), referred to
as the “warm pool dipole” (WPD), because of its proximity to
the tropical Indo-Pacific warm pool (Fig. 1c) (Zhang and Han
2020). Previous studies have also shown that in addition to the
close relationship with the tropical Pacific, the southeast Indian
Ocean warming is sometimes associated with the pIOD forcing
in the tropical Indian Ocean (Zhang and Han 2018; Zhang et al.
2018). Results from these studies imply that the IOD, WPD, and
ENSO are interrelated, but the mechanisms for their intercon-
nections remain eclusive. In addition, each of these climate
modes has a large impact on marine ecosystems over the Indian
and Pacific Oceans (Depczynski et al. 2013; Byrne 2011).
Therefore, exploring their interactions is not only important for
predicting climate but also crucial for understanding and pre-
dicting marine ecosystem changes. In this study, we present a
new mechanism for the pIOD to impact ENSO, in which the
WPD acts as a bridge between the IOD and ENSO, and our
conclusions are drawn from observational analyses combined
with model experiments using a state-of-the-art climate model.

2. Data and methods
a. Observational datasets

In this study, we used the monthly SST data from the Hadley
Centre Sea Ice and SST (HadISST) (Rayner et al. 2003) and
Extended Reconstructed SST version 3b (ERSSTv3b) (Smith
et al. 2008) to analyze the SSTA associated with ENSO and the
1OD. Surface wind stress is calculated using daily surface wind
data from the European Centre for Medium-Range Weather
Forecasts (ECMWF) twentieth-century reanalysis (ERA-20C)
(Poli et al. 2016) and formulas 7, = pCp|V|uand 7, = pCp|V|v,
where 7, and 7, are zonal and meridional surface wind stress, u
and v denote zonal and meridional wind at 10 m, p is the surface
air density (1.175kgm™>), and Cp, is a constant drag coefficient
(1.5 X 10~%). Monthly surface shortwave radiation and surface
latent heat flux data from ERA-20C are also analyzed to ex-
amine the formation mechanism of the thermocline ridge
warming. For both SST and ERA-20C data, the analysis period
is 1920-2010. Satellite-derived sea level data from Archiving,
Validation, and Interpretation of Satellite Oceanographic
(AVISO) (Ducet et al. 2000) is analyzed to compare with the
CESM1 results during the satellite altimeter era from 1993
to the present. Since we focus on natural climate variations, all
the anomaly fields have been detrended in this study to remove
the impact of global warming. We also tried an alternative
approach to remove the global warming impact by removing
the regression on global mean SSTA at each grid point, and we
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obtained similar results to those shown in this study (figure
not shown).

b. CESM experiments

In this study, we analyzed the historical simulations (1920-
2005) and future projections (2006-13) from the 40-member en-
semble of National Center for Atmospheric Research (NCAR)
Community Earth System Model, version 1 (CESM1; Hurrell
et al. 2013), large ensemble (CESM1-LE) (Kay et al. 2015). In
addition, we also analyzed two sets of CESM1 experiments using
the same model: the Indian Ocean—-Global Atmosphere (IOGA)
and the Pacific Ocean—Global Atmosphere (POGA) pacemaker
experiments. The simulation period is 1920-2013, using the same
external forcing as the historical runs (1920-2005) from phase 5 of
the Coupled Model Intercomparison Project (CMIPS) and the
representative concentration pathway 8.5 (RCP8.5) experiments
(2006-13). For both pacemaker experiments, a 10-member ensem-
ble was obtained by slightly changing the initial conditions. A
10-member ensemble has been considered sufficient to isolate forced
climate anomalies outside the SSTA nudging region (Kosaka and
Xie 2013). Indeed, the probability density function distribution of
the Nifio-3.4 index is very similar between IOGA experiments
and CESMI1-LE (not shown), suggesting that the 10-member
ensemble can capture most of the ENSO amplitude spectrum.

In the IOGA pacemaker experiments, SSTA in the tropical
Indian Ocean and part of the western tropical Pacific is re-
stored to ERSSTv3b values and added to the model SST cli-
matology, and the rest of the global ocean is fully coupled
to the atmosphere. The reason that the small domain in the
western tropical Pacific is included in the nudging area is because
SSTA in that region tends to covary with that in the eastern pole
of the IOD. Hence, the IOGA simulations essentially synchronize
the tropical Indian Ocean SSTA variability to that of the observed.
The nudging region is approximately 28°-161°E, 16°S-14.5°N
(Fig. 2), with sponge layers applied to the eastern, northern, and
southern boundaries. The 10-member ensemble averaged fields of
IOGA experiments are used to estimate the impacts of the plOD
on ENSO through forcing the WPD. Similarly, SSTA in the central
and eastern tropical Pacific (171°-80°W, 17°S-15°N) is restored to
observations but is fully coupled to the atmosphere elsewhere in
POGA experiments, and its 10-member ensemble mean fields
are utilized to explore the impacts of ENSO on the pIOD.

¢. Climate modes

To document the time evolution of ENSO and IOD, climate
indices are calculated using SST data from both observations
and pacemaker experiments. For ENSO, the Nifio-3.4 index is
calculated, which is the area-averaged SSTA over the domain
(170°-120°W, 5°S-5°N). For IOD, the dipole mode index
(DMI) is defined as differences of SSTA averaged over 50°-
70°E, 10°S-10°N and 90°-110°E, 10°S-0°. El Nifio events are
then defined as the year when the December-February (DJF)-
mean Nifio-3.4 index exceeds 1 standard deviation and La Nifia
events are defined as the year when the DJF-mean Nifio-3.4
index falls below —1 standard deviation of the Nifio-3.4 during
1920-2013. Similarly, positive and negative IOD events are
defined as the year when the September-November (SON)-
mean DMI exceeds 1 (for pIOD) or falls below —1 (for negative
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FIG. 2. Regions where SSTAs are restored to observations in the
pacemaker experiments. Red is for IOGA experiments, and blue is
for POGA experiments. Light colors represent the sponge layer.

10D) standard deviation of the DMI. The selected years are
shown in Fig. 3 and also in Fig. S1 in the online supplemental
material. As a sensitivity test, we also tried other threshold
values, such as %3 standard deviation, to define both IOD and
ENSO events, and obtained similar results.

We include two years that would otherwise be excluded with
the selection criteria described above. For 1935, the Nifio-3.4
index in the ensemble mean of IOGA pacemaker experiments
is slightly below the standard deviation of the observed Nifio-
3.4 index but is higher than that in ensemble mean results of
IOGA experiments. Therefore, this year is also selected as an
El Nifio year. For 1949, the Nifio-3.4 index in IOGA experi-
ments is weaker than its corresponding negative standard de-
viation, but that year is considered as La Nifia year in the model
to increase the sample size. Excluding these two years yields
results that are similar to those shown in this study and therefore
does not change our conclusions (figure not shown).

3. Positive IOD and El Nino

Although it has been found that El Nifio and the pIOD in-
teract and amplify each other through the atmospheric bridge
in some years (Luo et al. 2010), IOD events can also occur
independently from ENSO. To investigate El Nifio-pIOD in-
teractions, we analyze the two sets of pacemaker experiments
and observations (Fig. 3). First, we use POGA experiments to
identify whether a specific observed pIOD event is ENSO
dependent or not by comparing the observed Indian Ocean
SST variability with the ensemble mean of the POGA exper-
iments. In this study a specific plOD event is considered El
Nifio dependent if the amplitude of the simulated pIOD in
POGA ensemble mean is at least 25% of the corresponding ob-
served one; otherwise, it is El Nifio independent. Other threshold
values were also tested, and our conclusions were insensitive to
the specific choice within the range of 15%-40%. After selecting
the El Nifo—dependent and El Nifio-independent pIOD events,
we then explore their diverse impacts on ENSO by analyzing the
ensemble mean of IOGA experiments.

The results show that among the 20 observed pIOD events
during 1920-2013, approximately one-third (seven events) are
forced by the Pacific (right panel in Fig. 3a). All of these pIOD
events are associated with strong eastern Pacific SST warming
and six of them are classified as El Nifio events (right panel in
Fig. 3b), with the 1977 event showing a positive Nifio-3.4 index
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FIG. 3. (a) The SON DMI during observed pIOD years. Blue denotes DMI in observations,
and red is for POGA pacemaker experiments. The pIOD years are separated into ENSO-
independent events, denoted by “Ind.” (left side; 13 events) and ENSO-dependent events,
denoted by “D.” (right side; 7 events), based on whether the DMI in the ensemble average of
POGA experiments (which isolates the tropical Pacific forcing) exceeds 25% of the DMI in
observations. The error bar denotes the uncertainty defined as 90th confidence interval across
the 10 ensemble members. The blue dashed line denotes 1 standard deviation of the DMI in
observations. (b) Asin (a), but for DJF Nifo-3.4 index during the pIOD years in observations
(blue) and IOGA pacemaker experiments (red). The red ovals mark the five years when the
Ind. pIOD causes El Nifio, and the blue ovals mark the three years when the pIOD causes

La Niiia.

that is slightly below one standard deviation and the 1986 event
exhibiting large uncertainty of the El Nifio impact on the pIOD. A
similar comparison between eastern tropical Pacific SST variability
in observations and the ensemble mean of the IOGA experiments
shows that more than 40% (9 of 21) of the observed El Nifios are
contributed by the tropical Indian Ocean forcing (Fig. Sla in the
online supplemental material), and seven of them are pIOD years
with the DMI exceeding one standard deviation (Fig. S1b). These
results support the previous finding that El Nifio and the pIOD can
interact and amplify each other within the same year.

However, the ensemble mean of the IOGA experiments also
shows clearly that not all pIODs favor El Nifio conditions in
the tropical Pacific (left panel in Fig. 3b). In particular, we note
that the El Nifio-dependent and El Nifio—-independent pIODs
have apparent differences in terms of their impacts on the
tropical Pacific; despite some uncertainties, the El Nifio—
dependent pIODs tend to favor the eastern tropical Pacific
SST warming, while the impacts of the El Nifio-independent
pIODs on ENSO exhibit prominent event-to-event variations,
with three of them actually causing strong Pacific SST cooling
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(e.g., 1925, 1949, and 1967). Such diverse impacts of the plOD
on simultaneous ENSO development have not been discussed
previously; however, understanding the underlying physical
processes could significantly improve our understanding of the
tropical Indo-Pacific interbasin coupling. Below, we focus on
analyzing the causes for the diverse pIOD impacts on ENSO.

4. Diverse effects of pIOD on ENSO

Next, we first focus on the diverse impacts of the El Nifio—
independent pIODs on the tropical Pacific. We categorize the
El Nifio-independent pIODs based on whether they cause El
Nifio (5 pIOD-EI Nifio years) or La Niiia (3 plOD-La Nifia
years) in the ensemble mean of the IOGA experiments (years
marked by ovals in Fig. 3b). Note that the selected pIOD-La
Nifia events are the only three plOD years during which the
ensemble mean of IOGA experiments simulates negative
Nifio-3.4 index, regardless of whether the pIODs are El Nifio—
dependent or El Nifio—-independent. The 1994 pIOD is an ex-
ception, showing a weak negative Nifio-3.4 index in IOGA
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FIG. 4. Tropical Pacific anomalies induced by the El Niflo-independent pIODs, as assessed by the 10-member en-
semble mean results of the IOGA experiments. (a) Composite of SON mean SSTA (shading; °C) and surface wind stress
anomalies (vectors; N m™~?) during the independent pIOD events co-occurring with La Nifia (1925, 1949, and 1967). (b) As
in (a), but for composite of the independent pIOD events that co-occur with El Nifio (1935, 1944, 1946, 1965, and 2006),
and (c) the differences between (a) and (b). The purple solid-outlined box denotes the region in which SSTA is restored
toward observations in the IOGA experiments, and the purple dash-outlined box denotes the sponge layer. (d)—(f) As in

(a)—(c), but for the DJF season. Shown are the results that are statistically significant at the 90% confidence level.

experiments. Although there are only a few pIOD-ENSO years
in our analysis, the results are obtained from a 10-member
ensemble of pacemaker experiments. Since each ensemble
member can be regarded as an independent realization forced
with the same observed SSTA in the tropical Indian Ocean,
the sample sizes are not small (30 for pIOD-La Niiia and 50
for pIOD-EI Nino), which boosts the statistical significance
of our results. As expected, the composites of the two cate-
gories exhibit strong El Nifio and La Nifia signals in the
tropical Pacific (Fig. 4), owing to the different pIOD forcing
in the IOGA experiments. Different threshold values for
selecting ENSO and IOD events, such as the 2/3 standard
deviation that increases the sample size, were also tested and
results are similar (not shown).

Here we focus on the SON 10D peak season when the
Indian Ocean signals are the strongest, although we note that
the development of associated anomalous climate conditions
in the tropical Indo-Pacific basin starts in late spring/early
summer, reaches maximum amplitude in SON, and quickly
decays in winter (Fig. S2 in the online supplemental material).
Results show that during the pIOD-El Nifio years, the
anomalous westward zonal SST gradient in the tropical Indian
Ocean drives low-level easterly wind anomalies during SON,
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along with wet anomalies over the western basin and dry
anomalies over the eastern basin (Figs. 4b and 5b). The higher
sea level pressure (SLP) over the eastern tropical Indian Ocean
(the cold pole of the pIOD) produces an eastward pressure
gradient force and thus eastward surface wind anomalies in the
tropical Pacific (Fig. 4b; see also Fig. S3b in the online sup-
plemental material), weakening the Pacific easterly trades and
causing positive Pacific SSTA and rainfall anomalies (Figs. 4b
and 5b). This result is in line with previous findings (Hameed
et al. 2018; Behera and Yamagata 2003). On the other hand,
large tropical SSTA differences between the pIOD-La Nifia
and pIOD-EI Nifio years are found in the warm pole of the
plOD over the southwest tropical Indian Ocean mean up-
welling zone (7°-15°S), where the mean thermocline is shallow
(McCreary et al. 1993; Murtugudde and Busalacchi 1999) and
is thus referred to as the ““Seychelles—Chagos thermocline
ridge”” (SCTR) (Hermes and Reason 2008; Yokoi et al. 2008)
(Figs. 4a,c). These results suggest that pIOD events are asso-
ciated with two SSTA patterns, one with and one without warm
SSTA over the thermocline ridge region. Although the warm
pole of the pIOD is mainly located in the western equatorial
Indian Ocean and Arabian Sea during the pIOD-EI Nifio years
(Fig. 4b), large positive SSTAs and rainfall anomalies also
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FIG. 5. As in Fig. 4, but for precipitation anomalies (shading; mm day!). Red lines represent the 27°C contour
for seasonal-mean SST climatology.

appear in the southwestern tropical Indian Ocean in the vicinity
of the thermocline ridge during the plOD-La Nina (Figs. 4a,c
and 5a,c). These warm anomalies induce an anomalous inter-
hemispheric SST gradient that drives surface northerly wind
anomalies over the tropical Indian Ocean to strengthen the
northeast monsoon circulation.

Note that the warming in the thermocline ridge region
during the pIOD-La Niiia extends to the southeast Indian
Ocean (warm pole of the positive WPD) (Figs. 1c and 4a,c).
This is because the pIOD SSTAs with thermocline ridge
warming induce both easterly wind anomalies near the equator
and northerly wind anomalies in basin interior south of the
equator, leading to strong anticyclonic wind anomalies over the
tropical south Indian Ocean with the northerly wind anomalies
extending to the subtropics in the southeast basin off the west
coast of Australia (Zhang et al. 2018). These northerly winds
weaken the mean-state southerly winds in the region and cause
prominent southeast Indian Ocean warming (Kataoka et al.
2014; Marshall et al. 2015; Zhang et al. 2018). The role of the
pIOD in causing southeast Indian Ocean warming has been
confirmed through both observational analysis and model ex-
periments (Zhang et al. 2018) and is consistent with the IOGA
results shown here. We also carried out two sensitivity exper-
iments using an atmospheric general circulation model forced
with the two tropical Indian Ocean pIOD SSTA patterns, one
with and one without thermocline ridge warming. Results in-
deed show that the pIOD with thermocline ridge warming
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produces northerly wind anomalies in the southeast Indian
Ocean that weaken the background southerly winds and op-
posite for the pIOD without the thermocline ridge warming
(Fig. S4 in the online supplemental material), further con-
firming our above argument based on the IOGA experiments.
Although the coastal wind anomalies are relatively weak in the
atmospheric model, they can kick start positive feedback as-
sociated with the air—sea coupling, which then strengthen both
wind and SST anomalies in the southeast Indian Ocean.
Consistent with the patch of positive SSTA in the south
Indian Ocean, positive sea level anomalies are also found in the
Ningaloo Nifio region (Fig. S5 in the online supplemental
material), which indicate an anomalously deep thermocline
that may contribute to the SST warming. Changes in horizontal
ocean currents on the other hand are weak and therefore do
not seem to play an important role (not shown). To further
validate our results, we compare the CESM1 results with the
high-quality satellite-derived global sea level data. Note that
there is no pIOD-La Nifla case found during the satellite al-
timeter era of 1993 to the present (Fig. 3b). Instead, we com-
pared the pIOD events that caused weak warming (or cooling)
and strong warming in tropical Pacific in the ensemble mean of
IOGA and found increased southeast Indian Ocean sea level in
the former relative to the latter composite in both IOGA and
satellite altimeter data (Fig. S6 in the online supplemental ma-
terial), further supporting our above conclusions. We note that
the corresponding POGA experiments also show increased sea
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FIG. 6. Composites of SST (shading; °C) and surface wind stress (vector; N m~2) anomalies using ERSSTv3b
and ERA-20C datasets, respectively. Selected years are the same as in Fig. 4.

level along north and west Australian coasts, suggesting some
contribution from ENSO.

Both observations and model experiments have shown that
the southeast Indian Ocean warming induces negative SLP
anomalies that extend to the western tropical Pacific, which
subsequently enhance the zonal SLP gradient in the tropical
Pacific and thereby strengthen the mean state easterly winds
(Terray and Dominiak 2005; Zhang and Han 2018). The
stronger trade winds then cause cold Pacific SSTA through
enhancing the surface evaporation (Morioka et al. 2012) and
upwelling, leading to the formation of the positive WPD,
namely a warm Indian Ocean and cold Pacific Ocean. This is
consistent with the La Nifia-like conditions in the tropical
Pacific in the IOGA experiments (Fig. 4a). These results sug-
gest that the WPD acts as a bridge that transmits the pIOD
impact to the tropical Pacific. Note that POGA experiments
show that the observed Pacific cold SSTAs during the pIOD-
La Nifia years do not induce significant warm SSTAs in the
southeast Indian Ocean (Fig. S7 in the online supplemental
material), also supporting the idea that the positive SSTAs off
the western Australian coast in Fig. 4a is caused by pIOD
SSTAs with an SCTR warming pattern. It is also worth em-
phasizing that the thermocline ridge warming itself is not a
direct cause for the La Nifia, since it tends to induce weak
warming in the tropical Pacific based on the IOGA experi-
ments (Fig. S8 in the online supplemental material). Further,
atmospheric model experiments also show that warm/cold
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SSTA in the thermocline ridge region alone does not signifi-
cantly affect the tropical Pacific winds (Fig. S9 in the online
supplemental material).

During DJF, the pIOD decays while the SSTA in the tropical
Pacific and the southeast Indian Ocean continues to develop
(Figs. 4d-f), owing to local air-sea coupling as well as interbasin
interactions (Terray and Dominiak 2005; Zhang and Han 2018).
Meanwhile, El Nifio is associated with basin-scale warming in the
tropical Indian Ocean during DJF and La Nifia with Indian Ocean
cooling (Klein et al. 1999), and earlier studies also showed that the
Indian Ocean basinwide warming—if it is caused by processes
other than enhanced subsidence—can cool the tropical Pacific and
Indian Ocean cooling favors Pacific warming (Ohba and Ueda
2007; Morioka et al. 2012; Zhang et al. 2019). Hence, although the
ensemble mean of IOGA pacemaker experiments is supposed to
isolate the impact of tropical Indian Ocean SST variability, the
basin-scale SSTA does not seem to play a role in forcing the
Pacific wind and SST anomalies after the IOD peak. Instead,
SSTA in the tropical Pacific is closely connected with SSTA in the
southeast Indian Ocean during DJF, which mainly results from
the pIOD forcing from the previous season.

The above IOGA results agree with observations (Fig. 6). In
observed pIOD years, La Nifia-like conditions appear in the
tropical Pacific when there is southeast Indian Ocean warming
off the west coast of Australia accompanied by the thermocline
ridge warming (Figs. 6a and 6c). By contrast, without those
warming signals, prominent positive SSTA is evident in the
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tropical Pacific (Fig. 6b). Observed precipitation anomalies
overall agree with IOGA results as well (Fig. S10 in the online
supplemental material). There are also some noticeable dif-
ferences between observations and IOGA experiments, such
as the strong northerly wind anomalies in the western tropical
Indian Ocean in the model results (Fig. 4a) that are weak or
absent in the observations (Fig. 6a), which could be due to
influences of other factors such as anomalous Indian monsoon
system. Nevertheless, since the ensemble average of the IOGA
experiments filters out the impacts of internal climate vari-
ability outside the tropical Indian Ocean, the agreement be-
tween the ensemble mean of IOGA and observations (cf.
Figs. 4 and 6) suggests that the observed changes in the tropical
Pacific during the selected pIOD years are indeed due to the
Indian Ocean forcing. There are a few exceptions, such as in
1925, during which the IOGA simulates a La Nifia event, while
it was an El Nifio year in observations (Fig. 3b). This is because
ENSO is a strong internal mode of climate variability, and El
Niflo event still occurred in 1925 albeit with strong forcing from
pIOD. Because 1925 was included in the composites of Figs. 4a
and 6a, weak warming was shown in the central tropical Pacific
in Fig. 6a but was absent from Fig. 4a. Similarly, 1944 was a La
Nifia year, opposite to the IOGA result. These inconsistencies
suggest that in some years processes other than the tropical
Indo-Pacific interactions can play a dominant role, such as
forcings from the extratropical Pacific that may trigger ENSO
(Chang et al. 2007; Alexander 2010; Zhang et al. 2014). This is
also one of the reasons why the ENSO-IOD correlation is
overall not high and nonstationary.

The above analysis focuses on the El Niflo-independent pIODs.
We also extended our analysis to the El Niflo—dependent pIODs,
which overall tend to cause positive SSTA in the tropical Pacific
but with noticeably different warming magnitudes (Fig. 3b).
Consistent with the conclusions above, we find that for the
pIODs with warming in the thermocline ridge and the southeast
Indian Ocean, the Pacific warming is prominently weakened
(Fig. S11 in the online supplemental material). Taking all the
pIODs into consideration (both El Nifio-dependent and El
Nifio-independent events), the key role of the thermocline ridge
warming and the WPD in affecting the diverse impacts of the
pIOD on ENSO is still evident (Fig. S12 in the online supple-
mental material).

As a comparison, we also analyzed results from the 40-member
ensemble of the CESM1-LE during the same period as our pace-
maker experiments (1920-2013). After removing the ensemble
mean results that isolate the climate anomalies forced by external
forcing (both anthropogenic and natural), we selected the pIOD
events that co-occur with La Nifia (72) and El Nino (501), re-
spectively (Fig. S13 in the online supplemental material). We
found that the pIOD-La Nifia events also correspond to prom-
inent warming in the thermocline ridge that extends to the
southeast Indian Ocean, while the pIOD-EI Nifio events do not.
Hence, CESM1-LE results also support our conclusions above. In
addition, the CESM1-LE also seems to simulate weaker cold pole
in the eastern tropical Indian Ocean during plOD-La Nifa years
relative to pIOD-EI Nifio years, which may also contribute to the
opposite Pacific anomalies between the two composites. However,
since the differences in the SSTAs at the cold pole are negligible in
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FIG.7. (a) Regression of DJF SST (shading; °C) and surface wind
anomalies (vector; m s ') on normalized DJF SEIO SST index
using ERSSTv3b. Shown are results that are 90% statistically signif-
icant. Black vectors denote the wind regressions that are significant at
the 90% confidence level. The two outlined regions are used to cal-
culate the SEIO index (102°~108°E, 22°-16°S and 108°-115°E, 32°-
16°S) and the central-western Pacific index (CWPIL; 160°E-160°W,
5°S-5°N). (b) As in (a), but for HadISST results. (c) Correlation co-
efficient between the DJF SEIO index and DJF CWPI in ERSSTv3b,
HadISST, and the average of each ensemble members from IOGA
and POGA experiments. The signs are flipped. The blue dashed line
represents the 90% confidence level for the two observational data-
sets. Vertical lines represent 90% confidence interval for results from
IOGA and POGA experiments.

observations (Fig. 4c), the contrasting pIOD impacts on ENSO
that we found in observations and the IOGA experiments are not
due to different amplitudes of the cold SSTAs in the eastern
tropical Indian Ocean.

5. Interbasin interaction and the WPD

The interaction between the southeast Indian Ocean warming
and the tropical Pacific cooling is crucial for pIODs with ther-
mocline ridge warming to cause Pacific La Nifia-like conditions.
The associated interbasin coupling processes (Zhang and Han
2018) indicate that the positive SSTA in the tropical-subtropical
southeast Indian Ocean induces negative SLP anomalies that
extend to the Maritime Continent as atmospheric Kelvin wave,
increasing the zonal SLP gradient in the tropical Pacific and
thereby strengthening the Pacific easterly trades (Fig. 7).
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Consequently, SST in the central tropical Pacific decreases due
to enhanced surface evaporation (Morioka et al. 2012), up-
welling, and zonal advection. The negative SSTA in the tropical
Pacific further enhances the easterly trade winds to its west
through local air-sea coupling, which subsequently enhance the
Indonesian Throughflow (ITF) and thus contribute to the SST
warming in the southeast Indian Ocean (Kataoka et al. 2014;
Tozuka et al. 2014). Through the atmospheric bridge, the Pacific
cold SSTA can also enhance the anomalous cyclonic winds over
the eastern subtropical Indian Ocean, which is south of the an-
ticyclone of the tropical south Indian Ocean (Figs. 4 and 6), and
thereby further enhances the coastal SST warming (Zhang
et al. 2018).

Here we briefly revisit the close connection between the
southeast Indian Ocean and the tropical Pacific by conducting
an observational linear regression analysis (Figs. 7a,b). The re-
sults show that SST warming in the southeast Indian Ocean is
indeed associated with strong cooling anomalies in the western-
central tropical Pacific; meanwhile, cyclonic wind anomalies
appear in the south Indian Ocean, and easterly trades are en-
hanced over the western tropical Pacific. Consistently, the ob-
served SSTA averaged over the two regions shows a negative
correlation (Fig. 7c). Although the correlation is not very high
(—0.27) because of its strong decadal variation (not shown), it is
statistically significant at the 90% confidence level. Strong neg-
ative correlations are found in IOGA and POGA pacemaker
experiments, further supporting the strong interbasin coupling.
Note that the model tends to overestimate the correlations,
which could be due to the too-strong western-central tropical
Pacific SSTA variability in the model (Fig. 10) that may result in
too-strong negative Pacific SSTAs associated with the southeast
Indian Ocean warming. A composite analysis of the pacemaker
experiments also suggests that the southeast Indian Ocean
warming and the Pacific cooling anomalies tend to co-occur (not
shown), as found in observations. We note that the two obser-
vational SST datasets also show some differences. For instance,
the Pacific cold SSTA associated with the WPD extends to the
eastern tropical Pacific in ERSST but not in HadISST, and such
discrepancy could be due to sparse observations prior to the
1950s in the region (Deser et al. 2010).

6. Thermocline ridge warming

The Indian Ocean thermocline ridge is the other key region
that connects the tropical and the southeast Indian Ocean.
Note that although the warm SSTA in the thermocline ridge
region does not seem strong (<0.4°C), it causes prominent
atmospheric responses, including enhanced precipitation in the
SCTR region because the SCTR resides in atmospheric inter-
tropical convergence zone where mean SST is high (>27°C)
during boreal autumn-winter (Li et al. 2014) (Fig. 5). Here we
analyze the physical causes for the thermocline ridge warming
during selected pIOD-La Nifia years. As previously dis-
cussed, the thermocline ridge warming induces an anomalous
interhemispheric SST gradient, which drives northerly and
northwesterly wind anomalies over the south Indian Ocean
(Fig. 4). Our observational analysis shows that the positive
SSTA is primarily caused by the reduced surface wind speed
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and subsequently the weakened surface latent heat flux loss
(Figs. 8a,d), consistent with previous findings (Foltz et al.
2010). These anomalies are in turn associated with north-
westerly wind anomalies counteracting the mean southeast-
erly winds over the south Indian Ocean between 10° and 15°S.
Hence, the development of the thermocline ridge warming
and the associated northerly wind anomalies are mainly due
to a positive feedback: the wind-evaporation-SST (WES)
mechanism (Xie and Philander 1994). The enhanced down-
ward Ekman pumping velocity in the western part of the
thermocline ridge (Fig. 8j) may also help enhance the warm
SSTA at the SCTR by reducing the mean upwelling cooling,
while the surface solar radiation anomalies tend to cool down
the thermocline ridge region (Fig. 8c), which could be due to
the increased cloudiness caused by the surface warming.

Since the SCTR warming is part of the pIOD warm pole, it is
key to separating the pIOD into two types that have opposite
effects on ENSO. While the development of the warm SSTAs
in the SCTR region is primarily due to the WES mechanism,
the initial warming of the warm pole at the SCTR region (or
lack thereof) may be related to other Indian Ocean internal
processes, such as the anomalous atmospheric monsoon cir-
culation, or oceanic wave processes. Previous studies have
suggested that the thermocline ridge warming could be caused
by El Niiio forcing from the preceding season (Klein et al. 1999;
Xie et al. 2002; Huang and Kinter 2002; Rao and Behera 2005).
For the pIOD-La Niifia events, however, analysis of the en-
semble mean of POGA experiments shows that the observed
Pacific SSTA tends to cause negative IOD along with ther-
mocline ridge cooling (Figs. S7a—d in the online supplemental
material). This result suggests that the thermocline ridge
warming associated with the pIOD-La Nifia events is induced
by Indian Ocean internal processes.

7. Summary and discussion

Through analysis of observational datasets and numerical
experiments using a state-of-the-art climate model, we inves-
tigate the impacts of the pIOD on the simultaneous develop-
ment of ENSO. Our results show that approximately one-third
of the historical plOD events are forced by El Nifio, and they in
turn tend to amplify El Nifio. This result seems consistent with
some of the previous findings (Behera et al. 2006; Yang et al.
2017), but different from the studies that use observational
data in more recent periods (e.g., Stuecker et al. 2017). The
discrepancy could be attributable to the decadal variations in
the IOD-ENSO relationship and/or data quality issue during
the early twentieth century due to the sparse observations.
Furthermore, although changes in the IOD-ENSO correlation
may be due to decadal variations in the ENSO variance and
changes in the ENSO flavors (Zhang et al. 2015), its causes may
need further investigation. In addition, the IOGA experiments
also show that 45% of the pIOD events were followed by La
Nifa in the next year in the model (not shown), which is con-
sistent with the previous finding that a pIOD may favor La
Nina in the following year (Izumo et al. 2010).

Different from the El Nifio-dependent pIODs, the effect of
the El Nifio—independent pIODs on the tropical Pacific varies
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during independent pIODs that cause La Niiia. (e)-(h) As in (a)-(d), but for composites of independent pIODs that cause El Nifio. (i)—(1)

Differences between the two composites.

considerably. Of 13 independent pIODs, five favor El Nifio and
three favor La Nifia, which is in contrast to the simultaneous
interplay between El Nifio and the pIOD documented by
previous studies (Baquero-Bernal et al. 2002; Krishnamurthy
and Kirtman 2003; Annamalai et al. 2003; Meyers et al. 2007).
Interestingly, the pIOD-La Nifia years identified in this study
occur prior to the 1970s whereas the plOD-EI Nifio years oc-
cur in recent decades, consistent with the higher DMI-Nifio-
3.4 correlation since the 1980s (Stuecker et al. 2017); prior to
that, however, the observed IOD-ENSO correlation is gen-
erally lower, although the uncertainty is also larger due to the
low data quality. Meanwhile, it is worth noting that the un-
certainties in the SSTA forcing themselves do not affect the
associated physical mechanisms simulated in the model, be-
cause the IOGA experiments mainly simulate the different
responses of the tropical Pacific Ocean to the different pIOD
SSTA patterns shown in the observations.

The diverse effects of pIODs on ENSO are primarily asso-
ciated with two types of plOD SSTA patterns, one with and the
other without thermocline ridge warming in the western pole.
The pIODs with thermocline ridge warming induce anomalous
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interhemispheric SST gradients that drive northerly wind
anomalies over the south Indian Ocean (upper panel of
Fig. 9a). The northerly wind anomalies weaken the prevailing
southeasterlies, further causing SST warming in the thermo-
cline ridge and over the southeast Indian Ocean off the west
coast of Australia, where local air-sea interaction gives rise to
cyclonic wind anomalies to the west in subtropics, which is
south of the anticyclonic wind associated with the pIOD in the
tropics (lower panel of Fig. 9a).

Through the Indo-Pacific interbasin coupling mechanism
associated with the “warm pool dipole” (WPD), the southeast
Indian Ocean warming causes La Nifia-like conditions in the
tropical Pacific (Fig. 9a, lower panel). The cold central tropical
Pacific can in turn enhance warm southeast Indian Ocean
through both the atmospheric bridge and the oceanic connec-
tion, and the out-of-phase SSTAs in the two regions together
form a positive feedback loop (Zhang and Han 2018, 2020).
By contrast, the pIOD with strongest SST warming occurring
in the western equatorial basin and the Arabian Sea tends
to warm the tropical Pacific and thus favors El Nifio-like
conditions through the large-scale east-west circulation in the
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FIG. 9. Schematic diagram that illustrates different impacts of the pIOD on SEIO and the tropical Pacific. Arrows
denote low-level wind anomalies, and shading represents SSTA. (a) pIOD with thermocline ridge warming induces
anticyclonic wind anomalies over the south Indian Ocean, which favors the SEIO warming (top plot). The SEIO
warming induces the tropical Pacific cooling through enhanced trade winds (bottom plot). The Pacific cooling
anomalies in turn favors the southeast Indian ocean warming through atmospheric bridge (cyclonic wind anomalies
over the south Indian Ocean) and the oceanic connection (enhanced ITF). (b) pIOD without thermocline ridge
warming induces El Nifio-like conditions through causing westerly anomalies over the tropical Pacific. El Nifio may
subsequently cause negative SSTA in the SEIO through the oceanic connection and the atmospheric bridge, which

in turn favors El Nifio.

atmosphere as that involved with the TBO (Meehl 1997; Meehl
and Arblaster 2002) (Fig. 9b). Note that although the cold pole
of the pIOD suppresses the local precipitation in both types of
the pIOD (Fig. 5), which tends to cause westerly wind anom-
alies over the tropical Pacific, this effect is much weakened by
the thermocline ridge warming. This is also likely the reason
why the southeast Indian Ocean warming during the pIOD-La
Nifia years is more efficient in strengthening the Pacific easterly
winds (Fig. 9a).

While the WPD can act as a bridge that transmits diverse
pIOD impacts on ENSO, whether the pIOD can cause the
southeast Indian Ocean warming (warm pole of the WPD)
depends on the presence of warm SSTA over the thermocline
ridge in the western pole of the pIOD, the formation of which is
strongly influenced by latent heat flux and amplified by the
wind-evaporation-SST feedback. In addition, reduced up-
welling due to deepened thermocline may also play some role.
Note that composites of thermocline ridge warming/cooling
alone (without pIOD) in IOGA experiments show negligible
SSTA in the southeast Indian Ocean (Fig. S8 in the online
supplemental material). It is the pIOD with thermocline ridge
warming that produces easterly wind anomalies along the
equator and northerly wind anomalies in the basin interior,
leading to the strong anticyclonic wind anomalies over the
tropical south Indian Ocean with northerly winds extending to
the southeast Indian Ocean off the west coast of Australia.
These wind anomalies cause warm SSTAs that subsequently
affect the tropical Pacific. It is noteworthy that both Ningaloo
Nifio and the WPD can also occur without the pIOD and affect
ENSO independently (Zhang et al. 2018).

While this study focuses on pIOD events, we have also an-
alyzed the effects of negative IODs (nIODs). The results show
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that while nIODs may also have different effects on ENSO, the
cause is different from the reasons discussed above for pIODs.
It seems that the nIODs with stronger warming in the eastern
pole tend to favor La Nifia, whereas those with strong cooling
in the western pole correspond to El Nifio in IOGA (not
shown). Because of the asymmetry between the pIODs and
nlODs in terms of their effects on ENSO, here we only focus
on the pIOD and will explore the effects of nIODs on ENSO
in a future study.

As discussed above, in this study we examine the ENSO-
IOD relationship by combining observational analysis and
climate model experiments. However, it is worth noting that
there are well-known biases in simulated tropical climate
modes from the current generation of climate models. For in-
stance, it has been found that the SST variability in the eastern
Indian Ocean is overly large in the model in comparison with
observations (Weller and Cai 2013). Since the tropical Indian
Ocean SST in IOGA pacemaker experiments is restored toward
observations, such model biases are reduced to some degree in
the results presented above. Outside the SST nudging region, the
pacemaker experiments fully represent atmosphere—ocean cou-
pling processes, which is important because positive air-sea
feedback plays a crucial role in the development of tropical cli-
mate variabilities (Bjerknes 1969). But model biases, such as the
well-known cold tongue bias, may affect the simulated processes
in those regions. Indeed, the IOGA and POGA experiments
seem to overestimate the SST variability outside the nudging
region including the western tropical Pacific region, and the
ENSO-IOD correlation is also exaggerated in comparison
with observations (Fig. 10), similar to the biases found in other
climate models (Jourdain et al. 2016). Such model biases in-
dicate that the pIOD impact on ENSO found in this study
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FIG. 10. (a) Standard deviation of SSTA in (a) observations (°C)
using ERSSTv3 and the (b) IOGA and (c) POGA experiments.
The standard deviations were calculated for each ensemble mem-
ber, and shown are the averaged results. (d) Standard deviation of
DMI and Nifno-3.4 in observations and the model counterpart
(DMI in POGA and Nifio-3.4 in IOGA). (¢) The DMI-Nifio-3.4
correlation in observations and pacemaker experiments. The ver-
tical bars in (d) and (e) represent uncertainty across ensemble
members, which is defined as the 90% confidence interval.

could be overestimated. On the other hand, the selected
plOD-La Nifia and pIOD-EI Nifio years show overall good
agreement between the pacemaker experiments and observa-
tions (Figs. 4 and 5), which lends more confidence to our
conclusions that the pIOD contributes to the development of
ENSO in those years. Note also that there are uncertainties in
the observational datasets used in this study as well, especially
prior to the satellite era (Deser et al. 2010), which could lead to
biases in the observed ENSO-IOD relationship. Hence, the
model-data agreement also needs to be treated with caution.

Different from previous understanding, our results show
that the plOD not only can contribute to the development of El
Nifo, but also could in some circumstances favor La Nifia-like
conditions, with the latter scenario being associated with warm
SSTA over the thermocline ridge and the southeast Indian
Ocean. It is thus important to consider detailed SSTA patterns
in the tropical Indian Ocean to understand and predict its
impacts on the tropical Pacific. While the SON SSTA associ-
ated with a pIOD without strong thermocline ridge warming
may serve as a predictor for enhanced DJF El Nifio, a pIOD
pattern with strong thermocline ridge warming extending to
the southeast basin may serve as a predictor for La Nifia.
Future climate prediction should take into consideration the
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diverse SSTA patterns of the IOD, and their different inter-
actions with the WPD and ENSO.
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