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ABSTRACT: This study explores the key differences between single-year (SY) and multiyear (MY) El Niño properties
and examines their relative importance in causing the diverse evolution of El Niño. Using a CESM1 simulation, observation/
reanalysis data, and pacemaker coupled model experiments, the study suggests that the Indian Ocean plays a crucial role
in distinguishing between the two types of El Niño evolution through subtropical ENSO dynamics. These dynamics
can produce MY El Niño events if the climatological northeasterly trade winds are weakened or even reversed over the
subtropical Pacific when El Niño peaks. However, El Niño and the positive Indian Ocean dipole (IOD) it typically induces
both strengthen the climatological northeasterly trades, preventing the subtropical Pacific dynamics from producing
MY events. MY events can occur if the El Niño fails to induce a positive IOD, which is more likely when the El Niño is
weak or of the central Pacific type. Additionally, this study finds that such a weak correlation between El Niño and the
IOD occurs during decades when the Atlantic multidecadal oscillation (AMO) is in its positive phase. Statistical analyses
and pacemaker coupled model experiments confirm that the positive AMO phase increases the likelihood of these conditions,
resulting in a higher frequency of MY El Niño events.
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1. Introduction

Intensive research efforts have been recently made toward un-
derstanding the event-to-event differences in El Niño–Southern
Oscillation (ENSO) properties (i.e., ENSO complexities), with
particular focuses on their spatial patterns and temporal evolu-
tions. The interest was motivated from noting that the central lo-
cation of ENSO’s sea surface temperature anomalies (SSTAs)
has appeared to shift from the tropical eastern Pacific (EP) to the
tropical central Pacific (CP) in recent decades (e.g., Ashok et al.
2007; Kao and Yu 2009; Capotondi et al. 2015). Previous studies
further divide CP El Niño into two subtypes (Wang and Wang
2013; Wang et al. 2018), which gives more evidence for event-to-
event differences in El Niño and ENSO complexities. While the
observational data are still too short to conclude that the ENSO
durations have also significantly changed, there have been indica-
tions that multiyear (MY) El Niño and La Niña events have oc-
curred frequently recently. Beside the very recent “triple-dip” La
Niña event that lasted from 2019 to March 2023, MY El Niño
events have also occurred several times so far in the twenty-first
century, including in the 2002–04, 2014–16, and the 2018–20
El Niños.

Traditional views consider that the fundamental dynamics
of ENSO take place in the tropical Pacific (TP), with the sub-
tropical Pacific (SP) playing a comparatively minor role. In
the TP ENSO dynamic, the coupling of surface wind, SST,
and thermocline variations along the equatorial Pacific is em-
phasized (e.g., Battisti and Hirst 1989; Jin 1997; Suarez and
Schopf 1988). Earlier studies regarded subtropical Pacific pro-
cesses as either part of stochastics forcing in the TP ENSO

dynamics (e.g., Penland and Sardeshmukh 1995) or as precur-
sors to trigger ENSO events through the TP ENSO dynamics
(Chang et al. 1996). However, with the increasing recognition
of the existence of the CP ENSO, the deterministic effect of
subtropical Pacific processes on ENSO development has gained
more emphasis (Kao and Yu 2009; Yu et al. 2010, 2011, 2012,
2017; Wang et al. 2019; Chen et al. 2019; Zheng et al. 2021; Fan
et al. 2023). The physical processes underlying this deterministic
effect are best described by the seasonal footprinting mecha-
nism (Vimont et al. 2003). This mechanism elucidates how trade
wind anomalies over the northeastern (NE) Pacific can induce
subtropical Pacific SST anomalies, which in turn can be sus-
tained and propagated to the tropical Pacific through the wind–
evaporation–SST (WES) feedback (Xie and Philander 1994).
Other studies have also suggested that subtropical trade wind
anomalies can trigger the CP ENSO through upper oceanic cir-
culations (Anderson 2004; Anderson et al. 2013; Wang et al.
2019; Guan et al. 2023).

This SP ENSO dynamic has recently been proposed as a
significant contributor to the complex evolution patterns of
ENSO by Yu and Fang (2018). They argued that the SP
ENSO dynamic is more crucial than the TP ENSO dynamic
in explaining why ENSO events can exhibit SY and MY pat-
terns. The TP ENSO dynamic, centered on equatorial ther-
mocline variations, tends to create a negative feedback to the
ENSO SST variation, resulting in the succession of El Niño
and La Niña and favoring SY ENSO events. In contrast, the
SP ENSO dynamic permits an El Niño event to lead to an-
other El Niño event in the following year, becoming an MY
El Niño event, or to a La Niña event, becoming an SY event.
The outcome depends on whether the El Niño event can trig-
ger a warm or cold phase of the seasonal footprinting mecha-
nism. Therefore, the SP ENSO dynamic can generate bothCorresponding author: Yong-Fu Lin, yongful@uci.edu
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SY and MY ENSO events and serve as a crucial source of
ENSO complexities.

Interbasin interactions between the Pacific and neighboring
Atlantic or Indian Oceans (Horii and Hanawa 2004; Kug and
Kang 2006; Okumura et al. 2011; Ham et al. 2013; Cai et al.
2019; Chen et al. 2019; Okumura 2019; Chikamoto et al. 2020;
Kim and Yu 2022; Wu et al. 2019, 2021; Wang and Wang
2021; Hasan et al. 2022) also play a role in affecting the evolu-
tion pattern of ENSO. For example, during the developing fall
[September0–November0 (SON0)] of an El Niño event, a positive
phase of the Indian Ocean dipole (IOD) is typically induced, fol-
lowed by a positive Indian Ocean Basin (IOB) pattern during its
peak winter to decay spring (December0–May1). These SST
anomalies in the Indian Ocean can create an anomalous anticy-
clone in the northwest Pacific during the El Niño’s decaying sum-
mer (June1–August1), which induces easterly anomalies over the
equatorial western Pacific. The resulting wind anomalies can ex-
cite upwelled oceanic Kelvin waves propagating eastward, which
accelerates El Niño’s demise (Kug and Kang 2006; Izumo et al.
2010; Cai et al. 2019; Kim and Yu 2021). Through this TP ENSO
dynamic, the Pacific–Indian Ocean interactions contribute to the
formation of SY El Niño events.

In the recent study by Kim and Yu (2022), they explored
how the characteristics of ENSO (specifically the location and
intensity of ENSO SSTAs) influence the activation of TP ENSO
dynamics, SP ENSO dynamics, or interbasin interactions, thereby
impacting the SY orMY evolution of the ENSO event. However,
their focus was solely on the SP ENSO dynamics triggered by ex-
tratropical atmospheric sea level pressure (SLP) disturbances as-
sociated with the North Pacific Oscillation (NPO). As detailed in
Fang and Yu (2020), the key to initiating SP ENSO dynamics lies
in the emergence of trade wind anomalies over the northeastern
Pacific. These anomalies can arise not only from the NPO but
also from various other processes, such as the influence of Indian
Ocean SSTAs. In the present study, we consider all processes
that could induce trade wind anomalies to activate SP ENSO dy-
namics and investigate how they can be affected by ENSO’s
properties. We also provide a quantification of the relative
strengths of TP and SP ENSO in the formation of MY El Niño
events. Additionally, we quantify the relative strengths of TP and
SP ENSO in shaping the occurrence of MY El Niño events. To
conduct this investigation, we utilized observational data span-
ning either 1854–2018 or 1948–2018, as well as a 2200-yr-long sim-
ulation generated by a coupled climate model. Further validation
of our findings was achieved through experiments using coupled
climate models.

2. Datasets and methods

a. Datasets

This study utilized monthly SST data from the Extended
Reconstructed Sea Surface Temperature (ERSST) version 5 pro-
vided by the National Centers for Environmental Information/
National Oceanic and Atmospheric Administration (Huang
et al. 2017). This dataset has a horizontal resolution of 28 3 28
and covers the time period from 1854 to the present day.
Monthly atmospheric variables such as wind fields and

SLP were obtained from the National Centers for Environmental
Prediction–National Center for Atmospheric Research (NCEP–
NCAR) reanalysis 1 (Kalnay et al. 1996), which has a horizontal
resolution of 1.8758 3 1.8758 and is available from 1948 to the
present. Anomalies were calculated by subtracting the monthly
climatology, based on the respective analysis periods (either
1948–2018 or 1854–2018), after the removal of linear trends.
The analysis period for the observational analysis is 1854–2018
if the analysis involves only oceanic variables but 1948–2018 if
atmospheric variables are required.

b. CESM1 preindustrial simulation

To address the issue of a limited number of ENSO events in
the observational data, we expanded our analyses by including a
2200-yr preindustrial simulation produced by the Community
Earth System Model, version 1 (CESM1; Kay et al. 2015). Our
analysis focused on the model years 400–2200. Previous research
has demonstrated that the CESM1 model is capable of reason-
ably reproducing observed ENSO characteristics, including re-
occurrence frequencies, amplitude ranges, spatial structures,
and temporal evolutions (e.g., DiNezio et al. 2017; Wu et al.
2019; Kim and Yu 2020). Additionally, previous studies have in-
dicated that this CESM1 simulation accurately captures various
contrasting features of SY and MY ENSO events as observed
(e.g., Kim and Yu 2020, 2021, 2022; Zhu and Yu 2022). Anoma-
lies of the model simulations were similarly calculated by sub-
tracting the climatological values for each calendar month after
the removal of linear trends.

c. Classification of SY and MY El Niño events

In this particular study, seasons for the Northern Hemisphere
were utilized. The El Niño year was designated as year 0, while
the year following the El Niño decay was referred to as year 1,
for all months on the calendar. The Climate Prediction Center
criteria were followed to identify an El Niño event, which re-
quired the 3-month running mean Niño-3.4 index (i.e., SSTAs
averaged in the region of 58S–58N, 1708–1208W) to have a value
of 0.58C or more. During the study period from 1854 to 2018, a
total of 37 El Niño events were identified and documented in
Table 1. For the CESM1 simulation, an El Niño event was rec-
ognized if its first winter (November0–January1) Niño-3.4 index
exceeded 0.5 standard deviations (0.578C). The CESM1 prein-
dustrial simulation between model years 400 and 2200 identified
a total of 352 El Niño events.

The classification of an El Niño as either an SY or MY event
was determined by the Niño-3.4 index during its second winter.
If the Niño-3.4 index was equal to or less than zero, the El Niño
was categorized as an SY event; on the other hand, if the index
was above zero, it was categorized as an MY event. As a result,
our classification method identifies MY events that encompass
not only cases where one El Niño event is succeeded by another
El Niño event but also instances where a single El Niño event
persists into the second year, albeit with its second-winter
Niño 3.4 index dropping below 0.5 standard deviations. Since
the objective of this study is to unveil the distinct physical pro-
cesses responsible for determining whether El Niño–related
warming in SSTAs can be sustained from the first to the
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second years, there is no inherent justification for these physi-
cal processes to require that the SSTA warming in the second
year must persist above or equal a specific threshold (e.g.,
0.5 standard deviations of the Niño-3.4 index). Therefore, our
classification methods are reasonable for distinguishing El Niños
into SY andMY events for analysis.

d. Climate indices

In this study, five climate indices were utilized: the cold
tongue index (CTI), zonal location (ZL) index of ENSO, the
IOD index, the NPO index, and the Atlantic multidecadal oscil-
lation (AMO) index. The CTI was calculated as the averaged
SSTAs within the cold tongue region (68N–68S, 1808–908W)
and was used to represent the intensity of ENSO (Deser and
Wallace 1990). A CTI value smaller (larger) than one standard
deviation classified an El Niño event as weak (strong). The ZL
index was utilized to determine whether the maximum center of
an ENSO event was located more toward the tropical eastern
or central Pacific and was calculated as the SSTA difference
between a tropical eastern Pacific region (58S–58N and
1608–1008W) and a tropical central Pacific region (58S–58N
and 1508E–1608W) in CESM1. A more positive (negative) value
of the ZL index indicates that the ENSO event was located
more toward the tropical eastern (central) Pacific (Kim and Yu
2022). For observations, the ZL index is defined as the SSTA
difference in the Niño-3 region (58S–58N, 1508–908W) and the
Niño-4 region (58S–58N, 1608E–1508W). The IOD index was
calculated as the normalized difference in SSTAs between the
western Indian Ocean (108S–108N, 508–708E) and the south-
eastern Indian Ocean (08–108S, 908–1108E) during the boreal
fall, which is the season when IOD events typically peak (Saji
et al. 1999). The NPO index represented a north–south seesaw
mode of winter SLP variations over the North Pacific and was
defined by the principal component corresponding to the sec-
ond empirical orthogonal function (EOF) mode of normalized
SLP anomalies over the North Pacific (208–608N, 1208E–808W)
during winter (Rogers 1981). Last, the AMO index was ob-
tained from NOAA’s Physical Sciences Division and was de-
fined as the detrended average of SSTAs over the North
Atlantic from the equator to 708N (Enfield et al. 2001).

e. Strengths of the TP and SP ENSO dynamics

We also define TP and SP indices to quantify the strength
of the TP and SP ENSO dynamics during El Niño events.
These two indices were calculated by applying a multivariable
EOF (MEOF) analysis to combined anomalies of surface
wind, SST, and sea surface height (SSH). Following the ap-
proach of Yu and Fang (2018), the analysis was performed us-
ing a two-step procedure. First, a spatial EOF analysis was
separately applied to the SST, wind, and SSH anomalies to

obtain their individual leading spatial EOF modes. Second, a
temporal EOF analysis was applied to the combined principal
components (PCs) of the leading spatial EOF modes of each
variable to obtain the leading coupled modes among the vari-
ables. The first three MEOFs yield the leading coupled modes
associated with ENSO, with one being related to the ENSOma-
ture mode (as the MEOF1 mode) and the others being the SP
and TP ENSO dynamic modes (as the MEOF2 and MEOF3
modes). These three MEOF modes resemble the classical spa-
tiotemporal patterns associated with the three MEOF modes in
Yu and Fang (2018; see their Fig. 1). The PCs of MEOF2 and
MEOF3 were defined as the SP and TP indices in this study,
respectively.

f. The coupled AGCM–SOM pacemaker experiments

A coupled model consisting of an atmospheric general circu-
lation model (AGCM) and a mixed layer slab ocean model
(SOM) was utilized in the experiments. The AGCM used in the
experiments was NCAR’s Community Atmospheric Model,
version 3.0 (CAM3.0), which had a T42 Eulerian spectral reso-
lution and 26 vertical levels. The experiments conducted were
an AMO-positive experiment and an AMO-negative experi-
ment. The AGCM was forced by prescribing North Atlantic
(08–708N) SSTs related to the positive and negative phases of
the AMO, while the SOM determined SSTs elsewhere. To de-
termine the SSTAs of the AMO, North Atlantic SSTAs were
regressed onto the AMO index using 1900–2015 observations.
The regressed SSTAs were then added to or subtracted from
the observed SST climatology to prescribe the North Atlantic
SSTs in the AMO-positive or AMO-negative experiment. The
experiments were integrated for 120 years, with the model out-
put from the last 100 years analyzed [see Lyu et al. (2017) for
details].

g. The fully coupled CESM1 pacemaker experiments

The study’s conducted experiments employed the CEMS1.2.2
framework (for detailed information, refer to https://www.cesm.
ucar.edu/models/cesm1.2/). These experiments utilized the
B1850C5CN compset of CESM1.2.2, operating in a fully coupled
mode, with the f19_g16 model configuration. This configuration
featured a horizontal resolution of about 28 and 30 vertical levels
vertically in the Community Atmospheric Model version 5.3
(CAM5.3). Additionally, the Parallel Ocean Program version 2
(POP2) had a horizontal resolution of approximately 18 and 60
vertical levels.

The experimentation encompassed an AMO-positive ex-
periment and an AMO-negative experiment (Y.-F. Lin et al.
2023). In the pacemaker experiments, the North Atlantic
region (08–708N) SSTs were adjusted to the model’s climatology,
incorporating the observed AMO-positive or AMO-negative

TABLE 1. SY and MY El Niño events during 1854–2018.

Single-year events (1854–2018) Multiyear events (1854–2018)

1855/56, 1902/03, 1911/12, 1921/22, 1923/24, 1925/26, 1930/31,
1951/52, 1953/52, 1963/64, 1965/66, 1972/73, 1982/83, 1994/95,
1997/98, 2004/05, 2006/07, 2009/10

1857–59, 1876–78, 1880–82, 1884–86, 1887–89, 1895–97, 1899–01,
1904–06, 1913–15, 1918–20, 1940–42, 1957–58, 1968–70,
1976–78, 1979–81, 1986–88, 1991–93, 2002–04, 2014–16

L I N AND YU 38715 JANUARY 2024

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 12/18/23 05:41 PM UTC

https://www.cesm.ucar.edu/models/cesm1.2/
https://www.cesm.ucar.edu/models/cesm1.2/


SST pattern. The AMO’s SSTA pattern was derived through re-
gressing North Atlantic SST anomalies onto the AMO index, uti-
lizing observations spanning 1900–2018. A restoring time scale of
10 days was employed, and for each AMO-positive and AMO-
negative experiment, five ensemble members were generated.

The climatological mean states and external factors like
greenhouse gases, solar forcing, and aerosols were maintained
at preindustrial levels. The experiment members were each
simulated for 110 years, with the model’s output analyzed for
the final 80 years.

h. Significance test

The statistical significance of the results was assessed at
90% and 95% confidence levels. To determine the effective
degree of freedom, an autocorrelation method was employed
in the significance tests.

3. Contributions of the TP and SP dynamics to
the formation of MY El Niños

A total of 18 SY and 19 MY El Niños were identified in the
observations during the period 1854–2018 using the classification
method described in section 2c (see Table 1). In the CESM1 pre-
industrial simulation, a total of 167 SY and 185 MY El Niños
were identified during model years 400–2200. The relative per-
centages of SY and MY El Niños in the CESM1 (47.4% and
52.6%, respectively) are very similar to those in the observa-
tions (48.6% and 51.4%, respectively) (Fig. 1a). The sample
sizes of SY and MY El Niños in the CESM1 were approxi-
mately 10 times larger than those in the observations, provid-
ing a robust dataset for these events that accurately reflects
their relative frequencies in the real world.

Using the TP and SP indices, we analyzed the relative
strengths of the TP and SP ENSO dynamics during the first five
seasons of the SY and MY El Niños in the CESM1 simulation.
Figure 1b displays the index difference composite for the two
event groups. The results indicate that the TP ENSO dynamic
is dominant during the developing summer (June0–August0) to

the decaying spring of the SY El Niño, whereas the SP ENSO
dynamic is dominant for the MY El Niño. These findings are
consistent with Yu and Fang (2018), which suggests that the SP
ENSO dynamic plays a more significant role than the TP ENSO
dynamic in forming the MY El Niño events. It is encouraging to
find that the CESM1 simulation reasonably reproduces the ob-
served linkages between the TP and SP ENSO dynamics and
the SY andMYEl Niños, making it suitable for studying the un-
derlying dynamics of the MY El Niño.

To investigate the reasons behind the different dynamic dom-
inance, we compared the seasonal variations of composite SST
and surface wind anomalies between the SY andMY El Niños in
Fig. 2. The figure uncovers three primary differences between the
two groups: 1) the SY El Niño exhibits a stronger peak winter
(December0–February1) intensity of SSTAs compared to the
MY El Niño (Figs. 2c,h,m); 2) the SY El Niño triggers a more ro-
bust positive phase of the IOD during the developing fall season
(Figs. 2b,g,l) and a more potent IOB warming during the decay-
ing spring (Figs. 2d,i,n); and 3) the MY El Niño induces stronger
anomalous southwesterly (SW) trade winds over the northeast
Pacific than the SY El Niño from the developing summer to de-
caying summer. As mentioned, the connection between El Niño
and the Indian Ocean plays a crucial role in facilitating the shift
from El Niño to La Niña conditions through the TP ENSO dy-
namic, resulting in the formation of SY events. This negative feed-
back should be weaker during the MYEl Niño due to the weaker
IOD and IOB it induced. On the other hand, the MY El Niño
has a stronger ability than the SY El Niño to trigger the seasonal
footprinting mechanism because of its stronger trade wind anoma-
lies over the NE Pacific.

The contrast in the strength of the seasonal footprinting mech-
anism between the MY El Niño and SY El Niño is evident in
their composite differences during the peak winter-to-decaying
summer seasons (Figs. 2m,n). The difference highlights a distinct
warm phase of the subtropical SST footprinting, characterized by
positive SSTAs extending from the NE Pacific into the tropical
central Pacific, overlaid with SW trade wind anomalies. The

FIG. 1. (a) The relative percentages of SY (black bars) and MY (red bars) El Niño events in the observations from
1854 to 2018 and the preindustrial CESM1 model simulation during the model coverage years 400–2200. (b) The dif-
ference between the TP and SP indices composite SY (black line) and MY (red line) El Niño events in CESM1. Shad-
ings denote one standard deviation. The black dashed line indicates the dividing line between the first year and the
second year.

J OURNAL OF CL IMATE VOLUME 37388

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 12/18/23 05:41 PM UTC



warm SSTAs cause the El Niño to initiate a second El Niño from
the tropical central Pacific in the March1–May1 (MAM1) season.

The three distinguishing features explain why the MY El
Niño has a stronger SP ENSO dynamic, while the SY El Niño
has a more potent TP ENSO dynamic.

4. Key factors in activating the SP ENSO dynamics

The occurrence of trade wind anomalies over the NE Pacific
is crucial for triggering the seasonal footprinting mechanism
(Vimont et al. 2003) that forms the core of the SP ENSO

dynamic. We next investigate why the NE Pacific experiences
distinct trade wind anomalies during MY and SY El Niños,
and whether the dissimilarity is linked to the properties of the
events in the tropical Pacific and/or Indian Ocean. We defined
a trade wind direction index (TWDI) to gauge the direction
of trade wind anomalies in the subtropical Pacific (denoted by
the black box in Fig. 2, where the largest trade wind differ-
ences between the MY and SY El Niños occur). Since the cli-
matological NE trade has a wind direction of 2258 (Fig. 3a), a
small value of the TWDI (such as 08–908) indicates that the
anomaly wind in the NE Pacific is in the opposite direction

FIG. 2. Seasonal evolutions of SST (8C) and surface wind (m s21) anomalies composite for the (left) SY El Niño and (center) MY El
Niño, and (right) their difference (MY El Niño minus SY El Niño). The seasonal evolutions shown from the top to bottom panels are the
developing summer (JJA0), fall (SON0), peak winter (D0JF1), decaying spring (MAM1), and summer (JJA1). The color regions and black
vectors indicate confidence levels exceeding 90% according to the Student’s t test. The black box in all figures indicates the region where
the trade wind index (1658–1358W, 58–208N) is defined.
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FIG. 3. (a) Schematic diagram illustrating how the mathematical direction of anomalous trade winds over the NE
Pacific (i.e., the TWDI value) is determined and (b) its composite values during MY and SY El Niños and positive
and negative IOD and NPO phases in the decaying spring period (March1–May1). (c) Lagged regressions of anoma-
lous SST (shading; 8C) and surface wind (vectors; m s21) during winter to spring (D0JFMAM1) onto the normalized
trade wind direction index [TWDI, i.e., average anomalous wind direction in the black box in (c)] during decay spring
(March1–May1). (d) As in (c), but for sea level pressure (SLP) (hPa). (e)–(g) Multiregression analysis of anomalous
SLP during winter to spring (D0JFMAM1) onto peak winter (D0JF1) NPO, peak winter (ND0J1) CTI, and developing
fall (SON0) IOD indices. The black box in (c)–(g) indicates the region where the trade wind index (1658–1358W,
58–208N) is defined.
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from the climatological trade and can reduce surface evaporation
to trigger a warm phase of the seasonal footprinting mechanism.
Conversely, a large value of TWDI indicates that the anomaly
wind is aligned with the climatological trade and can trigger a cold
phase of the seasonal footprinting mechanism. Figure 3b shows
that the composite TWDI has a value of 243.28 during the SY
El Niño but a value of 32.08 during the MYEl Niño. These values
suggest that the NE Pacific trade winds blow very much south-
westward during the SY events but in an opposite direction during
the MY events. This result confirms that the anomalous trade
wind direction favors triggering a warm seasonal SST footprint in
theMYEl Niño but a cold SST footprint in the SY El Niño.

A lagged regression was conducted using the TWDI in
MAM1 to identify the primary patterns of SST anomalies in
peak winter to decaying spring (D0JFMAM1; shown in Fig. 3c)
that may lead to changes in the trade wind direction. The domi-
nant SST anomalies identified in the regression were associated
with El Niño and IOB warming conditions in the preceding win-
ter and spring. An IOD-like characteristic is embedded in the
Indian Ocean basin warming condition, with stronger warming
in the western tropical Indian Ocean than in the eastern tropical
Indian Ocean. As mentioned in section 1, the positive IOD typi-
cally induced by El Niño events during the developing
SON0 season later develops into a positive IOB pattern during
El Niño’s peak winter to early spring seasons. Therefore, the re-
gression result indicates that the IOD phases during the develop-
ing fall season of El Niño play an important role in affecting trade
wind anomalies over the subtropical Pacific. As large values of
TWDIs are related to northeasterly winds, this regression pro-
vides insights into the SST conditions that can strengthen the
climatological NE trades and trigger a cold SST footprint extend-
ing from the subtropical to tropical Pacific, which may transition a
preceding El Niño condition into a La Niña condition, resulting
in an SY El Niño event. Thus, the analysis suggests that for an
El Niño event to persist into the second year and become an
MY event, a weaker-intensity El Niño and/or a negative IOD
phase during the first developing year of the El Niño is cru-
cial. The impact of the IOD phase on the trade wind direction
is further supported by the composite TWDI values during
the positive and negative phases of the IOD (Fig. 3b). During
the negative IOD phase, anomalous SW trades (with a com-
posite TWDI of 83.28) occur over the northeast Pacific,
whereas during the positive phase, anomalous northeasterly
trades (with a composite TWDI of 263.28) are induced. It
should be noted that we find CESM1 biases in simulating ex-
cessively strong and persistent IOD events compared to the
observations (not shown). However, this bias does not lead to
an overestimation of the importance of the IOD. A similar
TWDI regression with SSTAs using the 1948–2018 observa-
tions (not shown) reveals a warm IOB condition similar to the
one depicted in Fig. 3c, except that the IOD-like feature is
weaker in the observations than in the CESM1 simulation.
Nevertheless, the observed warm IOB is similarly preceded
by a positive IOD in the previous SON0 season.

A similar lagged regression with SLP anomalies (Fig. 3d)
reveals that the northeasterly trade wind anomalies (i.e., large
TWDI) are directly related to an anomalous high over the
subtropical North Pacific. The regression also indicates that

this anomalous high can be accompanied by an anomalous
low over the North Pacific. Since this north–south dipolar SLP
pattern resembles the spatial pattern of the NPO, the NPO can be
a third factor (other than the El Niño intensity and IOD) in caus-
ing variations in trade wind direction. The composite TWDI val-
ues during the positive and negative phases of the NPO (Fig. 3b)
confirm that the positive NPO can induce anomalous northeast-
erly trades (with large TWDI values) and the negative NPO can
induce anomalous SW trades (with large TWDI values).

To determine the relative impacts of these three factors on
TWDI-related SLP anomalies in the North Pacific, we con-
ducted a multiple regression analysis. Specifically, we examined
the relationships between winter-to-spring SLP anomalies and
the CTI in the ND0J1 season, the IOD index in the SON0 sea-
son, and the NPO index in the D0JF1 season. The results indi-
cate that while the regression onto the NPO closely resembles
the TWDI-regressed SLP anomaly pattern, the SLP regressions
onto the CTI and IOD also produce SLP anomalies over the
TWDI region, which can strengthen the NE Pacific trade winds.
The regression with the NPO index (Fig. 3e) shows that the
anomalous high in the southern lobe of the positive NPO in-
duced anomalous northeasterly trades over the TWDI region.
The regression with the CTI (Fig. 3f) indicates that an El Niño
condition can stimulate a Gill-type response (Gill 1980), which
forms a pair of Rossby waves straddling along the equatorial
Pacific to the west. The positive SLP anomalies associated with
the northern Rossby wave were located directly to the west of
the TWDI region and contribute to the formation of anomalous
northeasterly trades within the region. Finally, the regression
with the IOD index (Fig. 3g) was characterized by large and
positive SLP anomalies over the North Pacific. This anomalous
high extends southward to produce anomalous northeasterly
trade winds over the TWDI region. Previous studies have sug-
gested that a positive IOD event can cause anomalous ascend-
ing over the western Indian Ocean, leading to the generation of
a Rossby wave train. This wave train then propagates along the
western Pacific rim, from Indo-China toward the North Pacific,
which could potentially explain the appearance of the positive
SLP anomalies over the North Pacific when regressed with the
IOD (e.g., Annamalai et al. 2007; Shukla et al. 2009; Seo et al.
2016).

Our analyses above indicate that the positive and negative
phases of the IOD and NPO can, respectively, activate the cold
and warm SST footprint to favor the formation of SY and MY
El Niño events. To further confirm these phase linkages, we an-
alyzed the relative percentages of the numbers of SY and MY
El Niño events during these two phases of the IOD and NPO in
the observations and the CESM1 simulations (Fig. 4). Since the
IOD typically peaks in the fall and the NPO peaks in winter, we
used the developing fall (SON0) value of the IOD index and the
peak winter (D0JF1) value of the NPO index for the analysis.
Figure 4 shows that more SY than MY El Niño events occurred
during the positive IOD phase in both the observations and
CESM1 simulation, whereas more MY than SY El Niño events
occur during the negative IOD phase. This result confirms that
the IOD plays a crucial role in determining the evolution pat-
tern of El Niño, with the positive and negative IOD phases
helping to form the SY and MY El Niño, respectively. The
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analysis with the positive and negative phases of the NPO
(Fig. 4) reveals that more SY than MY El Niño events occurred
during the positive NPO phase and the reverse is true during
the negative NPO phase in the CESM1 simulation. In the obser-
vations, although there are consistently more SY El Niño events
than MY El Niño events in both the positive and negative NPO
phases, the percentage of MY El Niño events increases from
the positive to the negative NPO phase. Both the observations
and the CESM1 simulation indicate that the negative phase of
NPO encourages the occurrence of MY El Niño events. This in-
fluence is more pronounced in the CESM1 simulation than in
the observations.

To further quantify the relative importance of IOD and
NPO on influencing the occurrence percentages of SY and
MY El Niño events, we utilize the following formula:

DP 5 (|SYp 2 MYp| 1 |SYn 2 MYn|)/2:

Here, SYp and MYp represent the percentages of the num-
bers of SY and MY El Niño events that occurred during the
positive phase of the factor examined, respectively. SYn and
MYn represent the percentages that were observed during
the negative phase of the factor, in the same manner. The DP
index is used to measure the extent to which the phase of the
factor can influence the relative dominance of the SY and
MY patterns of El Niño. A larger DP value indicates that the
factor has a more significant impact on differentiating the SY
and MY evolution patterns for El Niño. Only the CESM1
simulation is used in the calculation (Fig. 5), and Table 2 illus-
trates the percentages of SY and MY events classified based
on the phases of IOD and NPO in the simulation. As shown
in Fig. 5, the DP values demonstrate that the IOD can cause a
substantial difference in the relative percentages of SY and

MY El Niño events, with an average difference of 43%. Mean-
while, the NPO results in a much smaller difference in the rela-
tive percentages, with an average difference of only 13.8%. This
analysis confirms that the phase of IOD is a more critical factor
than NPO in controlling the SY and MY evolution patterns of
El Niño in the CESM1 simulation.

5. Intercorrelations among the three key factors

The three factors (i.e., El Niño intensity, IOD, and NPO) that
can induce trade wind anomalies in the NE Pacific to trigger the
SP ENSO dynamics are not necessarily independent from each
other and may be intercorrelated. We show in Table 3 the

FIG. 4. The relative percentages of the numbers of single-year (black bars) and multiyear (red bars) El Niño events during IOD1,
IOD2, NPO1, and NPO2 phases. The percentages were calculated from (a) observations spanning 1948–2018 and (b) the preindustrial
CESM1 model simulations covering years 400–2200. The developing fall (SON0) value of the IOD index and the peak winter (D0JF1)
value of the NPO index were used in the analysis.

FIG. 5. The percentage differences (DP) between the numbers of
SY and MY El Niño events in the CESM1 preindustrial simulation
related to the positive and negative phases of IOD and NPO, the
strong and weak El Niño intensity (represented by the CTI index),
and the central Pacific (CP) and eastern Pacific (EP) types of
El Niño location (represented by the ZL Index). The DP is calcu-
lated based on the formulaDP5 (|SYp 2MYp|1 |SYn 2MYn|)/2.
See text for the details of the formula.
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correlations between the CTI index during ND0J1, the NPO in-
dex during D0JF1, and the IOD index during SON0 in the
CESM1 simulation. It shows that the IOD and CTI indices are
highly correlated (R 5 0.56, p , 0.05), indicating that a positive
IOD phase typically occurs during a developing El Niño event.
However, the NPO index has weak correlations with both the
CTI (R 5 0.13, p , 0.1) and IOD index (R 5 20.04, p . 0.1),
suggesting that NPO is mostly independent from these two ma-
jor SST variability modes of the tropical Indo-Pacific Oceans.
The NPO is mostly a free variability mode of the northern win-
ter atmosphere (Rogers 1981), and its positive and negative
phases can both occur during an El Niño event. The high corre-
lation between El Niño and the IOD index means that an El
Niño event and positive IOD it induced can work together to in-
crease the chance of forming SY El Niño events through the SP
ENSO dynamics (i.e., the stronger NE trade anomalies and a
cold phase of the seasonal footprinting mechanism). This analy-
sis infers that MY El Niño events are more likely to occur when
the El Niño–IOD correlation is weak.

To decrease the positive correlation between El Niño and
IOD and encourage the development of MY El Niño events,
one possibility is to diminish the effectiveness of the atmo-
spheric bridge mechanisms that generally connect El Niño
events to positive IOD. These mechanisms are activated by the
anomalous heating generated by El Niño events, which can dis-
rupt the Walker circulation over the Indo-Pacific Oceans or
initiate zonally propagating waves in the tropical troposphere,
spreading the El Niño–induced warming to the adjacent Indian
Ocean (Alexander et al. 2002; Cai et al. 2019; Chiang and
Lintner 2005; He et al. 2020; Klein et al. 1999; Lau and Nath
2003; Su et al. 2005). The efficacy of these mechanisms may be
influenced by the intensity and location of the El Niño SSTAs.
We conducted a scattering plot analysis to examine the relation-
ship between the IOD index and ENSO intensity (measured by
the CTI index) and location (measured by the ZL index) for all
El Niño events during their developing SON0 season in both
the observations and CESM1 simulation. As shown in Fig. 6,
the IOD had a stronger positive correlation and regression slope

with El Niño intensity than with El Niño location. This result
suggests that El Niño intensity plays a larger role than El Niño
location in affecting El Niño’s ability to induce a positive IOD.

To further elucidate the impact of ENSO intensity and loca-
tion on the relationship between El Niño and the IOD, we con-
ducted a comparison of linear regressions of wind profiles along
the equatorial Indo-Pacific sector onto ENSO intensity and lo-
cation indices (Fig. 7). Figures 7a and 7b reveal two anomalous
weaker Walker circulations over the Indo-Pacific region in the re-
gression to the CTI index in both the observations and CESM1
simulation, which involve two strong ascending branches over the
western Indian Ocean (around 608E) and central Pacific (around
1808) and a descending branch over the western Pacific (around
1208E). The anomalous Walker circulation over the Indian
Ocean has the ability to trigger a positive IOD. However, the
anomalous Walker circulation over the Indian Ocean is not note-
worthy in the regressions to the ZL index (Figs. 7c,d).

Our analyses indicate that the El Niño intensity is the main fac-
tor that determines how likely it is that a positive IOD can be in-
duced by El Niño. When an El Niño is not strong enough, which
based on Fig. 6 should be CTI , 0.718C in the observations and
0.698C in the CESM1 simulation, the typical El Niño–induced
positive IOD may not occur. When the El Niño influence on
IOD is weak, a negative IODmay occur during an El Niño event
to activate a warm phase of the seasonal footprinting mechanism
and increase the probability of formingMYEl Niño events.

El Niño intensity and location also affect El Niño’s ability
to activate the seasonal footprinting mechanism via NE Pacific
trade wind variations. To evaluate how the two properties of
El Niño influence the percentage of SY and MY El Niño
events, we categorized El Niño events into two groups based
on ENSO intensity factor, namely, strong (CTI . 1 STD) and
weak (CTI , 1 STD), and based on ENSO location factor,
namely, EP type (ZL index . 0) and CP type (ZL index , 0).
Then, we calculated the DP values accordingly. As shown in
Fig. 5, the DP values are comparable based on either the
ENSO intensity or ENSO location. Among all the factors we
have considered in the DP analysis of Fig. 5, the phase of the
IOD is still the most critical factor in controlling the occur-
rence of the SY or MY El Niño, followed by the El Niño
properties (i.e., location and intensity), whereas the phase of
the NPO was the least important factor.

6. AMO’s impact on the El Niño–IOD relationship and
MY El Niño occurrence

Our analyses above suggest that a strong El Niño–IOD re-
lationship should favor the formation of SY El Niño events,

TABLE 2. The percentage between the numbers of SY and MY El Niño events in the CESM1 preindustrial simulation related to
the positive (Pos.) and negative (Neg.) phases of IOD and NPO, the strong and weak El Niño intensity (represented by the CTI
index), and the central Pacific (CP) and eastern Pacific (EP) types of El Niño location (represented by the ZL index).

SY/MY (%)

IOD (SON0) NPO (D0JF1) CTI (NDJ0) ZL (NDJ0)

Pos. Neg. Pos. Neg. Strong Weak EP CP

SY 60.0% 17.0% 54.4% 40.6% 60.6% 43.4% 58.2% 36.4%
MY 40.0% 83.0% 45.6% 59.4% 39.4% 56.6% 41.8% 63.6%

TABLE 3. Correlations between the CTI index during ND0J1,
IOD index during SON0, and NPO index during D0JF1 in the
CESM1 preindustrial simulation. The p values of the correlations
are shown in parentheses.

R/p value Niño-3.4 IOD NPO

CTI 1 0.56 (p , 0.01) 0.13 (p , 0.1)
IOD } 1 20.04 (p . 0.1)
NPO } } 1
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while a weak relationship favors the formation of MY events
through the SP ENSO dynamics. Other factors besides the in-
tensity and location of El Niño events can also affect the El
Niño–IOD relationship and thereby influence the frequencies
of SY and MY El Niño events. One such factor is the AMO,
which has been shown capable of impacting the mean climate
state and variability of the Pacific, including ENSO (Ham et al.
2013; Wang et al. 2017; Yu et al. 2015). We examined the
21-yr running correlation between the developing fall (SON0)
Niño-3.4 and IOD indices in the observations from 1900 to
2018 (Fig. 8a) and found that the El Niño–IOD correlation is
stronger during periods of negative AMO phases but weak
during the periods of positive AMO phases. This suggests that
when the AMO is in its positive phases, El Niño has a weaker
influence on IOD, and vice versa for negative AMO phases.
The antiphase relationship between AMO and IOD–Niño-3.4
correlations shown in Fig. 8a is statistically significant at the
95% interval (with a correlation of 20.53 and p , 0.05). Pre-
vious studies have indicated that a positive AMO phase can
increase the strength of the SP ENSO dynamics (Yu et al.

2015) and give rise to more occurrences of the CP type of
ENSO than the EP type. Since CP El Niño events are typi-
cally weaker than EP El Niño events (Kao and Yu 2009), the
weaker and more CP-located El Niño is not conducive to trig-
gering significant interactions between the Pacific Ocean and
the Indian Ocean. Furthermore, a previous study (Wang and
Wang 2014) has also revealed that CP El Niño events could
trigger a negative IOD. These explain why the El Niño–IOD
relationship is reduced during the positive AMO. The stron-
ger SP ENSO dynamics and the weakened El Niño–IOD rela-
tionship together should favor the formation of MY El Niño
events during positive AMO phases. Conversely, negative
AMO phases should favor the occurrence of SY El Niño
events. This effect is demonstrated in Fig. 8b, which illustrates
that the relative percentage of the numbers of MY to SY
El Niño events is higher during positive AMO phases (50%)
than during negative AMO phases (37%).

To further examine the modulation of the AMO phase on
the occurrence of MY El Niños, we conducted pacemaker ex-
periments using a coupled AGCM-SOMmodel (see section 2f).

FIG. 6. Scattering plots depict (left) the relationship between the IOD index and the CTI index as well as (right) the
zonal location (ZL) index during the developing fall (SON0) of El Niño events. (a),(b) The observations from 1948 to
2018 and (c),(d) data from the CESM1 preindustrial simulation. In each panel, the mean value of all events is repre-
sented by a black dot and one standard deviation is indicated by vertical and horizontal lines centered on the dot. All
indices were normalized.
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Clement et al. (2011) demonstrated that a coupled AGCM–

SOM model is capable of generating El Niños. However, it is
important to note that this coupled model exclusively incor-
porates the SP ENSO dynamics, which rely on interactions
between the atmosphere and the mixed-layer ocean, while ex-
cluding the TP ENSO dynamics, which involve thermocline

variation and ocean circulation. Given that in this study we em-
phasize the pivotal role of SP ENSO dynamics in the occurrence
of MY El Niño events, this AGCM–SOM model offers a sim-
plified framework for exploring how modifications in the
ENSO–IOD relationship can impact SP ENSO dynamics and
subsequently influence the prevalence of MY El Niños. It is

FIG. 7. Regressions of the anomalies in the equatorially averaged vertical velocities (colors; Pa s21) and zonal wind
fields (vectors) onto the normalized (a) CTI and (c) ZL indices during the developing fall season (SON0) in the obser-
vations. (b),(d) As in (a) and (c), respectively, but for the CESM1 preindustrial simulation. The vertical velocities dis-
played have been multiplied by2500.

FIG. 8. (a) The time series of the normalized yearly AMO index after a 21-yr running mean (represented by the red
and blue bars), and the 21-yr running correlation between the developing fall (SON0) IOD and Niño-3.4 indices
(shown by the black line; the value was removed from its mean of 0.45). (b) The bar graph displays the relative per-
centages (%) of SY (black) and MY (red) El Niño events during AMO positive and negative periods in observations
from 1900 to 2018. Numbers in parentheses represent the total number of El Niño events during each period.
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worth mentioning that ENSO-induced IOD events can arise
due to atmospheric forcing triggered by ENSO, and as a re-
sult, these forced IOD events can occur even when ocean dy-
namics are not considered.

In the AMO-positive and AMO-negative experiments, we
prescribed SSTAs of the positive and negative AMO phases,
respectively, in the North Atlantic (08–708N). Meanwhile, the
AGCM in other ocean basins was allowed to interact with the
slab ocean. The CTI and ZL indices’ mean values for the sim-
ulated El Niño events (see Fig. 9a) indicate that the AMO-
positive experiment produced weaker and more CP-type El
Niños, while the AMO-negative experiment produced stron-
ger and more EP-type El Niños, consistent with the findings
of Kao and Yu (2009) and Yu et al. (2015).

The IOD index during the simulated El Niños had a small
mean value of 0.08 in the AMO-positive experiment and a
positive value of 0.16 in the AMO-negative experiment (rep-
resented by dot size in Fig. 9a). This suggests that El Niño
events have a stronger tendency to induce a positive IOD in
the AMO-negative experiment than in the AMO-positive ex-
periment, which aligns with our earlier analyses. Moreover,
the correlation between the Niño-3.4 and IOD indices con-
firmed that the El Niño–IOD relationship was weaker in the
AMO-positive experiment (R 5 0.02, p . 0.1) than in the
AMO-negative experiment (R 5 0.3, p , 0.01). The relative
percentages of the numbers of SY and MY El Niño events in
the two experiments (Fig. 9b) showed that MY El Niño events
occurred more frequently in the AMO-positive experiment
(68.4%) than in the AMO-negative experiment (58.8%).

To delve deeper into the modulation effect of AMO on the
El Niño–IOD relation under more realistic climatic conditions
(specifically, by incorporating ocean dynamics), we conducted
an additional set of pacemaker experiments. These experi-
ments utilized the fully coupled model CESM1 (detailed in
section 2h) and resulted in the generation of five ensemble
members. In the AMO-positive and AMO-negative experi-
ments, we nudged SSTAs of the positive and negative AMO
phases, respectively, in the North Atlantic (08–708N). The
mean values of the CTI index for the simulated El Niño
events (Fig. 10a) indicate that the AMO-positive experiment
produced weaker El Niños, whereas the AMO-negative experi-
ment produced stronger ones. This result is consistent with the
pacemaker experiences of AGCM-SOM (Fig. 9a). However,
the ZL index yields a different result compared to the AGCM-
SOM’s pacemaker experiences. This disparity could potentially
be attributed to the influence of ocean dynamics in the tropical
region. Further investigation of this issue is warranted in future
studies. In the context of the simulated El Niños, the IOD index
displayed a modest and negative mean value of 20.28 in the
AMO-positive experiment, while registering a positive value of
0.50 in the AMO-negative experiment (Fig. 10b). Additionally,
examining the correlation between the Niño-3.4 and IOD in-
dices affirmed that the El Niño–IOD relationship exhibited a
reduced strength in the AMO-positive experiment (R 5 0.30,
p , 0.1) compared to the AMO-negative experiment (R 5 0.46,
p , 0.05) (Fig. 10c). Analyzing the relative percentages of SY
and MY El Niño events in the two experiments (Fig. 10d)
revealed a higher occurrence of MY El Niño events in the

FIG. 9. (a) The values of the CTI and ZL indices during the developing fall (SON0) of the El Niño events simulated
in the AMO-positive (light gray dots) and AMO-negative (light pink dots) experiments are shown. The mean ZL and
CTI index values in the former (dark black dot) and latter (dark red dot) experiments are also displayed, with their
90% confidence intervals indicated by the horizontal and vertical lines, respectively. The sizes of the dark red and
black dots indicate the mean IOD values (STD units) during SON0. (b) The relative percentages (%) of the numbers
of SY (black bar) and MY (red bar) El Niño events during the AMO-positive and AMO-negative experiments. The
numbers in parentheses indicate the total number of El Niño events identified in each of the experiments.

J OURNAL OF CL IMATE VOLUME 37396

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 12/18/23 05:41 PM UTC



AMO-positive experiment (71.7%) in contrast to the AMO-
negative experiment (56.3%). It is worth noting that the con-
trast in correlation between the Niño-3.4 and IOD indices in the
AMO-positive and AMO-negative experiments appears to be
less prominent when compared to the observed data (refer to
Fig. 8). The underlying reasons for this divergence remain un-
certain, but it may be attributed to potential deficiencies within
the model’s ability to accurately simulate ENSO, IOD, or other
relevant processes. For instance, prior research (Jiang et al.
2021; Y.-S. Lin et al. 2023) has indicated that biases in ocean
currents within the climate model could lead to a westward shift
in the ENSO location, potentially affecting the model’s repre-
sentation of the ENSO–IOD relationship. More extensive inves-
tigations are needed to pinpoint the precise reasons for the
differing ENSO–IOD relationships between model simulations

and observations. Nevertheless, these inquiries fall outside the
scope of our current study.

Overall, our two sets of pacemaker experiments lend support
to the notion that MY El Niño events occur more frequently
when the typical El Niño–positive IOD relationship weakens or
breaks down, which is more likely to happen during the positive
phase of the AMO. During the positive phase of the AMO,
stronger easterly winds and the SP ENSO dynamics give rise to
weaker and more CP-type El Niños (Kao and Yu 2009; Yu et al.
2015). These weaker El Niños are less likely to trigger the typi-
cal El Niño–induced positive IOD pattern (also referred to in
Fig. 7), and the subsequent positive feedback mechanisms work
to sustain the progression of the El Niño, leading to a more fre-
quent occurrence of MY El Niños. In contrast, the negative
phase of the AMO is characterized by a higher occurrence of

FIG. 10. (a) The ensemble mean of the CTI and ZL indices during the developing fall (SON0) of the El Niño events simulated in the
AMO-positive (red bars) and AMO-negative (blue bars) CESM1 pacemaker experiments. The error bars indicate their 90% confidence
intervals. (b),(c) As in (a), but for the IOD index (STD) during the developing fall (SON0) and the correlation between the developing
fall Niño-3.4 and IOD indices, respectively. (d) The relative percentages of the numbers of SY (black bar) and MY (red bar) El Niño
events during the AMO-positive and AMO-negative experiments. The numbers in parentheses indicate the total number of El Niño
events identified in each of the experiments.
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stronger and more EP-type El Niños. This scenario is conducive
to triggering the standard El Niño–induced positive IOD and
the associated negative feedback, which collectively act to termi-
nate the El Niño’s development. Consequently, there is a more
frequent prevalence of SY El Niños during this phase. We also
examined the ensemble-mean SSTAs during the developing fall
season (SON0) of El Niño events simulated in both AMO-
positive and AMO-negative experiments, along with their
disparities (Fig. 11). The figures provide further support for our
hypothesis. In the AMO-positive experiment (Fig. 11a), it be-
comes apparent that El Niño events exhibit reduced intensity
compared to El Niño events simulated in the AMO-negative ex-
periment (Fig. 11b). The heightened El Niño intensities produced
in the AMO-negative experiment facilitate a more pronounced
influence on the IOD, resulting in a robust ENSO–IOD rela-
tionship. Conversely, the attenuated El Niño intensities in the
AMO-positive experiment diminish its ability to induce a posi-
tive IOD, consequently leading to a weaker ENSO–IOD rela-
tionship. These distinctions are notably conspicuous in Fig. 11c,
which illustrates the differences in ensemble-mean SSTA be-
tween these two experiments.

Moreover, a study conducted by Zhang et al. (2022) pro-
poses that SSTAs in the tropical Atlantic have the potential
to influence the IOD through a series of interbasin interaction
processes. The SSTAs in the Atlantic first trigger changes in
atmospheric circulation, inducing either a cyclonic or anticy-
clonic pattern over the northwestern Pacific. These patterns
subsequently bring about alterations in the Indo-Pacific Walker
circulation, thereby impacting the variability of the IOD. Given
that the AMO covers the North Atlantic region, the mechanism
elucidated by Zhang et al. (2022) could serve as an additional
explanation for how the AMO could modulate the El Niño–
IOD relationship.

7. Conclusions

In this study, we have identified the IOD, NPO, and ENSO in-
tensity and location as relevant factors that can activate the sub-
tropical Pacific coupling processes behind the SP ENSO dynamic.
Among them, the Indian Ocean is the most critical factor in deter-
mining whether a warm or cold phase of the SP ENSO dynamic
is activated, resulting in SY or MYEl Niño events. The ENSO in-
tensity is crucial in determining if the typical El Niño–positive
IOD relationship can emerge during an El Niño event. If it does,
the induced positive IOD and the El Niño work together to acti-
vate the cold phase of the SP ENSO dynamic, resulting in an SY
event. Otherwise, a neutral or negative IOD may activate the
warm phase of the SP ENSO dynamic, leading to an MY event.
We further conducted pacemaker coupled model experiments to
show that the AMO can also affect the El Niño–IOD relationship,
increasing the frequency of MY El Niño events during AMO-
positive periods but decreasing it during AMO-negative periods.

Our study highlights the importance of considering not only
the traditional TP ENSO dynamic but also the more recently
developed SP ENSO dynamic, to understand the formation of
MY El Niño events and the role of interbasin interactions in
their formation. New insights are obtained in this study on the
role of the Indian Ocean in ENSO evolution dynamics, which

FIG. 11. The ensemble-mean SSTAs during the developing fall
(SON0) of the El Niño events simulated in the (a) AMO-positive
and (b) AMO-negative pacemaker experiments with CESM1.
(c) The difference between the AMO-positive and AMO-negative
experiments. The stippled areas indicate confidence levels exceeding
95% according to the Student’s t test.
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can contribute to a better understanding of ENSO evolution
dynamics and more accurate ENSO predictions.
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