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Single- and multi-year ENSO events controlled by pantropical
climate interactions
Ji-Won Kim 1,2✉ and Jin-Yi Yu 1

To better understand the diverse temporal evolutions of observed El Niño‒Southern Oscillation (ENSO) events, which are
characterized as single- or multi-year, this study examines similar events in a 2200-year-long integration of Community Earth
System Model, version 1. Results show that selective activation of inter- and intra-basin climate interactions (together, pantropical
climate interactions) controls ENSO’s evolution pattern. When ENSO preferentially activates inter-basin interactions with tropical
Indian and/or Atlantic Oceans, it introduces negative feedbacks into the ENSO phase, resulting in single-year evolution. When ENSO
preferentially activates intra-basin interactions with subtropical North Pacific, it causes positive feedbacks, producing multi-year
evolution. Three key factors (developing-season intensity, pre-onset Pacific condition, and maximum zonal location) and their
thresholds, which determine whether inter- or intra-basin interactions are activated and whether an event will become a single- or
multi-year event, are identified. These findings offer a way to predict ENSO’s evolution pattern by incorporating the controlling role
of pantropical climate interactions.

npj Climate and Atmospheric Science            (2022) 5:88 ; https://doi.org/10.1038/s41612-022-00305-y

INTRODUCTION
No two El Niño‒Southern Oscillation (ENSO) events are alike1.
Instead, considerable spatiotemporal differences appear from one
event to another and asymmetries exist between the warm El
Niño and cold La Niña phases of ENSO (often referred to as ENSO
complexity)2. Understanding the complex interevent ENSO
behaviors and their underlying mechanisms has been a central
topic for ENSO research in the past decade3–13.
Regarding ENSO’s temporal evolution, it is frequently observed

that the event-to-event evolutions of El Niño and La Niña deviate
significantly from their theoretical symmetric, regular oscillation
mode14,15, which is manifested in part by the asymmetric, irregular
ENSO oscillation, with El Niños terminating earlier after their peak
than La Niñas, on average, as the latter last two years or
longer16–22. However, it is also observed that, despite less frequent
than La Niñas, some El Niños persist longer after one year and
sometimes re-intensify to become a multi-year El Niño event, such
as the 2014‒2016 event23. Since then, researchers have begun to
more focus on understanding the diverse ENSO evolution
patterns23–28: An El Niño event can be followed by an opposite
La Niña condition in the second year, or vice versa, resulting in a
transitional single-year ENSO evolution pattern. Alternatively, an El
Niño can be followed by another El Niño condition in the second
year and vice versa for a La Niña, producing a successive multi-
year ENSO evolution pattern. The multi-year evolution pattern can
be further divided into a lingering or re-intensified multi-year
evolution pattern23.
It has been increasingly recognized that ENSO’s temporal

evolution, which is inherently anchored in the tropical Pacific
Ocean, is also tightly linked with the climate feedbacks from the
neighboring Indian and Atlantic Oceans29. Anomalous Indian and
Atlantic sea surface temperatures (SSTs) induced by El Niño, which
occasionally amplify the El Niño’s growth rate30, can both
accelerate the demise of the El Niño and facilitate its phase
transition through the ‘inter-basin’ climate interactions31–37. By

enhancing the northwest Pacific anomalous anticyclone during
the mature and decay stages of the El Niño, the SST anomalies
(SSTAs) in the Indian and Atlantic Oceans can drive easterly
anomalies over the equatorial western Pacific which exert
negative feedbacks on the El Niño via eastward-propagating
upwelling oceanic Kelvin waves, expediting its demise. Although it
seems less robust than El Niño, similar climate interactions
between ocean basins also work for La Niña33,38,39. Therefore,
these inter-basin interactions exert negative feedbacks on ENSO
and contribute to the production of single-year ENSO events.
In addition, researchers have paid attention to the ‘intra-basin’

climate interactions within the same Pacific basin between tropics
and subtropics since they also have considerable contributions to
the ENSO evolution complexity21–23,25,28,40–43. During El Niño,
large, warm SSTAs are often induced in the subtropical north-
eastern Pacific as a result of the El Niño’s atmospheric
teleconnection to the extratropics44,45. These El Niño-induced
subtropical SSTAs can then spread back into the equatorial central
Pacific via the so-called wind‒evaporation‒SST (WES) feedback46

and/or trade wind charging (TWC) mechanism47 and exert positive
ENSO feedbacks to trigger another El Niño, leading to a multi-year
El Niño21,23,28,40–42. Similar intra-basin processes also work during
La Niña21,22. Therefore, in contrast to the inter-basin interactions,
the intra-basin interactions exert positive feedbacks on ENSO to
help produce multi-year ENSO events.
The above findings collectively suggest that the inter- and intra-

basin interactions occurring throughout all tropics and the
neighboring subtropics (as a whole, hereafter referred to as
‘pantropical’ climate interactions following Cai et al.29 but
expanding the meaning to further include the intra-basin
interactions) play crucial but possibly different roles in controlling
ENSO’s temporal evolution and thus its complexity. Nonetheless, it
is unclear what determines whether the negative or positive ENSO
feedbacks from the inter- or intra-basin interactions would
dominate during an ENSO event and lead to a particular evolution
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pattern. Do certain correlations exist between ENSO properties
and relative strengths of these pantropical climate interactions? A
better understanding of the controlling factors for the pantropical
climate interactions has the potential to greatly help predict
whether an ENSO event will terminate shortly after one year as a
single-year event, or last two years or longer as a multi-year event.
In this study, we analyze a 2200-year-long integration produced
by the Community Earth System Model, version 1 (CESM1)48,
which has been proven to realistically simulate the observed
complex ENSO behaviors including the diverse evolution
patterns23,26,28,49, in order to better understand the roles of the
pantropical climate interactions in shaping ENSO’s temporal
evolution and identify key factors separating ENSO events into
single- and multi-year events.

RESULTS
Evolution characteristics of single- and multi-year ENSO
We first identified single- and multi-year ENSO events in the
observations during 1900‒2020 and in the CESM1 simulation
during model years of 400‒2200 (Supplementary Table 1; see
Methods). The sample sizes of single- and multi-year ENSO events
in the CESM1 are about 12‒18 times larger than those in the
observations (compare Fig. 1a, c, and e, g). About 54% and 46% of
El Niños in the CESM1 are single- and multi-year events,
respectively, which are very close to the relative percentages in
the observations (i.e., 56% and 44%); about 28% and 72% of La
Niñas in the CESM1 are single- and multi-year events, respectively,
and their relative percentages are almost same as those in the
observations (i.e., 30% and 70%) (Supplementary Fig. 1). Therefore,
the CESM1 provides large sample sizes of single- and multi-year
ENSO events and reproduces their relative percentages as in the
observations, with El Niños becoming single-year events slightly
more often but La Niñas becoming multi-year events very often.
Using the single- and multi-year ENSO events in the observa-

tions and CESM1, we performed composite analyses to examine
their averaged spatiotemporal evolution characteristics. Note that
the single- and multi-year ENSO events were only selected in the
composite analyses when their second winter (i.e., November1 to
January2) Niño3.4 indices greater than ±0.25 s.d. (±0.23 °C for
observations and ±0.28 °C for CESM1); otherwise, the events were
excluded in the analyses (see the closed and open dots in Fig. 1a,
c, e, g). This additional threshold filters out events that have
neutral-ENSO conditions in the second year from being counted
as single- or multi-year events. Therefore, it increases the
contrasting evolution characteristics between single- and multi-
year ENSO events and makes them more distinguishable
(Supplementary Fig. 2). The Niño3.4 temporal evolutions in the
observations (Fig. 1b, d) clearly show that single-year ENSO events
decay abruptly after their peak stage and transition their phase
around the summer of decaying year. However, multi-year ENSO
events do not transition their phase after their peak stage but
instead persist in the same sign during the subsequent seasons
and re-intensify in around the winter of decaying year. The
longitude-time plots of equatorial Pacific SSTAs (Fig. 1i–l) support
the abovementioned evolution characteristics of single- and multi-
year ENSO events as they exhibit a stark contrast in their decay
evolutions. It is also noticeable that the peak of single-year El Niño,
on average, has a stronger intensity than the 1st-year peak of
multi-year El Niño (Fig. 1b, i, j), and its maximum SSTAs are located
further into the tropical eastern Pacific (see white circled dots in
Fig. 1i, j). These contrasts imply that the single-year El Niño is more
related to the Eastern Pacific (EP) El Niño dynamics whereas the
multi-year El Niño is more linked to the Central Pacific (CP) El
Niño3 dynamics21–23,50. For La Niña, the composites inversely
indicate that the 1st-year peak of multi-year La Niña has a stronger
intensity than that of single-year La Niña (Fig. 1d, k, l). Similar to

the El Niño, the maximum SSTAs (i.e., minimum cold SSTAs) are
located more into the tropical eastern Pacific for single-year La
Niña but more into the tropical central Pacific for multi-year La
Niña (see white crossed dots in Fig. 1k, l).
We also performed similar composite analyses with the single-

and multi-year ENSO events in the CESM1. It is evident from the
Niño3.4 index evolutions (Fig. 1f, h) and longitude-time plots (Fig.
1m–p) that the model realistically simulates the key evolution
features from the observed single- and multi-year ENSO events,
which include the contrasting evolution patterns during their
decaying year and differences in their intensities and maximum
zonal locations. The CESM1, however, also has some disagree-
ments with the observations as below. Firstly, compared to the
observations, the simulated multi-year El Niño tends to have its
2nd-year peak intensity stronger than its 1st-year peak intensity
(compare red curves in Fig. 1b, f). This is presumably due to model
characteristics that lead the CESM1 to frequently produce the re-
intensified type of multi-year El Niño that begins with a 1st-year
weak equatorial Pacific warming followed by a rapid re-
intensification in the second year23,26,51. The second is that, while
the observed La Niñas are preceded by an El Niño condition52 for
both the single- and multi-year events (Fig. 1d, k, l), a similar
preceding El Niño condition exists only for the multi-year La Niña
but not for the single-year La Niña in the CESM1 (Fig. 1h, o, p).
Nonetheless, it is also noticeable from the observations that the
preceding El Niño condition is weaker for single-year La Niña than
multi-year La Niña. The pre-onset Pacific condition difference
between single- and multi-year La Niñas appears to be amplified
in the CESM1. This difference, as will be shown later, is one key
factor to determine whether a La Niña should develop into a
single- or multi-year evolution pattern.

Pantropical climate interactions that control ENSO evolution
To explore how the pantropical climate interactions and the
diverse ENSO evolutions are dynamically linked, we contrasted the
composite seasonal evolutions of SST and surface wind anomalies
between single- and multi-year ENSO events in the CESM1. For the
single-year El Niño (Fig. 2a), its inter-basin interactions are
characterized (i) in the Indian Ocean by a positive phase of the
Indian Ocean Dipole (IOD)53 during the developing summer/fall
and a basin-scale SST warming of the Indian Ocean Basin (IOB)
mode54 during the following winter/spring; and (ii) in the Atlantic
Ocean by another basin-scale SST warming particularly over the
tropical North Atlantic (TNA) during the peak winter and decaying
spring55. Those are known as the typical El Niño teleconnections
to the neighboring oceans and their underlying physical
mechanisms have been well understood29. As mentioned in the
Introduction, these SSTAs in the neighboring Indian and Atlantic
Oceans driven by El Niño teleconnections, in turn, exert negative
ENSO feedbacks to terminate the El Niño and transition its phase
into La Niña during the decaying summer, resulting in a single-
year evolution pattern.
Differently from the single-year El Niño, the multi-year El Niño

(Fig. 2b) induces weak SSTAs in the Indian and Atlantic Oceans
during its first ENSO cycle from the first- to second-year spring. In
other words, the Indian and Atlantic SST variability (i.e., a positive
IOD, IOB warming, and TNA warming), which represent the
strength of the inter-basin interactions, are weakened during
multi-year El Niño. The inter-basin interactions thus cannot play a
role in terminating and transitioning the El Niño. However, it is not
necessarily guaranteed that the weak inter-basin interactions will
promote 1st-year El Niño persistence into the second year because
the chief role of inter-basin interactions is to help expedite the
demise of the El Niño. Instead, we here find that the intra-basin
interactions within the Pacific play a role for generating a multi-
year El Niño evolution pattern. During the peak winter of the 1st-
year El Niño (i.e., December0 to February1), an initiation of a
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positive phase of the Pacific Meridional Mode (PMM)56 is clearly
noticeable, with warm SSTAs extending from the subtropical
North Pacific to the equatorial central Pacific accompanied by
surface southwesterly wind anomalies in between. Recent studies,
based on modeling and observational evidence, have suggested
that the positive PMM is often induced by a CP El Niño which
efficiently generates a subtropical atmospheric circulation anom-
aly near Hawaii, including the PMM region3,13,44,45,57. That is
because the CP El Niño, compared to a canonical EP El Niño, more
easily excites tropical convection anomalies due to its maximum
SSTAs being located near the Pacific warm pool where back-
ground SSTs are already very close to the convective threshold
(~28 °C; see magenta contour and white circled dot in Fig. 2b)58.
This positive PMM is able to maintain for several seasons through

the WES feedback46, in cooperation with the TWC mechanism47,
subsequently spreads its warm SSTAs into the equatorial central
Pacific where the warm SSTAs are conducive to the development
of another El Niño13,23,28,40–42―resulting in a multi-year
evolution pattern. In contrast, the single-year El Niño has its
maximum SSTAs located more into the equatorial eastern Pacific
during the peak winter, further away from the Pacific warm pool
(see magenta contour and white circled dot in Fig. 2a). Therefore,
the El Niño cannot induce a noticeable PMM variability in the
subtropical North Pacific and is solely capable of invoking such
inter-basin interactions with the Indian and Atlantic Oceans
(compare Fig. 2a, b and Supplementary Fig. 3a).
The bar-charts displaying seasonally-averaged climate indices

(Fig. 2c; see Methods for index definitions) during El Niño provide

Fig. 1 Spatiotemporal evolution characteristics of single- and multi-year ENSO events. a Scatter plot of the 1st- winter Niño3.4 index values
against their 2nd-winter values for the El Niños in the observations. Black and red dots respectively indicate the events classified into single-
and multi-year events (see Methods). The events selected for and excluded from composite analysis are expressed as closed and open dots,
respectively. The numbers of total, selected, and excluded events are shown in parenthesis. b Temporal evolutions of the Niño3.4 index for the
selected single (black curve) and multi (red curve)-year El Niños with their ±1 standard deviations shaded. c, d Same as a, b except for single-
and multi-year La Niñas with their multi-year events expressed in blue. e–h Same as a–d, respectively, except for the ENSO events in the
CESM1. Longitude-time plot of equatorial (i.e., 5°S‒5°N) Pacific SSTAs for the selected i single-year El Niño, j multi-year El Niño, k single-year La
Niña, and lmulti-year La Niña. The black contours denote zero lines and the white dots mark the longitudinal locations of maximum SSTAs for
El Niños (circled dot) and La Niñas (crossed dot). m–p Same as i–l, respectively, except for the ENSO events in the CESM1.
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further and quantitative evidence that single- and multi-year El
Niños invoke respectively the inter- and intra-basin interactions for
their development. The climate indices of IOD, IOB, and TNA have
strong positive values that are larger for single-year El Niño
(>1 s.d.) than multi-year El Niño―an activation of inter-basin
interactions during single-year El Niño. The differences are much
larger for the Indian Ocean indices (i.e., IOD and IOB) than the
Atlantic Ocean index (i.e., TNA), implying that the Indian‒Pacific
interactions play a larger role than the Atlantic‒Pacific interactions
in determining the El Niño evolution. On the contrary, the PMM
index has a strong positive value only for multi-year El Niño
(>1 s.d.) but almost zero for single-year El Niño―an activation of
intra-basin interactions during multi-year El Niño.
We repeated the same composite analyses but for La Niña. The

seasonal evolution plots (Fig. 2d, e) show that the single-year La
Niña invokes strong inter-basin interactions with the neighboring
oceans during its first ENSO cycle, which include a negative IOD
and IOB cooling in the Indian Ocean, and TNA cooling in the
Atlantic Ocean (Fig. 2d). Due to the negative ENSO feedbacks
provided by the inter-basin interactions, the La Niña, after its peak,
terminates rapidly and transitions into El Niño during the decaying
summer, resulting in a single-year evolution pattern. By contrast, it
is shown in Fig. 2e that the multi-year La Niña invokes strong intra-
basin interactions within the Pacific as it accompanies noticeable
cold SSTAs in the subtropical North Pacific during the peak winter
and decaying spring, which are manifested as a negative PMM
(see also Supplementary Fig. 4). Due to the positive ENSO
feedbacks provided by the intra-basin interactions, the La Niña

persists its phase and re-intensifies from the decaying summer
and onward, producing a multi-year evolution pattern (compare
Fig. 2d, e and Supplementary Fig. 3b). The bar-charts for the
single- and multi-year La Niñas (Fig. 2f) further support their
selective activations of pantropical climate interactions. The IOD
and IOB indices have strong negative values that are much larger
for single-year La Niña (<−1 s.d.) than multi-year La Niña―an
activation of inter-basin interactions during single-year La Niña.
We here note that the TNA index has weak negative values for
both single- and multi-year La Niñas (~−0.5 s.d.), implying that the
Atlantic‒Pacific inter-basin interactions (i.e., impact of TNA cool-
ing) on the La Niña evolution is relatively minor as compared to
the Indian‒Pacific inter-basin interactions. As can be expected, the
PMM index has a strong negative value only for multi-year La Niña
(~−1 s.d.) but almost zero for single-year La Niña―an activation
of intra-basin interactions during multi-year La Niña.

Key factors responsible for the selective activations
As mentioned in the previous sections and shown in Fig. 2a–c, the
single- and multi-year El Niños have noticeable differences in their
intensities and maximum locations. The single-year El Niño has
stronger intensity during the developing summer (and fall) and
more eastward location of maximum SSTAs during the peak
winter, whereas the multi-year El Niño has weaker intensity during
the developing summer and more westward location during the
peak winter. The developing-summer (i.e., June0 to August0)
Niño3.4 and peak-winter (i.e., December0 to February1) zonal

Fig. 2 Selective activations of pantropical climate interactions during single- and multi-year ENSO events. Composite seasonal structures
of anomalous SST (shading; zero values expressed in black contour) and surface wind (vector) over the entire tropics for the a single- and
b multi-year El Niños in the CESM1 during their preceding winter (i.e., December-1 to February0), developing spring (i.e., March0 to May0),
summer (i.e., June0 to August0), fall (i.e., Septemper0 to November0), peak winter (i.e., December0 to February1), decaying spring (i.e., March1 to
May1), and summer (i.e., June1 to August1). The magenta contours and circled/crossed dots for El Niño/La Niña during the peak winter
represent climatological 28°C isotherm line and longitudinal position of the maximum SSTAs, respectively. c Bar-chart displaying seasonally-
averaged climate indices of IOD, IOB, Niño3.4, ZL, PMM, and TNA for the single (black bar-chart) and multi (red bar-chart)-year El Niños (see
Methods for the index definitions). All the indices are normalized by their standard deviations and the gray bars indicate their interquartile
ranges (that is, the 75th percentile minus the 25th percentile; see Methods). d–f Same as a–c, respectively, except for single- and multi-year La
Niñas. In f, the bar-charts displaying multi-year La Niña are expressed in blue and the ZL index is multiplied by −1, so that its increasing
(decreasing) value corresponds to a more eastward (westward)-centered La Niña location.

J.-W. Kim and J.-Y. Yu

4

npj Climate and Atmospheric Science (2022)    88 Published in partnership with CECCR at King Abdulaziz University



location (ZL) indices shown in Fig. 2c clearly indicate that these
two key property differences between single- and multi-year El
Niños are statistically significant (compare gray error bars in Fig.
2c). Prior studies have shown that the stronger the El Niño
intensity, the stronger the teleconnections to the neighboring
Indian and Atlantic Oceans59,60. Additionally, regarding the zonal
location difference, it is also known that the EP El Niños are more
capable than CP El Niños of disturbing the Walker circulation and
driving atmospheric teleconnections to the Indian Ocean, as well
as exciting the stationary atmospheric Rossby waves into the
North Atlantic61–63. Therefore, the strong developing intensity and
eastward location for single-year El Niño make it more capable of

inducing a positive IOD, IOB warming, and TNA warming, thus
selectively activating the inter-basin interactions. In the same
manner, the weak developing intensity and westward location for
multi-year El Niño make it less capable of activating the inter-basin
interactions. Instead, the westward location with its close
proximity to the Pacific warm pool makes it more capable of
inducing a positive PMM by exciting a subtropical North Pacific
cyclonic circulation anomaly13,44,45, thus selectively activating the
intra-basin interactions.
The relationships between the key property factors (developing-

season intensity and maximum zonal location) and the key climate
indices (IOD, IOB, TNA, and PMM indices) and between the factors

Fig. 3 Relationships between the identified key factors and various climate indices during single- and multi-year ENSO events. Scatter
plot of developing summer Niño3.4 index (represented as developing-season intensity; 1st column) against the developing fall a IOD index,
decaying spring b IOB, c TNA, d PMM indices during the single (black dots) and multi (red dots)-year El Niños in the CESM1. e–h Same as a–d,
respectively, except for peak winter ZL index (represented as zonal maximum location; 2nd column). i–p Same as a–h, respectively, except it
displays preceding winter Niño3.4 index (represented as pre-onset Pacific condition; 3rd column) and peak winter ZL index (represented as
zonal maximum location, multiplied by −1; 4th column) for single (black dots) and multi (blue dots)-year La Niñas. In each panel, a correlation
coefficient is marked in the upper right corner, with a number in bold denoting statistically significant at 99.9% confidence level based on the
Student’s t test.
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and the occurrence of single-/multi-year El Niños can also be
delineated by the scatter plots in Fig. 3. Figure 3a–d shows that
the developing-season intensity (represented by the June0‒
August0 Niño3.4 index) has strong positive correlations with the
IOD (r= 0.55), IOB (r= 0.51), and TNA (r= 0.42) indices but a weak
correlation with the PMM index (r=−0.17). This implies that the
inter-basin interactions with the tropical Indian/Atlantic Oceans
(involving the IOD, IOB, and TNA), which provide negative ENSO
feedbacks, are preferred when the El Niño’s developing-season
intensity is large. Therefore, single-year El Niños (black dots in Fig.
3a–d) occur more frequently than the multi-year El Niños (red
dots) as the intensity increases. Figure 3e–h shows that the
maximum zonal location, differently from the developing-season
intensity, has a noticeably significant negative correlation with the
PMM (r=−0.40). This implies that the El Niño’s intra-basin
interactions with the subtropical North Pacific (involving the
PMM), which provide positive ENSO feedbacks, are preferred
when the El Niño location is shifted westward. Multi-year El Niños
(red dots in Fig. 3e–h) therefore occur more frequently than
single-year El Niños (black dots) as the maximum zonal location
centers westward.
For La Niña, we similarly noticed two key factors between

single- and multi-year La Niñas that govern their selective
activations of pantropical climate interactions as the pre-onset
Pacific condition and maximum zonal location. It is apparent in
Fig. 2d–f that single-year La Niña has a near-neutral ENSO
condition during the preceding winter and more eastward
location of maximum SSTAs during the peak winter, whereas
multi-year La Niña has a strong preceding El Niño condition and
more westward maximum location. The preceding-winter (i.e.,
December−1 to February0) Niño3.4 and peak-winter ZL indices in
Fig. 2f further confirm these two key differences between single-
and multi-year La Niñas. As the eastward location of single-year La
Niña (see magenta contour and white crossed dot in Fig. 2d) easily
intensifies the Walker circulation during the developing year, this
enables it to be more capable of inducing a negative IOD and IOB
cooling and thus selectively activating the inter-basin interactions.
In contrast, the westward location of multi-year La Niña (see
magenta contour and white crossed dot in Fig. 2e) makes it more
capable of inducing a negative PMM and thus selectively
activating the intra-basin interactions since it brings SSTs below
the convective threshold temperature in that region, switching off
the deep convection over the tropical central Pacific, and easily
exciting an anticyclonic circulation anomaly over the subtropical
North Pacific21,22. Meanwhile, the pre-onset Pacific condition for
multi-year La Niña may cancel out the La Niña-induced inter-basin
interactions as the preceding strong El Niño produces noticeable

warm SSTAs in the Indian and Atlantic Oceans that lasted longer
into the developing year of the 1st-year La Niña (Fig. 2e and
Supplementary Fig. 3b). Such interference effects do not exist in
the single-year La Niña since it has weak pre-onset Pacific
condition.
Figure 3i–p supports these relationships by showing that the

pre-onset Pacific condition (represented by December-1‒February0
Niño3.4 index) has strong positive correlations with the IOD
(r= 0.47) and IOB (r= 0.34) indices―an indication of the
preferred activation of inter-basin interactions―while the
maximum zonal location (multiplied by −1) has a strong positive
correlation with the PMM index (r= 0.48)―which reveals the
preferred activation of intra-basin interactions. As a consequence,
single-year La Niñas (black dots in Fig. 3i–p) tend to occur more
frequently than multi-year La Niñas (blue dots) as the pre-onset
Pacific condition weakens and vice versa as the maximum zonal
location shifts westward. Here, it should be emphasized that the
maximum zonal location for La Niña has received little research
attention in comparison to the pre-onset Pacific condition for La
Niña, which highlights a large initial heat content discharge
caused by the preceding strong El Niño that often exists for multi-
year La Niña26,64. This oceanic discharge view can be another
reason why multi-year La Niña tends to be preceded by a strong El
Niño condition, whereas single-year La Niña is not.
The abovementioned results are further supported by the

partial correlation analyses that help achieve the pure relation-
ships between the key factors and the key climate indices (see
Methods). As shown in Table 1, for El Niño, the developing-
summer Niño3.4 index has significant positive correlations with
the seasonally-averaged IOD, IOB, and TNA indices whereas the
peak-winter ZL index has a significant negative correlation with
the PMM index. For La Niña, the preceding-winter Niño3.4 index
has significant positive correlations with the IOD and IOB indices
(except for the TNA index, further implying the minor role of the
Atlantic‒Pacific inter-basin interactions during La Niña), and vice
versa for the peak-winter ZL index (multiplied by −1), having a
significant positive correlation with the PMM index. Note that the
IOD, IOB, TNA, and PMM indices used can be considered
independent predictors as most correlation coefficients between
them are statistically insignificant (Supplementary Table 2).

Thresholds of the key factors and their implication
We further examined the previously identified key factors to see if
they have certain thresholds that can help determine diverse
ENSO evolutions in advance. The threshold value for a key factor is
identified as the value of the factor with which the relative

Table 1. Partial correlation coefficients (see Methods) between the seasonally-averaged climate indices (IOD, IOB, TNA, and PMM indices) and the
indices of key property differences for El Niño (developing-summer Niño3.4 and peak-winter ZL indices) and La Niña (preceding-winter Niño3.4 and
peak-winter ZL indices) phases in the CESM1.

El Niño Jun0 to Aug0

Niño3.4 index
Dec0 to Feb1

ZL index
La Niña Dec−1 to Feb0

Niño3.4 index
Dec0 to Feb1 ZL
index×(−1)

Sep0 to Nov0

IOD index
0.38 0.12 Sep0 to Nov0

IOD index
0.28 −0.18

Mar1 to May1

IOB index
0.31 0.20 Mar1 to May1

IOB index
0.24 −0.02

Mar1 to May1

TNA index
0.26 0.21 Mar1 to May1

TNA index
0.03 0.02

Mar1 to May1

PMM index
0.13 −0.36 Mar1 to May1

PMM index
0.08 0.42

Values in bold indicate that the coefficients are statistically significant at 99.9% confidence level based on the Student’s t test. The ZL index for La Niña is
multiplied by −1, so that an increasing (decreasing) index value indicates more eastward (westward)-centered La Niña location.
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percentage of the ‘minor’ ENSO group (multi-year event for El
Niño or single-year event for La Niña) begins to exceed 50%. This
threshold definition makes it possible to find a certain value that
reveals a regime in which the minor ENSO group begins to occur
more than the major ENSO group as the factor value changes. In
Fig. 4a, the relative percentage of the multi-year El Niño (the minor
group of El Niño) begins to exceed 50% when the developing-
season intensity varies within a range of 1.4‒1.5 °C. The threshold
value for this factor is thus simply identified as the midpoint value
of this interval, which is 1.45 °C. The bar-charts clearly indicate that
an El Niño with its developing-season intensity weaker than
1.45 °C has a larger probability of developing into a multi-year
event, with its occurrence frequency sharply increasing as the
intensity weakens (up to about 75% of multi-year El Niño; see red
bar-charts in Fig. 4a). Similarly, as shown in Fig. 4b, the threshold
that enables us to use the maximum zonal location for
determining the El Niño evolution is 1.15 °C. When an El Niño
has its maximum center located more westward (e.g., ZL index
<1.15 °C), the El Niño has larger probability of becoming a multi-
year event. The occurrence frequency also sharply increases as the
location moves further westward (up to about 80% of multi-year El
Niño; see red bar-charts in Fig. 4b). For La Niña, based on Fig. 4d,
its threshold for the maximum zonal location can be identified as
0.35 °C, meaning that when the center of La Niña is located more
eastward (e.g., ZL index×(−1) >0.35 °C), the single-year La Niña
(the minor group of La Niña) occurs more frequently than the
multi-year La Niña (the major group of La Niña). Meanwhile, we
cannot identify a threshold for the pre-onset Pacific condition
because the relative percentage of single-year La Niña does not
exceed 50% (Fig. 4c). Although the relative percentage of single-
year La Niña gradually increases as the pre-onset Pacific condition
weakens from positive (3.9 °C) to negative (−0.4 °C) values, it
reaches a plateau without exceeding 50%, holding at around 40%
(see black bar-charts in Fig. 4c). This may indicate that the role of
the pre-onset Pacific condition is not as critical as that of the

maximum zonal location in determining the La Niña evolution
pattern.
The thresholds identified here can be useful to help determine

whether an ENSO event will become a single- or multi-year event.
We find in Fig. 4e that almost all El Niños occurring in the regime
where either of two key factor values (the developing-season
intensity and zonal maximum location) is above its threshold are
single-year events (~93%; 25 of 27 events; see gray shading area).
Contrastingly, a majority of El Niños occurring in the regime where
their key factor values are both below their thresholds are multi-
year events (~51%; 122 of 237 events) and this dominance of
multi-year event sharply increases as the key factor values shift
further below their thresholds (see red dots). For La Niña, it is
similarly found in Fig. 4g that most La Niñas occurring in the
regime where their zonal maximum location values are below
their threshold are multi-year events (~86%; 179 of 208 events; see
gray shading area). However, a majority of La Niñas occurring in
the opposite regime are single-year events (~51%; 35 of 68
events) and its dominance also abruptly increases as the key factor
value shifts further above its threshold (see black dots).
Lastly, we extended our analysis to the observed ENSO events

to examine whether the thresholds we identified from the CESM1
analysis can also help determine the single- and multi-year events
in the observations. Despite their limited sample sizes, there is an
overall consensus in both the observed El Niños (Fig. 4f) and La
Niñas (Fig. 4h) that the thresholds are helping to determine a
single- or multi-year evolution pattern as the dominance of single-
or multi-year event changes depending on the regimes separated
by the thresholds. In addition, we also note that the results from
the observations have a close resemblance to those from the
CESM1 in separating the single- and multi-year ENSO events, with
regards to the key factors of the developing-season intensity for El
Niño (Fig. 1b, i, j), pre-onset Pacific condition for La Niña (Fig. 1d, k,
l), and maximum zonal location for both El Niño and La Niña (Fig.
1i–l; see also Supplementary Fig. 5). Although further studies are
required, this implies that the thresholds here can also be applied

Fig. 4 Thresholds of the identified key factors and their implication for ENSO prediction. a, b Relative percentages of the single (black bar-
chart) and multi (red bar-chart)-year El Niños in the CESM1 with their key factors of developing-season intensity changing from 2.2 to 0.2 °C
and zonal maximum location changing from 3.3 to −0.1 °C. c, d Same as a, b except for single (black bar-chart) and multi (blue bar-chart)-year
La Niñas with their key factors of pre-onset Pacific condition changing from 3.9 to −0.4 °C and zonal maximum location changing from −1.0
to 0.8 °C. The green and purple horizontal lines in a–d mark a 50% relative percentage for identifying thresholds from the key factors.
e, f Scatter plots of the zonal maximum location against the developing-season intensity for the single (black dots) and multi (red dots)-year El
Niños in the CESM1 and observations. The numbers of single- and multi-year El Niños in the four regimes separated by two thresholds (two
green lines) are, respectively, shown as black and red text in the legend with larger numbers in bold. g, h Same as e, f except they display the
zonal maximum location against the pre-onset Pacific condition for single (black dots) and multi (blue dots)-year La Niñas with the two
regimes separated by one threshold (one purple line). Gray shadings in e–h indicate regimes where the major ENSO group (single-year event
for El Niño or multi-year event for La Niña) is dominant.
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to operational ENSO prediction and, more particularly, to
improving the predictability of ‘multi-year’ El Niño and La Niña
events, which still remains challenging65,66.

DISCUSSION
In this study, we analyzed observations and a long-term (i.e., 2200
years) CESM1 simulation to better understand how ENSO events
that have diverse evolution patterns―namely, single- and
multi-year events―can be controlled by pantropical climate
interactions. The schematic diagram displayed in Fig. 5 sum-
marizes our main findings. The schematic illustrates which ‘Key
property differences’ (boxes in the 1st column) determine what
type of ‘Pantropical climate interactions’ (boxes in the 2nd column)
should be activated to provide positive or negative ‘2nd-year ENSO
feedbacks’ (boxes in the 3rd column) and give rise to a single-/
multi-year ‘Evolution pattern’ (boxes in the 4th column). For El
Niño, strong (weak) developing-season intensity and eastward
(westward) maximum location favorably activate the inter-basin
(intra-basin) interactions and the associated 2nd-year negative
(positive) feedbacks to develop the El Niño into a single-year
(multi-year) event. For La Niña, neutral ENSO (strong El Niño) pre-
condition and eastward (westward) maximum location preferably
activate the inter-basin (intra-basin) interactions and the asso-
ciated 2nd-year negative (positive) feedbacks to develop the La
Niña into a single-year (multi-year) event. These findings may
enable us to use the 1st-year ENSO properties and the associated
SST conditions in the neighboring Indian/Atlantic Oceans and
subtropical North Pacific to predict the subsequent ENSO
evolution pattern.
There are a few related issues that are not addressed in this

study but require further understanding. Firstly, if the positive
feedbacks from the intra-basin interactions continue in the second
year, multi-year ENSO events can persist for many years. Why did
we not often observe such long-lasting multi-year events and
what are the main processes responsible for the termination of
these events? Aside from the negative feedbacks provided by the
inter-basin interactions, stochastic/random extreme weather
events or extratropical atmospheric variability outside the tropics
may also contribute to the demise of these events. Secondly, it is
known that a similar PMM mode exists in the southern
hemisphere, which is referred to as the SPMM67. Previous studies
suggested that the SPMM can affect ENSO’s location by triggering
EP type events as it influences SSTAs in the tropical eastern
Pacific67,68. It is possible that the SPMM can also affect ENSO’s
evolution pattern through intra-basin interactions between the
tropical and subtropical South Pacific Oceans. Further studies are
required to find out whether or not ENSO events can activate the

SPMM and if the associated intra-basin interactions produce
positive or negative ENSO feedbacks on the events. Another
important issue not addressed in the present study is whether
there is any low-frequency variation in the occurrence ratio of
single- and multi-year ENSO events, and if so, how the variation is
linked to the low-frequency variability in the Indian, Pacific, and
Atlantic Oceans. Also, since our study suggests that convective
responses to ENSO SSTAs are a key to determine whether the
inter- or intra-basin interactions should be activated to produce
diverse ENSO evolution patterns, convection modulated climate
indices (such as the ELI69 and the InFACT70) may be particularly
useful in helping further studies on ENSO complexity. Finally, the
thresholds of the key factors identified in this study are likely
model-dependent due to the fact that many contemporary
climate models fail to simulate complex ENSO behaviors27. A
thorough study that provides precise, quantitative information on
the thresholds of the key factors simulated in other climate model
outcomes (e.g., CMIP5/6 models) is therefore necessary.

METHODS
Observational data and identifying ENSO events
For the observational analysis, we used the Hadley Centre Sea Ice
and Sea Surface Temperature, version 1.1 (HadISSTv1.1)71 data
that covers the period from 1871 to the present on a 1° × 1° global
grid. The HadISSTv1.1 data uses reduced space optimal interpola-
tion applied to SSTs from the Marine Data Bank, which are based
on historical in situ ship and buoy observations, and the ICOADS
through 1981 and a blend of in situ and adjusted satellite-derived
SSTs after 1982. The missing grids are filled by optimal
interpolation based on empirical orthogonal function analysis.
Using the observational data, we identified 25 El Niños and 20 La
Niñas during the analysis period for 1900‒2020 (see Supplemen-
tary Table 1). An El Niño was defined when its first winter (i.e.,
November0 to January1) Niño3.4 index is greater than 0.7 standard
deviation (s.d.), which is 0.65 °C during 1900‒2020. Likewise, a La
Niña was defined when the winter Niño3.4 index is less than its
−0.7 s.d. The main results from the observational analysis did not
change when using either the Niño3.4 index threshold of ±0.7 s.d.
(±0.65 °C) or 0.5 °C. Note that calendar months during the
developing (decaying) year of the ENSO were denoted as
months0(1). Similarly, calendar months during the year before
(after) the developing (decaying) year were denoted as
months−1(2).

Fig. 5 Schematic diagram illustrating how the 1st-year ENSO event evolves into either a single- or multi-year evolution event in the
second year. In the diagram, key processes determining the evolution pattern of 1st-year El Niño (two upper panels; the pathway for multi-
year El Niño expressed in red) and 1st-year La Niña (two bottom panels; the pathway for multi-year La Niña expressed in blue) are sequentially
categorized as ‘Key property differences’, ‘Pantropical climate interactions’, ‘2nd-year ENSO feedbacks’, and ‘Evolution pattern’.
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CESM1 and identifying ENSO events
Due to the limited number of ENSO events in observation (25 El
Niños and 20 La Niñas for 1900‒2020, this study), we utilized a
2200-year long-integrated model simulation from the Community
Earth System Model, version 1 (CESM1)48. This CESM1 simulation,
which is conducted with the nominal 1° horizontal resolution
under preindustrial greenhouse gas concentrations, has been
widely used in studies of ENSO since it produces one of the most
realistic simulations of the ENSO phenomenon among global
climate models by accurately reproducing the observed spatio-
temporal characteristics of ENSO, such as its reoccurrence
frequencies, amplitude ranges, spatial structures, and temporal
evolutions as well as several key aspects of ENSO complex-
ity23,26,28,51. We analyzed the model years 400–2200, during which
the model exhibits a negligible SST trend (~10−7 °C/100-yr) and a
minor drift of global ocean temperature (~0.005 °C/100-yr). For the
CESM1 analysis, the same criteria as in the observations were
adopted to identify ENSO events, using ±0.7 s.d. (±0.79 °C) of the
first winter (i.e., November0 to January1) Niño3.4 index. As a result,
314 El Niños and 346 La Niñas were identified in the model years
for 400‒2200.

Determining single- and multi-year ENSO events
An ENSO event was determined as a single- or multi-year event by
examining the signs of the Niño3.4 index during its second winter
(i.e., November1 to January2). An El Niño was considered to be a
single-year event when its second winter Niño3.4 index is less or
equal to zero; otherwise, it was considered to be a multi-year
event. Conversely for La Niña, a single (multi)-year event was
determined when the second winter Niño3.4 index is greater (less
or equal to) than zero. Applying this method, we identified
14 single- and 11 multi-year El Niños in the observations (Fig. 1a;
see Supplementary Table 1), and 168 single- and 146 multi-year El
Niños in the CESM1 (Fig. 1e). Likewise, we identified 6 single- and
14 multi-year La Niñas in the observations (Fig. 1c; see
Supplementary Table 1), and 98 single- and 248 multi-year La
Niñas in the CESM1 (Fig. 1g).

Definitions of climate indices used
A total of six climate indices based on SSTAs (de-trended SST
departures from their climatology with base periods of 1900‒2020
for observation and 400‒2200 for CESM1) were used in this study:
the Niño3.4, Indian Ocean Dipole (IOD), Indian Ocean Basin (IOB),
Tropical North Atlantic (TNA), Pacific Meridional Mode (PMM), and
Zonal Location (ZL) indices. (i) The Niño3.4 index, which represents
the intensity and temporal evolution of ENSO, is defined as SSTA
averaged in the tropical central-to-eastern Pacific (i.e., 5°S‒5°N and
170‒120°W). (ii) The IOD index represents a zonally-dipole
structure of SST variability in the Indian Ocean that prominently
occurs on interannual time scale53. It is defined as the SSTA
difference between the western Indian Ocean (i.e., 10°S‒10°N and
50‒70°E) and the southeastern Indian Ocean (i.e., 10°S‒0 and 90‒
110°E) during boreal fall from September to November, in which
IOD events usually peak. (iii) The IOB index represents a basin-
scale uniform SST warming or cooling of the Indian Ocean that
occurs on interannual to decadal time scales54. It is defined as the
SSTA averaged in the Indian Ocean basin (i.e., 20°S‒20°N and 40‒
115°E) during boreal spring from March to May, in which IOB
events usually peak. (iv) The TNA index represents an SST
variability of the subtropical North Atlantic that predominantly
occurs on interannual time scales32,55. It is defined as the SSTA
averaged over the TNA region in the North Atlantic (i.e., 10‒20°N
and 65‒15°W) during boreal spring from March to May, in which
TNA events typically peak. (v) The PMM index represents the
interannual variability of coupled SST‒surface wind pattern over
the subtropical northeastern Pacific56,67. Motivated by the method

from Zhang et al.67, the PMM index is defined as the SSTA
averaged over the subtropical northeastern Pacific region (i.e., 10‒
20°N and 165‒115°W) during boreal spring from March to May, in
which PMM events usually peak. Note that the method used in
this study, with its simple computation, is essentially similar to the
original SST-based PMM index suggested by Chiang & Vimont56.
(vi) Finally, the ZL index is used to indicate whether the maximum
center of an ENSO event is located more toward the tropical
eastern or central Pacific during its mature stage. It is defined as
the SSTA difference between the tropical eastern Pacific (i.e., 5°S‒
5°N and 160‒100°W) and tropical central Pacific (i.e., 5°S‒5°N and
150°E‒160°W) during boreal winter from December to February, in
which ENSO events usually mature. Since the index is defined by
area-averaged SSTAs, the central ENSO location it quantifies is not
sensitive to the spatial resolution of the SST data (e.g., fine versus
coarse resolutions).

Significance test
The interquartile range (IQR) is conducted to examine whether a
change from the seasonally-averaged climate indices in Fig. 2 is
statistically significant. The IQR equals Q3 (i.e., 75th percentile)
minus Q1 (i.e., 25th percentile) to obtain the spread taken up by
the innermost 50% of the data. If the IQR is small, the data are
mostly close to the median; otherwise, the data are more spread
out from the median. The Student’s t test is also carried out to
determine whether the correlation coefficients computed in this
study are statistically significant.

Partial correlation
To achieve the pure relationship between the key property
differences for El Niño and La Niña (developing-season intensity/
maximum zonal location for El Niño and pre-onset Pacific
condition/maximum zonal location for La Niña) and the
seasonally-averaged key climate indices of IOD, IOB, TNA, and
PMM, a partial correlation analysis is applied

rAðBjCÞ ¼ rAB � rAC � rCB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r2AC
p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r2CB
p (1)

where A, B, and C represent the three variables: climate index
(such as the IOD index), key factor (such as developing-season
intensity for El Niño), and the other key factor (such as maximum
zonal location for El Niño), respectively. r denotes the correlation
coefficient, and rA(B|C) for partial correlation coefficient between
the variable A and B, after the influence of C is removed from B.

DATA AVAILABILITY
The HadISSTv1.1 data is available through the Met Office Hadley Center archives at
https://www.metoffice.gov.uk/hadobs/hadisst/. The 2200-year CESM1 simulation is
available via the Earth System Grid at https://www.cesm.ucar.edu/projects/
community-projects/LENS/data-sets.html.
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