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Abstract In the observations, El Nifio events initiated by a subtropical Pacific mechanism (SP-onset
El Nifios) show larger uncertainty in their decay evolution patterns than those initiated by a tropical
Pacific mechanism. A 2,200-year simulation of Community Earth System Model reproduces this observed
feature and its SP-onset El Nifios are analyzed to understand the cause of the large uncertainty. Results
show that the onset location of SP-onset El Nifio, which interacts with the eastern edge of the western
Pacific warm pool, is a key factor controlling its decay evolution. When the onset is located east (west)

of 155°E, the event has a strong tendency to reverse (maintain) its phase, leading to cyclic (multiyear)
evolution. These two onset locations respectively activate Indo-Pacific and tropical-subtropical Pacific
interactions to give rise to the different evolution patterns. The findings offer a potential way to predict the
evolution of SP-onset El Nifios using their onset locations.

Plain Language Summary Conventionally, the initiation, development, and decay of El
Nifio events were considered to be primarily controlled by atmosphere-ocean coupled processes within
the tropical Pacific. Recently, studies began to suggest that more and more El Nifio events were initiated
by subtropical Pacific processes (simply, SP-onset El Nifios). In this study, we find that this type of
events tends to decay in a diverse way more than the conventional El Nifios do. By analyzing a long-term
simulation from a state-of-the-art climate model, we uncover the reasons why some SP-onset El Nifios
transition into a La Nifia phase after they peak (becoming single-year events), while some others are
able to linger or even re-intensify after they peak (becoming multiyear events). The longitudinal location
where the event starts to develop determines if the event is capable of activiating Indo-Pacific interactions
to evolve as a single-year event or tropical-subtropical Pacific interactions to evolve as a multiyear event.
The findings offer the potential for use of the onset location of SP-onset El Nifio to predict how the event
should evolve in its decaying year.

1. Introduction

Not all El Nifio-Southern Oscillation (ENSO) events are the same. Understanding the complex ENSO
properties and their underlying causes has been a topic of intense research in recent years (Timmermann
et al., 2018, for a review). Studies of ENSO complexity have focused more on the different spatial patterns of
ENSO events and have suggested that there are at least two different types of El Nifio (Capotondi et al., 2015;
C. Wang, Deser, et al., 2017; L. Wang, Yu, et al., 2017; Yu et al., 2017, for reviews). These two types are often
referred to as the Eastern Pacific (EP) and Central Pacific (CP) types (Kao & Yu, 2009; Yu & Kao, 2007),
showing that the EP-type has its maximum sea surface temperature anomalies (SSTAs) in the tropical east-
ern Pacific, while the CP-type has its maximum SSTAs in the tropical central Pacific. Meanwhile, La Nifa
events are known to have less diversity in their spatial patterns (Chen et al., 2015; Kug & Ham, 2011).

Besides the spatial complexity, complexities have also been noted in the event-to-event evolutions of El
Nifio and La Nifa (Kessler, 2002; Larkin & Harrison, 2002; Yu & Fang, 2018; hereafter YF18). Researchers
have focused on three evolution patterns. An El Nifio can be followed by a La Nifia, or vice versa, to result in
a cyclic ENSO evolution. Alternatively, an El Nifio (La Nifa) can be followed by another El Nifio (La Nifia)
to result in a multiyear ENSO evolution. There are also events preceded or followed by a neutral phase
of ENSO (i.e., neither El Nifio nor La Nifia), resulting in an episodic ENSO evolution. Efforts have been
made to better understand the causes of these different evolution patterns and to make use of the under-
standings to improve ENSO predictability (An & Kim, 2017, 2018; Choi et al, 2013; DiNezio & Deser, 2014;
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Dommenget et al., 2013; Kim & Yu, 2020; Lee et al., 2014; Luo et al., 2017; McGregor et al., 2012; McPhaden
& Zhang, 2009; Ohba & Ueda, 2007; Okumura & Deser, 2010; Okumura et al., 2017, 2011; Park et al., 2020;
B. Wang et al., 2019; Wu et al., 2019; YF18).

Conventional ENSO theories emphasized air-sea coupled processes within the tropical Pacific to explain
the initiation, development, and decay of ENSO evolution, such as the delayed (Suarez & Schopf, 1988)
and charged-discharged (Jin, 1997) oscillators. The tropical Pacific (TP) processes invoke wind-forced
thermocline variations to initiate ENSO event by producing SSTAs in the eastern equatorial Pacific (EEP).
Recent studies have increasingly emphasized that air-sea coupled processes over the subtropical Pacific
can initiate ENSO event in the central equatorial Pacific (CEP) to give rise to the CP-type ENSO event
(Chang et al., 2007; Di Lorenzo et al., 2015; Yu et al., 2010). The subtropical Pacific (SP) processes invoke
a wind-evaporation-SST (WES) feedback (Xie & Philander, 1994) and/or trade wind charging mechanism
(Anderson et al., 2013) to bring SSTAs from the northeastern subtropical Pacific to the CEP to start an ENSO
event. YF18 finds that ENSO events initiated by SP processes (namely, SP-onset mechanism) can evolve in
all three cyclic, multiyear, and episodic evolution patterns, while those initiated by TP processes (namely,
TP-onset mechanism) mostly evolve in a cyclic evolution pattern.

The findings from YF18 indicate that the SP-onset mechanism is more important than the TP-onset mech-
anism for increasing the event-to-event complexity of ENSO evolution. Since ENSO predictability can be
improved by recognizing which factor(s) determine the diverse evolution patterns of ENSO events, under-
standing the impact of the SP-onset mechanism on ENSO evolution can greatly help improve prediction.
In this study, we specifically focus on the analysis of El Nifio events initiated by the SP-onset mechanism
(hereafter, SP-onset El Nifios). We show that the onset locations where SP-onset El Nifios first appear play
a critical role in controlling their decay evolutions through various interbasin and basinwide interactions.
As demonstrated in YF18 and Fang and Yu (2020), the SP-onset mechanism responds asymmetrically to
the warm (i.e., El Nifio) and cold (i.e., La Nifia) phases of ENSO; thus, we solely conduct analysis on the
SP-onset El Nifios. The evolution diversity for the SP-onset La Nifas will be examined in a separated study.

2. Data and Methods

We analyzed four types of monthly observational datasets for the period of 1958-2019. The SST data was
obtained from the Hadley Center Sea Ice and Sea Surface Temperature, version 1.1 (HadISSTv1.1; Rayner
et al., 2003). The atmospheric data of zonal and meridional wind components and vertical pressure velocity
were obtained from the National Centers for Environmental Prediction/National Center for Atmospheric
Research Reanalysis 1 (NCEP/NCAR-R1; Kalnay et al., 1996). The sea surface height data was obtained
from merging two datasets, following Kim and An (2018): the Simple Ocean Data Assimilation, version
2.2.4 (SODAv2.2.4; Carton & Giese, 2008) from 1958 to 2010, and the Global Ocean Data Assimilation Sys-
tem (GODAS; Behringer & Xue, 2004) from 2011 to 2019.

Due to the limited ENSO events in the observations, we also analyzed a long-term (2,200-year) simulation
from the Community Earth System Model, version 1 (CESM1; Kay et al., 2015). This CESM1 simulation is
a fully coupled simulation conducted at approximately 1° horizontal resolution under preindustrial green-
house gas concentrations. We analyzed the model years 400-2200, during which the model exhibits a neg-
ligible SST trend and a minor drift in global ocean temperature. Previous studies have documented that the
CESM1 realistically reproduces the observed spatiotemporal characteristics of ENSO, such as its reoccur-
rence frequencies, amplitude ranges, spatial structures, and temporal evolutions (e.g., DiNezio et al., 2017;
Kim & Yu, 2020).

For the observational analysis, 22 El Nifios were identified during the analysis period (see Table S1). Fol-
lowing the Climate Prediction Center, an El Nifio was defined when the value of a 3-month running mean
Nifio3.4 index (i.e., SSTAs averaged in 5°S-5°N and 170-120°W) is at or above 0.5°C for a minimum of five
consecutive overlapping seasons. For the model analysis, 352 El Nifios were detected during the model
years 400-2200. An El Nifio was defined when the first winter (November’~January™') Nifio3.4 index in the
CESM1 simulation is greater than its 0.5 standard deviation (0.57°C). All seasons used here were for the
Northern Hemisphere. Any calendar month during the year when El Nifio develops was denoted as month®
and that during the following year when El Nifio decays was denoted as month™. Anomalies were defined
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as departures from climatological values for each calendar month after removing their linear trends. Statis-
tical analysis methods such as composite and regression analyses were applied to diagnose the anomalies.
An interquartile range between the 25th and 75th percentiles was employed to describe the values of the
middle 50% in the evolution pattern plots.

3. Results

3.1. Evolution Characteristics of SP-Onset El Niiios in the Observations and CESM1 Simulation

We first determine if an El Nifio is an SP- or TP-onset event by comparing the values of two onset indices:
the SP- and TP-onset indices (see Text S1 for details). As shown in YF18, the onset of an ENSO event is most
highly correlated with the SP-onset index in the preceding spring and the TP-onset index in the preceding
summer (cf. Figure S1). Therefore, an El Nifio was determined to be an SP-onset event if the preceding
spring (March’~-May") SP-onset index is greater than the preceding summer (June’-August”) TP-onset index
and is also greater than 0.5 standard deviation (to ensure the onset mechanism is in effect). The opposite
case was determined to be a TP-onset event. Events that had comparable SP- and TP-onset index values with
less than a 0.5 difference between them were categorized as mixed-onset El Nifios. As a result, we identified
6 SP-onset and 7 TP-onset El Nifios in the observations and 139 SP-onset and 155 TP-onset El Nifios in the
CESML1 simulation (see Tables S1 and S2). The sample size of the simulated SP-onset El Nifos is about 20
times larger than the observation sample size. Furthermore, 47% of El Nifios in the simulation are SP-onset
El Nifios, which is very close to the percentage of SP-onset El Nifios in the observations (46%).

We performed a composite analysis with the SP-onset events to examine their evolution characteristics. In
the observations (Figure 1a), the warm SSTAs of SP-onset El Nifio first emerge in the CEP during spring (ly-
ing to the west of the dateline; cf. black vertical line in Figure 1a). The initial warm anomalies then develop
and extend eastward during the following summer and fall, covering the equatorial Pacific. The event peaks
in winter with its maximum warming located around 165°W. These warm anomalies thereafter do not decay
and transition into a La Nifia in the following year. Instead, they linger and slowly decay in the CEP dur-
ing the subsequent seasons, exhibiting multiyear evolution. The composite evolution of the Nifio3.4 index
(black curve in Figure 1b) clearly shows this multiyear evolution. The six individual SP-onset El Nifios (gray
curves in Figure 1b) evolve similarly during their development stages; however, they dramatically diverge
from each other during their decay stages. As shown in Table S1, half of the observed SP-onset El Nifios
exhibit a cyclic evolution (i.e., second winter Nifio3.4 index < 0); the other half exhibit a multiyear evolution
(i.e., second winter Nifio3.4 index > 0). The above results collectively indicate that SP-onset El Nifios have
a large complexity and therefore uncertainties, in their decay evolutions. This is the crucial part of El Nifio
evolutions that needs to be better understood to improve ENSO prediction.

We repeated the same composite analysis but with a much larger sample size in the CESM1 simulation to
examine the robustness of the observational results. Despite some discrepancies such as the presence of
warm anomalies originating from the far-EEP during the developing year, the simulation (Figure 1c) gener-
ally reproduces the key evolution features of the observed SP-onset El Nifio: the warm SSTAs first emerging
in the CEP, extending eastward as the event develops until its peak, then lingering in the following year after
the peak. The composite evolution of the Nifio3.4 index for the simulated SP-onset El Nifios (black curve
in Figure 1d) exhibits a multiyear evolution, resembling the observed one. The interquartile ranges (gray
shading in Figure 1d) also reveal that the simulated events evolve similarly during their development stages
but very differently after they peak. Indeed, 51% of the simulated SP-onset El Nifios have cyclic evolution
and 49% have multiyear evolution (see Table S2); these percentages are nearly the same as the observations.
This proves that the CESM1 simulation is appropriate for the study of SP-onset El Nifios.

We then checked whether the large uncertainty in the decay evolution is unique to SP-onset El Nifios or if
it can also be found in TP-onset El Nifios. Results from the composite analysis (Figure S2) illustrate that the
TP-onset El Nifios have a smaller event-to-event difference (thus, less uncertainty) in their decay evolutions.
Most TP-onset El Nifios in the observations (86%) and CESM1 simulation (70%) undergo phase transition to
La Niiias after they peak, leading to cyclic evolution (cf. Tables S1 and S2). These results support the find-
ings from YF18 and Fang and Yu (2020) that most TP-onset ENSO events have cyclic evolution and that the
SP-onset mechanism is a key source for ENSO evolution complexity.
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Figure 1. Composite structures and evolutions of SP-onset El Nifios. (a and b) Longitude-time plot of equatorial (i.e., 5°S—5°N) SSTAs during the developing
and decaying years from January” to December*" for the observations is presented in the upper panel. Temporal evolution of the Nifio3.4 index during the
developing and decaying years in the observations is presented in the lower panel. The gray curves in (b) indicates individual event evolutions. (c and d) are the
same as (a and b) except for the CESM1 simulation and the gray shading in (d) indicates interquartile ranges between the 25th and 75th percentiles. (e and f)
and (g and h) are the same as (c and d), respectively, except for the cyclic and multiyear evolution events. In (e) and (g), the red circled dots mark the maximum
warm SSTAs from January’ to April” and the red vertical lines denote their averaged longitudinal positions. SSTAs, sea surface temperature anomalies.

3.2. Linking Onset Locations to the Evolution Patterns of SP-Onset El Nifios

It is important to know if there is any key factor determining whether an SP-onset El Nifio should decay in
a cyclic or multiyear evolution. For this purpose, we contrasted the composite analyses between cyclic and
multiyear evolution groups of SP-onset events in the CESM1 simulation. As seen in Table S2, there are 71
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SP-onset El Nino, CESMH1 cyclic and 68 multiyear SP-onset El Nifios in the simulation. Figure le
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Figure 2. The number of SP-onset El Nifios in the CESM1 simulation
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and 1g indicate that, although both El Nifio evolution patterns have ini-
tial warm anomalies in the CEP during spring, the exact onset locations
are different. The cyclic evolution group (Figure 1e) has its onset location
around 165°E (close to the dateline), while the multiyear evolution group
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr (Figure 1g) has its onset location around 150°E (further away from the
dateline). There are about 15 degrees of longitudinal difference between
these two groups. After the El Nifios develop, the cyclic evolution group
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, peaks near 150°W and has maximum SSTAs over the EEP. In contrast,
the multiyear evolution group peaks at the dateline and has maximum
SSTAs over the CEP (note that the longitudinal difference increases to
around 30° between their peak locations). Shortly thereafter, the cyclic
evolution group decays rapidly and transitions into a La Nifia condition,
while the multiyear evolution group lingers and subsequently re-inten-
sifies into another El Nino condition. The composite evolutions of the

[l Cyclic evolution
[l Multiyear evolution

141-155 156-170 171-185 >185 Nifno3.4 index and their interquartile ranges displayed in Figure 1f and

1h further reveal the abovementioned cyclic and multiyear evolutions,
with the former (latter) having negative (positive) index values during
their decay evolutions. The relatively larger interquartile ranges during

categorized as cyclic (red bar-chart) and multiyear (blue bar-chart) the decay evolution of multiyear events are due to the fact that some
evolutions as the onset location shifts in 15-degree intervals from 140°E multiyear El Nifios re-intensify into larger amplitudes in the second year
to 185°E in the longitudinal direction. The onset location is quantitatively while some others linger in the warm phase with a slow decay. The phys-

measured from the mean longitude of the maximum warm SSTAs
averaged over the equator (i.e., 5°S-5°N) during the developing spring
from March’ to May". The total number of cyclic and multiyear evolutions
occurring when the onset is located east or west of 155°E are shown as red
and blue text (with larger numbers in bold), respectively.

ical processes responsible for the re-intensified multiyear El Nifios have
been identified in Kim and Yu (2020).

The above analyses suggest that the onset location of SP-onset El Nifio
may play a role in controlling its decay evolution. To examine this possi-
bility, we counted the numbers of cyclic and multiyear evolution events
as their onset locations shift from 140°E to 185°E. Here the onset location
for each event is calculated as the mean longitude of the maximum warm SSTAs during the developing
spring from March® to May’. The results displayed in Figure 2 show a strong tendency for cyclic (multi-
year) evolution to occur more frequently than multiyear (cyclic) evolution as the onset location is shifted
eastward (westward). If we take 155°E as a dividing longitude, 68% of SP-onset El Nifios whose onsets are
located to the east of this longitude have cyclic evolution (i.e., 46 out of 68 events). Conversely, 65% of SP-on-
set El Nifios whose onsets are located to the west of this longitude have multiyear evolution (i.e., 46 out of
71 events). These contrasting tendencies indicate that SP-onset El Nifios have selective dominance toward
either cyclic or multiyear evolution according to their onset locations (e.g., east of 155°E vs. west of 155°E).
The above result is not sensitive to a little change in the criterion, such as moving the criterion longitude
from 150°E to 160°E (Figure S3).

3.3. Physical Mechanisms Behind the Linkage

To understand the physical processes of how the SP-onset El Nifio's onset location controls its decay evolu-
tion, a conditional composite analysis was carried out using two groups of events in the CESM1 simulation.
The first group (Group-A) consists of SP-onset El Nifios whose onset locations reside east of 155°E and have
cyclic evolution, indicating that they transition to a La Nifia condition in the following year. The second
group (Group-B) is defined as SP-onset El Nifios that have onset locations west of 155°E and multiyear
evolution. The El Nifios in this group linger or re-intensify into another El Nifio condition in the following
year. As shown in Figure 2, each group equally has 46 events.

Using the two groups defined above, we first explain how the eastward-shifted onset enables SP-onset El
Nifios to undergo cyclic evolution more often. For the Group-A events, the initial warm SSTAs during spring
(lower panel of Figure 3a) are located over the CEP, with their maximum intensity around 165°E. Since
the onset location is on the eastern edge of the western Pacific warm pool (green contour in the lower pan-
el of Figure 3a), the warm anomalies can easily increase local SSTs from below the convective threshold
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Figure 3. Composite structures over the Indian and Pacific Oceans for the Group-A events of SP-onset El Nifios in the CESM1 simulation during the
developing (a) spring, (b) summer, and (c) fall. Equatorially (i.e., 5°S-5°N) averaged anomalous omega field (shadings; in 107 Pa s™') and zonal overturning
cell (vectors; computed by the anomalous omega field and zonal wind component) are presented in the upper panel. The omega field is used after multiplying
a scale factor of 100. Anomalous SST (shadings; in °C) and surface wind (vectors; in m s™') are presented in the lower panel. (d—f) Same as (a—c), respectively,
except for the Group-B events. The green contours in (a) and (d) denote climatological 28°C isotherm line which depicts an area for the western Pacific warm

pool during spring.

temperature to above it (~28°C; cf. Sud et al., 1999; Zhang, 1993). As a result, the small initial SSTAs excite
deep convection, producing a large heating anomaly in the atmosphere (e.g., Fang & Yu, 2020). The anom-
alous heating, in turn, induces a zonal overturning cell anomaly over the tropical western Pacific (upper
panel of Figure 3a). Strong westerly anomalies are simultaneously generated near the surface, with their
maximum intensity located to the west of the onset SSTAs (lower panel of Figure 3a). In the following sum-
mer, the strong westerly anomalies push the underlying warm SSTAs to the east by exciting downwelling
Kelvin waves that lead to EEP warming (lower panel of Figure 3b). The warming in the EEP subsequently
triggers the Bjerknes feedback (Bjerknes, 1969) which involves a positive feedback process between equato-
rial trade winds and the underlying zonal SST gradients that further amplifies the initial El Nifio warming.
This Bjerknes feedback also involves a shift in the atmospheric convection toward the east, causing a change
in the Walker circulation along with an ascending (descending) anomaly over the CEP-to-EEP (Maritime
continent) (upper panel of Figure 3b). The descending anomaly over the Maritime continent induces strong
divergent surface winds with westerly (easterly) anomalies over the tropical western Pacific (eastern Indian
Ocean) (lower panel of Figure 3b). As the season changes from summer to fall (Figure 3c), the Bjerknes
feedback in the Pacific strengthens the El Nifio amplitude. Meanwhile, the easterly anomalies over the east-
ern Indian Ocean give rise to a positive phase of the Indian Ocean Dipole (I0D; Saji et al., 1999).

Compared to Group-A, composite structures of the Group-B events during spring (Figure 3d) show more
westward-shifted onset location with initial warm SSTAs occurring inside the warm pool (lower panel of
Figure 3d). Since the deep convection is already most active within the warm pool, the small initial SSTAs
induce small increases in the deep convection, producing a small heating anomaly in the atmosphere. This
leads to a much weaker zonal overturning cell anomaly over the tropical western Pacific (Figure 3a vs.
Figure 3d). Thus, westerly anomalies are also weakly generated near the surface to the west of the onset
SSTAs (lower panel of Figure 3d). In the following summer (Figure 3e), the weak westerly anomalies cause
a small EEP warming through dimly excited downwelling Kelvin waves. It then triggers a weak Bjerknes
feedback in the Pacific with no noticeable Walker circulation change (upper panel of Figure 3e; cf. the zonal
overturning cell anomaly over the tropical western Pacific is likely due to the underlying SSTAs that exceed
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Figure 4. Composite structures over the Pacific Ocean for the Group-A events of SP-onset El Nifios in the CESM1 simulation during the (a) peak winter and
the (b) decaying spring and (c) summer. Anomalous SST (shadings; in °C) and surface wind (vectors; in m s™") are presented in upper panel. Equatorially (i.e.,
5°S-5°N) averaged zonal structures of SST anomaly are presented in the lower panel. (d-f) Same as (a—c), respectively, except for the Group-B events. the green
contours in (a) and (d) denote climatological 28°C isotherm line which depicts an area for the western Pacific warm pool during winter. The red cross-hatched
sectors in (d-f) denote subtropical areas with temperature greater than 0.2°C signifying the area in which a positive PMM occurs.

the convective threshold). As the season moves toward fall (Figure 3f), the weak Bjerknes feedback leads to
an El Nino that has a relatively weak amplitude. Meanwhile, there are no IOD-related SST and surface wind
anomalies over the Indian Ocean. This is because, unlike the Group-A events, the change in the Walker
circulation for the Group-B events is too weak to activate interbasin interactions between the Pacific and
Indian Oceans (Figure 3c vs. Figure 3f).

Previous studies (Cai et al., 2019; Izumo et al., 2010; Kug & Kang, 2006) have shown that a positive IOD can
hasten the termination of El Nifio and transition its phase to La Nifia by reversing surface wind anomalies
over the tropical western Pacific from westerly to easterly during winter and following spring, which excite
upwelling Kelvin waves that subsequently trigger La Nifia conditions. This transition effect of the IOD can
be confirmed by a lagged regression with an IOD index (see Text S2 and Figure S4). Consistent with the
abovementioned IOD effect, the Group-A events, which have a strong positive IOD in the developing year
due to their eastward onset locations, decay rapidly and transition to La Nifia, thereby having cyclic evo-
lution (Figure S5a). In contrast, the Group-B events do not have an IOD event due to their westward onset
locations; thus, the IOD's transition effect on this group of events does not occur and, instead, they have
multiyear evolution (Figure S5b). This is one reason why the Group-B events do not transition to La Nifia
after they peak.

Still, a physical mechanism is required to explain why the Group-B events maintain El Nifio conditions
for another year, resulting in multiyear evolution. During the peak-to-decaying seasons for Group-B (Fig-
ures 4d-4f), we notice a band of warm SSTAs extending from the subtropical Pacific to the CEP (cf. red
cross-hatched sectors in Figures 4d-4f) closely resembling a positive phase of the Pacific Meridional Mode
(PMM; Chiang & Vimont, 2004). The PMM, once it begins, is able to maintain itself for several seasons
and extends equatorward through the WES feedback (which involves a positive feedback process between
subtropical trade wind anomalies and the underlying warm SSTAs by reducing the ocean surface's evap-
oration rate), subsequently spreading warm anomalies into the equatorial Pacific basin (cf. Amaya, 2019;
Yu & Kim, 2011; Yu et al., 2010). This PMM-related warm SSTA band is however very weak during the
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peak-to-decaying seasons for Group-A (Figures 4a-4c). Thus, as can be inferred from Figure 4, we suggest
that Group-B events more easily excite the PMM (as compared to Group-A events) and lead the El Nifio to
multiyear evolution via activation of tropical-subtropical Pacific interactions. Since El Nifio warming of
Group-B events during the peak winter is located near the warm pool where background SSTs are already
very close to the convective threshold (Figure 4d), it easily excites deep convection over the CEP and trig-
gers an atmospheric Rossby wave train. This Rossby wave train induces a lower-tropospheric anomalous
cyclone over the northeastern subtropical Pacific that activates the WES feedback there, thereby initiating
and developing a positive PMM (cf. Fang & Yu, 2020; Stuecker, 2018). The positive PMM, in turn, leads
to the multiyear evolution of Group-B events by spreading warm SSTAs into the equatorial Pacific in the
subsequent seasons. These basinwide interactions between the tropical and subtropical Pacific are more
unlikely to occur for Group-A events as their El Nifio warming is located further away from the warm pool
(Figure 4a); therefore, Group A events struggle to excite deep convection over the CEP. This explains why
Group-B events are more capable of maintaining El Nifio conditions than Group-A events and result in
multiyear evolution. A lagged regression analysis using a PMM index also supports our suggestion (see
Text S2 and Figure S6).

In addition to the Indo-Pacific and tropical-subtropical Pacific interactions, it may also be possible that
anomalous SST warming over the north tropical Atlantic (NTA), which can be driven by an El Nifio-associ-
ated teleconnection pattern after the E1 Nifio's peak (e.g., Enfield & Mayer, 1997; Saravanan & Chang, 2000),
influences the decay evolution of SP-onset El Nifio as it subsequently induces easterly anomalies over the
tropical western Pacific (Ham et al., 2013; C. Wang, Deser, et al., 2017; L. Wang, Yu, et al., 2017). Our addi-
tional analyses, however, did not show any strong evidence to support the above possibility (see Text S3 and
Figure S7 for details). This implies that the anomalous NTA SST warming in the decaying spring, at least in
this study, does not play a role in controlling the decay evolution of SP-onset El Nifio.

Despite the limited number of observed SP-onset El Nifios, we found two observational events that are most
consistent with the findings of this study: the 1994-1995 and 1968-1969 events (Figure S8). The 1994-1995
event was characterized by an eastward onset location (~170°E) and a cyclic evolution. This event was ac-
companied by a very strong positive IOD (>2 s.d) during its developing summer-to-fall while the PMM was
very weak (<=1 s.d.) during its peak winter-to-decaying spring—a reflection of strong Indo-Pacific inter-
actions. On the other hand, the 1968-1969 event was characterized by a westward onset location (~140°E)
and a multiyear evolution. This event had a strong positive PMM (>1 s.d) during its peak winter-to-decaying
spring but a weak negative IOD during its developing summer-to-fall (<0 s.d.)—a reflection of strong trop-
ical-subtropical Pacific interactions.

4. Concluding Remarks

This study used observations and a long-term CESM1 simulation to understand why SP-onset El Nifios have
diverse evolution patterns after their peaks (about half of the events exhibiting cyclic evolution and the
other half exhibiting multiyear evolution); contrastingly, most TP-onset El Nifios transitioned to La Nifa
after their peaks, exhibiting cyclic evolution. These observed contrasting evolution patterns of the SP- and
TP-onset El Nifios were realistically reproduced in the CESM1 simulation with a much larger number of
simulated events.

It is concluded that the evolution patterns are very sensitive to the exact onset locations of SP-onset El
Nifios. The eastward-shifted onset events (Group-A, this study) are more capable of activating Indo-Pacific
interactions, while the westward-shifted onset events (Group-B, this study) are more capable of activat-
ing tropical-subtropical Pacific interactions. The Indo-Pacific interactions reverse the El Nifios to La Nifa
conditions, resulting in cyclic evolution. The tropical-subtropical Pacific interactions maintain El Nifio
conditions, producing multiyear evolution. The descending/ascending locations of the Walker circulation
enable the eastward-shifted events to more strongly activate the Indo-Pacific interactions during El Nifio's
developing phase, while the enhanced background SSTs near the western Pacific warm pool enable the
westward-shifted events to more strongly activate the tropical-subtropical Pacific interactions during El
Nifio's peak phase. The findings of this study offer new insight into understanding the diverse evolutions
of SP-onset El Nifios and uncover the potential for the onset locations of SP-onset El Nifios to predict their
evolutions in the following year.
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Since there is a relatively stronger onset intensity in Group-A than Group-B (cf. lower panels of Figure 3a
and 3d), the possibility that diverse evolutions of SP-onset El Nifios may also be related to their different on-
set intensities should be addressed as well. To examine this, we computed regression coefficients of surface
wind anomalies with respect to SSTAs on the equator at 165°E and 150°E (representing the onset locations
of Group-A and Group-B, respectively). The regression coefficients allow us to assess how the surface wind
anomalies are related to a unit change of SST forcing (thus, m s™'/°C) at its two different onset locations (at
165°E vs. at 150°E). As a result, the regression maps (Figure S9a and S9b) showed that there is a noticeable
difference between the two onset locations. Stronger, more eastward-shifted westerly anomalies occur when
the onset is at 165°E (i.e., on the eastern edge of the warm pool) but weaker, more westward-shifted westerly
anomalies occur when the onset is at 150°E (i.e., inside the warm pool). The equatorially (i.e., 5°S-5°N) av-
eraged zonal structures for the regression coefficients (Figure S9c) further support this by revealing the lon-
gitudinal shift of wind anomalies between the two onset locations (note that the difference in the tropical
western Pacific wind anomalies is a key element producing the diverse evolutions of SP-onset El Nifio; cf.
Section 3.3). From the results above, it is reasonable to infer that any possible controlling effect on the evo-
lutions of SP-onset El Nifios caused by different onset intensities would likely not diminish the controlling
effect caused by different onset locations, as found in this study.

The question of what process(es) determine the onset location of SP-onset El Nifio remained unanswered
in the present study. In this regard, there are at least two possibilities. The first possibility is that it may just
happen by chance under the stochastically driven random scenarios. The second possibility is that subtle
differences in the subtropical trade wind anomalies that trigger the SP-onset mechanism may cause the
PMM patterns to vary and initiate El Nifios at different locations. The latter possibility has to be carefully
examined in a future study.

Finally, we did not include the mixed-onset El Nifios in the analysis because the purpose of the present
study was to understand the evolutions of “pure” SP-onset El Nifios. Hence, understanding how the TP- and
SP-onset mechanisms interfere with each other and shape the evolutions of mixed-onset El Nifios is another
interesting research topic that deserves to be explored in future studies.

Data Availability Statement

The 2,200-year CESM1 simulation was conducted by the CESM project team and are available via the
Earth System Grid (https://www.earthsystemgrid.org/). The HadISSTv1.1 data were downloaded from
the Met Office Hadley Center (https://www.metoffice.gov.uk/hadobs/). The NCEP/NCAR-R1 data were
obtained from their website (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The
SODAv2.2.4 data were obtained from their website (https://coastwatch.pfeg.noaa.gov/erddap/griddap/ha-
waii_d90f 20ee_c4cb.html) and the GODAS data were downloaded from their website (https://www.esrl.
noaa.gov/psd/data/gridded/data.godas.html).
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Text S1. A method to calculate the SP- and TP-onset indices

We applied multivariate empirical orthogonal function (MEOF) analysis to calculate the
Subtropical Pacific (SP)-onset index and the Tropical Pacific (TP)-onset index. An MEOF
analysis is a statistical method that can identify the dominant coupled processes between
multiple variables (cf. Xue et al., 2000; Yu & Fang, 2018, hereafter YF18). We applied it
to capture the co-variability of ocean-atmosphere coupled processes associated with
ENSO, which are manifested by the combined anomalies of SST, surface wind, and SSH
over the tropical Pacific basin (i.e., 20°S to 20°N and 120°E to 70°W). Instead of the two-
step MEOF as in YF18, we here simply used a one-step MEOF by taking input data of the
combined anomalies as one block, e.g., X(%,t) = [¥55T(t), V"4 (1), *5SH(1)], where X is
a spatial state vector for the incorporated variables and t is a time interval. All the input
anomalies that have different units were standardized using a correlation matrix and
smoothed by a three-month running mean filter in order to remove intraseasonal variability
over the tropical Pacific, such as Madden—Julian Oscillation. The first three MEOFs from
the observational data yield the leading coupled modes associated with ENSO, following
YF18: one is the ENSO mature mode (as 1* MEOF) and the others are the ENSO onset
modes (as 2" and 3" MEOFs). The 2" MEOF mode represents the SP-onset mechanism
characterized by positive SST anomalies extending from the tropical central Pacific into
the subtropical North Pacific, with accompanying positive SSH and westerly wind
anomalies there. The 3™ MEOF mode corresponds to the TP-onset mechanism
characterized by a narrow belt of positive SST anomalies on the eastern equatorial Pacific,
with accompanying positive SSH and westerly wind anomalies along the entire equatorial
Pacific (note that readers can find the classical spatiotemporal patterns associated with the
three MEOF modes in YF18). As a consequence, the principal components of 2™ and 3™
MEOF modes are respectively the SP- and TP-onset indices. The same MEOF analysis
was applied to the 2,200-yr CESM1 simulation utilized in this study.

The SP-onset index here has interannual and decadal variations in both the
observations and model simulation (figures not shown). This indicates that the SP-onset
index likely has contributions from variability in the interannual and decadal timescales.
Hence, we add a caveat to state that the SP-onset index may interplay with other Pacific
decadal variability modes such as the North Pacific Gyre Oscillation (Di Lorenzo et al.,
2008) or the Pan-Pacific decadal variability (Nigam et al., 2020).

Text S2. The IOD and PMM indices

Aside from the Nifio3.4 index, two other climate indices were also used in this study: the
Indian Ocean Dipole (IOD) index and the Pacific Meridional Mode (PMM) index. The
IOD index represents a dipole/zonal SSTA mode in the Indian Ocean basin that has a
prominent inter-annual variability. It is defined as the normalized SSTA difference
between the western Indian Ocean (10°S—-10°N and 50-70°E) and the southeastern Indian
Ocean (10°S to the equator and 90—110°E) during boreal fall from September to November,
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in which 10D events usually peak (Saji et al., 1999). The PMM index represents the
coupled SST—surface wind pattern over the subtropical northeastern Pacific. It is defined
as the normalized SSTA over the PMM region in the North Pacific (15-25°N and 150—
120°W; cf. Amaya, 2019) during boreal spring from March to May, in which PMM events
usually peak (Chiang & Vimont, 2004).

Text S3. Role of the NTA SST warming in the decay evolutions of SP-onset El Nifios

Previous studies suggested that El Nifios can lead to the SST warming over the north
tropical Atlantic (NTA) during boreal spring after they peaks via the El Nifio-associated
atmospheric teleconnection pattern (e.g., Enfield & Mayer, 1997; Saravanan & Chang,
2000). This El Nifio-induced NTA warming can subsequently trigger a cold event in the
subsequent winter by inducing western Pacific easterlies (which is known as the
transitioning effect of the NTA SST warming on ENSO evolution; cf. Ham et al., 2013;
Wang et al., 2017). Therefore, it may be possible that the NTA warming also has a potential
role in affecting the decay evolutions of SP-onset El Nifios. In response, we first checked
if there is an El Nifio-induced SST warming over the NTA during boreal spring after the
SP-onset El Nifios peak. Here we utilized two groups of SP-onset El Nifios classified in
this study: Group-A (eastward onset and cyclic evolution events) and Group-B (westward
onset and multiyear evolution events). As shown in Fig. S7a and S7b, the Group-A and
Group-B events both show positive SSTAs over the NTA during their decaying spring (i.e.,
March™'-May™"), indicating the existence of El Nifio-induced NTA SST warming. The
intensity of NTA SST warming is detected as being slightly stronger in Group-A than
Group-B (cf. Fig. S7a and S7b). This suggests the possibility that the cyclic evolution of
Group-A events can also be affected by the transitioning effect of the NTA SST warming,
in addition to that of the positive IOD in this study. For this reason, we further checked the
NTA SST warming intensities by calculating the SSTA averaged over the NTA region (i.e.,
5-25°N and 75-15°W; green boxes in Fig. S7) to see if the intensities are clearly different
between the two groups. The result displayed in Fig. S7c, however, shows that the NTA
SST warming intensities are quite comparable between Group-A (~0.28°C) and Group-B
(~0.21°C) with no statistically significant difference. Thus, based on the results, the
abovementioned suggestion cannot be firmly asserted. Sophisticated numerical
experiments are highly needed to identify whether the NTA SST warming plays any role
in controlling the decay evolutions of SP-onset El Nifios.
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Table S1. Classification of observed El Nifios during 1958-2019 into SP-, TP-, and Mixed-
onset events by comparing the SP-onset index in the preceding spring (i.e., March’-May")
and the TP-onset index in the preceding summer (i.e., June’~August®) (see Sect. 3.1 for
details). Their evolution patterns of either cyclic or multiyear are shown in the rightmost
column. Note that the rows of SP-, TP-, and mixed-onset El Nifios are expressed as red,
blue, and green colors, respectively. The remaining El Nifos that are classified as neither
SP-, TP-, nor mixed-onset events are notated as N/A (i.e., not applicable) in the 4™ column.
These events are not able to determine their dominant onset mechanisms based on the TP-
and SP-onset indices alone.

El Nifio year SP-onset index in | TP-onset index in Dominant onset Evolution pattern
the preceding the preceding mechanism
spring summer
1958-1959 -0.70 -1.15 N/A Cyclic
1963-1964 1.49 0.64 SP-onset Cyclic
1965-1966 -0.83 1.35 TP-onset Cyclic
1968-1969 1.28 0.09 SP-onset Multiyear
1969-1970 -0.05 -0.81 N/A Cyclic
1972-1973 0.58 2.11 TP-onset Cyclic
1976-1977 0.06 2.20 TP-onset Multiyear
1977-1978 -1.00 0.24 N/A Multiyear
1979-1980 -0.58 0.46 N/A Cyclic
1982-1983 0.70 1.96 TP-onset Cyclic
1986-1987 0.56 1.01 Mixed-onset Multiyear
1987-1988 -1.06 0.74 TP-onset Cyclic
1991-1992 0.50 0.70 Mixed-onset Multiyear
1994-1995 1.21 0.46 SP-onset Cyclic
1997-1998 1.02 2.56 TP-onset Cyclic
2002-2003 0.79 0.67 Mixed-onset Multiyear
2004-2005 0.97 0.31 SP-onset Cyclic
2006-2007 0.01 0.52 TP-onset Cyclic
2009-2010 0.15 0.52 Mixed-onset Cyclic
2014-2015 0.93 0.40 SP-onset Multiyear
2015-2016 1.74 2.11 Mixed-onset Cyclic
2018-2019 1.88 0.45 SP-onset Multiyear
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Table S2. Statistical properties of the SP- and TP-onset El Nifios identified in the CESM1

simulation. Values in parentheses are percentages calculated from the total number of
events. Note that the rows of SP- and TP-onset El Nifios are expressed as red and blue,

respectively.

Dominant onset

Total number of events

Number of cyclic

Number of multiyear

mechanism evolution events evolution events
SP-onset 139 71 (51.1%) 68 (48.9%)
TP-onset 155 108 (69.6%) 47 (30.3%)
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Figure S1. Lead-lag correlations between the SP- (red curve) or TP-onset (blue curve)
index and the Nifio3.4 index in (a) the observations and (b) the CESM1 simulation. In both
the observations and the CESM1 simulation, the SP-onset index has a longer lead time
when leading the Nifo3.4 index than the TP-onset index does. This implies that the SP-
onset El Nifios begin earlier than the TP-onset El Nifios, which is consistent with the result
from YF18.
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Figure S2. Composite structures and evolutions of TP-onset El Nifios. (a, b) Longitude-
time plot of equatorial (i.e., 5°S—5°N) SSTAs during the developing and decaying years
from January® to December! for the observations is presented in the upper panel. Temporal
evolution of the Nifio3.4 index during the developing and decaying years in the
observations is presented in the lower panel. The gray curves in (b) indicate individual
event evolutions. (c, d) are the same as (a, b) except for the CESM1 simulation and the
gray shading in (d) indicates interquartile ranges between the 25" and 75™ percentiles.
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Figure S3. Left Percentages of SP-onset El Nifios in the CESM1 simulation that have either
cyclic (red bar-chart) or multiyear (blue bar-chart) evolution when the onset location is
situated to the west and east of the criterion longitude, 150°E. Middle and right panels are
the same as the /eft except for the criterion longitudes of 155°E and 160°E, respectively.
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Figure S4. The transitioning effect of a positive IOD on El Nifio evolution. Lagged
regression maps on the fall (i.e., September’-November”) IOD index using anomalous SST
(shadings) and surface wind (vectors) during seasons from the first fall of September’—
November® to the second fall of September"'-November*!. The effect of PMM has been
excluded by computing partial regression coefficients of the IOD index with respect to the
PMM index. The green arrows indicate the zonal directions of surface wind anomalies over
the tropical western Pacific, which change from westerly anomalies during fall and winter
to easterly anomalies in the following seasons.
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Figure S5. Longitude-time plot of composite anomalous SST (shadings; in °C) and zonal
wind (vectors; in m s™!) averaged over the equator (i.e., 5°S to 5°N) during the developing
and decaying years from January’ to December®' for the events of (a) Group-A and (b)
Group-B. In figure, the red circled dots mark the maximum warm SSTAs from January® to
April® and the red vertical lines denote their averaged longitudinal positions. The green
rectangular areas indicate a phase of the IOD in the Indian Ocean, with a strong positive
10D for the Group-A events and a neutral IOD for the Group-B events.
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Figure S6. The lingering effect of a positive PMM on El Nifio evolution. Lagged regression
maps on the spring (i.e., March''-May*!) PMM index using anomalous SST (shadings)
and surface wind (vectors) during seasons from the first fall of September’November® to
the second fall of September''-November!. The effect of 10D has been excluded by
computing partial regression coefficients of the PMM index with respect to the IOD index.
The green arrows indicate the prevailing westerly wind anomalies over the central
equatorial Pacific which persist throughout seasons.
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Figure S7. Composite structures of anomalous SST (in °C) over the tropical Pacific and
Atlantic Oceans during the decaying spring (i.e., March*'-May™!) for the (a) Group-A and
(b) Group-B events. The green boxes denote an area for the north tropical Atlantic (NTA)
region (i.e., 5-25°N and 75-15°W). (c) Mean intensity of SSTA averaged over the NTA
during the decaying spring for Group-A (left panel) and Group-B (right panel). Error bars

represent 1 standard deviation about the mean.
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Figure S8. (a) Spatial structure of anomalous SST (in °C) during the developing spring
(i.e., March®~May”) of the 1994-1995 SP-onset El Nifio event. The red circle denotes the
center of onset location for the event. (b) Temporal evolution of the Nifio3.4 index
(shadings; in °C) during the developing and decaying years (i.e., January’~December'!)
for the event. (c) Same as (b) but for the IOD (solid curve; in s.d.) and PMM (dashed curve;
in s.d.) indices. (d-f) are the same as (a-c) except for the 1968—-1969 SP-onset El Nifio
event.
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Figure S9. Regression maps of anomalous surface wind during boreal spring (i.e., March—
May) onto the one-point SST anomaly located at (a) 165°E and (b) 150°E on the equator
in the CESM1 simulation (namely, the onset). The onset locations are marked as red dots
and the green contours denote climatological 28°C isotherm line which depicts an area for
the western Pacific warm pool. The onset is on the eastern edge of the warm pool when the
onset is located at 165°E, while the onset is inside the warm pool when the onset is located
at 150°E (representing the onset locations of Group-A and Group-B events). (¢) Zonal
structure of the onset-regressed zonal wind anomaly averaged over 5°S—5°N for the onset
located at 165°E (solid curve) and 150°E (dashed curve)
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