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Abstract El Nifio-Southern Oscillation (ENSO) transitions from one event to another in complex ways.
Using observational analyses and forced atmospheric model experiments, we show that a preceding ENSO
event can activate a subtropical Pacific forcing mechanism to trigger another ENSO event during the
following year. These tropical-subtropical Pacific interactions result in a cyclic ENSO transition if the two
ENSO events are of opposite signs or a multiyear ENSO transition if they are of the same sign. The preceding
ENSO event should excite deep convections in the tropical Pacific in order to activate the subtropical
Pacific mechanism. This requirement enables mean temperatures in the cold tongue and warm pool to
respectively control how easily the cyclic and multiyear transitions can occur. A future warmer tropical
Pacific is projected to decrease the frequency of occurrence of multiyear ENSO transitions but increase the
occurrence of cyclic ENSO transitions.

Plain Language Summary El Nifio—Southern Oscillation (ENSO) is one of the strongest climate
variation phenomena in Earth's climate system, causing regional climate extremes and massive ecosystem
impacts. An ENSO event can transition from one event to another in complex ways. An El Nifio

(La Nina) event can be preceded by a La Nifia (El Nifio) event to become a cyclic ENSO, by a neutral event to
become an episodic ENSO, or by another El Nifio (La Nifia) event to become a multiyear ENSO. The
complex nature of ENSO transition challenges our understanding of ENSO dynamics and its future
responses to greenhouse warming. Here we show, using observational analyses, climate model simulations,
and a novel framework focusing specifically on the onset processes of ENSO, that multiyear ENSO events
related to the subtropical forcing are projected to decrease and cyclic ENSO events to increase as the
climate warms. These changes in ENSO transition complexity are linked to the warming of the tropical
Pacific mean state, which is a key factor controlling ENSO transitions through a series of tropical-subtropical
interactions.

1. Introduction

El Nifio—-Southern Oscillation (ENSO) is the strongest year-to-year phenomenon in our global climate, caus-
ing regional climate extremes and massive ecosystem impacts (Coelho & Goddard, 2009; Donnelly &
Woodruff, 2007; McPhaden et al., 2006; Power et al., 2013). ENSO has recently observed to exhibit a wide
range of complex behaviors (Capotondi et al., 2015; Timmermann et al., 2018; Yu et al., 2017) that impede
our understanding of its physical dynamics and results in huge uncertainties in projecting its future changes
(Amaya, 2019; Cai et al., 2015; Collins et al., 2010; Fedorov et al., 2003; Sohn et al., 2016; Vecchi &
Wittenberg, 2010). One aspect of ENSO complexity is related to the ways that ENSO transitions from one
event to another (Wang et al., 2019; Yu & Fang, 2018). An El Nifio (La Nifia) event can be preceded (1) by
a La Nifia (El Nifio) event to become a cyclic ENSO transition, (2) by a neutral event to become an episodic
ENSO transition, or (3) by another El Nifio (La Nifia) event to become a multiyear ENSO transition. Unlike
most other studies of ENSO complexity that focus on properties during the peak phase, ENSO transition
complexity focuses on ENSO properties during the onset phase.

Whether an ENSO event goes through a cyclic, episodic, or multiyear transition is affected by its onset (or
trigger) mechanism (Yu & Fang, 2018)—the process by which the initial ENSO sea surface temperature
(SST) anomalies are produced in the equatorial Pacific. Two primary onset mechanisms have been identified
by the research community over the past decades (see reviews in Capotondi et al., 2015; Wang et al., 2017,
Yang et al.,, 2018; Yu et al., 2017). The tropical Pacific onset (TP onset) mechanism consists of the
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recharge oscillator (Jin, 1997; Wyrtki, 1975) and delayed oscillator (Battisti & Hirst, 1989; Zebiak &
Cane, 1987) theories. Together, these theories describe how equatorial surface wind anomalies induced by
an ENSO event can deepen or shallow the thermocline in the equatorial eastern Pacific over the following
months, and onset another ENSO event with an opposite phase. The TP onset mechanism leads mostly to
cyclic ENSO transitions and contributes to reduce ENSO transition complexity (Yu & Fang, 2018), although
it should be noted that its asymmetric responses between El Nifio and La Nifia may allow for some complex-
ity (Hu et al., 2017). In contrast, the subtropical Pacific onset (SP onset) mechanism describes how subtropi-
cal Pacific SST anomalies can intrude into the equatorial Pacific to trigger ENSO events (Alexander
et al., 2010; Anderson & Perez, 2015; Kao & Yu, 2009; Vimont et al., 2003; Yu et al., 2010). This onset
mechanism has been shown to produce all three transition patterns (Yu & Fang, 2018; Figure S1 in the sup-
porting information). Therefore, the SP onset mechanism is a key contributor to ENSO transition complexity
and needs to be better understood for projecting future changes in ENSO complexity.

To trigger an ENSO event, the SP onset mechanism is initiated by a decrease or increase in trade winds that
extends from off the coast of Baja California to the equatorial central Pacific that respectively warms or cools
SSTs underneath. The wind and SST anomalies can prolong for several months through a wind-evaporation-
SST feedback (WES; Xie & Philander, 1994) (aka the Pacific meridional mode (PMM) in Chiang and
Vimont, 2004, or seasonal footprinting mechanism in Vimont et al., 2003). The initial trade wind variations
are often induced by subtropical atmospheric processes (such as the North Pacific oscillation, NPO) that are
non-ENSO related (Vimont et al., 2003). Therefore, it is easy to understand why the SP onset mechanism can
give rise to episodic ENSO transitions. Less attention has been paid in past studies to the possibility that the
SP onset mechanism can also be activated by a preceding ENSO event resulting in either cyclic or multiyear
ENSO transitions.

The limited studies on the ENSO-induced SP onset mechanism have found that extreme El Nifio events can
activate the SP onset mechanism to trigger La Nifia events during the following year and result in a cyclic El
Nifio-to-La Nifa transition (Yu & Fang, 2018; Yu & Kim, 2011). Interestingly, the opposite tendency of a cyc-
lic La Nifna-to-El Nifio transition via the SP onset mechanism seems to occur less frequently (Yu &
Fang, 2018). The SP onset mechanism appears to respond asymmetrically to El Nifio and La Nifia. What
is the cause for this asymmetry and how will this asymmetry change in the future as the earth warms?
Answers to these questions are important to project future changes in ENSO transition complexity and
are the main focus of this study.

2. Data Sets and Methods

Monthly mean values of SST, surface wind, geopotential height, precipitation, and sea surface height (SSH)
during the period of 1958-2014 were used after they were regrided to a common 1.5° X 1° longitude-latitude
grid covering the tropical Pacific (20°S to 20°N, 122°E to 70°W). The SST data are the Hadley Center Sea Ice
and Sea Surface Temperature data set (Rayner et al., 2003), the surface wind, geopotential height, and pre-
cipitation fields are from the National Centers for Environmental Prediction/National Center for
Atmospheric Research (Kalnay et al., 1996), and the SSH data are produced by the German contribution
of the Estimating the Circulation & Climate of the Ocean (Kohl, 2015). Anomalies are defined as the devia-
tions from the seasonal cycle averaged over the analysis period after removing the linear trend. The same
procedures were applied to the simulations (the last 100 years of the preindustrial simulations and the full
periods of the historical, RCP4.5 and RCP8.5 simulations) produced by 28 models of the Coupled Model
Intercomparison Project (CMIP5) (Taylor et al., 2012; see Extended Data Table S1). Similar results are
obtained when a quadratic trend removal is applied (in place of the linear trend removal).

Several indices were used in the analyses. Indices of the SP and TP onset mechanisms were constructed by
applying a multivariate empirical orthogonal function (MEOF) analysis to combined SST, wind, and SSH
anomalies in the tropical Pacific (Text S1; Xue et al., 2000; Yu & Fang, 2018). These indices are referred to
as the SP onset index and the TP onset index. A Nifi03.4 index is used to represent the intensity of ENSO
events and is defined as the SST anomalies averaged between 5°S to 5°N and 170-120°W. The equatorial
eastern Pacific (EEP) region is defined as the area between 5°S to 5°N and 120-90°W, whereas the equatorial
central Pacific (ECP) region is defined as the area between 5°S to 5°N and 160°E to 170°W. A series of forced
experiments were conducted in this study with an atmospheric general circulation model (AGCM). The
designs of these model experiments are described in the supporting information (Text S2).
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Figure 1. (a) Schematic of the processes that enable SST anomalies (color shading) in the equatorial central Pacific (ECP)
or equatorial eastern Pacific (EEP) to excite the surface wind anomalies (vectors) associated with the subtropical
Pacific onset mechanism via a Gill-type response (brown arrows) and Rossby wave train in the lower troposphere (blue
solid and dashed arrows) and the associated descending motions (large blue arrow); (b) the departures of the ECP

and EEP SSTs (°C) from the threshold SST value for deep convection (28°C; horizontal thick-dashed line) in their cli-
matological state (horizonal thin-solid lines) and with the values added by the typical SST anomaly values of El Nifio
(red bars), La Nifia (blue bars), and the 1982-1983 and 1997-1998 extreme El Nifio events (pink bar).

3. Results

We first examine the anomaly pattern associated with the SP onset mechanism by regressing SST and surface
wind anomalies onto the SP onset index (Figure 1a). A key feature in the pattern is the overlap of trade wind
anomalies with SST anomalies in the northeastern subtropical Pacific. This overlap reflects the subtropical
coupled nature of the SP onset mechanism, which is a key to extending the SST anomalies southwestward
into the equatorial central Pacific for the ENSO onset. A negative phase of the SP onset mechanism (see
Figure 1a) can onset a La Nifia event, whereas a positive phase of the SP onset mechanism can onset an
El Nifio event. As mentioned, the NPO used to be considered to be a key source for the trade wind anomalies.
However, Figure 1a indicates that subtropical Pacific wind anomalies may also be related to the large SST
anomalies in the equatorial eastern Pacific (EEP) and the equatorial central Pacific (ECP).

The pair of anomalous cyclones straddling the equator to the west of the EEP SST anomalies appears to be a
Gill-type response (Gill, 1980) to the SST anomalies. The trade wind anomalies over the northeastern subtro-
pical Pacific are associated with the anomalous cyclone to the north. This anomaly structure suggests that
the subtropical Pacific trade wind anomalies can be the result of a Gill-type response to the EEP SST anoma-
lies (as illustrated by the red vectors in Figure 1a) (Wang et al., 2000). An El Nifio (La Nifia) event in the EEP
can activate a negative (positive) phase of the SP onset mechanism to trigger a subsequent La Nifia (El Nifio)
event, giving rise to a cyclic ENSO transition. On the other hand, the same trade wind anomalies over the
northeastern Pacific can also be linked to the ECP SST anomalies through a wave train pattern connecting
the two regions (as illustrated by the blue circles in Figure 1a) (Lyu et al., 2017; Stuecker, 2018). A La Nifia
(El Nifio) event in the ECP can activate a negative (positive) phase of the SP onset mechanism to trigger
another La Nifia (El Nifio) event, giving rise to a multiyear ENSO transition. Therefore, the Gill-type
response and the basin-wide wave train enable the SP onset mechanism to produce cyclic ENSO transitions
through the EEP region and multiyear ENSO transitions through the ECP region.

In order to excite the Gill-type response and the wave train, ENSO events in the EEP and ECP should induce
convective heating anomalies. The threshold value for deep convection is around 28°C (Sud et al., 1999;
Zhang, 1993), which is confirmed for both the EEP and ECP regions by examining the relationships
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Figure 2. Relations between precipitation anomalies and SSTs (a) in the equatorial eastern Pacific (EEP) and (b) the equatorial central Pacific (ECP). Green
lines are the linear fits for SSTs greater and less than 28°C. The pink dots are El Nifio months when the SST > 28°C; red dots are El Nifio months when
SST < 28°C; and the blue and light blue dots are the La Nifia months when SST > 28°C and SST < 28°C. Evolution of (c-g) SST, surface winds, and (h-1)
200 hPa geopotential heights anomalies composited for the months in which the EEP SST is greater than 28°C at time lags of —3, 0, 43, 4+6, and +9 months
(in the lower left corner of the subpanels). (m-v) The months when ECP SST is lower than 28°C and 850 hPa geopotential heights in the right column.

between precipitation anomalies and SSTs over the regions (Figures 2a and 2b). A composite of all El Nifio
months when the EEP SSTs are greater than 28°C (the pink dots in Figure 2a) reveals strong evidence of a
Gill-type response, which is characterized by a pair of anomalous cyclones in the lower troposphere
(Figures 2c-2g) and a pair of anticyclones in the upper troposphere (Figures 2h-21). An analysis of the
time series of the EEP and SP onset indices confirms that a negative SP onset index occurs after the EEP
SST index passes the 28°C threshold (Figure S2a). The El Nifio-induced anomalous trade winds (and the
negative SP onset mechanism) bring anomalous cold water over the subtropical Pacific toward the
tropical central Pacific and switch the composite SST anomalies from El Nifio to La Nifia condition
(Figures 2c-2g). In contrast, the Gill-type response is either very weak or absent when we repeat the
composite for all El Nifio months where the EEP SSTs are lower than 28°C (the red dots in Figure 2a) or
with all La Nifia months (the blue dots in Figure 2a) (see Figure S3).

Our composite results confirm that only El Nifio events that are strong enough to raise EEP SSTs higher than
28°C can activate the SP onset mechanism to produce the cyclic ENSO transition. Since the climatological
SST in the EEP (25.19°C) is lower than the 28°C threshold (Figure 1b), it is impossible for La Nifia events
to induce anomalous convective heating and activate this mechanism. This explains why the SP onset
mechanism produces more El Nifio-to-La Nifia than La Nifia-to-El Nifio transitions (Yu & Fang, 2018).
There are only two such very strong El Nifios during the analysis period: the 1982-1983 and 1997-1998 El
Nifios. We notice that the SP onset index only becomes strongly negative after the EEP SSTs exceed the
28°C during these two extreme events (Figure S2b). In addition, the SP onset indices are stronger than the
TP onset indices during these events (lag-0 in Figure S5a). This confirms that only extreme warming in
the EEP can enable the SP onset mechanism to dominate the TP onset mechanism and to initiate cooling
in the ECP resulting in cyclic transitions (Yu & Kim, 2011). Therefore, the climatological SST in the EEP
region determines how easily and what type of cyclic ENSO evolution (i.e., El Nifio-to-La Nifia or La
Nifia-to-El Nifio) can be produced via the SP onset mechanism. It should be noted that the TP onset mechan-
ism also contributes to the cyclic transitions in these extreme cases.

Over the ECP region, the climatological SST (28.94°C) is just slightly above the 28°C threshold. Therefore,
even moderate La Nifia events here can shut off deep convections, resulting in large negative convective

FANG AND YU 4 0of9



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL087933

heating anomalies (Figure 1b). A composite analysis was performed with the La Nifia months that lower the
local SSTs to below 28°C. The results indicate that a La Nifia event that shuts off deep connection in the ECP
region can excite wave train responses that extend into the extratropical lower troposphere (Figures 2r-2v).
The wave train includes an anomalous anticyclone off the North American coast that can further induce
anomalous descent over the northeastern subtropical Pacific via geostrophic processes (Lyu et al., 2017).
The subsidence then enhances the trade winds and initiates a negative phase of the SP onset mechanism
(Figure 2b; Figure S7 in Yu & Fang, 2018) to onset another La Nifia condition (Figures 2m-2q). The negative
values of the SP onset index are confirmed during these events, while the TP onset index follows its own
cycle leading to positive values (Figure S5b). Therefore, even moderate La Nifia events in the ECP region
can result in a multiyear La Nifia transition through the SP onset mechanism.

El Niflo events in this region can also strengthen deep convection to produce positive convective heating
anomalies. However, since most of the central Pacific El Nifio (Kao & Yu, 2009; Yu & Kao, 2007) are of
weaker SST anomalies (Lee & McPhaden, 2010), the anomalous heating they induce are relatively small.
A composite of the El Nifio months in the ECP region (Figures S4p-S4t) indicates that the extratropical wave
train pattern excited by warm ECP SST anomalies is relatively weaker than that excited by cold ECP SST
anomalies (cf. Figures S4q and S2s). Also, the evolution of the composite SST anomalies does not show mul-
tiyear El Nifio transitions (Figures S4k-S40). A similar result was obtained in the composite analysis of weak
La Nifia events that do not lower ECP SSTs to below 28°C (Figures S4a—S4j).

Our composite analyses indicate that La Nifia events in the ECP are more effective than El Nifio events in
giving rise to multiyear ENSO transitions through the SP onset mechanism. This explains why the SP onset
mechanism produces more multiyear La Nifia transitions than multiyear El Nifo transitions (Yu &
Fang, 2018). Therefore, the climatological SST in the ECP region determine how easily and what type of mul-
tiyear transitions (i.e., multiyear La Nifia or multiyear El Nifio) can be produced via the SP onset mechanism.

The processes described above were further confirmed by a series of forced AGCM experiments conducted
with the Community Earth System Model version 2 (CESM2) (see Text S2). In the experiments, Gaussian
shaped SST anomalies were prescribed and added onto the climatological SSTs in either the ECP or EEP
region with an amplitude varied from —4°C to +4°C. The EEP experiments confirm that the SST anomalies
have to be large enough (+4°C) to raise EEP SSTs above the 28°C threshold to excite deep convection
(Figure Sé6a), induce the Gill-type responses, and enhance the surface trade winds over the northeastern sub-
tropical Pacific for activating a negative SP onset mechanism (Figure Sé6c). No such response was found in
the other EEP experiments (Figures S6a and S6b). The ECP experiments confirm that large and negative
deep convection anomalies can be induced by moderate cold (—1°C SST) anomalies in the region, which
can then excite a wave train response in the extratropical atmosphere and enhance the trade winds to acti-
vate a negative SP onset mechanism (Figure S7). In contrast, the wave train response is weaker in the +1°C
SST experiment (Figure S7c). In addition, the weak wave train in this experiment emanates from a more
eastern part of the ECP region (compared to the —1°C experiment) and results in a surface wind response
that is away from the trade wind region.

Tropical Pacific mean SSTs are projected to increase in the future (Kirtman et al., 2013; Levitus et al., 2009;
Meehl et al., 2006). The multimodel mean (MMM) of the simulations using 28 CMIP5 models (Table S1)
show that mean SSTs in the EEP are projected to reach 28°C around 2100 (2060) under the RCP4.5
(RCP8.5) scenario (Figure 3a). This tendency should enable El Nifio events of any intensity to induce anom-
alous deep convection in the EEP, activate the negative phase of the SP onset mechanism, and give rise to
cyclic El Nifio-to-La Nifa transitions. Conversely, as the mean temperatures increase and exceed the thresh-
old, La Nina events in the EEP will be able to shut off deep convection and lead to a subsequent El Nifio
event via a positive SP onset mechanism. The latter process should give rise to cyclic La Nifia-to-El Nifio
transitions. As a result, cyclic ENSO transitions (i.e., both El Nifio-to-La Nina and La Nifia-to-El Nifio)
should occur more frequently via the SP onset mechanism in the future. On the other hand, the projected
temperature increases in the ECP region (Figure 2b) will make it harder for La Nifa events to reduce ECP
SSTs below 28°C and to activate a negative SP onset mechanism in the region. This should result in fewer
multiyear La Nifia transitions via the SP onset mechanism in the future. In other words, the warmer tropical
Pacific in the future is expected to increase the dominance of the cyclic ENSO transition via the SP onset
mechanism and to reduce the occurrence of the multiyear ENSO transition.
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Figure 3. CMIP5 model projected SSTs in (a) the equatorial eastern Pacific and (b) equatorial central Pacific from
preindustrial times to 2100 and (c) the changes in the tendency of the multiyear ENSO versus cyclic ENSO. In (a)

and (b), the thick lines are the multimodel means and the thin lines are the spreads of the projected SSTs from
preindustrial (blue) and historical (orange) to RCP4.5 (green) and RCP8.5 (red) calculated from the 28 models. The black
solid lines are based on the reanalysis data. In (c), the tendency is represented by the strongest correlation coefficient
when the Nifio3.4 index leads the SP onset index by 1 to 6 months. The multimodel means of the preindustrial

(blue), historical (orange), RCP4.5 (green), and RCP8.5 (red) simulations are shown, and the reanalysis is in black.
Solid bars are the standard deviations of the model tendency.

It has been suggested that the threshold value for tropical convection may change as the climate warms
(Johnson & Xie, 2010), which can affect our argument above. To assess this possible impact, we examine
the relationships between ENSO SST anomalies and precipitation anomalies over the EEP and ECP regions
in the preindustrial, historical, RCP4.5, and RCP8.5 simulations (Figure S8). We find that, in the EEP region
(Figures S8a-S8d), the same magnitudes of El Nifio SST anomalies induce larger precipitation (i.e., deep con-
vection) anomalies as the region warms (from preindustrial to RCP8.5 simulations). On the other hand, the
La Nifia events in the ECP region (Figures S8e-S8h) require larger negative anomalies to turn off the deep
convection (i.e., reduce the precipitation to 0) in the RCP8.5 simulation than in the preindustrial simulation.
These results indicate that, even if the 28°C threshold may not remain unchanged or other factors may
appear to moderate regional deep convection (Back & Bretherton, 2009; Sabin et al., 2013), a warmer mean
state of the tropical Pacific enable El Nifio events to turn on deep convections more easily over the EEP
region but make La Nifia events less easily to turn off deep convections over the ECP region.

We further examine if the ENSO transition complexity related to the SP onset mechanism changes from the
preindustrial to RCP simulations. Figure 3c shows the MMM of the strongest lead correlation of the Nifio3.4
index with the SP onset index. A positive correlation implies a multiyear transition via the SP onset mechan-
ism, since an El Nifio (La Nifia) event leads to a positive (negative) phase of the SP onset mechanism and
should later develop into another El Nifio (La Nifia) event. Conversely, a negative correlation implies a cyclic
transition. A weak negative value is found in the reanalysis product, which is consistent with the fact that
both multiyear ENSO and cyclic ENSO events are observed (Yu & Fang, 2018). In the CMIP5 simulations,
the MMM values change from weakly positive in the preindustrial and historical simulations to strong nega-
tives in the RCP4.5 and RCP8.5 simulations. This tendency indicates that, as the Pacific Ocean warms, the SP
onset mechanism tends to change from a preference for generating multiyear transitions to a preference for
cyclic transitions. This future change of ENSO transition complexity is consistent with our projection based
on the control of the tropical Pacific mean state on the SP onset mechanism.

Consistent results can be found by examining the transition patterns of SST anomalies composited for large
values of the SP onset index (Figure 4). Both the positive and negative phases of the SP onset mechanism
produce a transition pattern that changes from being dominated by multiyear ENSO transitions in
present-day simulations to being dominated by cyclic ENSO transitions in the RCP simulations.
Furthermore, in the preindustrial and historical simulations, the simulated mean ECP SSTs are colder
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Figure 4. Evolution of equatorial SST anomalies associated with the SP onset mechanism. The values shown are the SST anomalies composited for strong events
of the positive (upper panels) and negative (lower panels) phases of the SP onset mechanism, which were identified respectively as the months in which the SP
onset index is larger than 0.7 times its standard deviation or lower than —0.7 times its standard deviation. The evolution extends from 12 months before to

12 months after the events and is calculated from the reanalysis (first column) and the multimodel means for the preindustrial (second column), historical (third
column), RCP4.5 (fourth column), and RCP8.5 runs (fifth column column). The SSTs are normalized by the standard deviation of their modeled Nifio3.4 index
before the composites are formed and the color bar for the reanalysis panel is 2 times larger than those of the other panels (shown on the right in °C).

(around 28°C; see Figure 3b) than the reanalysis SSTs (28.94°C). Therefore, both El Nifio and La Nifia can
enhance or suppress deep convections to give rise to multiyear events. The models with colder ECP SSTs
tend to simulate more multiyear El Nifios, while the models with warmer ECP SSTs have more multiyear
La Niflas as the observations (Figure S9). This CMIP5 model deficiency in simulating too frequent
multiyear El Nifios in the present-day climate further supports the notion that mean SSTs in the ECP
region control the frequency of occurrence of multiyear ENSO transitions.

4. Summary and Discussion

We have, in this study, shown that the tropical Pacific mean SSTs control the ENSO transition complex-
ity produced by the SP onset mechanism. Since the SP onset mechanism is a key source of the transi-
tion complexity, our finding offers a way to use tropical Pacific mean states to assess future or past
ENSO transition complexities. More interestingly, we find the mean SSTs in different parts of the equa-
torial Pacific matter for different ENSO transition patterns. The mean SSTs in the EEP region affects
how frequently cyclic ENSO transitions can occur, whereas the mean SSTs in the ECP affect how fre-
quently multiyear transitions can occur. We find these relationships are useful to link CMIP5 model
deficiencies in simulating ENSO transition complexity and tropical Pacific mean state simulations.
Finally, the control of the tropical mean state can also explain why the SP onset mechanism responds
differently to El Nifio and La Nifia, which is a key source of El Nifio-La Nifia asymmetries that has not
yet been fully explored nor understood.
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Text S1. Multi-variate empirical orthogonal function analyses

Multi-variate empirical orthogonal function (MEOF) analysis is a statistical
method that captures the coupling between multiple variables. In this study, we applied
the MEOF analysis to combined SST, surface wind, and SSH anomalies within the
tropical Pacific over the period of 1958-2014 as in Yu and Fang (2018). Following Xue et
al. (2000), MEOF analysis was performed via two separated empirical orthogonal
function (EOF) analyses. The first is a spatial EOF analysis that was applied to sea
surface temperatures, surface winds, and sea surface heights individually. The three sets
of principal components obtained were then normalized and combined for use in the
second temporal EOF analysis. The leading modes obtained from the temporal EOF
analysis were referred to as the leading MEOF modes. The second leading mode is the
subtropical onset (SP-onset) index in the observation and the tropical onset (TP-onset)
index is the third leading mode. The same MEOF analysis was applied to the last hundred
years of pre-industrial simulations from the fifth phase of the Coupled Model
Intercomparison Project (CMIPS) model simulations and the SP-onset index is identified

following Yu and Fang (2018).
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Text S2. Forced atmospheric model experiments

We conducted a series of 4-members forced atmospheric model experiments to
examine whether anomalous warming and cooling in the equatorial eastern Pacific (EEP)
and equatorial central Pacific (ECP) regions can excite the surface wind anomaly pattern
associated with the SP-onset mechanism. The model used is the Community Atmosphere
Model version 6 (CAM6) from the Community Earth System Model version 2 (CESM?2).
Specifically, the F2000climo component set of CESM2 with the f19 f19 mgl7
resolution was used, which means that the standalone CAM6 was run with prescribed
seasonal cycles (averaged over 1995-2005) of SSTs and sea-ice extents in the common
1.9x2.5 grid and gx1v7 oceanic resolution for the experiments. The control run is a 7-
year simulation with this default model configuration, from which the November
conditions of the third year were used as the initial conditions for the experiments. The
experiments were integrated from the November initial condition for another three
months with warming or cooling added separately to the EEP or ECP region.

In the experiments, we added Gaussian shaped SST anomalies in the EEP or ECP
to the climatological SSTs to study the atmospheric responses. The Gaussian forcing has
a half-width of 45 degrees in longitude and 10 degrees in latitude and is centered at
(175°E, 0°N) when applied to the ECP and at (105°W, 0°N) when applied to the EEP.
The forcing was applied throughout the three months from November to January and the
maximum amplitude of the anomalies was as follows: -4, -3, -2, -1, +1, +2, +3, and +4°C
in each set of EEP and ECP experiments. These different SST amplitudes were designed

to mimic the distinct amplitudes of El Nifio and La Nina.
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Figure S1. Evolution of equatorial SST anomalies during the three ENSO transition
types associated with the subtropical Pacific onset mechanism. a, Equatorial SST
anomalies composited from observed episodic El Nifio events during 1958-2014 from 12
months before to 12 months after the onset month of El Nifo. b, same as a but
composited from cyclic ENSO events (specifically El Nifio-to-La Nifia) months. ¢, same
as a but composited from multi-year La Nifia months. The onset month is defined as the

month when the SP-onset index becomes larger than 0.7 times its standard deviation.
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(a) Relations between SP-onset and EEP SST
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Figure S2. Time series of the SP-onset index and equatorial Pacific SSTs. (a) Time

series of the reversed SP-onset index (blue) and the equatorial eastern Pacific SST

(orange). (b) Time series of the SP-onset index (blue) and the equatorial central Pacific

SST (red).
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Composite for El Nino and La Nina months when EEP < 28° C
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Figure S3. Composite for El Nifio and La Nifia months when the EEP is cooler than
28°C. a-j, Evolution of SST, surface wind (first column), and 200hPa geopotential height
(second column) anomalies composited for the El Nifio months in which the equatorial
eastern Pacific SST is less than 28°C at time lags of -3, 0, +3, +6, +9 months (lag time
shown in the lower left corner of the sub panels). k-t, As in a-j, but for La Nifia months in

which the equatorial eastern Pacific SST is less than 28°C.
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Composite for El Nino and La Nina months when ECP > 28 °C
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Figure S4. Composite of El Nifio and La Nifia months when the ECP is warmer than
28°C. As in Extended Data Figure 3 but for the El Nifio and La Nina months when the
equatorial central Pacific is greater than 28°C, except the second and fourth panels are

plotted with the 850hPa geopotential heights over the 20°S—65°N.
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(a) Onset indiceis during El Nino months when EEP>28° C
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Figure S5. Evolutions of the TP-onset and the SP-onset indices composited during (a)
those El Nifio months that have SSTs in the EEP that are above the deep convection
threshold (28°C) and (b) those La Nifia months that have SSTs in the ECP that are below
the deep convection threshold. The “0” month in the figure marks the time when the local

SSTs in the EEP (ECP) first rise above (drop below) the 28°C threshold.
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Deep convections responses to warming/cooling in the equatorial eastern Pacific
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Figure S6. Atmospheric responses in model experiments with anomalous
warming/cooling in the equatorial eastern Pacific. a, Winter (DJF) Outgoing longwave
radiation (-1*OLR; W/m”2) response (i.e., experiment values minus control simulation
values) in the 4-member ensemble experiments with -4, -3, -2, -1, +1, +2, +3, +4°C of sea
surface temperature anomalies in the equatorial eastern Pacific. b, -1*OLR (shading) and
850mb wind (arrows) responses in the -4°C experiment. ¢, same as b, but for the +4°C

experiment. Green contours are the imposed warming/cooling at a 1°C interval.
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Deep convections responses to warming/cooling in the equatorial central Pacific
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Figure S7. Atmospheric responses in model experiments with anomalous
warming/cooling in the equatorial central Pacific. As in Figure 5, but with the SST
anomalies imposed in the equatorial central Pacific experiments (centered at 0°N and
175°E). b and c are the responses of 850mb geopotential heights in the -1°C and +1°C
experiments, respectively. Green contours are the imposed warming/cooling at a 0.25°C

interval.
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Deep convection variations with SST anomalies
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Figure S8. Relations between precipitation and SST anomalies in the EEP and ECP
regions. (a) The winter SST anomalies and precipitation in the EEP region for El Nifio
(red) and La Nifia (blue) events for the CMIPS5 pre-industrial simulations (120 years). (b)
to (d) are for the historical (156 years), RCP4.5 (96 years during 2005-2100), and RCP8.5

(96 years during 2005-2100) simulations, respectively. (e) to (h) are for the ECP region.
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Figure S9. The dependence of multi-year ENSO occurrences on the mean surface

temperature in the equatorial central Pacific. The y-axis is the difference between the

occurrences of multi-year El Nifio and La Nifia, which are normalized by the total

occurrences of the multi-year El Nifio and La Nifia in each CMIPS pre-industrial

simulation. A multi-year event is identified by having a prior ENSO with same phase or

an ENSO event is longer than 18 months. The orange dot is the multi-model-mean of pre-

industrial simulations and the black dot is the reanalysis product. The orange line is their

linear fit.
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123

124

125

Model Modeling Center Model Modeling Center
ACCESS1-0 Commonwealth Scientific and | GISS-E2-R-CC NASA Goddard Institute for
Industrial Research Organization Space Studies
ACCESS1-3 (CSIRO) and  Bureau  of | HadGEM2-CC Met Office Hadley Centre

Meteorology (BOM), Australia (additional HadGEM2-ES
bcc-csmi-1 Beijing Climate Center, China | HadGEM2-ES realizations  contributed by
Meteorological Administration Instituto Nacional de Pesquisas
Espaciais)
bcc-csmi-1-m inmcmg Institute for Numerical
Mathematics
CanESM2 Canadian Centre for Climate | IPSL-CM5A-LR | Institut Pierre-Simon Laplace
Modelling and Analysis
CCSM4 National Center for Atmospheric | IPSL-CM5A-MR
Research
CESM1-BGC Community Earth System Model | IPSL-CM5B-LR
CESM1-CAMg Contributors MIROC-ESM Japan Agency for Marine-Earth
CMCC-CM Centro Euro-Mediterraneo per | | MIROC-ESM- Science and Technology,
Cambiamenti Climatici CHEM Atmosphere and Ocean Research
Institute  (The  University of
Tokyo), and National Institute for
Environmental Studies
CMCC-CMS MIROCs Atmosphere and Ocean Research
Institute  (The  University of
Tokyo), National Institute for
Environmental Studies, and Japan
Agency for Marine-Earth Science
and Technology
CNRM-CMg Centre National de Recherches | MPI-ESM-LR Max-Planck-Institut fur
Météorologiques / Centre Meteorologie ~ (Max  Planck
Européen de Recherche et Institute for Meteorology)
Formation Avancée en Calcul
Scientifique
GFDL-ESM2G NOAA Geophysical Fluid | MPI-ESM-MR
GFDL-ESM2M Dynamics Laboratory MRI-CGCM3 Meteorological Research Institute
GISS-E2-R NASA Goddard Institute for | NorESM1-M Norwegian Climate Centre

Space Studies

Table S1. The names of the 28 CMIP5 models used in this study.

13




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


