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Abstract This study analyzes two subtypes of Central Pacific (CP) El Nifio and shows that they
possess different sea surface temperature evolution patterns in the Indo-Pacific Oceans, distinct
generation mechanisms, and can respond differently to global warming. The CP-I type is triggered in

the tropical western Pacific by the weaker-than-normal Australian winter monsoon (AM) through a
subsurface thermocline mechanism and is accompanied by significant Indian Ocean warming. The CP-II
type onsets in the subtropical North Pacific by the Pacific Meridional Mode (PMM) through a surface
coupling mechanism and is accompanied by weak warming anomalies in the Indian Ocean. Two climate
models projections indicate that the CP-II type may occur more frequently than the CP-I type in the future
due to changes in PMM and AM activities, which should weaken El Nifio influences on the Indian Ocean
and result in more EI Nifio events that onset from the North American coast.

Plain Language Summary It is well known that El Nifio can be divided into conventional
eastern Pacific (EP) El Nifio and the emerging central Pacific (CP) El Nifio. More recently, researchers
suggested that the CP El Nifio can be separated into two subtypes based on their distinct evolution of
SST anomalies and climate impacts. In this study, we show that the two subtypes of CP El Nifio possess
different generation mechanisms. The CP-I El Nifio onsets from the far western tropical Pacific and it is
trigged by the Australian monsoon, while the CP-II El Nifio originates from the subtropical North Pacific
and is triggered by the Pacific Meridional Mode. The weaker-than-normal Australian winter monsoon can
induce the positive sea surface height (SSH) anomalies in the far western tropical Pacific via the reduced
Indonesian Throughflow transports from the tropical Pacific to the Indian Ocean. The SSH anomalies
then excite eastward propagated downwelling Kelvin waves and induce warming anomalies in the
central equatorial Pacific. The Pacific Meridional Mode (PMM) generates the CP-II El Nifio via a surface
atmosphere-ocean interaction. CMIP5 models project that the CP-II type will occur more frequently than
the CP-I type in the future due to changes in PMM and Australian winter monsoon activities.

1. Introduction

It is now generally recognized that El Nifio can be divided into Eastern Pacific (EP) and Central Pacific (CP)
types based on the central zonal location of its largest sea surface temperature (SST) anomalies. The CP El
Nifio has its largest SST anomalies in the tropical central Pacific, which is different from EP El Nifio that has
its largest SST anomalies off the coast of the South American coast (Capotondi et al., 2015; Yu et al., 2017).
The CP El Nifio has occurred more frequently during recent decades (Lee & McPhaden, 2010; Yeh, Wang,
et al., 2015; Yu et al., 2012) and its distinct properties challenge our conventional views of and approaches
to El Nifio dynamics, impacts, and predictions (Capotondi et al., 2015; Yu & Fang, 2018; Yu et al., 2017). Re-
cent studies have suggested that CP El Nifios can be further divided into CP-I and CP-II types based on their
different SST anomaly structures and climate impacts (Chen, Chang, et al., 2021; Chen, Yu, et al., 2019; Tan,
Wang, et al., 2016; Tan, Wei, et al., 2020; C. Wang & Wang, 2013; X. Wang & Wang, 2014). Warm SST anoma-
lies during CP-I events develop mostly in the central tropical Pacific but during CP-II events extend into the
subtropical northeastern Pacific (C. Wang & Wang, 2013). The two types of events produce distinct impacts
on the Indian Ocean Dipole (X. Wang & Wang, 2014), South China Sea SSTs (Tan, Wang, et al., 2016), East
Asian Winter Monsoon (J.-W. Kim et al., 2021), and western Pacific subtropical high (WPSH; Chen, Chang,
et al., 2021; Chen, Yu, et al., 2019). For example, CP-II El Nifios produce strong delayed impacts on the bo-
real summer WPSH, while CP-I El Nifios exert weak or nonexistent impacts on the WPSH.
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ENSO diversity studies (Capotondi et al., 2015; Yu et al., 2017) suggest that the generation of EP El Nifio
is closely associated with thermocline variations along the equatorial Pacific, while this is not necessari-
ly the case for CP El Nifios. Other generation mechanisms have been suggested for CP El Nifios, includ-
ing horizontal ocean advection in the tropical Pacific (Kug et al., 2009), subtropical North Pacific forcing
(Wang, Chen, et al., 2019; Yu & Kim, 2011; Yu et al., 2010), South Pacific forcing (Ding et al., 2017; Guan
et al., 2014; Hong et al., 2014), forcing from the Indian Ocean (Yu et al., 2009) and forcing from the Atlantic
Ocean (Ham et al., 2013; Jiang & Li, 2021; Park et al., 2019; L. Wang et al., 2017; Yu et al., 2015). Particular
attention has been paid to examining the relationship between CP El Nifio and the Pacific Meridional Mode
(PMM) (Chiang & Vimont, 2004) or the seasonal footprinting mechanism (SFM) (Fang & Yu, 2020; Vimont
et al., 2001) in the subtropical Pacific. It has been suggested that SST anomalies induced by extratropical
atmospheric disturbances in the northeastern Pacific can be sustained by the wind-evaporation-SST (WES)
feedback (Xie & Philander, 1994) for several seasons; and at the same time spread from the northeastern Pa-
cific to the tropical central Pacific to trigger a CP El Nifio event. This subtropical Pacific ocean-atmosphere
coupling process is referred to as the SFM, while the associated subtropical Pacific SST and surface wind
anomaly patterns are referred to as the PMM.

However, as mentioned, only CP-II El Nifio is accompanied by positive SST anomalies in the northeastern
subtropical Pacific (X. Wang, Guan, et al., 2019). This subtropical-connection feature is absent in CP-I El
Nifio. This difference prompts us to consider the possibility that these two subtypes of CP El Nifio are associ-
ated with different generation mechanisms, despite the fact that both are similar in having large SST anom-
alies in the central tropical Pacific. The objective of this paper is to identify the generation mechanisms of
the CP-I and CP-II El Nifios. A better understanding of the generation mechanisms can help understand
how these two subtypes of CP El Nifio may change in the future.

2. Data and Methods

In this study, monthly SST data is from Hadley Center Sea Ice and SST data set with a 1.0° X 1.0° horizon-
tal resolution (Rayner et al., 2003). Monthly surface wind and latent heat flux data are from the Nation-
al Centers for Environmental Prediction/National Center for Atmospheric Research Reanalysis (Kalnay
et al., 1996) at a horizontal resolution of 2.5° X 2.5°. Monthly SSH data are from the German contribu-
tion of the Estimating the Circulation and Climate of the Ocean project (K6hl, 2015) with a resolution of
1.0° x 1.0°. The historical and RCP8.5 simulations produced by CanESM2, FGOALS-s2, GFDL-ESM2M,
GISS-E2-R-CC, and MIROCS are used in this study. The historical simulation covers the period 1950-2004,
while the RCP85 simulation covers the period 2045-2099. Except for the model simulations, all analyses are
performed for the period 1950-2016. Anomalies are defined as the deviations from the monthly climatolog-
ical cycle calculated from the analysis period with the linear trends removed.

During the analysis period, there are seven EP El Nifio events (1951/1952, 1965/1966, 1972/1973,1976/1977,
1982/1983, 1997/1998, 2015/2016), four CP-I El Nifio events (1963/1964, 1987/1988, 1990/1991, 2002/2003),
and six CP-II El Nifio events (1968/1969, 1979/1980, 1991/1992, 1992/1993, 2004/2005, 2009/2010). The
following procedure was used to identify El Nifio types in the data and CMIP5 simulations. We first use the
Nifio3 SST index to identify EP Nifio events and the El Nifio Modoki (EMI) index of Ashok et al. (2007) to
identify CP Nifio events. We then use the El Nifio Modoki-II (MII) index of X. Wang, Tan, and Wang (2018)
to further separate CP Nifio events into the CP-I and CP-II types. If a CP El Nifio event has an MII index
larger than 1.5 standard deviations, that event is classified as a CP-II type. Otherwise, it is classified as a CP-I
type. Here, the EMI is defined as the difference between SST anomalies averaged over the central Pacific
(10°S-10°N, 165°E—140°W) and the anomalies averaged over the western (10°S-20°N, 125°-145°E) and
eastern (15°S-5°N, 110°-70°W) Pacific. Following X. Wang, Tan, and Wang (2018), the MII index is defined
as the leading mode of a temporal EOF analysis applied to the following three time series: the Nifio4 index,
the EMI index, and an index of the relative vorticity averaged over the northwestern Pacific near the Phil-
ippines during autumn. Since CP-II El Nifio events are characterized by large SST anomalies in the Nifio4
region, a tri-polar SST anomaly represented by the EMI, and an anomalous cyclone over the Northwestern
Pacific during developing autumn (X. Wang, Tan, & Wang, 2018), the MII index can be considered as a way
to quantify the intensity of the CP-II component of a CP El Niiio event (Figure S1). A CP El Nifio with a
large value of the MII index is classified to be a CP-II event, otherwise, it is classified as a CP-I event. In our

CHEN ET AL.

20f 11



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL093707

analyses, Years (—1), (0), and (1) refer, respectively, to the preceding, developing, and decaying years of an
El Nifio event.

Indices of the PMM and AM are also used in this study. The monthly PMM index is defined as month-
ly SST anomalies averaged over the northeastern Pacific (21°-25°N and 138°-142°W) following Zhang
et al. (2014). The AM index is defined as the 850 hPa zonal wind anomalies averaged over 5°S —15°S and
110°-130°E following Kajikawa et al. (2010). Stronger-than-normal PMM events and weaker-than-normal
Australian winter monsoon events are respectively defined as those events during which the DJF values of
the PMM index and the JJA values of the AM index are larger than 0.7 standard deviations.

A pair of forced ocean experiments is performed with the Parallel Ocean Program (POP) ocean model mod-
ule of the Community Earth System Model version 1.2.2 (Hurrell et al., 2013). The model has a 1° horizontal
resolution with enhanced meridional resolution (1/3°) in the tropics and 60 vertical levels. In the control
run, the POP is spun up for 30 years with monthly climatological winds. The June conditions from the last
20 years of this control run were then used as the initial conditions to launch a 20-member ensemble set
of weak monsoon runs. The monsoon run is integrated for 12 months, during which the model is forced
with wind anomalies associated with a weak AM during June, July, and August and monthly climatological
winds during the rest of the calendar year. The weak monsoon winds are imposed only in a region between
20°S-20°N and 90°-150°E and are composed of the sum of the climatological winds and 5 times the wind
anomalies regressed onto the AM index. Ensemble means are then calculated from the monsoon run to
calculate differences with the 20-years mean of the control run for analyses presented in the main text.

3. Results
3.1. Distinct SST Evolution Patterns in the Indo-Pacific Oceans

We first examine the evolutions of SST anomalies in the equatorial Indo-Pacific Oceans (5°S-5°N) compos-
ited for the three types of El Nifio events. During the EP El Nifio (Figure S2), positive SST anomalies appear
first along the eastern equatorial Pacific in boreal spring (March(0)-April(0)-May(0)), expand westward
during the following seasons, and peak during boreal winter (December(0)-January(+1)-February(+1);
D(0)JF(+1)). During both subtypes of the CP El Nifio (Figures 1a and 1b), positive SST anomalies are lo-
cated mostly in the central tropical Pacific. However, these two subtypes are significantly different in three
aspects of their SST evolutions. First, their SST anomalies during and immediately before the onset stages
(i.e., from fall of Year [—1] to spring of Year [0]) are different. While both types have their positive SST
anomalies appear first near 180°E during preceding autumn (September[—1]-October[—1]-November[—1];
SON[-1]), the anomalies during SON(—1) develop in the same longitudinal region for the CP-II El Nifio
(Figure 1b) but propagate from the far western Pacific (around 120°E) for the CP-1 El Nifio (Figure 1a). This
distinction is clearly revealed in Figure S3, which shows the composite evolution of equatorial (5°S-5°N)
SST anomaly differences between the CP-I El Nifio and CP-II El Nifio. Significant and positive SST anomaly
differences appear in the far western Pacific (near 120°E) from summer to autumn of Year (—1).

The second difference appears in their transition patterns. The CP-1 El Nifio is preceded and followed by a
cold phase (Figure 1a). This cyclic transition pattern is similar to, although weaker than, that observed for
the EP El Nifio (Figure S2). Such a cyclic transition pattern does not frequently occur for the CP-II El Nifio
(Figure 1b). This subtype is preceded and followed by near-neutral conditions in the tropical Pacific. Such
a transition pattern is considered an episodic transition pattern (Yu & Fang, 2018). The charged-discharged
mechanism (Jin, 1997) of El Nifio-Southern Oscillation (i.e., related to thermocline variations along the
equatorial Pacific) tends to produce mostly the cyclic transition pattern, while the PMM produces the epi-
sodic transition pattern (Yu & Fang, 2018). This is evidence that the generation of the CP-II El Nifio may be
related to the PMM in the subtropical Pacific.

The third difference between these two subtypes of CP El Nifio is their associated SST anomalies in the
Indian Ocean (Figure S3). And this SST anomaly difference between CP-I and CP-II El Nifio is significantly
positive in the equatorial Indian Ocean. It is known that significant positive SST anomalies appear in the In-
dian Ocean 3-6 months after the EP El Nifio (Figure S2) through an atmospheric bridge mechanism (Klein
et al., 1999). In contrast, the CP-II El Nifio is accompanied by weak Indian Ocean warming (Figure 1b).
Interestingly, significant Indian Ocean warming does occur during the CP-I El Nifio (Figure 1a).
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Figure 1. Composite evolutions of equatorial (5°S-5°N) sea surface temperature anomalies (°C). Composites for the
Central Pacific (CP)-I El Nifio (a), CP-II El Nifio (b), weaker-than-normal Australian winter monsoon (c), and strong
positive Pacific Meridional Mode (PMM) index (d). Year (—1), (0), and (+1) in Y-axis correspond to the preceding,
developing, and decaying years of El Nifio. The composite year of the weaker-than-normal Australian winter monsoon
is labeled as Year (—1) in Figure 1c (i.e., centered at July [—1]). The composite year of strong positive PMM is labeled
as Year (—1) in Figure 1d (i.e., centered at Jan [0]). The white-dotted areas denote regions where the composites exceed
the 90% significance level based on a Student’s ¢ test.

3.2. Different Generation Mechanisms for the CP-I and CP-II El Nifios

The above SST anomaly patterns suggest that the CP-II El Nifio is likely to be generated by the PMM in
the subtropical Pacific, while the CP-I El Nifio by processes in the far western Pacific yet to be identified.
Figure la indicates that positive SST anomalies first appear around 120°E during the boreal summer of
Year (—1) and later expand eastward toward the central tropical Pacific to onset the CP-I El Nifio. This is the
region where and the season when the Australian winter monsoon takes place. A model experiment study
(Yu et al., 2009) found that Asian-Australian monsoon variability can excite surface wind anomalies in the
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western Pacific that force SST variability in the tropical central Pacific. It is possible that the AM is respon-
sible for the generation of the CP-I El Nifio.

To examine the possible linkages between the CP-I El Nifio and AM and between the CP-II El Nifio and
PMM, we show the evolutions of equatorial SST anomalies composited from strongly below-normal Aus-
tralian winter monsoon events (Figure 1c) and strong positive PMM events (Figure 1d). Since it is the AM
during the June-July-August (JJA) season that is, hypothesized to trigger El Nifio, the composite year of
the below-normal Australian winter monsoon is labeled as Year (—1) in Figure 1c. This figure confirms that
significant positive SST anomalies appear around 120°E during JJA(—1) when the Australian winter mon-
soon is weaker than normal. These anomalies then propagate eastward into the Pacific Ocean during the
following season. The eastward-propagating anomalies arrive at the central tropical Pacific (around 180°E)
during SON(—1) and develop into an El Nifio event that resembles the CP-I El Nifio. The similar SST anom-
aly evolution in Figures 1a and 1c is strong evidence that the CP-I El Nifio is produced by variations in the
Australian winter monsoon. Also, to make sure that our composite results are not sensitive to the criterion
used (i.e., 0.7 standard deviations) to select weaker-than-normal Australian winter monsoon events and
stronger-than-normal PMM events, we repeat the composite analyses presented in Figures 1c and 1d with
different criteria. We obtain similar results when we using 0.6, 0.8, and 1 standard deviations as the case
selection criterion in the composite analysis (Figure S4).

Since it is the boreal winter PMM that is, it triggers the CP-II El Nifio during the following year, so the com-
posite year of the strong positive PMM is labeled as Year (—1) in Figure 1d. This figure shows that positive
SST anomalies appear in the central tropical Pacific during D(—1)JF(0), and then gradually develop into a
CP El Nifio event that peaks during D(0)JF(+1). The evolution of the PMM composited SST anomalies is
similar to that composited for the CP-II El Nifio (cf., Figures 1b and 1d). This result confirms that the CP-II
El Nifio is triggered by the PMM originating from the subtropical Pacific.

While previous studies have detailed how the PMM triggers the onset of the CP El Nifio (specifically the CP-
II) through the WES mechanism (Yeh, Wang, et al., 2015; Yu & Kim, 2011; Yu et al., 2017), it is not known
how the Australian winter monsoon triggers the onset of the CP-I El Nifio. The climatological Australian
winter monsoon is characterized by surface easterly winds over Northern Australia and Maritime Conti-
nent (Figure S5). A weaker-than-normal winter monsoon produces westerly anomalies over these regions,
which then reduce surface latent heat fluxes leading to warm SST anomalies (Figures 2a and 2d). This
explains the anomalous surface warming around 120°E observed in the Australian winter monsoon com-
posite (Figure 1c) and the CP-1 El Nifio composite during JJA(—1) (Figure 1a). The oceans north of Australia
and near the Maritime Continent are also the regions where the Indonesian Throughflow (ITF) transports
warm water from the equatorial Pacific to the Indian Ocean (Gordon, 2005; Gordon & Susanto, 1999; Yuan
et al., 2011). This hypothesis is examined and shown in Figure S6a, where we display the lead-lag correla-
tions between ITF and AM indexes during JJA. The figure indicates that positive AM index values in JJA
can significantly reduce the ITF transports 1 month later. This is because the monsoon-associated westerly
anomalies can decrease the transport of warm water into the eastern Indian Ocean through the three major
outflow channels of the ITF (Lombok Strait, the Ombai Strait, and the Timor Strait along the Sumatra-Java
island chain) (Potemra & Schneider, 2007; Wyrtki, 1987). The ITF is mostly composed of North Pacific water
from the Mindanao Current (Gordon, 2005). Thus, the reduced transport allows warm water to accumulate
in the far western tropical North Pacific, resulting in positive SST and sea surface height (SSH) anomalies in
the region (Figure 2g). The accumulated warm water in the far western equatorial Pacific can excite down-
welling Kelvin waves that propagate rapidly eastward, which is reflected in the evolution of SSH anomalies
(Figures 2g-2i and 3). The Kelvin waves spread positive SSH anomalies into the central tropical Pacific
(around 180°E) during autumn of Year (—1) to later trigger a CP-I El Nifio event (Figures 3, 1a, and 1c).

Since the surface latent heat fluxes in the NCEP/NCAR reanalysis used in Figures 2d-2f are model gener-
ated without any constraint from observations (Kumar & Hu, 2012), we repeated the analysis with the ob-
jectively analyzed air-sea flux dataset (Yu & Weller, 2007) and obtained broadly similar results (Figure S7).
Also, we notice that the AM-induced SSH anomalies can propagate eastward and reach into the eastern
tropical Pacific (see Figure 3), which may cause thermocline variations and potentially give rise to EP El
Nifio events. The weak relationship between the AM and the EP El Nifio is supported by the fact that
the evolution of the SSH anomalies associated with the EP El Nifio is different from the evolution of the
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Figure 2. Composite evolutions in the Tropical Indo-Pacific Oceans. Composite evolutions of 850 hPa wind (vectors in a-c), sea surface temperature (SST)
(shading in a-c), surface latent heat flux (d-f), and sea surface height (SSH) (g-i) anomalies for the weaker-than-normal Australian winter monsoon year
from austral winter (June-July-August; JJA) to the following September-October-November (SON) and December-January-February (DJF) seasons. Year
(—1) refers to the composite year and is used here for the sake of comparing the evolutions with the anomalies observed in the year preceding the onset of the
Central Pacific El Nifio composite. Years of weak Australian winter monsoon (AM) are identified as those with an AM index in JJA that is, greater than 0.7
standard deviations. Blue boxes denote the region used to define the AM index. The white-dotted areas and bold vectors mark the composites that exceed the
90% significance level based on a Student’s t test. Units are ms ! for wind, °C for SST, Wm 2 for surface heat flux, and cm for SSH.
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Figure 3. Composite evolutions of equatorial (5°S-5°N) sea surface height
(SSH) anomalies (cm). As in Figure 1 but for the equatorial SSH (shading)
anomalies in Pacific composited for the weaker-than-normal Australian
winter monsoon.

AM-induced SSH anomalies (cf., Figures 3 and S8). The main component
of the SSH anomalies during the EP El Nifio originates in the western Pa-
cific during the autumn of Year (—1) (Figure S8). At this time, the AM-in-
duced SSH anomalies have already propagated into the central Pacific
(Figure 3). Also, the AM-induced SSH anomalies arrive in the tropical
eastern Pacific during early spring of Year (0) (Figure 3), while the SSH
anomalies associated with the EP El Nifio arrive in the eastern Pacific
during the late spring and early summer (Figure S8).

To further examine whether AM-associated wind anomalies can trigger
the CP-I El Nifio through the above processes, we perform a pair of forced
experiments with an ocean general circulation model. The experiments
include a control run where the ocean model is forced by monthly cli-
matological winds and a monsoon run where the model is forced by the
anomalous winds associated with a weaker-than-normal AM during
austral winter (i.e., during JJA[—1]). The monsoon run is a 20-member
ensemble. The differences between the monsoon run and the control run
confirm that (a) the ITF transport in JJA is reduced by 16% from the con-
trol run to the weak monsoon run (Figure S6b), (b) the weak Austrian
monsoonal forcing induces positive SSH anomalies in the tropical west-
ern Pacific (Figure 4d), (c) the SSH anomalies propagate eastward into
the equatorial central Pacific (Figure 4e) as downwelling Kelvin waves
(Figure S9), and (d) anomalous warming then appears in the equatorial
central Pacific during SON(—1) (Figure 4b) and continue to spread east-
ward afterward (Figure 4c).

A case study was performed, and it was found that three of the four
observed CP-I El Nifios occur after a weak Australian winter monsoon
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Figure 4. Seasonal averaged (a—c) sea surface temperature (°C) and (d-f) sea surface height differences (cm) between the ensemble mean of the 20-member
monsoon run and the control run of the forced OGCM experiment. The seasons shown are June-July-August (JJA) (a and d), September-October-November
(SON) (b and e), and December-January-February (DJF) (c and f). The blue box denotes the region where the Australian winter monsoon index is defined and
where the anomalous monsoonal winds are prescribed in the monsoon run.

(Table S1). The Australian winter monsoon index has positive values (i.e., weaker-than-normal monsoon)
during the entire austral winter season of the 1987-1988 and 1990-1991 events and during the late summer
months of the 2002-2003 event. A weak winter monsoon was absent only for the 1963-1964 event. This
result is consistent with the evolution of equatorial SST anomalies during these four CP-I El Nifio events
(1963/1964, 1987/1988, 1990/1991, and 2002/2003) (Figure S10). Except for the 1963/1964 event, CP-I El
Nifios all show positive SST anomalies in the far western equatorial Pacific (around 120°E) during the
JJA(-1) season. The possible linkage between the Australian winter monsoon and the generation of the
CP-1 El Nifio is supported by most of the CP-I El Nifio events during the analysis period.

We notice from Figure 1a that the warm anomalies in the far western Pacific during JJA(—1) of the CP-I El
Nifio are also accompanied by cold SST anomalies in the tropical eastern Pacific. To exclude the possibility
that the far western Pacific warming is related to this La Nifia condition rather than the weak Australian
monsoon, we composite the equatorial SST anomalies from all 20 La Nifia events during the analysis period.
The composite shows that La Nifia does not produce significant warming in the far western Pacific during
JJA after La Nifia (Figure S11). Also, to determine whether the weaker-than-normal Australian winter mon-
soon is induced by a La Nifia event during its decaying JJA, we examine the AM index values during the de-
caying JJA seasons of the 20 La Nifia events observed during 1950-2016. As shown in Figure S12, some (12
of 20) La Nifia events are associated with weaker-than-normal Australian winter monsoons but others (8 of
20) are associated with stronger-than-normal Australian winter monsoons. The composite Australian win-
ter monsoon (i.e., the gray bar in Figure S12) is not significantly weaker than normal. Thus, there is no clear
evidence that the weaker-than-normal Australian winter monsoon is induced by a preceding La Nifia event.

We also notice in Figure 2a that a PMM-like structure appears in the SST evolution composited for weak-
er-than-normal winter AMs. We conduct a lead-lagged correlation analysis of the monthly PMM index with
the austral winter (JJA) AM index to clarify the relationship between the Australian winter monsoon and
the PMM. The result (Figure S13) indicates that a weaker-than-normal Australian winter monsoon may
induce a positive PMM structure during the following months. It is possible that the AM-induced anoma-
lous warming around Australia may excite a Rossby wave train that propagates into the extra-tropical Pa-
cific (Fang & Yu, 2020), which can then impact subtropical Pacific trade winds. This tropical-extratropical
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Figure 5. Future changes in the ratios of the Central Pacific (CP)-I and CP-II El Nifios and the standard deviations of
the Australian winter monsoon (AM) and Pacific Meridional Mode (PMM) indices. The ratios of the CP-I (a) and CP-II
(b) El Nifios to total CP El Nifio events in the historical (red) and RCP8.5 (blue) simulations of GFDL-ESM2M and
MIROCS (a) and (b). The standard deviation of AM (c) and PMM (d) indices in the historical (red) and RCP8.5 (blue)
simulations of GFDL-ESM2M and MIROCS5 (c and d). The black bars in (a and b) denote the 90% confidence intervals.

interaction may be a reason why a PMM-like SSTA pattern appears in the AM composite. We have further
conducted a conditional composite with large AM index events that were accompanied by small values of
the PMM index in JJA to confirm that it is the weaker-than-normal winter AM that induces the CP-I El
Nifio (Figure S14).

3.3. Future Changes in the CP-I and CP-II El Nifios

There are pronounced inter-decadal variations of the intensity and frequency of ENSO in the observations,
such as an increasing frequency of CP El Niiios since the 1990s (e.g., Hu et al., 2020; Yu et al., 2012). But
there is no consensus on the change of CP El Nifio as the global atmosphere warms. Some studies suggest
that the CP EI Nifio will occur frequently (Yeh, Kug, et al., 2009) and intensify (S. T. Kim & Yu, 2012)
in the future, while other studies suggest no significant changes (L' Heureux, et al., 2013; Xu et al., 2017).
Stevenson et al. (2021) indicated that model biases may lead to uncertainties in the projections of extreme
El Nifios. With these limitations in mind, we make an effort to project future changes in CP-I and CP-II
El Nifio as global climate changes. This projection is of interest because the two subtypes of CP El Nifio
produce different and important climate impacts. A previous study (X. Wang, Chen, et al., 2019) has iden-
tified five models in Coupled Model Inter-comparison Project Phase 5 (CMIP5) (CanESM2, FGOALS-s2,
GFDL-ESM2M, GISS-E2-R-CC, and MIROCS5) to be capable of simulating CP El Nifio. We find that only
the GFDL-ESM2M and MIROCS reproduce the observed linkages between the two subtypes and the AM
(Figure S15) and the PMM (Figure S16). In these two models, both CP-1 El Nifio events and weak Australian
winter monsoons are associated with an eastward spreading of warm SST anomalies from around 120°E to
180°E during August(-1)-December(-1). Their simulated CP-II El Nifio and the PMM share similar in-situ
developments of warm SST anomalies around 180°E.

These two models are considered to be the best and their future projections are compared with the projec-
tions from the other three models. Figure 5 shows the ratios (by numbers) of CP-I and CP-II El Nifios to
total CP El Nifio events in their historical and high emissions scenario (RCP8.5) simulations. The two best
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models consistently project the frequency of occurrence of CP-I El Nifio events to decrease in the future
(Figure 5a) while the frequency of CP-II El Nifio events is projected to increase (Figure 5b). The changes
are statistically significant at the 90% significance interval in the MIROCS5 projection but slightly below
this level of significance in the GFDL-ESM2M projection. Yu et al. (2012) suggested that the frequency of
occurrence of the CP El Nifio events is projected to increase in the future. The present results allow for a
refinement of this conclusion to state that the increased occurrence is for CP-II El Nifio events only. Based
on the generation mechanisms of these two subtypes of the CP El Nifio, we expect the PMM activity to
increase and the AM variability to decrease in the future. This is confirmed by these two best models. The
standard deviation of their AM index decreases (Figure 5c) but that of their PMM index increases in the
RCP8.5 simulation (Figure 5d) compared to the historical simulation. This result adds additional support to
our suggestion that the generation of the CP-I El Nifio is linked to the AM and the generation of the CP-II
El Nifio to the PMM.

4. Summary and Discussion

In this study, we conducted statistical analyses with reanalysis products, case studies, CMIP5 model simu-
lations, and model experiments to show that the CP-I and CP-II El Nifos are indeed different and should be
treated as two different types. They possess different SST evolution patterns in the Indo-Pacific Oceans, dis-
tinct generation mechanisms, and can respond differently to global warming. The CP-I El Nifio is triggered
by a weaker-than-normal Australian winter monsoon in the preceding year, while the onset of CP-II El Nifio
is related to the PMM. Our cases studies indicate that three of four CP-1 El Nifio events were preceded by a
positive AM index (i.e., weaker-than-normal AM) in the previous boreal summer. This result further sup-
ports our conclusion that the CP-I El Nifio is primarily related to the AM. Other factors might be involved
in the onset of the CP-I El Nifo that was not preceded by a positive AM index. Duan et al. (2020) indicated
that the Indian Ocean Dipole (IOD) mode can induce the variation of SSH anomalies in the western Pacific.
Whether the IOD mode can impact the onset of the CP-I El Nifo deserves further research.

Our results have many implications. In the future, the CP El Nifio will become more related to the PMM and
onset more frequently from the west coast of North America. Subtropical Pacific information will be more
important in the prediction of CP El Nifio events. Also, SST variability in the Indian Ocean is likely to be less
influenced by El Nifio and become more dominated by its own internal dynamics. It should be noted that
some of the results presented in this study are based on relatively small sample sizes in the observations,
which is a common challenge faced by most ENSO diversity studies and can only be addressed when longer
observational datasets become available.

Data Availability Statement

The SST data of Hadley Center Sea Ice and Sea Surface Temperature data set were downloaded from their
site (http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html). Monthly surface wind and latent
heat flux data from the National Centers for Environmental Prediction/National Center for Atmospheric
Research Reanalysis at a horizontal resolution of 2.5° X 2.5° were downloaded from NOAA (https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis.derived.pressure.html and https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.derived.surfaceflux.html). Monthly SSH data sets from the German contribution to
the Estimating the Circulation and Climate of the Ocean project were downloaded from the Integrated Cli-
mate Data Center (https://icdc.cen.uni-hamburg.de/thredds/catalog/ftpthredds/EASYInit/ GECCO2/reg-
ular_1x1_grid/catalog.html?dataset=ftpthreddsscan/EASYInit/GECCO2/regular_1x1_grid/zeta29_34_70.
nc) with a resolution of 1.0° X 1.0°.
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