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Abstract Most El Nifio events decayed rapidly after boreal winter, while some events prolonged and
grew again in the second year, accounting for 5 out of the 17 episodes during 1960-2020. In their
development stages, warm water volume (WWV) anomalies were comparable to the other events, but the
growth of sea surface temperature (SST) and westerly anomalies and the discharge of WWV were delayed by
about a season. The weak but warm SST anomaly in Eastern Pacific persisted into next year, intensified
again via Bjerknes feedback, and decayed after the second boreal winter. In June-October of 1968, 1986,
2014, and 2018, a strengthened cross-hemisphere SST gradient appeared in Eastern Pacific, induced
anomalous southerly at the equator, and disrupted the zonal positive feedback. The intensity of this
meridional mode is independent of the El Nifio state and is weaker in late 1990s to early 2010s than in other
decades.

Plain Language Summary An El Nifio event seldom lasts for more than a year, but such
prolonged events still account for 5 out of the 17 El Nifio episodes in 1960-2020. The sea surface
temperature (SST) anomaly of a warm event usually peaks in the boreal winter when the subsurface warm
water volume (WWV) anomaly turns negative as discharged by an equatorial westerly wind anomaly. The
preconditioned WWV amount of the prolonged events is similar to that in the common events, but the
evolution of SST, wind, and WWYV is slower. The Eastern Pacific SST anomaly increases again in the second
year and decays rapidly after the second boreal winter. The delayed development results from disruption by a
cross-hemisphere meridional SST dipole and the associated cross-equatorial wind. The SST dipole is
unrelated to the ENSO and is weaker in late 1990s to early 2010s than in other decades.

1. Introduction

The El Nifno-Southern Oscillation (ENSO) is an atmosphere-ocean coupled variability dominant over
Tropical Pacific on the interannual timescale and has a profound impact on the global climate (e.g.,
Ropelewski & Halpert, 1987; Trenberth et al., 1998). The warm phase of ENSO (i.e., El Nifio) usually follows
an oceanic heat content initially piled up in equatorial Western Pacific (Wyrtki, 1975; see also Jin, 1997) and
is often triggered by the westerly wind events (WWEs; e.g., Harrison & Vecchi, 1997). Most El Nifio events
mature in boreal winter and decay rapidly in the following spring. Its transition to the cold state (La Nifia)
results from several oceanic negative feedbacks, including upwelling equatorial Kelvin waves resulting from
the Rossby waves reflected at the western Pacific (i.e., delayed oscillator; e.g., Suarez & Schopf, 1988), the
meridional discharge of the basin-wide warm water volume (WWYV; Jin, 1997; Li, 1997; Meinen &
McPhaden, 2000), and the reversal of zonal heat transport due to the change of the meridional concavity
of the thermocline structure (Chen et al., 2016).

The decay of El Nifio can also be facilitated by oceanic upwelling Kelvin waves forced by equatorial easterly
wind anomalies. The easterly anomalies are generated over equatorial Western Pacific as an anomalous
anticyclonic circulation over subtropical western North Pacific, which is strengthened through the
interaction between the local cold sea surface temperature (SST) anomalies (SSTA) and climatological
northeasterly (Wang et al., 2000, 2001). The remote influences from Indian Ocean or Atlantic Ocean
can also facilitate the decay of El Nino. In boreal autumn, when the positive phase of Indian ocean
dipole SSTA is present, the westerly anomalies over Western Pacific are reinforced by the atmospheric
cooling over the eastern Indian ocean; it enhances the upwelling equatorial Rossby waves that will rise
equatorial thermocline depths after they are reflected at the western boundary in the following seasons
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Table 1

The Classification of El Nifio During 1960-2020 Based on Whether the Warm
State Persists for One or Two Boreal Winter

(Izumo et al., 2010, 2016). In boreal winter, the Indian ocean
dipole is usually replaced by the basin-wide warming; therefore,
the equatorial anomalous easterlies prevailing over the IO are

One-winter El Nifio (12 events)

Two-winter El Nifio (5 events) favored to intrude into Western Pacific (Kug & Kang, 2006;

1963/1964, 1965/1966, 1972/1973, 1979/ 1968/69/70, 1976/77/78,1986/87/ ~ Ohba & Ueda, 2007; Yamanaka et al., 2009). Additionally, the

1980, 1982/1983, 1991/1992,

1994/ 88, 2014/15/16, 2018/19/20 warming of Tropical North Atlantic (TNA; e.g, Nobre &

1995, 1997/1998, 2002/2003, 2004/ Shukla, 1996) is a robust response in the boreal spring after El

2005, 2006/2007, 2009/2010

Nifio matures (e.g., Enfield, 1996; Jiang & Li, 2019), while the

Note. See section 2 for detailed definition. warm SSTA over TNA can enhance the anomalous anticyclone

over the western North Pacific (Li et al., 2017; Wang et al., 2017)
and may trigger the cold phase of ENSO (Ham et al., 2013); the variability over TNA may play a role in
the rapid decay of El Nifio as well, but the detailed interactions require further studies.

The mechanisms for the fast decay of El Nifio have been investigated by many studies, but less attention is
paid to the processes responsible for prolonged duration of El Nifio events, such as the 2014/2015/2016
event. In early 2014, a significant amount of WWV had accumulated over Western Pacific
(McPhaden, 2015), and a series of WWEs occurred (Menkes et al., 2014); therefore, a major El Nifio was pre-
dicted to mature in the 2014/2015 boreal winter (e.g., Tollefson, 2014). However, its growth was slow, and
the magnitude in 2014/2015 winter was far below expectation. The warm condition extended into
2015/2016 winter. The stalled development was attributed to the pause of WWEs (Menkes et al., 2014),
the easterly wind events in the 2014 summer (Hu & Fedorov, 2016; Levine & McPhaden, 2016), and the
anomalous cross-equatorial southerlies (Wu et al., 2018) associated with the warm SSTA in the subtropical
eastern North Pacific and the cold SSTA in the subtropical eastern South Pacific (Min et al., 2015; Zhu
et al., 2016).

Although this prolonged type of El Nifio occurs less frequently than the common El Nifio or prolonged La
Nifia (Kessler, 2002; Larkin & Harrison, 2002), it still accounts for 5 out of the 17 El Nifio events in 1960-
2020 (Table 1). These events would be referred to as the prolonged or two-winter El Nifio interchangeably
in this study. Although their occurrence likely results from random reasons, we will show some common
features they share and propose a possible interaction between developing ENSO and a cross-hemisphere
meridional SST dipole over Eastern Pacific.

2. Data and Methods

The National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed Sea Surface
Temperature Version 5 (ERSSTv5; Huang et al., 2017) monthly SST for a global 2° x 2° grid from 1854 to pre-
sent is employed. The monthly 850-hPa wind data are retrieved from the European Centre for Medium
Range Weather Forecast (ECMWF) reanalysis-40 (ERA-40; Uppala et al., 2005) at 2.5° X 2.5° grid for
1957-2002 and from ECMWF reanalysis-5 (ERA-5; Hersbach & Dee, 2016) at 0.25° x 0.25° for 1979-2020.
Simple Ocean Data Assimilation Version 2.2.4 (SODA-v2.2.4; Giese & Ray, 2011) at 0.5° x 0.5° grid from
1950-2010 and National Center for Environment Prediction (NCEP) Global Ocean Data Assimilation
System (GODAS; Behringer & Xue, 2004) at 1/3° x 1° (higher latitudinal resolution) are used for oceanic
subsurface temperature.

Data of different periods are first merged. The wind data from ERA-5 are regridded to the coarser 2.5° X 2.5°
grid as ERA-40, and the data are concatenated after an arithmetic mean is applied to the overlapping period,
January 1979 to August 2002. The 20°C isotherm depth (D20) is derived in SODA-v2.2.4 and GODAS sepa-
rately, before D20 is interpolated to a coarser 0.5° X 1° grid; they are merged in time, and an arithmetic mean
value is used during the overlapping period, 1980-2010.

A moving 31-year centered window monthly mean is subtracted to calculate the monthly anomalies, and a
3-month running mean is applied to suppress intraseasonal signals. The result does not change significantly
if an 11-year window is used instead. The WWYV is defined as the integrated volume above D20 over 5°N to
5°S, 120°E to 80°W, following the analysis of Meinen and McPhaden (2000). A zonal wind index is derived as
the area-averaged 850-hPa zonal wind over 5°N to 5°S, 135°E to 120°W for Pacific basin, according to the
trade wind index defined by Climate Prediction Center (CPC). The Oceanic Nifio Index (ONI) is the
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3-month running mean of Nifio3.4 (5°S to 5°N, 170-120°W) SSTA. Following the CPC definition, an El Nifio
event is defined when the ONI is above 0.5°C for five consecutive overlapping 3-month periods.

If the El Nifio criteria is met, and the ONI stays above zero and exceeds 0.5°C again in the following boreal
winter (November-December-January), it is defined as a two-winter El Nifio; otherwise, the El Nifio persis-
tent for only one winter is classified as the one-winter type. The ongoing 2018/2019/2020 is considered a
two-winter event. From 1960 to 2020, 5 out of 17 events are categorized as the two-winter type. The first, sec-
ond, and third year of each event will be referred to as year(0), year(1), and year(2), respectively.

3. Results

First, the evolution of two-winter El Nifio will be documented. Both one-winter and two-winter types of El
Nifio have a higher-than-average WWV during their development (Figure 1), while other features are dis-
tinct. The evolution of each field in the first year is about one season later compared to the one-winter El
Nifio composite. The ONI reaches the 0.5°C threshold late by about 3 months, and the accompanied anom-
alous westerly is relatively weak in the first year; the time of WWYV anomaly turning negative is also about
one season later. In addition, the ONI increases again in the second year although the basin wide WWV
anomaly is nearly zero or negative. After reaching the second peak, the two-winter event rapidly decays
to the cold state like the one-winter El Nifio.

In the one-winter event composite, the anomalous westerly first appears west of the dateline (Figure S1f in
the supporting information) and propagates eastward as the warm SSTA over Eastern Pacific strengthens
(Figure S2f). In balance with the anomalous westerly wind stress, the thermocline over western Pacific is
raised, and the basin mode transitions into a tilting mode in September(0)-November(0) (Figure S3f), while
the basin-integrated WWYV is discharged and decreases. The shallower D20 anomaly propagates eastward,
and the SSTA decays quickly below 0.5°C in March(1)-May(1) of the one-winter events.

The equatorial warm SSTA of the two-winter events emerges from Central Pacific in January(0) and
extends eastward afterward except for 1976/1977/1978, in which the warm SSTA develops from the east-
ern coast (Figure S2). The westerly anomaly also follows the eastward extension of the SSTA with a
magnitude weaker than that in the one-winter events; while the anomalous westerly is weak in the first
year, it persists into the second year (Figure S1). The D20 anomaly shows a basin-wide deepened mode
as in January(0)-April(0) of the two-winter events (Figure S3), but the tilting mode is not prominent
until January(1) because the anomalous westerly is weak. As a result, the equatorial Eastern Pacific
thermocline remains deepened, maintains the weak but warm SSTA through March(1)-May(1), and trig-
gers the positive Bjerknes feedback in the second boreal summer and autumn for the SSTA to grow
again despite zero or negative basin-wide WWV anomaly (Figure 1). Afterward, the shallower D20 sig-
nals extend to Eastern Pacific, and the event terminates rapidly like the one-winter type. The
1976/1977/1978 event does not share most common features of the rest two-winter events; it
co-occurs with the cold-to-warm phase transition of Interdecadal Pacific Oscillation (IPO; Power
et al., 1999), and its SSTA distribution in December(0)-January-February(1) resembles the broad meri-
dional extent of a warm IPO phase (Figure S4).

Next, the reason for the late development of two-winter El Nifio is investigated. For one-winter El Nifio,
in June(0)-October(0), the warm SSTA symmetric about the equator dominates Eastern Pacific, and the
equatorial wind anomaly is prevailed by westerly (Figure 2). In comparison, except for 1976/1977/1978,
a warm SSTA extends southwestward from subtropical North Pacific to the equatorial dateline
(Figure 2), indicating that the two-winter events might be triggered by the “seasonal footprinting
mechanism” (Vimont et al., 2003; see also Tseng et al., 2017); therefore, the equatorial warm SSTA sig-
nal emerges from Central Pacific in Figure S2. There is also a cold SSTA over subtropical eastern South
Pacific slightly weaker than the north warm one; they form a meridional dipole (boxes in Figure 2), and
the wind anomaly converges over the subtropical eastern North Pacific of warm SSTA. Meanwhile, a
cross-equatorial southerly is driven around this longitudinal band; it could continue for several months
and persist into January(1) (Figure S5). The seasonal cross-equatorial wind is prevailed by southerly in
June-October over 180° to 140°W, when the meridional component of convergence in the northern tro-
pics is the strongest (Figure S6), indicating the seasonal activity of Inter-Tropical Convergence Zone
(ITCZ). The meridional component of anomalous wind in June(0)-October(0) of the one-winter El
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Figure 1. The evolution of anomalous Nifio3.4 SST (°C; black), WWV (10 G4y 3; blue), and 850-hPa zonal wind index (1.5ms " _1; red) in (a) 1968/1969/1970,
(b) 2014/2015/2016, (c) 1976/1977/1978, (d) 2018/2019/2020, (e) 1986/1987/1988 El Nifo, and (f) one-winter event composite. The black, blue, and red arrows,
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represent 4+/—1 standard deviation of each variable among one-winter El Nifio events.

Nifio composite is weak northerly (Figure S5f), suggesting that the ITCZ is slightly displaced
equatorward due to the equatorially symmetric warm SSTA, in favor of the Bjerknes feedback; in
contrast, an anomalous southerly appears in the two-winter events (Figure S5). This meridional
dipole may disrupt the zonal positive feedback in the El Nifio development.

The intensity of this dipole is defined as the areal averaged SSTA over 170-120°W, 16-4°N minus that over
170-120°W, 4-16°S in June-October (Figure 3a); the result does not change significantly if a slightly larger
or smaller region is chosen. All the four El Nifio events developing with the meridional SST dipole of inten-
sity above 0.2°C are prolonged type (Figure 3a), while the rest events are one-winter events, except for
1976/1977/1978. The strength of June-October SSTA dipole barely changes with the removal of the regres-
sion on Nifio3.4 SSTA in the previous December-February, the concurrent June-October, or the following
December-February; also, an El Nifio event can occur during an either positive or negative state of the mer-
idional mode (Figure 3a). This suggests that this meridional mode is unrelated to the ENSO, as the pattern of
the latter is mostly symmetric about the equator (Figures 3b-3d). The SST dipole varies on not only interann-
ual but also decadal timescales (Figure 4). Without removal of a moving 31-year centered window climatol-
ogy, the absolute intensity of the meridional SST dipole is steady at about 4+0.4°C from 1960s to 1980s, but a
weakening trend shows in early 1990s to late 2000s, followed by a strengthening trend afterward. The
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Figure 2. The SST (shading) and 850-hPa wind (vectors) anomalies in the June-October of developing year in (a) 1968/1969/1970, (b) 1976/1977/1978, (c) 1986/
1987/1988, (d) 2014/2015/2016, (e) 2018/2019/2020 El Nifo, and (f) one-winter event composite. The green and brown boxes denote the location of 170-120°W,
16-4°N and 170-120°W, 4-16°S, respectively, for the definition of the SST dipole intensity.. The minimum vector shown is 0.4 m s ° -1

intensity in early 1990s to early 2010s is about 0.2°C weaker than that in other decades during which the four
two-winter events occur.

4. Discussion

The two-winter El Nifio events evolve more slowly than the one-winter type, and a meridional mode is
involved in the stalled development except for 1976/1977/1978. The Nino3.4 SSTA reaches the first peak
around December(0) and grows again in the middle of the second year (Figure 1), possibly because the
seasonal-dependent thermodynamic damping is stronger in boreal spring (Dommenget & Yu, 2016) and
the atmosphere-ocean coupling is more unstable in boreal summer and autumn (Stein et al., 2010;
Tziperman et al., 1997). The meridional dipole SST can inhibit the growth of El Nifio in both atmospheric
and oceanic dynamics. The enhanced ITCZ activity in the north can suppress the equatorial convection
anomaly via a meridional overturning circulation. In the ocean, the westward component of the northwest-
ward current induced by the cross-equatorial southerly in the Southern Hemisphere can cool the SST
through negative zonal and vertical advection anomalies, while the northward component can transport
subtropical cold water to the equator (Wu et al., 2018). Hence, the SST and atmospheric anomalies grow
slowly despite an anomalously high WWV.
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Although there are some common characteristics, the two-winter events are still quite different from one
another. For example, 1976/1977/1978 happens with the phase transition of the IPO; 1968/1969/1970 and
1986/1987/1988 show an abnormal phase locking to seasonal cycle, peaking in September-November
1969 and July-September 1987, respectively; 2014/2015/2016 is one of the strongest El Nifio events,
while 2018/2019/2020 is accompanied by a record-breaking positive IOD event in 2019. The meridional
mode can partially contribute to the occurrence of two-winter El Nifio, but the evolution of two-winter
events might largely be a result of stochastic forcings such as weather events or variability in the remote
basins.

The meridional SST dipole may also influence the duration of La Nifia events in a similar way; for instance,
1973/1974/1975/1976, 1983/1984/1985, 1998/1999/2000/2001, and 2007/2008/2009 prolonged La Nifna
events occurs with a relatively strong negative dipole in June-October of the first year (Figure 3). When
the SSTA dipole intensity is negative, the ITCZ may be displaced equatorward from the Northern
Hemisphere, favoring a westerly anomaly over Western-Central Pacific, which can counteract the positive
feedback of a developing La Nina. As the development is delayed, the recharging of WWYV by easterly
may not be enough for a phase transition in the coming year so an event continues.

The cross-equatorial SST gradient is a robust unstable atmosphere-ocean coupled mode in annual cycle,
maintained by wind-upwelling-SST feedback (Chang & Philander, 1994), wind-evaporation-SST feedback
(Xie & Philander, 1994), and stratocumulus-radiation-SST feedback (Li & Philander, 1996). The processes
maintaining the SST dipole could also operate on interannual time scales (Xie et al., 2018). Hu and
Fedorov (2018) showed an increasing trend of cross-equatorial southerly over Eastern Pacific; consistently,
the interannual cross-equatorial southerly anomaly was relatively stronger in 2014 and 2018 but slightly
weaker in 1986 (Figure 2), and the SST dipole shows an increasing trend after late 2000s (Figure 4). How
the SSTA dipole generally influences the ENSO evolution, what initially triggers the SSTA dipole for
two-winter El Nifio, and whether the occurrence of two-winter El Nifio follows decadal variability need
further investigation.

5. Conclusions

El Nino events are classified into one-winter and two-winter (prolonged) types based on the duration of
warm phase. The warm state sustains for only one boreal winter in the one-winter El Nifio events while it
persists into another boreal winter (November-January) in the two-winter type. Five out of the 17 El
Nino events in 1960-2020 are two-winter type (Table 1).

Although these events show different evolutions and are likely to occur for different reasons, there are
still some similar characteristics. Compared to one-winter El Nifio, prolonged shows a delayed develop-
ment by about a season (Figure 1). The late development causes insufficient discharge of WWV; the
SSTA is maintained by the deepened thermocline in equatorial Eastern Pacific (Figure S3), and it grows
again in the following boreal summer when season-dependent atmosphere-ocean coupling is more
unstable.

A strengthened cross-hemisphere SST gradient in subtropical Eastern Pacific during June-October might
play an important role in the delayed El Nifio development (Figure 2), except for the 1976/1977/1978 event
when the IPO turned from cold to warm phase. The SSTA dipole induces cross-equatorial southerly,
enhances the ITCZ activity in the north, and disrupts the Bjerknes feedback that requires equatorial zonal
coupling. All the four El Nifio events developing with the intensity of the meridional mode above 0.2°C
are two-winter type (Figure 3). The SST dipole varies independently of the state of ENSO (Figure 3) and
shows a decadal variation that is lower in late 1990s to early 2010s than in other decades when the
two-winter El Nifio occurs (Figure 4).

Data Availability Statement

All data used in this study can be publicly downloaded online. The European Centre for Medium-Range
Weather Forecasts (ECMWF) ReAnalysis-40 (ERA-40) can be found in the CGD website (http://www.cgd.
ucar.edu/cas/catalog/reanalysis/ecmwf/era40/index.html), and ReAnalysis-5 (ERA-5) can be found in the
CDS website (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-
means). The Simple Ocean Data Assimilation (SODA) data are retrieved from the National Center for
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