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The recharge oscillator mechanism suggests that a strong El Niño event can

trigger a following La Niña event that sometimes lasts for two or even three

years through warm water volume preconditioning within the tropical Pacific.

However, a prominent and persistent “double-dip” La Niña event appeared

in the boreal winters of 2020/2021 and 2021/2022 without any significant

El Niño preconditioning. Here we explore the possibility that tropical basin

interactions may have initiated and helped to prolong La Niña conditions over

the 2-year period 2020–2022. This period was preceded by a strong positive

Indian Ocean Dipole (IOD) during the boreal fall of 2019 that gave way to

basin-scale warming in the Indian Ocean in early 2020 and a notable tropical

Atlantic warming in the boreal winter of 2019/2020. Later, a strong Atlantic

Niño developed in the boreal summer of 2021. Using composite analyses to

characterize earlier double-dip La Niñas, we argue the unusual sequence of

events in 2019–2021 in the Indian and Atlantic Oceans may have energized

and sustained the 2020–2022 LaNiña eventwithout any significantwarmwater

volume preconditioning within the tropical Pacific.

KEYWORDS

El Niño southern oscillation (ENSO), ENSO recharge-oscillator, double-dip La Niña,

inter-basin interaction, Indian Ocean dipole (IOD), tropical Atlantic warming, Indian
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1. Introduction

The El Niño Southern Oscillation (ENSO), a dominant mode of climate variability

on interannual timescales, has significant impacts on climate worldwide through

atmospheric teleconnections (Glantz, 2001; Clarke, 2008; Hirons and Klingaman, 2016;

Wang, 2019). For example, the negative or cold phase of ENSO (i.e., La Niña), defined

by below-average sea surface temperature in the eastern equatorial Pacific, strengthened

trade winds, and enhanced convection in the western tropical Pacific leads to more

cyclone landfalls in continental Asia and China, and increased hurricane activity in the

Caribbean and central Atlantic (Ropelewski and Halpert, 1987; Bove, 1998; Wu et al.,

2004; Hoyos et al., 2013; Zhao and Wang, 2019). La Niña also favors increased rainfall

in Australia, Indonesia, and southern Africa, but a greater probability of drought in the

western United States (Wang et al., 2000; Cai et al., 2010; Yu et al., 2012; Jong et al.,

2020). La Niñas sometimes persist for two or even three years, referred to as double-dip
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or triple-dip La Niña (DiNezio et al., 2017a,b; Luo et al., 2017;

Okumura et al., 2017; Iwakiri and Watanabe, 2020), which

causes prolonged drought conditions in the western United

States and severe flooding in the southeast Asia (Chikamoto

et al., 2015; Yoon and Leung, 2015; Fasullo et al., 2018). From a

perspective of proactive management, skillful ENSO prediction

can help decision-makers, stakeholders, and policymakers to

develop mitigation strategies for impending natural threats.

Thus, understanding the mechanisms that energize ENSO

development is a priority for improving climate predictability

on seasonal time scales.

A key ENSO mechanism involves internal ocean dynamics

within the tropical Pacific characterized by the upper 300 m

ocean heat content (OHC) or warm water volume variations

(Wyrtki, 1985; Meinen and McPhaden, 2000). According to

ENSO recharge theory (Wyrtki, 1985; Jin, 1997), trade winds

control the build-up or release of the warm water volume due to

meridional Sverdrup transport, leading to the activation of the

Bjerknes feedback. During the mature stage of El Niño, warmer

SST in the eastern Pacific accompanies weakened trade winds

and a relaxed zonal thermocline tilt (deeper in the east and

shallower in the west). This thermocline tilting is followed by a

discharge of heat from the equatorial Pacific to higher latitudes,

leading to a shallower thermocline and El Niño decay. The

resultant shallower thermocline and negative OHC subsequently

induce colder SST in the eastern Pacific as the energizing process

for La Niña. In case of a strong El Niño, the discharging

process of the equatorial Pacific OHC can leave a very large

deficit that persists for more than 1 year, leading to a double

or sometimes even a triple-dip La Niña (Okumura and Deser,

2010). Based on the recharge oscillator theory, boreal spring

OHC averaged across the equatorial Pacific is an effective ENSO

precursor for the following winter (Burgers et al., 2005; Ruiz

et al., 2005; McPhaden et al., 2006a; Lima et al., 2009; Izumo

et al., 2010, 2014; Yu et al., 2016), though some studies have

pointed out that the western Pacific OHC during the previous

fall could be a better and longer lead ENSO precursor compared

to spring OHC (Meinen and McPhaden, 2000; Boschat et al.,

2013; Ramesh and Murtugudde, 2013; Lai et al., 2015; Ballester

et al., 2016; Petrova et al., 2017). The recharging process within

the tropical Pacific has proven to be beneficial for predicting

La Niña, such as the La Niña events in 1988/1989, 1998/1999,

and 2010/2011 after the prominent El Niño events in 1987/1988,

1997/1998, and 2009/2010, respectively.

However, we will show that the current 2020–2022 La Niña

event is inconsistent with the conventional ENSO recharging

process, suggesting other factors must be important in triggering

2020/2021 and 2021/2022 cold events. According to the National

Oceanic and Atmospheric Administration, the 2020/2021 La

Nina event ranks the sixth strongest La Niña since 1982

(Van Oldenborgh et al., 2021; Li et al., 2022), even though

the proceeding 2019/2020 El Niño was weak and insufficient

to produce significant OHC discharge. Alternatively, recent

studies point out the remote impacts of the Indian and Atlantic

Oceans on ENSO triggering and maintenance through inter-

basin interactions (Kug et al., 2006; Ohba and Ueda, 2007;

Okumura and Deser, 2010; Frauen and Dommenget, 2012;

Dommenget and Yu, 2017; Cai et al., 2019; Wang, 2019;

Chikamoto et al., 2020; Wang and Wang, 2021). A strong

positive Indian Ocean Dipole (IOD) event was observed during

the 2019 boreal fall, followed by a subsequent Indian Ocean

basin-wide (IOB) warming during the 2020 boreal spring which

could have plausibly energized the 2020–2022 La Niña event

(Izumo et al., 2010; Okumura and Deser, 2010; Okumura et al.,

2011; McGregor et al., 2014). Warmer SST anomalies in the

southern tropical Atlantic were also observed during the 2020

boreal spring, potentially contributing to the 2020–2022 La Niña

event (Dommenget et al., 2006; Frauen and Dommenget, 2012;

Ham et al., 2013; Dayan et al., 2015; Chikamoto et al., 2016).

In addition to these remote forcings, an Atlantic Niño during

boreal summer 2021 could have helped to sustain tropical Pacific

cooling through the modulation of Walker circulation (Polo

et al., 2015; Luo et al., 2017). However, relative contributions of

those factors to the development of the 2020–2022 La Niña are

unknown.

This study examines the hypothesis that the 2020–2022 La

Niña event was significantly influenced by remote impacts from

the Indian and Atlantic oceans. Section 2 describes the datasets

and methods used and the results of the observational analysis

are described in Section 3. Section 4 provides summary and

discussion.

2. Data and method

This study uses monthly observation-based products

available from 1980 to 2021. The main manuscript datasets

include sea surface temperature in Centennial in-situ

Observation Based Estimates (COBE–SST2) (Hirahara

et al., 2014), the upper 300 m ocean heat content (OHC) in

the Japan Meteorological Agency’s Meteorological Research

Institute (MRI/JMA) (Ishii et al., 2017), precipitation in the

CPC Merged Analysis of Precipitation (CMAP) (Xie and Arkin,

1997), and horizontal winds at the surface, 850 hPa, and 250

hPa in the Japanese 55-year Reanalysis (JRA-55) (Kobayashi

et al., 2015; Harada et al., 2016). These datasets are compared

with sea surface temperature in NOAA Optimum Interpolation

(OI) SST V2 (Reynolds et al., 2002), the upper 300 m ocean

heat content (OHC) in the Global Data Assimilation System

(GODAS) (Behringer, 2007), and horizontal winds at the

surface, 850 hPa, and 250 hPa in the ECMWF Reanalysis version

5 (ERA-5) (Hersbach et al., 2020) to show consistency among

different datasets. We defined anomalies as deviations from

climatological means for the 42 years and then removed the

linear trend at each grid point. The ENSO index corresponds to

the SST anomalies averaged in the Niño 3.4 region (5◦S–5◦N,
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170◦–120◦W). The OHC indices in the entire and western

equatorial Pacific (referred to as OHCall and OHCwest) are

the area average of the depth-averaged temperature anomalies

of the upper 300 m of the ocean over the region of 5◦S–5◦N,

120◦E–80◦W (Meinen and McPhaden, 2000) and 5◦S–5◦N,

120◦E–155◦W (Izumo et al., 2019), respectively.

3. Results

To describe the ENSO precursors, we made a time-series

of the normalized Niño 3.4 index overlaying with the OHC

in the entire equatorial Pacific (OHCall) and the OHC in the

western Pacific (OHCwest) indices for 1980–2021 (Figure 1A).

As demonstrated in the recharge oscillator theory, we can find

negative spikes of the OHCwest first (red line in Figure 1A)

and then the subsequent peaks of OHCall several seasons

later (blue line in Figure 1A), implying the subsurface ocean

temperature preconditioning for an upcoming La Niña event

(Meinen and McPhaden, 2000; McPhaden et al., 2006a). The

lead-lag correlation analysis demonstrates that the OHCwest

and OHCall show the highest correlations with the Niño

3.4 index at a 13- and 4-month leads, respectively, although

correlation coefficients are weaker for the OHCwest (correlation

coefficient, R = 0.39) than the OHCall (R = 0.69)

(Supplementary Figure S1). The lead time of OHC precursors

to the Niño 3.4 index was reduced for the first decade of the

twenty-first century (McPhaden, 2012). Significant decreases in

the OHCwest and the OHCall indices appear after the 2015/2016

El Niño event. The prominent negative spikes of OHCall and

OHCwest, particularly after the large El Niño events, imply that

the internal dynamics within the tropical Pacific are the main

driver for initiating La Niña events in the framework of the

recharge oscillator theory (Jin and An, 1999; Burgers et al., 2005;

Izumo et al., 2019; Jin et al., 2020).

Time-series analysis and the scatter diagrams of Niño 3.4

SST, OHCall, and OHCwest (Figures 1B–G) highlight La Niña

development through tropical Pacific Ocean preconditioning.

Consistent with the lead-lag relationship, the Niño 3.4 index

during OND(0) positively correlates with the OHCwest during

SON(-1) (the center month is used to reference the year)

(Figure 1E; R = 0.47). Seven La Niña events (i.e., 1983/1984,

1984/1985, 1988/1985, 1995/1996, 1998/1999, 1999/2000, and

2016/2017) chosen using the criteria of−0.5 standard deviations

in both Niño 3.4 index during OND(0) and the OHCwest

index during SON(-1), all exhibit negative anomalies of OHCall

during JAS(0) (Figure 1F). All seven past La Niña events were

observed after a pronounced positive Niño 3.4 SST 1 or 2

years earlier (blue and green lines, respectively in Figure 1B).

Consistent with the recharge mechanism, negative OHCwest

and OHCall emerged in the subsequent year for all seven La

Niña events (Figures 1C,D). In some cases, negative equatorial

OHC persisted into a second year due to the initial prominent El

Niño preconditioning (Figures 1C,D). For example, the multi-

year cold events in 1983–1985 and 1998–2000 are mainly caused

by the excessive heat deficit in the wake of large El Niño events in

1982/1983 and 1997/1998 (green lines in Figures 1B–D) (Iwakiri

and Watanabe, 2020).

To trace back how ENSO induces the negative OHCwest

anomalies, we made a scatter plot between the Niño 3.4

index during OND and the OHCwest in the subsequent JFM

(Figure 1G). Five events out of these seven cases show negative

OHCwest anomalies during JFM just after large El Niño

events during OND (Figure 1G). The remaining two La Niña

events (i.e., 1984–1985 and 1999–2000) are characterized as the

persistent La Niña events following major El Niño events, so-

called double-dip or 2-year LaNiña, (Kug andHam, 2011; Zheng

et al., 2015; DiNezio et al., 2017a,b; Luo et al., 2017; Okumura

et al., 2017; Iwakiri and Watanabe, 2020). During the mature

stage of El Niño, weakened trade winds cause the thermocline

to shoal in the western Pacific, which is reflected in the negative

OHCwest anomalies. This shallower thermocline induces the

zonal thermocline tilting and leads to the discharge of the

equatorial Pacific OHC through the Sverdrup transport. This

discharging process leads to the negative values of the equatorial

Pacific OHC and then energizes the subsequent La Niña event.

Some major El Niño events involve a usually long discharging

process, contributing to the prolonged La Niña events, such as in

1984–1985 and 1999–2000 (Iwakiri andWatanabe, 2020). These

seven La Niña events are typical from the perspective described

in the recharge oscillator theory.

However, 2020–2022 La Niña event occurs without any

warm water volume preconditioning (Figures 1B–G). Niño 3.4

SST comparison demonstrated that 2020–2022 La Niña trailed

a weak El Niño event in 2019/2020 (Figure 1B). It prompted

a positive equatorial OHCwest/OHCall in 2020/2021 contrary

to the typical La Niña events (Figures 1C,D). Irrespective of

a weak preceding El Niño event, the positive equatorial OHC

anomalies prevail in 2021/2022 making it a 2-year persistent La

Niña event (Figures 1C,D). Both the OHCwest during SON(-

1) and the OHCall during JAS(0) contain positive anomalies

for 2020–2022 La Niña event (Figures 1E–G). In addition to

these OHC anomalies, the Niño 3.4 index during 2019/2020

winter also shows neutral or only weak El Niño (Figure 1G).

Nevertheless, the 2020/2021 event ranks the sixth-largest La

Niña since 1982, and its amplitude is comparable to the average

of the seven typical La Niña events (Van Oldenborgh et al., 2021;

Li et al., 2022). In other words, the internal dynamics within the

tropical Pacific are not strong enough to energize and sustain the

2020–2022 La Niña. Another driver is required to initiate and

sustain the event, which we hypothesize is remote forcing from

the Indian and Atlantic oceans (Cai et al., 2019; Wu, 2020).

To describe the uniqueness of 2020–2022 La Niña event, we

compare SST and surface wind anomalies maps for this event

with those for composite La Niña conditions (Figure 2). We

can find warmer SST anomalies in the eastern equatorial Pacific
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FIGURE 1

(A) Time-series of normalized Niño 3.4 index (black; 5◦S–5◦N,120◦–170◦W), OHCall (blue; 5◦S–5◦N, 120◦E–80◦W), and OHCwest indices (red;

5◦S–5◦N, 120◦E–155◦W). A 3−month running mean filter is applied to these indices. Time-series of (B) Niño 3.4 SST (C) OHCall and (D)

OHCwest of 2020–2022 La Niña event (red) compared with typical La Nina events (blue: 1983/84, 1988/89, 1995/96, 1998/99, 2016/17, and

green: 1984/85, 1999/00) following a large El Niño. Scatterplots of the Niño 3.4 index in OND(0) with (E) the OHCwest in SON(-1), (F) the OHC

all in JAS(0), and (G) the OHCwest in JFM(1). The blue and green dots represent the typical La Niña years (1983/84, 1988/89, 1995/96, 1998/99,

2016/17, and 1984/85, 1999/00) and the filled red and hollow red dots represent the 2020/21 and 2021/22 case, respectively.

during SON(-1) and DJF(0) for the typical La Niña composite

(Figures 2A,C), which corresponds to the preceding El Niño

event. Consistent with the El Niño conditions, westerly wind

anomalies appear from the western equatorial Pacific toward

120◦W during these seasons, maintaining the warmer SST

anomalies in the eastern Pacific through the Bjerknes feedback.

By contrast to the typical La Niña composite, 2020–2022 La

Niña event exhibits warmer SST anomalies in the central

equatorial Pacific, instead of the east, during the preconditioning

seasons of SON 2019 and DJF 2020 (Figures 2B,D). Especially,

SST in the eastern equatorial Pacific shows colder anomalies,

limiting the westerly wind anomalies in the western equatorial

Pacific during these seasons. In addition to the tropical Pacific,

there are noticeable differences in the other ocean basins
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FIGURE 2

Temporal evolutions of SST (in ◦C indicated by color shading) and surface wind anomalies (vector) in the typical La Niña composite (left) and the

2020–2022 case (right) during the stage of (A,B) SON(-1), (C,D) DJF(0), (E,F) MAM(0), (G,H) OND(0), (I,J) JJA(+1), and (K,L) OND(+1). Anomalies

are defined as deviations from climatological means, and linear trends are removed in each grid point. The reference vector (5 ms−1) is in the

upper right corner. As noted in parentheses after the season abbreviation, 0 indicates the first La Niña year, +1 indicates the second La Niña year

whereas −1 indicates the preceding year of first La Niña.

between the typical and 2020–2022 La Niña event, such as

the positive IOD during SON 2019 (Figure 2B), the tropical

Atlantic warming during DJF 2020 (Figure 2D) and Atlantic

Niño during JJA 2021 (Figure 2J). Even though the SST patterns

are different during these preconditioning seasons between

the typical and 2020–2022 La Niña event, the tropical Pacific

shows similar SST and surface wind anomalies patterns during

subsequent La Niña development (Figures 2E–L). The easterly

wind anomalies at the surface persist in the western equatorial

Pacific fromMAM(0) to OND(0) (Figures 2E–H), triggering the

cold SST anomaly development in the central and the eastern

equatorial Pacific during the following SON(0) and OND(0)

seasons (Figures 2G,H). The surface easterly wind anomalies

in the western equatorial Pacific persist in the succeeding

seasons, sustaining the cold SST anomalies in the central-eastern

equatorial Pacific during the OND(+1) season (Figures 2I–L).

The differences between the typical and 2020–2022 La Niña

events become more apparent in the spatial maps of OHC than

in SST anomalies (Figure 3). The typical La Niña event shows

a large zonal contrast of OHC at the equatorial Pacific during
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FIGURE 3

Temporal evolutions of OHC (in ◦C indicated by color shading) and surface wind anomalies (vector) in the typical La Niña composite (left) and

the 2020–2022 case (right) during the developing stage of (A,B) SON(-1), (C,D) DJF(0), (E,F) MAM(0), (G,H) OND(0), (I,J) JJA(+1), and (K,L)

OND(+1). Anomalies are defined as deviations from climatological means, and linear trends are removed in each grid point. The reference

vector (5 ms−1) is in the upper right corner. As noted in parentheses after the season abbreviation, 0 indicates the first La Niña year, +1 indicates

the second La Niña year whereas −1 indicates the preceding year of first La Niña.

SON(-1) and DJF(0) (Figures 3A,C), exhibiting negative OHC

anomalies in the western tropical Pacific. This cold OHC in the

western tropical Pacific, representing a preconditioning for La

Niña, slowly extends eastward during the following MAM(0)

season, resulting in negative OHC and shallower thermocline

in the entire equatorial Pacific (Figure 3E). During OND(0), the

cold OHC reaches the west coast of the American continent

and then strengthens the zonal contrast of OHC associated with

the mature phase of La Niña (Figure 3G). This zonal OHC

contrast is sustained in the following OND(+1) season making

the La Niña persistent over 2-years (Figure 3K). Whereas this

OHC evolution during the typical La Niña is consistent with

the recharge oscillator theory, the 2020–2022 La Niña tells a

very different story. During the preconditioning seasons of SON

and DJF in 2019, cold OHC in the western tropical Pacific

is found at higher latitudes rather than along the equator

(Figures 3B,D). As a result, the Pacific zonal contrast of OHC

during the preconditioning seasons is unclear in the 2020–2022

La Niña compared to typical events. In MAM 2020, slightly

negative OHC anomalies suddenly emerge at the equatorial
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FIGURE 4

Hovmöller diagrams of (A,B) SST (colors) and (C,D) surface zonal wind anomalies (colors) overlaying with OHC (contours) averaged over the

2.5◦N–2.5◦S latitude band in the typical La Niña composite (left) and the 2020–2022 case (right panels). The contour interval is 0.3. Positive and

negative counters are red and blue lines, respectively. Anomalies are defined as deviations from climatological means, and linear trends are

removed in each grid. As noted in parentheses after the season abbreviation, 0 indicates the first La Niña year, +1 indicates the second La Niña

year whereas −1 indicates the preceding year of the first La Niña.

Pacific, but its meridional distribution is limited to within a

narrow band around the equator (Figure 3F). Even though

these preconditions are different between the 2020–2022 and

typical La Niña events, they share similar patterns in persistent

easterly wind anomalies in the western equatorial Pacific and

a Pacific zonal contrast in OHC during OND(0) and OND

(+1) (Figures 3G–L). These results indicate that the warm water

volume preconditioning described in the ENSO theory is not a

primary driver for the 2020–2022 La Niña event.

The temporal evolution of these La Niña events are also

highlighted by the Hovmöller diagrams of SST, OHC, and

surface zonal wind anomalies at the equator (Figures 4, 5B,E).

From JFM(-1) to JFM(0), the typical La Niña composite

shows warmer SST anomalies in the eastern equatorial Pacific,

indicating the mature phase of El Niño before the La Niña

event (Figures 4A,C). Consistent with the ENSO theory, we can

find the eastward propagation of westerly wind anomalies and

negative OHC from the western to the eastern equatorial Pacific

during the El Niño decaying phase (Figure 4C), which makes

a transition from the westerly to easterly wind anomalies at

the western equatorial Pacific around JFM(0). These easterly

wind anomalies are associated with the development of cold
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FIGURE 5

Hovmöller diagrams of normalized (A–C) SST (colors) and (D–F) zonal wind anomalies at 850 hPa (colors) overlaying with (A–F) OHC (contours)

averaged over 2.5◦N–2.5◦S latitude band in (A,D) the IOD composite, (B,E) 2020–2022 La Niña case, and (C,F) Atlantic warming composite. The

contour interval is 0.3. Positive and negative counters are solid and broken black lines respectively. We select the three positive IOD years

excluding strong preceding El Niño years for the IOD composite (1994, 2006, and 2012) and four Atlantic warming years with di�erent seasons

(July 1984, February 1988, March 1996, and May 1998). The amplitudes in these composites are adjusted to fit the 2020–2022 La Niña event.

SST anomalies in the central-eastern equatorial Pacific in

the mature season of La Niña. The surface easterly wind

anomalies persist the subsequent year and sustain the cold

SST anomalies in the central-eastern equatorial Pacific for

another year (Figures 4A,C). In contrast to this typical La

Niña event, the 2020–2022 La Niña event shows warmer SST

anomalies in the central equatorial Pacific and the constricted

westerly wind anomalies in the longitude band of 150◦E–

150◦W from JFM 2019 to JFM 2020 (Figures 4B,D). These

westerly wind anomalies suddenly change their phases to

easterly across the entire Pacific around AMJ 2020. The easterly

wind anomalies persist through the winter 2021 similar to

typical La Niña events (Figure 4D). The eastward propagation

of OHC is however unclear in the 2020–2022 La Niña event,

suggesting that the subsurface preconditioning in the tropical

Pacific is a secondary process in this event. The consistent

results are also obtained in OISST, GODAS, and ERA5 products

(Supplementary Figure S4).

Instead of OHC preconditioning in the Pacific, we next

explored the possibility of remote forcing related to a strong

positive IOD event during the 2019 fall, a subsequent IOB

warming during the 2020 spring, the tropical Atlantic SST

warming during the 2019/2020 fall-winter seasons, and an

Atlantic Niño during the 2021 summer. To examine the remote
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impacts from the Indian and Atlantic Oceans on La Niña,

we made composites that minimize the leading influence of

the tropical Pacific on the IOD and Atlantic warm events.

Specifically, we selected three positive IOD events that did not

co-occur with large El Niños (1994, 2006, and 2012), and four

Atlantic warming events, including all seasons (the peak months

are July 1984, Feb 1988, March 1996, andMay 1998). IOD events

typically peak during the boreal fall and decay quickly during

the boreal winter. For the IOD composite, 0 indicates the IOD

peak year, +1 indicates the first La Niña year, and +2 indicates

the second La Niña year. For the Atlantic warming composite,

the peak months for all four warming events are represented

as 0 which is fitted with the month of Atlantic warming in

2020–2022 La Niña event, the positive (negative) time values

indicate the succeeding (preceding) months. Figure 5 shows the

standardized anomalies of SST, OHC, and 850 hPa zonal winds.

The amplitudes of the IOD index and the Atlantic SST warming

are adjusted to match with the 2020–2022 La Niña event.

As described in the previous studies (Izumo et al., 2010,

2014; Luo et al., 2010; Yoo et al., 2020), positive IOD events

exhibit colder SST animalies in the eastern basin but warmer

SST anomalies in the western Indian Ocean during the boreal

summer-fall seasons. These conditions are associated with

westerly wind anomalies in the western and central equatorial

Pacific (Figures 2B, 5A,D). The cooling in the eastern Indian

Ocean decays and is followed by IOB warming during the

subsequent winter (Du et al., 2013) (Figures 2D,F, 5A,B). Both

positive IOD and IOB events can generate easterly wind

anomalies in the western Pacific (Dong and McPhaden, 2018).

With the collapse of the westerly wind anomalies in the western

and central Pacific associated with the quick decay of cold SST

anomalies in the eastern Indian Ocean and the development of

an IOB in the winter, the negative OHC in the western Pacific

propagates eastward and provides favorable conditions for La

Niña to develop (Izumo et al., 2010, 2014; Yoo et al., 2020). The

IOB warming can foster easterly wind anomalies in the western

to central Pacific as well by triggering an atmospheric Kelvin

wave response in convection activity over the Indian Ocean

(Okumura and Deser, 2010; Okumura et al., 2011). The easterly

wind anomalies persist in the western to central Pacific in the

successive La Niña year following a positive IOD and subsequent

IOB warming event through the initiation of Bjerknes feedback

in the equatorial Pacific (Figure 5D). Consistent with the IOD

composite, the 2020–2022 La Niña event is preceded by a

positive IOD during the 2019 fall and a subsequent IOBwarming

in early through mid 2020. These developments are associated

with the easterly wind anomalies in the central and western

Pacific, the Pacific zonal contrast of OHC (the negative in the

east and the positive in the west) from AMJ 2020 to AMJ

2021, and persistent easterlies from JAS 2021 to NDJ 2021

(Figures 5B,E).

Atlantic warming can also contribute to La Niña

development but from different mechanisms compared to

the IOD/ IOB forcing. According to Chikamoto et al. (2020),

warm SST anomalies in the tropical Atlantic cause lower

sea-level pressure (SLP) anomalies which slowly propagate

eastward across the Indian Ocean toward the western Pacific.

Chikamoto et al. (2020) noted that this process can occur at

any time of year, which is why we have composited Atlantic

warm anomalies from different seasons. Consistent with this

concept, the Atlantic warming composite shows surface wind

convergence in the Atlantic from –4 to 0-month lags, eastward

propagation of easterly wind anomalies from –4 month lag

in the Indian Ocean to 10-month lag in the central Pacific,

and the subsequent eastward propagation of negative OHC

in the Pacific (Figure 5F). We can confirm these features

in the 2020–2022 La Niña event although the timing of

eastward propagation is slightly later than in the Atlantic

warming composite. The eastward propagation forced by

Atlantic warming persists for another year contributing to

the multi-year La Niña persistence. The Atlantic warming

composite continually shows surface wind convergence

in the Atlantic from 15-month lag, eastward propagation

of easterly wind anomalies from 15-month lag in the

Indian Ocean to 25-month lag in the western Pacific, and

subsequent eastward propagation of negative OHC in the Pacific

(Figure 5F).

The eastward propagation of easterly wind anomalies during

the 2020–2022 La Niña event is unclear when an Atlantic

Niño emerges from boreal spring to early boreal summer of

2021 (Figure 5B). The Atlantic Niño is accompanied by lower

atmospheric wind convergence and upper atmospheric wind

divergence over the Atlantic Niño region (3◦N–3◦S, 0◦–20◦W)

during JAS 2021 (Supplementary Figures S2B,F). This upper

atmospheric divergence compensates for the upper atmospheric

convergence over the central-eastern tropical Pacific which

connects the zonal circulation between tropical Atlantic and

central-eastern tropical Pacific (Supplementary Figures S2B,F).

The descending branch of the Pacific-Atlantic zonal circulation

may contribute to the persistence of easterlies in the western

Pacific by modifying global Walker circulation during the

winter of 2021/2022 (Rodríguez-Fonseca et al., 2009; Ding

et al., 2012; Keenlyside et al., 2013; Martín-Rey et al.,

2015; Polo et al., 2015; Jia et al., 2019). However, the

causality remains unclear as to whether the Atlantic Niño

is simply a response to the remote impact of persistent La

Niña or not (Enfield and Mayer, 1997; Latif and Grötzner,

2000; Handoh et al., 2006; Lübbecke and McPhaden, 2012;

Tokinaga et al., 2019). It is also unknown whether the

upper atmospheric convergence over the central-eastern tropical

Pacific is mainly forced by the Pacific or Atlantic. In any case,

our analysis suggests that the synergistic impact of Atlantic

warming, positive IOD, and subsequent IOB events favor the

development of La Niña conditions in 2020–2022, especially

in the absence of preconditioning from OHC in the tropical

Pacific Ocean.
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FIGURE 6

Schematic representation of the energizing and persistent processes of 2020–2022 La Niña in comparison to typical double-dip La Niña events.

Solid grey arrow represents typical La Niña mechanism whereas the solid and dashed black arrow represent 2020–2022 La Niña mechanism.

4. Discussion and conclusion

This study focuses on processes involved in the development

of the 2020–2022 La Niña event compared to typical events

using an observational dataset from 1980 to 2021. Conventional

wisdom posits that prolonged La Niña events are energized

and sustained by a large deficit of heat along the equator

following strong El Niño events. However, our analysis

demonstrates that the 2020–2022 La Niña event developed

without this tropical Pacific discharging process. Another

process contributing to the development of La Niña events is

stochastic forcing like easterly wind surges and the Madden

Julian Oscillation (MJO) (McPhaden et al., 2006b; Hendon

et al., 2007; Chiodi and Harrison, 2015). However, this activity

was not unusual during the 2020–2022 La Niña development

(Supplementary Figure S3). We contend instead that the 2020–

2022 La Niña event was energized and sustained by a strong

positive IOD event in the fall of 2019, subsequent IOB

warming during the first half of 2020, a noticeable tropical

Atlantic warming during the winter of 2019/2020, and a

potential contribution of Atlantic Niño during the summer

of 2021 as summarized in a schematic view (Figure 6). The

positive IOD event alters Pacific zonal OHC by affecting wind

anomalies in the western-central Pacific and the subsequent

IOB warming can trigger an atmospheric Kelvin wave response

that generates easterly wind anomalies over the Indo-Pacific

sector. The Atlantic warming leads to the eastward propagation

of easterly wind anomalies and negative OHC in the tropical

Pacific while the Atlantic Niño may further strengthen the

Walker circulation and the La Niña conditions. The synergistic

effect of these remote ocean forcings may have energized

and sustained the 2020–2022 La Niña event which makes

this event especially unique compared to other multi-year

events.

Our results provide a different perspective for ENSO

forecasting. The current ENSO predictive skill is practically

speaking about 1-year (Jin et al., 2008; Wang et al., 2012). An

intense El Niño event can cause a 2-year La Niña, enhancing La

Niña predictive skill for up to 2-years (DiNezio et al., 2017a,b;

Luo et al., 2017; Iwakiri and Watanabe, 2020; Wu et al., 2021).

This ENSO predictive skill is consistent with the warm water

volume preconditioning in the recharge mechanism. In contrast,

our results regarding the 2020–2022 La Niña event suggest

that the remote ocean impacts from the Indian and Atlantic

Oceans may also affect ENSO predictive skill. Even though

our conclusion comes from one case study, it is consistent

with the importance of inter-basin interactions for ENSO

development (Kug et al., 2006; Ohba and Ueda, 2007; Frauen

and Dommenget, 2012; McGregor et al., 2014; Chikamoto

et al., 2015; Li et al., 2016; Dommenget and Yu, 2017; Cai

et al., 2019; Wang, 2019; Wang and Wang, 2021). The next

important step is therefore to carefully plan numerical model

experiments to test our proposed hypothesis about the unique

and unusual energizing mechanism for the 2020–2022 double-

dip La Niña, such as partial ocean assimilation experiments

incorporating observed ocean information in Indian or Atlantic
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Oceans only (Ding et al., 2012; Chikamoto et al., 2020; Johnson

et al., 2020; Stuivenvolt-Allen et al., 2021). Since current

climate models still suffer from model biases in simulating

inter-basin interactions (Ham and Kug, 2015; Kucharski et al.,

2015; Kajtar et al., 2018; Luo et al., 2018; McGregor et al.,

2018), the 2020–2022 La Niña event could also provide an

excellent test-bed for improving climate model performance and

ENSO predictability.
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Supplementary Material

Figure S1. Lead-lag correlation coefficients of Niño 3.4 index with OHCall (blue) and OHCwest (red).
Negative (positive) months lag indicates that OHCall/OHCwest leads (lags) Niño 3.4 index.

2



Supplementary Material

Figure S2. Seasonal maps of (a,b) velocity potential (divergent wind) at 250 hPa indicated by color
shading (vector), (c,d) precipitation anomalies (in mmday−1) indicated by color shading and (e,f) velocity
potential (divergent wind) at 850 hPa in La Niña composite (left) and 2020–22 case (right) during JAS(+1).
As noted in the parentheses after the season abbreviation, +1 indicates the second La Niña year. Anomalies
are defined as deviations from climatological means and linear trends are removed in each grid. Reference
vector (3 ms−1) is indicated in the bottom right corner of Figure 4(a,b,e,f).
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Supplementary Material

Figure S3. Scatterplot of the squared Niño 3.4 index during OND(0) and the MJO activity index during
AMJ(0). The blue and green dots represent the typical La Niña years (1983–84, 1988–89, 1995–96,
1998–99, 2016–17 and 1984–85, 1999–00) and the red dot represents the 2020–21 La Niña event. The
MJO activity index is computed based on McPhaden et al. (2006) and Hendon et al. (2006). First, we
applied a bandpass filter at 30–95 days to the daily zonal wind anomalies at 850 hPa while retaining global
wavenumbers 1–5 components (eastward propagating only). Then, we obtain the MJO activity index by
calculating the standard deviation of the filtered anomalies over the 90-day running period and averaging
the western Pacific over 5◦S–5◦N, 120◦E–180◦. The resultant MJO activity index during AMJ(0) highly
correlates with the Niño 3.4 index amplitude during OND(0), consistent with McPhaden et al. (2006).
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Supplementary Material

Figure S4. Hovmöller diagrams of (a,b) SST (colors) and (c,d) surface zonal wind anomalies (colors)
overlaying with OHC (contours) averaged over the 2.5◦N–2.5◦S latitude band in the typical La Niña
composite (left) and the 2020–22 case (right panels). The contour interval is 0.3. Positive and negative
counters are red and blue lines, respectively. Anomalies are defined as deviations from climatological
means, and linear trends are removed in each grid. As noted in parentheses after the season abbreviation, 0
indicates the first La Niña year, +1 indicates the second La Niña year whereas −1 indicates the preceding
year of the first La Niña. The surface and subsurface data are from sea surface temperature in NOAA
Optimum Interpolation (OI) SST V2, the upper 300 m ocean heat content (OHC) in the Global Data
Assimilation System (GODAS), and horizontal winds at the surface, 850 hPa, and 250 hPa in the ECMWF
Reanalysis version 5 (ERA-5).
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