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ABSTRACT: El Niño–Southern Oscillation (ENSO) exhibits highly asymmetric temporal evolutions between its warm

and cold phases. While El Niño events usually terminate rapidly after their mature phase and show an already established

transition into the cold phase by the following summer, many La Niña events tend to persist throughout the second year

and even reintensify in the ensuing winter. While many mechanisms were proposed, no consensus has been reached yet

and the essential physical processes responsible for the multiyear behavior of La Niña remain to be illustrated. Here, we

show that a unique ocean physical process operates during multiyear La Niña events. It is characterized by rapid double re-

versals of zonal ocean current anomalies in the equatorial Pacific and exhibits a fairly regular near-annual periodicity.

Mixed-layer heat budget analyses reveal comparable contributions of the thermocline and zonal advective feedbacks to the

SST anomaly growth in the first year of multiyear La Niña events; however, the zonal advective feedback plays a dominant

role in the reintensification of La Niña events. Furthermore, the unique ocean process is identified to be closely associated

with the preconditioning heat content state in the central to eastern equatorial Pacific before the first year of La Niña,

which has been shown in previous studies to play an active role in setting the stage for the future reintensification of

La Niña. Despite systematic underestimation, the above oceanic process can be broadly reproduced by state-of-the-art cli-

mate models, providing a potential additional source of predictability for the multiyear La Niña events.
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1. Introduction

El Niño–Southern Oscillation (ENSO) features anomalous

large-scale sea surface temperature (SST) warming in the cen-

tral-eastern equatorial Pacific along with coupled changes in

atmospheric circulations (e.g., Rasmusson and Carpenter

1982; Neelin et al. 1998; Wallace et al. 1998), both of which ex-

ert profound impacts on worldwide weather and socioeco-

nomics (Cashin et al. 2017; McPhaden et al. 2020). Since it is

the most pronounced mode of global interannual climate vari-

ability, fundamental ENSO theories have long been proposed

to comprehend its oscillatory behavior, such as the coupled

ocean–atmosphere instability (Bjerknes 1969) and delayed

negative feedbacks (e.g., Schopf and Suarez 1988; Battisti and

Hirst 1989; Jin 1997a,b; Picaut et al. 1997). While explaining

the overall development and phase transition of ENSO

events, these models, however, cannot offer further insights

into several ENSO asymmetric behaviors, such as in ampli-

tude, spatial patterns, atmospheric teleconnections, and cli-

mate impacts (e.g., Deser and Wallace 1987; Hoerling et al.

1997; Burgers and Stephenson 1999; Kang and Kug 2002;

Yu and Liu 2003; An and Jin 2004; An 2008; Zhang et al.

2009; Zhang and Jin 2012). ENSO events also exhibit a dis-

tinct asymmetry in their temporal evolution with the warm

phase being typically limited to 1 year and the cold phase fre-

quently lasting longer (e.g., Kessler 2002; Ohba and Ueda

2009; Okumura and Deser 2010; McGregor et al. 2012; Choi

et al. 2013; DiNezio and Deser 2014; Hu et al. 2017; Wu et al.

2019). Specifically, El Niño and La Niña events develop in bo-

real spring and summer and peak toward the end of the calendar

year. After its mature phase, El Niño events tend to terminate

rapidly by the next summer, whereas La Niña events often per-

sist throughout the second year and even reintensify during the

subsequent winter. Multiyear La Niña events are known to

strongly affect summertime rainfall in southern Asia and Africa

(Archer et al. 2017; Raj Deepak et al. 2019; Anderson et al.

2023) and pose a threat of persistent droughts in western Asia

and South America (Barlow et al. 2002; Hoerling and Kumar

2003; Okumura et al. 2017).

A considerable literature has developed around the possi-

ble mechanisms of ENSO’s evolution asymmetry. One poten-

tial process is the nonlinear atmospheric response to SST

anomalies between El Niño and La Niña events (e.g., Ohba

and Ueda 2009; Wu et al. 2010; McGregor et al. 2012; Choi

et al. 2013; Dommenget et al. 2013; Chen et al. 2016). In con-

trast to La Niña events, the equatorial precipitation and wind

anomalies are shifted eastward during El Niño events, due to

the nonlinear SST–convection relationship and the warm west–

cold east climatological SST distribution (Hoerling et al. 1997;
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Ohba and Ueda 2009). Therefore, the associated surface wind

anomalies in the western Pacific are relatively weak and more

affected by the remote forcing from the Indian Ocean during

El Niño (e.g., Ohba and Ueda 2007; Okumura and Deser 2010;

Okumura et al. 2011). The asymmetric zonal wind anomalies in

the western Pacific can contribute to different evolutions be-

tween El Niño and La Niña through changes in eastward oceanic

Kelvin waves features and associated SST response in the

central-eastern Pacific. In addition, the asymmetric wind

stress curl strength favors the development of a long-term

discharge of the equatorial Pacific, increasing the likelihood of

a transition from El Niño to La Niña events rather than vice

versa (Neske et al. 2021). The much stronger southward shift

of central Pacific wind anomalies observed during El Niño

than La Niña events is another asymmetric atmospheric

response (e.g., Harrison 1987; Harrison and Larkin 1998;

McGregor et al. 2012; Stuecker et al. 2013; Zhang et al.

2015) that accelerates the discharge of equatorial heat content

and contributes to rapid El Niño transition but plays a minor

role in the persistence of negative SST anomalies in the equato-

rial Pacific during La Niña events (e.g., Harrison and Vecchi

1999; McGregor et al. 2012, 2013).

In addition to the nonlinear atmospheric responses, ENSO-

related oceanic processes also exhibit a highly asymmetric re-

sponse to atmospheric wind anomalies (e.g., DiNezio and

Deser 2014; Hu et al. 2014, 2017; An and Kim 2017). As one

of the main processes for ENSO transition, the delayed ther-

mocline feedback (i.e., the delayed adjustment of thermocline

to wind anomalies) is more effective in terminating El Niño

than La Niña events, arising from both the stronger wind re-

sponse to SST anomalies and the stronger mixed-layer tem-

perature adjustment to the thermocline depth during warm

TABLE 1. List of CMIP6 models with the length of simulation, numbers of single-year and multiyear La Niña events and phase-

locking characteristics for pi-Control simulations. Asterisks indicate that models meet the criteria.

No. Model name Length of simulation (years) No. of single-year events No. of multiyear events Phase locking

1 ACCESS-CM2* 500 120 15 Yes

2 ACCESS-ESM1-5 900 182 30 Yes

3 AWI-CM-1-1-MR 500 } } No

4 BCC-CSM2-MR* 600 141 14 Yes

5 CAMS-CSM1-0* 500 107 28 Yes

6 CanESM5-CanOE 501 } } No

7 CanESM5 1000 } } No

8 CESM2-FV2 500 82 34 Yes

9 CESM2* 1200 159 87 Yes

10 CESM2-WACCM-FV2* 500 81 34 Yes

11 CESM2-WACCM 499 63 32 Yes

12 CNRM-CM6-1 500 89 31 Yes

13 CNRM-ESM2-1 500 104 24 Yes

14 E3SM-1-0* 500 74 35 Yes

15 E3SM-1-1-ECA 251 } } No

16 EC-Earth3-LR* 201 29 10 Yes

17 EC-Earth3 501 64 40 Yes

18 EC-Earth3-Veg-LR* 501 77 28 Yes

19 EC-Earth3-Veg* 500 86 33 Yes

20 FGOALS-f3-L 500 } } No

21 GFDL-CM4* 500 57 44 Yes

22 GISS-E2-1-G 851 } } No

23 GISS-E2-1-H 801 } } No

24 HadGEM3-GC31-LL* 500 68 34 Yes

25 HadGEM3-GC31-MM* 500 64 42 Yes

26 IITM-ESM 200 34 15 Yes

27 INM-CM4-8 531 } } No

28 INM-CM5-0 1201 } } No

29 IPSL-CM6A-LR 2000 } } No

30 MCM-UA-1-0 500 } } No

31 MIROC6 800 56 55 Yes

32 MIROC-ES2L 500 25 47 Yes

33 MPI-ESM-1-2-HAM 780 } } No

34 MPI-ESM1-2-HR 500 } } No

35 MPI-ESM1-2-LR 1000 } } No

36 MRI-ESM2-0* 701 94 55 Yes

37 NESM3 500 } } No

38 NorESM2-LM 501 64 27 Yes

39 NorESM2-MM 500 60 31 Yes

40 SAM0-UNICON* 700 68 63 Yes
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phases (DiNezio and Deser 2014). The larger and more suscep-

tible response of oceanic waves to winds during El Niño than La

Niña events is also emphasized by trapping more atmospheric

momentum via a shallower thermocline in the western Pacific

(An and Kim 2017). Due to the slower and weaker recharge pro-

cess during La Niña, the large discharge of ocean heat content as-

sociated with strong El Niño events in the preceding year cannot

be restored by a single-year La Niña event, which further pro-

motes the reoccurrence of La Niña in the second year (Iwakiri

and Watanabe 2021). Besides those nonlinear processes in the

tropical Pacific, capacitor effects from other tropical oceans (e.g.,

Kug et al. 2006; Frauen and Dommenget 2012; Dommenget and

Yu 2017; An and Kim 2018; Cai et al. 2019; Wang 2019;

Chikamoto et al. 2020; Wang and Wang 2021) and teleconnec-

tions from the extratropical Pacific (Kim and Yu 2020; Park et al.

2021) were also suggested to explain the asymmetry of ENSO

evolution. In particular, multiyear La Niña events tend to have a

wide meridional structure and are well connected with the pre-

ceding negative phase of the Pacific meridional mode (PMM),

which may lead to an inefficient recharge process and contribute

to the persistence of La Niña (Park et al. 2021).

Despite these several mechanisms proposed to explain the

asymmetry between El Niño and La Niña evolutions, the es-

sential physical conditions responsible for the multiyear behav-

ior of La Niña deserve further attention. Different from El Niño

events exhibiting relatively regular evolutions, La Niña events

display a wide diversity in their evolutions. Some La Niña events

present a typical single-year evolution analogous to El Niño,

whereas some other events show a long persistence with a multi-

year evolution. Previous studies argued that the multiyear La

Niña events could be linked to the amplitude of preceding warm

events (e.g., Hu et al. 2014; Wu et al. 2019; Iwakiri andWatanabe

2021). However, some moderate El Niño events such as the

1994/95, 2006/07, and 2009/10 events, are also followed by multi-

year La Niña events. Therefore, more effort is still needed to un-

derstand the substantial dynamics controlling the duration and

behavior of La Niña events. Rather than elucidating their trigger-

ing mechanisms, this study focuses on diagnosing the distinct dy-

namical oceanic processes at work during multiyear La Niña

events in both observations and state-of-the-art global coupled

climate models.

The rest of the paper is organized as follows. Section 2 presents

the datasets and methods. Unique oceanic processes associated

with multiyear La Niña events are discussed in section 3, and

some dynamical analyses are presented in section 4. Section 5 re-

ports on possible oceanic preconditions for the reintensification of

La Niña. Section 6 presents the simulation of multiyear La Niña

in the phase 6 of the Coupled Model Intercomparison Project

(CMIP6) preindustrial control (pi-Control) experiments. Finally,

the main conclusions are summarized and discussed in section 7.

2. Data and methodology

a. Data and methodology

To examine the observed La Niña evolution, we use the

monthly SST product from the Hadley Centre sea ice and SST

FIG. 1. Time series of the Niño-3.4 indices and associated Morlet wavelet spectrum during

(a) 1960–89 and (b) 1990–2019. Blue solid and black dashed lines indicate raw and 24-month

low-pass filtered Niño-3.4 indices, respectively. Multiyear and single-year La Niña events are

shaded in light gray and pink, respectively. The wavelet spectrum shows the amplitude as a func-

tion of oscillation period and time, with the values above the 95% confidence level hatched.
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dataset (HadISST) version 1.1 (Rayner et al. 2003) and surface

wind stress, ocean temperature, and horizontal currents from

the European Centre for Medium-Range Weather Forecasts

(ECMWF) reanalysis (ORAS5; Zuo et al. 2019). In addition,

other atmospheric and oceanic reanalysis datasets are also

used for verification including horizontal momentum flux from

the National Centers for Environmental Prediction (NCEP-2;

Kanamitsu et al. 2002) and ocean temperature and horizontal

currents from the NCEPGlobal Ocean Data Assimilation Sys-

tem (GODAS; Saha et al. 2006). The main conclusions remain

the same when using NCEP-2 or GODAS (see Figs. S1–S8 in the

online supplemental material). The ORAS5 and GODAS data

FIG. 2. Time–longitude Hovmöller diagrams of anomalous (a) SST (8C), (b) zonal wind stress (N m22), (c) D20 (m), and (d) surface

zonal current (5–45 m average; m s21) averaged within 58S–58N for the single-year La Niña events composite. Stippling represents values

above the 95% confidence level.

FIG. 3. As in Fig. 2, but for the composite of multiyear La Niña events. The region highlighted by pink boxes are utilized for defining

“warm conditions” and “cold conditions.”

J OURNAL OF CL IMATE VOLUME 367438

Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 08/05/24 08:08 PM UTC



are available for the periods of 1958 to the present and 1980 to

the present, respectively. Based on the subsurface ocean temper-

ature data, the thermocline depth (D20) is roughly measured as

the depth of the 208C isotherm, a common proxy for the tropical

Pacific. Our analyses cover the period from 1960 to 2019, and

anomalies for all the variables are computed as the departures

from a monthly climatology over the entire study period. All the

datasets are nondetrended, and the qualitative results remain un-

changed when trends are removed. The statistical significance

tests are performed using a two-tailed Student’s t test.

In addition, to evaluate the multiyear behavior of La Niña

events in climate models, we analyze the pi-Control simula-

tions of 40 models (see Table 1) from CMIP6 (Eyring et al.

2016). Monthly outputs of SST, ocean temperature, and hori-

zontal currents are used over the entire available time period

of each model. All anomalies are computed with respect to a

monthly mean climatology derived from the overall respective

period of each product/model.

b. Definition of single-year and multiyear La Niña events

Following previous studies (e.g., Okumura et al. 2017; Wu

et al. 2019), La Niña events were identified when the 3-month

running-mean Niño-3.4 index (SST anomalies averaged in the

domain 58S–58N, 1208–1708W) is below minus three-quarters

of the standard deviation in any month from October0 to

February11, with years 21, 0, 11, and 12 denoting the pre-

ceding year of La Niña, La Niña developing year, La Niña

decaying year, and the next year, respectively; the months

of these years are shown as month21, month0, month11, and

month12. La Niña events were then categorized into single-

year or multiyear events if the Niño-3.4 index is above or

below respectively minus half of the standard deviation

in any month during October11
–February12. The relatively

smaller threshold is used for the second year considering that

the second peak is commonly weaker than the first peak.

Three single-year La Niña cases (1964/65, 1988/89, and 2005/06)

and eight multiyear La Niña cases (1970–72, 1973–76, 1983–85,

1995–97, 1998–2001, 2007–09, 2010–12, and 2016–18) can

be identified in both HadISST and ORAS5 based on this

definition. We also identified single-year and multiyear

FIG. 4. (a) Normalized composite evolution of the Niño-3.4 index

(red line), surface zonal current anomalies (averaged within

28S–28N, 1008–1708W; blue line), and geostrophic current anoma-

lies (averaged in the same region; gray line) for the multiyear

La Niña events. Small and big dots represent the values exceeding

the 90% and 95% confidence levels, respectively. (b) Time–longitude

Hovmöller diagram of anomalous geostrophic current (m s21) aver-

aged within 28S–28N for the multiyear La Niña events. Stippling rep-

resents values above the 95% confidence level.

FIG. 5. Composite differences of SST (shading; 8C) and zonal wind stress (vectors; N m22) anomalies between cold

and warm conditions at (a) 3 months before the mature phase, (b) the mature phase, and (c) 3 months after the ma-

ture phase. (d)–(f) As in (a)–(c), but for composite difference of D20 (shading; m) and horizontal surface current

anomalies (vectors; m s21).

L I U E T A L . 74391 NOVEMBER 2023

Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 08/05/24 08:08 PM UTC



La Niña events in climate models according to the above

definition.

3. Unique ocean processes associated with multiyear

La Niña events

ENSO is an interannual climate oscillation, exhibiting a domi-

nant periodicity spanning 2–4 years before 2000, and 2–3 years

after 2000 due to a regime shift in its spatial structure (Zhang

et al. 2019) and nonlinearity (Boucharel et al. 2009). Besides

this change in ENSO’s dominant periodicity, the Morlet wavelet

spectrum of the Niño-3.4 index reveals prominent short-term

fluctuations in some discrete periods at near-annual time scales

(12–24 months) (see also Jin et al. 2003; Kang et al. 2004).

This near-annual mode seems to be predominantly active

during cold ENSO phases and in particular during multi-

year La Niña events rather than single-year events (Fig. 1).

This encourages us to investigate the role of a potential de-

terministic ocean process operating on these time scales in

the multiyear behavior of some La Niña events.

To do so, we first show the time evolution of anomalous

SST, zonal wind, D20, and zonal current for single-year and

multiyear La Niña events composites in Figs. 2 and 3, respec-

tively. During the winter preceding the single-year La Niña,

weakly positive SST anomalies emerge over the central and

eastern Pacific (Fig. 2a). In the subsequent months, as a result of

the easterly wind anomalies over the far western Pacific around

April0 (Fig. 2b), the shoaling of the equatorial thermocline propa-

gates eastward and contributes to the anomalous cooling in the

eastern Pacific (Fig. 2c). La Niña thereby develops through air–

sea interactions between the easterly wind anomalies and SST

cooling (Figs. 2a,c). Simultaneously, the westward oceanic current

anomalies driven by strengthened easterly winds also act to rein-

force the cooling in the central-eastern Pacific via the advection

of the eastern equatorial Pacific’s cold waters (Fig. 2d). It is clear

that the classic recharging process via the Sverdrup transport

(Jin 1997a,b) leads to the rapid demise of these two single-year

La Niña events after their peak.

In contrast, multiyear La Niña events, which feature a simi-

lar evolution to the single-year La Niña events prior to the first

winter peak, exhibit totally different characteristics of their

subsequent air–sea evolution. In contrast to the rapid disap-

pearance of the single-year events, the negative SST anomalies

of the multiyear events persist into the boreal spring of the sec-

ond year and intensify again in the following winter (Fig. 3a).

Accordingly, the anomalous easterlies prevail over the central-

western Pacific and the thermocline depth anomalies in the

eastern Pacific basically remain of the same sign throughout

year11 (Figs. 3b,c). However, this persistence is not found in the

zonal current characteristics. Unlike for single-year La Niña

events, the zonal current shows fairly regular oscillations during

multiyear La Niña events with a near annual periodicity from

August0 to August12 (Fig. 3d). The first reversal of the zonal cur-

rents from negative to positive values around December0 can be

observed in both the single-year and multiyear La Niña events.

The anomalous eastward currents during March11
–June11

(Fig. 3d) correspond to weakened La Niña–related SST anoma-

lies (Fig. 3a). The eastward zonal current anomalies do not termi-

nate La Niña event, possibly due to the strong thermocline

shoaling (DiNezio and Deser 2014) or persistent easterly wind

anomalies over the western Pacific (Wu et al. 2019). The evident

inconsistency between the zonal current and wind anomalies

around April11 indicates that the equatorial current during this

period is not locally wind forced. As shown in Fig. 4, the anoma-

lous surface current is indeed dominated by the geostrophic cur-

rent rather than the Ekman current, indicating the importance of

equatorial oceanic Kelvin and Rossby waves in controlling the

zonal current variation.

To extract and quantify further this fast vacillation, we first

define two “cold conditions” (Fig. 3a, boxes 1 and 3) and two

relatively “warm conditions” (Fig. 3a, boxes 2 and 4) based on

the composite SSTA evolution of multiyear La Niña events.

Boxes 1 and 3 denote the first and second peak phases of

multiyear La Niña respectively, and boxes 2 and 4 denote the

first and second transition stages respectively. On this basis,

December0 and December11 are defined as two mature phases

of the cold conditions, September0 and September11 as the

3-month lead phases of cold conditions, and March11 and

March12 as the 3-month lag phases of cold conditions. Similar

definitions are also conducted on warm conditions. Then

we conduct the difference of these three phases between the

so-called cold conditions and warm conditions to highlight

the evolution of this fast vacillation as follows.

FIG. 6. Composite differences of SST anomalies (within 28S–28N;

black line), zonal current anomalies (within 28S–28N; green line),

equatorial D20 anomalies (within 28S–28N; red line) and off-equatorial

D20 anomalies (within 48–88N; blue line) between warm and cold con-

ditions at (a) 3 months before the mature phase, (b) the mature phase,

and (c) 3 months after the mature phase. All the indices are smoothed

out based on a 58C running window.
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3–month lead phase :
Var(September0) 1 Var(September11)

2
2

Var(March11) 1 Var(March12)

2

mature phase :
Var(December0) 1 Var(December11)

2
2

Var(June11) 1 Var(June12)

2

3–month lag phse :
Var(March11) 1 Var(March12)

2
2

Var(September11) 1 Var(September12)

2

:




(1)

The variable Var can be specified as anomalous SST, wind

stress, D20, or ocean currents.

The differences in the air–sea field composites between cold

and warm conditions at three phases are displayed to highlight

the evolution of this fast oscillation (Fig. 5). This method

smooths out the interannual variability associated with the

ENSO mode but retains the relatively high-frequency variability

related to the fast vacillation. At the developing phase, slightly

negative SST anomalies emerge in the eastern Pacific, with weak

easterly anomalies confined in the far eastern Pacific (Fig. 5a).

The obvious westward current anomalies along with cold equato-

rial subsurface temperature anomalies favor the development of

negative SST anomalies (Fig. 5d). During the mature phase, cold

SST anomalies are strengthened and expanded from the equato-

rial eastern Pacific into the central Pacific through advection pro-

cesses, along with strong easterly anomalies over the equatorial

western Pacific (Figs. 5b,e). During the decaying phase, the

anomalous zonal current unexpectedly reverses and the basin-

wide thermocline deepens along the equator, especially in the

western Pacific (Fig. 5f). The anomalous warm advection by the

FIG. 7. (a) Temporal evolutions of the key composite terms of the mixed layer heat budget for

multiyear La Niña events, averaged over the Niño-3.4 region. Each term in the figure denotes

the mixed layer temperature anomaly (T; magenta line) and its tendency (dT/dt; black line), the

advection of mean temperature by anomalous zonal current (UATC; red line) and the advection

of anomalous temperature by mean vertical current (WCTA; blue line). The developing phases

of the first (May0–October0) and second (July11
–November11) developing year for multiyear

La Niña events are shaded in gray. (b) Scatterplot of the key mixed layer heat budget terms aver-

aged within the first developing year (May0–October0) for the five multiyear La Niña events

(gray dots) and their composite (colored stars). (c) As in (b), but averaged during the second de-

veloping year (July11
–November11).
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eastward zonal current weakens the cold SST anomalies effec-

tively and promotes the transition from cold to warm conditions

(Fig. 5c).

This rapid variability is also evident in variations of the ther-

mocline depth over the equator and off the equator (Fig. 6).

From the developing to peak phase, the negative equatorial

thermocline depth anomalies, indicating the upwelling Kelvin

waves, propagate eastward toward the eastern Pacific (Figs. 6a,b).

Accompanied by the strengthening and westward extension of

cold SST anomalies, off-equatorial downwelling Rossby waves

develop to the west of the cooling, and upwelling Rossby waves

develop to the east at the mature phase (Figs. 6a,b). These Rossby

waves contribute significantly to the distribution of anomalous

zonal geostrophic currents. During the transition phase, the off-

equatorial downwelling Rossby waves are reflected into equatorial

downwelling Kelvin waves at the western boundary, which propa-

gate rapidly eastward and promote to the reversal of the zonal

current anomalies (Fig. 6c). Thus, the rapidly reversed equatorial

surface current anomalies are associated with oceanic Kelvin and

Rossby waves.

4. Dynamical processes controlling the multiyear

La Niña events

To illustrate the predominant dynamical processes associ-

ated with the multiyear La Niña events, we now conduct a

heat budget analysis on the mixed-layer ocean temperature of

the equatorial Pacific based on the ORAS5 data. The anoma-

lous heat budget equation can be written following previous

studies (An and Jin 2004):

­Ta

­t
52Uc

­Ta

­x
2 Ua

­Tc

­x
2 Ua

­Ta

­x
2 Vc

­Ta

­y

2 V
a

­Tc

­y
2 V

a

­Ta

­y
2 W

c

­Ta

­z
2 W

a

­Tc

­z

2 W
a

­Ta

­z
1

Qa

r0CpH
1 R: (2)

Here, the subscripts c and a denote the climatological mean and

corresponding anomalies, respectively. The term T represents

the mixed layer temperature and u, y , and w represent the

FIG. 8. Normalized temporal evolution of the Niño-3.4 indices for (a) single-year and (b) multiyear La Niña events.

(c),(d) and (e),(f) As in (a) and (b), but for Uo indices (equatorial zonal current averaged within 58S–58N,

1008–1708W) and D20 indices (D20 averaged within 58S–58N, 1708E–908W), respectively. The time series for individ-

ual and composite events are shown by thin gray and thick colored curves, respectively. The gray shaded areas in

(d) and (f) indicate the stages for defining the Uo_MLN index and D20 indicator, respectively. Small and big dots rep-

resent the values exceeding the 90% and 95% confidence levels, respectively.
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three-dimensional mixed layer ocean currents. The variable Q

denotes the ocean net heat flux including the shortwave, long-

wave, sensible, and latent heat flux. The terms r and Cp are the

density (51025 kg m23) and heat capacity of the seawater

(53989.24 J kg21 K21), respectively, and H is the mixed layer

(545 m). The qualitative conclusions remain unchanged if we

use other depths, such as 50 and 60 m. The last term R is the re-

sidual term that includes contributions associated with the diffu-

sion, entrainment, and subgrid-scale processes. To focus on the

contribution of the main processes on the interannual time scale,

we have here performed a bandpass filtering of 6–84 months in

the heat budget analyses. All the budget terms are averaged over

the Niño-3.4 region, and the qualitative results remain unchanged

when we use other regions, such as the Niño-3 region (Fig. S10)

or Niño-4 region (Fig. S11).

The two major processes of ENSO dynamics, namely the

zonal advection of the mean temperature by the anomalous

current (Ua­Tc/­x) and the vertical advection of the anoma-

lous temperature by the mean upwelling (Wc­Ta/­z), are dis-

played here to assess their relative contributions to the

temperature tendency (Fig. 7). It has long been known that

the two terms, referred to as zonal advective and thermocline

feedbacks respectively, are largely responsible for the growth

and phase transitions of ENSO (Jin and An 1999). However,

these two terms play distinct roles in the first and second years

of multiyear La Niña events. During the first year, the ther-

mocline and zonal advective feedbacks make comparable

contributions to the development of SST cooling in the cen-

tral and eastern equatorial Pacific (Fig. 7a). In contrast to the

first year, the reintensification of La Niña events in the second

year is mainly attributed to the zonal advective feedback, with

little contribution from the thermocline feedback (Fig. 7a).

The difference of relative roles for the two key feedbacks on the

temperature tendency is further evidenced by the results from a

composite analysis during the first and second developing stages

(Figs. 7b,c), hinting at different dynamics responsible for the

first and second years of multiyear La Niña events. It is possibly

related to the westward shift of the SST anomalies associated

with the unique ocean processes (Fig. 5), which favors the zonal

advective over the thermocline feedback because of a relatively

weak climatological upwelling in the west compared to the east.

5. Possible oceanic precondition for the reintensification

of La Niña

The above analyses have revealed the occurrence of a

unique oceanic process at work during multiyear La Niña

events characterized by two rapid reversals of zonal ocean

current anomalies and westward propagation of SST anoma-

lies. To further explore the different oceanic processes be-

tween the single-year and multiyear La Niña events, we show

in Fig. 8 the evolutions of the Niño-3.4 index, anomalous

zonal current in the eastern Pacific (averaged within 58S–58N,

1008–1708W), and anomalous D20 in the central-eastern

Pacific (averaged within 58S–58N, 1708E–908W). Consistent

with Figs. 2 and 3, the single-year La Niña events rapidly

decay in the following boreal spring; however, the negat-

ive SST anomalies can persist through the second year

(Figs. 8a,b). Accordingly, distinct oceanic processes could

play important roles in their SST anomaly evolutions

(Figs. 8c,d). Despite many differences in the D20 evolution,

neither of the three single-year La Niña events displays a typi-

cal discharge–recharge process (Fig. 8e). In contrast, the large

discharge state during the developing phase is pronounced

during the first year of multiyear La Niña events (Fig. 8f). The

observations show that a much stronger discharge state ap-

pears to occur in the central and eastern equatorial Pacific for

multiyear La Niña than for single-year La Niña, which has

been mentioned in previous studies (DiNezio and Deser 2014;

Hu et al. 2014; Wu et al. 2019; Iwakiri and Watanabe 2021).

Therefore, the D20 condition during the La Niña developing

phase from April0 to October0 (gray shading in Fig. 8f) could

FIG. 9. Scatterplot of the normalized (a) D20 indicator as a function of the Uo-MLN index,

(b) D20 indicator as a function of the second-year amplitude which is measured as the winter

(ND11J12) Niño-3.4 index. Red and blue circles denote the single-year and multiyear La Niña

events, respectively. Colored crosses denote composites and the error bars represent one stan-

dard deviation among multiyear La Niña events.
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be identified as one possible precondition for the emergence

of double-dip La Niña events.

As previously established, the double-dip La Niña events are

also characterized by processes related to the rapid shift in zonal

surface circulation. To quantify the multiyear La Niña events’

temporal behavior based on the evolution of regionally aver-

aged zonal current in the central-eastern equatorial Pacific, we

define the Uo_MLN index to capture the main features of the

58S–58N, 1008–1708W [Uo] as

Uo_MLN 5
(U2 1 U4)

2
2

(U1 1 U3)

2
, (3)

where U1, U2, U3, and U4 represent [Uo] at the first negative

phase, first positive phase, second negative phase, and second

positive phase, respectively (gray shading in Fig. 8d). The

Uo_MLN index, representing the amplitude of the unique oce-

anic process with twice reversals of zonal current anomalies,

well distinguishes the multiyear La Niña events from the

single-year events (Fig. 9a). Most multiyear La Niña events

are accompanied by relatively strong Uo_MLN indices, while

the Uo_MLN index is relatively weak for single-year La Niña

events (Fig. 9a), suggesting that strong discharge state favors the

occurrence of this unique ocean process during multiyear La

Niña events. It is noted that the 1988/89 single-year La Niña

case displays a strong discharge state, yet fails to reintensify in

the next winter. Actually, the unique oceanic process associated

with multiyear La Niña appears to be at play during this single-

year La Niña event (Figs. S9c,d). However, it is found that the

multiyear behavior of SST anomalies is strongly hindered by

the unexpectedly active westerlies over the far western equato-

rial Pacific since October11 (Fig. S9b), which was mentioned in

the previous study by Hu et al. (2014) as a trigger for downwel-

ling Kelvin waves that may have hampered the reintensification

of negative SST anomalies. Also, the easterly wind anomalies are

weaker around summer11 (Fig. S9b) than those of the composite

multiyear La Niña (Fig. 3b), which could also affect the evolution

of this event. The connection between the preconditioning D20

state and the Niño-3.4 index during the second winter (ND11J12)

is further examined in Fig. 9b. There appears to be a highly nega-

tive linear correlation (R 5 0.86, statistically significant at the

95% confidence level), suggesting that the multiyear behavior of

La Niña is closely related to the discharge condition in the devel-

oping phase of the first year. Again, these results suggest that the

preconditioning heat content state in the central to eastern equa-

torial Pacific could provide a potential source of predictability for

the emergence of reintensification of La Niña events.

D

FIG. 10. Portrait diagram of the standard deviation in terms of all the years of Niño3.4 indices simulated by the CMIP6 models com-

pared to observations (arranged in columns, with the observation displayed in the last column). Red crosses indicate that the models do

not meet the phase-locking criterion.
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6. Simulation of multiyear La Niña in CMIP6 pi-Control

experiments

Considering the limited sample size of the short observational

record, we further investigate the above ocean processes during

the multiyear La Niña events as simulated in the preindustrial

(pi-Control) experiments of 14 CMIP6 models. These 14 models

are selected from 40 CMIP6 models (Table 1) based on two cri-

teria: the correct ENSO phase-locking feature and the realisti-

cally simulated unique ocean processes associated with the

multiyear La Niña. On the one hand, these models should simu-

late the phase-locking phenomenon of ENSO realistically, which

can be measured by the monthly standard deviation of the Niño-

3.4 index (Fig. 10). Observations show that ENSO’s preferred

peak months tend to occur at the end of the calendar year from

September to February, with the standard deviation of Niño-3.4

ranging from 0.6 to 1.2. Therefore, only models with an ENSO

peak locked to the fall–winter season (September–February) and

a ratio between the maximum and minimum standard deviation

of Niño-3.4 above 1.5 (i.e., 0.75 times the observation) are consid-

ered. Among the 40 models, 15 marked with crosses in Fig. 10 do

not reach the criterion and are thereby excluded. On the other

hand, the observed oceanic dynamics associated with multiyear

La Niña should also be realistically captured by the models. As

shown in Fig. 11, there are systematic model biases in the simula-

tion of the unique oceanic process associated with multiyear

La Niña events. We further identified 14 models (blue bars in

Fig. 11) in which the simulated normalized Uo-MLN indices are

above 1.32 standard deviation (i.e., 0.75 times the observation).

Besides, almost all the models show a much smaller ratio of mul-

tiyear La Niña to single-year La Niña in the CMIP6 simulations

relative to the observations. The discrepancy between the model

simulation and the observation could be due to the systematic

bias in simulated ENSO complexity in climate models (Iwakiri

and Watanabe 2021) and the uncertainties in estimating the ratio

based on the limited observational record (Wittenberg 2009;

Deser et al. 2017).

The temporal evolution of anomalous SST and zonal cur-

rents for the composite of multiyear La Niña events is shown

for the 14 selected models (Fig. 12). These relatively “better”

performing models realistically capture the two rapid rever-

sals of zonal current anomalies during the multiyear La Niña

events. In fact, other models also have the ability to simulate

the rapid reversals of zonal currents despite a weak amplitude

(Fig. S12), except for the MIROC6 and MIROC-ES2L mod-

els. We found that almost all the selected models exhibit a

stronger discharge state during the developing phase of the

first year for the multiyear La Niña events compared to the

single-year events (Fig. 13), which is consistent with the obser-

vation. Nevertheless, the marked difference in discharge state

between single-year and multiyear La Niña events is strongly

underestimated in the models. The preconditioning discharge

state does not seem to be the only factor controlling the am-

plitude of the second year for the multiyear La Niña events

(Table S1), and other mechanisms (Hu et al. 2014; Luo et al.

2017; Wu et al. 2019; Kim and Yu 2020; Park et al. 2021) may

also play a role in the reintensification of La Niña, which re-

quires further investigation.

7. Conclusions and discussion

In the present study, the evolution characteristics and asso-

ciated oceanic dynamical processes for multiyear La Niña

events are investigated in observational datasets and CMIP6

model simulations. The multiyear La Niña events show a pro-

nounced near-annual periodicity in the equatorial Pacific SST,

featuring two reversals of the zonal current anomalies. In con-

trast, this unique ocean process is remarkably absent during

single-year La Niña events except for the 1988/89 event. The

zonal advective and thermocline feedbacks make comparable

contributions to the La Niña development during the first

year. However, the zonal advective feedback plays a domi-

nant role in the reintensification of the multiyear La Niña

FIG. 11. The normalized Uo-MLN indices of multiyear La Niña events for 25 CMIP6 models

and observations as a reference. Models are ranked by the Uo-MLN indices in an ascending or-

der, with “better” and “worse” performing models indicated by blue and red bars, respectively.

The error bar for the multimodel ensemble mean corresponds to one standard deviation.
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events, related to the westward expanded SST anomaly cen-

ter. As stated by previous studies (DiNezio and Deser 2014;

Hu et al. 2014; Wu et al. 2019; Iwakiri and Watanabe 2021),

the strong discharge state acts to favor the generation of

multiyear La Niña events in the following years. Here we

demonstrate that the discharge condition during the developing

stage (April0–October0) can well distinguish the subsequent single-

and multiyear La Niña events, and could be identified as a potential

FIG. 12. Time–longitude Hovmöller diagrams of anomalous SST (contours with an interval of 0.58C; solid and dashed for positive and

negative values, respectively) and surface zonal current (shading; m s21) averaged in the equatorial band (58S–58N) for the multiyear La

Niña events composites from 14 “better”-performing CMIP6 models. Stippling represents the zonal current values above the 95% confi-

dence level.
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precursor for the emergence of the double-dip La Niña

events. In our manuscript, we present evidence that the majority

of CMIP6 models that realistically simulate the near-annual

zonal advective process can reasonably capture the reintensifica-

tion of La Niña events. In contrast, models lacking this process

fail to reproduce the occurrence of double La Niña events. This

suggests that this unique oceanic process is of paramount impor-

tance for the dynamics of multiyear La Niña events.

The primary goal of this study was not to elucidate the pre-

cise triggering mechanisms behind multiyear La Niña events.

Rather, we identified distinct oceanic processes during these

prolonged La Niña events. While the triggering mechanism

for multiyear La Niña occurrence events still remains contro-

versial, it is widely accepted that the preceding discharged

state could set the stage for the reintensification of La Niña

events. Previous studies have proposed a strong link between a

high recharged rate and the amplitude of El Niño events (Hu

et al. 2014; Wu et al. 2019; Iwakiri and Watanabe 2021). How-

ever, except for the case of the 1997/98 super El Niño, the dis-

charged states of the other three super El Niño events (1972/73,

1982/83, 2015/16) do not appear to differ from those of moder-

ate events (1969/70, 1994/95, 2006/07, 2009/10). In addition, the

midlatitude climate variability may also play a role in influenc-

ing the recharge–discharge process in the tropical Pacific (Park

et al. 2021). Previous research also suggests that the Indian and

Atlantic Oceans may also have remote effects on the initiation

and maintenance of ENSO events through interbasin interac-

tions (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). These tropical basin interactions seem

to have played a key role in particular for maintaining the re-

cent prolonged 2020–22 La Niña event (Hasan et al. 2022).

In addition, a few El Niño events also appear to persist for

more than a year. For example, the 1986–88 El Niño event

lasted for 18 months according to the Climate Prediction

Center’s definition. However, we found that the unique ocean

process during multiyear La Niña is not detected during this

particular warm event (not shown). It further highlights the

peculiarity of the multiyear La Niña events, which might be

related to the instability induced by the strong east–west oce-

anic temperature gradient in the tropical Pacific. At present

the exact reasons for the unique ocean process to occur in

cold rather than warm ENSO phases are not clear and require

further investigation.
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