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ABSTRACT: Analysis of observational data and a long control simulation of the Community Earth SystemModel, version

1 (CESM1), shows that El Niño events developing in boreal spring to early summer usually terminate after peaking in

winter, whereas those developing after summer tend to persist into the second year. To test the predictability of El Niño
duration based on the onset timing, perfect model predictions were conducted for three El Niño events developing in April

or September in the CESM1 control simulation. For each event, 30-member ensemble simulations are initialized with the

same oceanic conditions in the onset month but with slightly different atmospheric conditions and integrated for 2 years.

The CESM1 successfully predicts the termination of El Niño after the peak in 95% of the April-initialized simulations and

the continuation of El Niño into the second year in 83% of the September-initialized simulations. The predictable com-

ponent of El Niño duration arises from the initial oceanic conditions that affect the timing and magnitude of negative

feedback within the equatorial Pacific, as well as from the Indian and Atlantic Oceans. The ensemble spread of El Niño
duration, on the other hand, originates from surface wind variability over the western equatorial Pacific in spring following

the peak. The wind variability causes a larger spread in the September-initialized than the April-initialized ensemble

simulations due to weaker negative feedback in spring. These results indicate potential predictability of El Niño events

beyond the current operational forecasts by 1 year.
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1. Introduction

The El Niño–Southern Oscillation (ENSO) phenomenon is

the dominant mode of interannual climate variability arising

from dynamic and thermodynamic interactions of the tropical

ocean and atmosphere (e.g., Wallace et al. 1998; Neelin et al.

1998;Wang and Picaut 2004; Chang et al. 2006; Capotondi et al.

2015; Timmermann et al. 2018; Okumura 2019; McPhaden

et al. 2020). The warm (El Niño) and cold (La Niña) phases of
ENSO typically last 1–2 years and influence global weather

patterns via atmospheric teleconnections (e.g., Trenberth et al.

1998; Alexander et al. 2002). Predicting the state of ENSO is

thus critical for global climate predictions on seasonal to in-

terannual time scales (e.g., Kumar and Hoerling 2000; Shukla

et al. 2000; Kumar et al. 2014; Scaife et al. 2014; L’Heureux

et al. 2015, 2020). Previous studies of ENSO predictions focus

on predicting the onset and amplitude of El Niño events (Latif

et al. 1998; Kirtman et al. 2002; Chen and Cane 2008; Jin et al.

2008). Predicting the duration of El Niño and La Niña events

has received less research attention, despite the severe climate

impact of ENSO events lasting 2 or more years. For example,

multiyear La Niña events cause persistent drought conditions

over the southern tier of the United States (Hoerling and

Kumar 2002; Seager and Hoerling 2014; Rippey 2015; Okumura

et al. 2017). It is therefore important to predict the occurrence of

multiyear ENSO events with sufficient lead times. However, the

current operational ENSO forecasts are limited to lead times up

to 12 months (Barnston et al. 2012, 2019), precluding the pre-

dictions of multiyear ENSO events.

Analysis of observational data shows that about one-third of

El Niño events and half of La Niña events lasted 2 years or

longer since 1900 (Wu et al. 2019). The higher fraction of

multiyear events for La Niña than El Niño is consistent with

the overall asymmetry in their duration (Kessler 2002; Larkin

and Harrison 2002; McPhaden and Zhang 2009; Ohba and

Ueda 2009; Okumura and Deser 2010; Wu et al. 2010). Recent

studies suggest that the duration of La Niña events is strongly

affected by the amplitude of preceding El Niño (DiNezio et al.

2017a; Wu et al. 2019). La Niña events preceded by strong El

Niño tend to last multiple years due to large initial discharge of

the equatorial oceanic heat content, as well as delayed ad-

justments of the tropical Indian and Atlantic Oceans to La

Niña (DiNezio and Deser 2014; DiNezio et al. 2017a; Wu et al.

2019). This mechanism explains the high predictability of

multiyear La Niña events, particularly those following a strong
El Niño (DiNezio et al. 2017a,b). Other factors, such as the

state of the tropical Indian and Atlantic Oceans, could also

affect the predictions of multiyear La Niña event in 2010–12

(Luo et al. 2017).

The duration of El Niño events, on the other hand, appears

to be linked to the timing of their onset (Horii and Hanawa

2004; Lee et al. 2014; Wu et al. 2019). In a composite analysis

based on observations and a long control simulation of the

Community Earth System Model, version 1 (CESM1), El Niño
events developing in boreal spring to early summer usually

terminate after peaking in winter, whereas El Niño events
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developing after summer tend to be weaker and persist into the

second year (Figs. 1a,c; see section 2 for the definition of ElNiño
events; Wu et al. 2019). Despite the overall linear relationship

between the El Niño duration and the onset month, individual

El Niño events exhibit diverse duration, particularly for late-

onsetmonths (Figs. 1b,d).Wu et al. (2019) suggest that the onset

timing of an El Niño event controls the timing and strength of

the delayed negative feedback responsible for its termination

not only within the equatorial Pacific but also from the tropical

Indian and Atlantic Oceans via atmospheric teleconnections.

They also attribute the diverse duration of individual events to

remote influences from the tropical Indian andAtlantic Oceans,

as well as from the North Pacific. In addition to the timing of

oceanic and atmospheric adjustments, the large amplitude of

early-onset El Niño events may also lead to nonlinear atmo-

spheric response that hastens the event termination (Harrison

andVecchi 1999; Lengaigne et al. 2006;Okumura et al. 2011;Wu

et al. 2010; McGregor et al. 2013).

It remains unknown whether the duration of El Niño events

is predictable. Here we address this question by performing

idealized prediction experiments with the CESM1, a model

that simulates a realistic relationship betweenEl Niño duration
and onset timing. We select El Niño events that develop early

(April) and late (September) from the control simulation of

CESM1 and generate ensemble predictions of these events.

The oceanic and atmospheric processes responsible for the

predictable (i.e., ensemble mean) and unpredictable (i.e., en-

semble spread) components of the ensemble predictions are

analyzed in detail. In addition to the onset timing, the impact of

El Niño amplitude on the event duration is examined using

ensembles initialized with different magnitude of oceanic

anomalies.

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

scribes the model used in this study and the methodology of

perfect model experiments. The predictability of El Niño du-

ration and underlying mechanisms are analyzed using the

perfect model experiments in section 3. Section 4 summa-

rizes the main results and discusses the implications for fu-

ture studies.

2. Model and experiments

a. ENSO simulation in CESM1

The CESM1 is a state-of-the-art climate model developed at

the National Center for Atmospheric Research and comprising

atmosphere, ocean, land surface, and sea ice components (Hurrell

et al. 2013; Kay et al. 2015). The atmospheric component, the

Community AtmosphereModel, version 5 (CAM5), uses a finite-

volume dynamical core on a latitude–longitude grid at horizontal

resolutions of 0.98 latitude 3 1.258 longitude with 26 levels in

vertical. The CAM5 has updated schemes of physical parame-

terization, including moist turbulence, cloud macrophysics, long-

wave and shortwave radiative transfer, and aerosol formations

compared to its predecessor (Neale et al. 2012). The oceanic

component is the Parallel Ocean Program, version 2 (Smith et al.

2010) that has meridional resolution increasing from 0.658 at 608N
to 0.278 at the equator and 60 levels in the vertical.

The CESM1 reproduces many key features of tropical

Pacific mean climate and variability. The simulated ENSO

shows a broad spectral peak in a 3–6-yr band and diverse am-

plitude and pattern of events as in observations, although the

amplitude of ENSO is overestimated by 18% in CESM1

(0.918C) compared to observations (0.778C) based on the

standard deviation of monthly SST anomaly averaged in the

Niño-3.4 region (58S–58N, 1708–1208W; hereafter the Niño-3.4
index). The CESM1 also reproduces the observed asymmetries

in the amplitude, pattern, and duration of El Niño and La Niña
(DiNezio et al. 2017a). Importantly, the relative frequency of

single- and multiyear events and the associated oceanic and

atmospheric processes are realistically simulated for both El

Niño and La Niña in CESM1 (Wu et al. 2019). Multiyear El

Niño events in CESM1 tend to begin with weak equatorial

warming in the first year and develop into strong El Niño in the

second year (DiNezio et al. 2017a; Wu et al. 2019). In obser-

vation, the two peaks of multiyear El Niño events show com-

parable amplitude, except for a recent multiyear El Niño in

2014–16. This model has been used to successfully predict the

duration of La Niña events (DiNezio et al. 2017a,b).

b. Perfect model experiments

The perfect model experiments are based on three El Niño
events taken from a 2200-yr preindustrial control simulation of

CESM1 conducted as part of the CESM Large Ensemble

Project (Kay et al. 2015). We use model years 400–2200, for

which the model exhibits negligible global SST trend. El Niño
events are defined when the Niño-3.4 index is greater than 0.75

standard deviations in any months between October and

February but less than 0.58C in December of the previous year.

The standard deviation of the Niño-3.4 index is calculated

separately for each month, ranging from 1.008 to 1.178C during

October–February. The criterion used for the previous year is

slightly different fromWu et al. (2019), but this difference does

not affect the fundamental results shown in Fig. 1. The year

when the El Niño event first develops is denoted as year 0 and

the months of that year as Jan0, Feb0, . . . , Dec0. We use the

Dec11 Niño-3.4 index as a proxy for the El Niño duration.

When the Dec11 Niño-3.4 index is above 0.58C, El Niño is

defined as a multiyear event, otherwise as a single year event.

The onset month is defined as the month when the Niño-3.4
index first exceeds 0.58C. We note that in the CESM1 control

simulation there is a very high chance of El Niño development

(.80%) once the Niño-3.4 index exceeds 0.58C (not shown).

As we will show later, simulations initialized with this condi-

tion almost always develop into El Niño in the first year.

To investigate the predictability of El Niño duration based

on the onset timing, we perform ensemble predictions of two

early-onset El Niño events that developed in April of model

years 1729 and 1686, and one late-onset El Niño event that

developed in September of model year 1236. Note that 82% of

El Niño events develop between April and September in the

CESM1 control simulation, with the most frequent onset in

July (28%; see the statistics shown under the bottom color bar

in Fig. 1). These selected April- and September-onset El Niño
events terminated and persisted in year 1 in the control simu-

lation, respectively, consistently with the composite analysis
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stratified by onset month (Fig. 1d). For each case, we con-

ducted 30-member ensemble simulations initialized with the

same oceanic, sea ice, and land conditions on the first day of the

onset month but with slightly different atmospheric conditions.

All simulations were integrated for 2 years to explore the long-

term predictability. The atmospheric initial conditions were

generated by perturbing the temperature, wind, and moisture

fields on the first day of the onset month with a round-off level

FIG. 1. (a) Time series of theNiño-3.4 index (8C) fromJun21 to Jun12 composited forElNiño events categorized by the
onset month and (b) scatterplots of the onset month vs the Dec11 Niño-3.4 index for El Niño events based on the Hadley

Centre Sea Ice andSST (HadISST) dataset for 1900–2017 (Rayner et al. 2003). (c),(d)As in (a) and (b), but for theCESM1

control simulation for model years 400–2200. In (a) and (c), the color of composite curves corresponds to the onset month

as shown in color bars. The numbers under the color bars indicate the count and percentage of events used in individual

composites. In (b) and (d), small black circles indicate individual events and large colored circles represent composites

based on the onset month. The three El Niño events in the CESM1 control simulation used for the perfect model ex-

periments are labeled by model years. The HadISST Niño-3.4 index is smoothed with a 3-month running-mean filter.
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(;10214) error unique to each ensemble member, which leads

to a spread of weather trajectories. As noted by Kumar et al.

(2001), an ensemble size of 10–20 is sufficient to estimate the

predictive skills for a system with the signal-to-noise ratio

of ;0.5, which is satisfied in all three ensembles (cf. Fig. 4c).

We use a relatively large ensemble size of 30 to better estimate

both the ensemble mean and spread, as well as the differences

of these quantities among the three ensembles.

All three cases are initialized with positive SST and ther-

mocline depth anomalies across the equatorial Pacific (Fig. 2).

This oceanic state with ‘‘recharged’’ heat content is a well-

known precursor of El Niño development (Jin 1997; Meinen

and McPhaden 2000). The initial condition in April 1729

shows a stronger heat content recharge compared toApril 1686

and September 1236. Therefore, we refer to these three en-

sembles as APR-strong, APR-weak, and SEP based on the

initialization month and the magnitude of initial ocean heat

recharge. As we will show in section 3, the stronger ocean heat

recharge leads to stronger El Niño in the APR-strong than the

APR-weak and SEP ensembles. We compare the APR and

SEP ensembles to assess the role of onset timing in predicting

the duration of El Niño. The long separation between theApril

and September onsets facilitates the comparison. The APR-

strong and APR-weak ensembles are used to examine the

additional influence of El Niño peak amplitude on the event

duration. The role of El Niño peak amplitude is not investi-

gated for late-onset El Niño, since the El Niño events that

develop after July are consistently weak in CESM1 (not

shown). The ensemble experiments conducted in this study are

not affected by problems common in the operational forecasts,

such as the initialization shock caused by errors in the initial

conditions and the model drift resulting from biases in the

model climatology, because the initial conditions are taken

from the control simulation of the same model. These ‘‘perfect

model predictions’’ allow an assessment of the maximum

predictability of El Niño duration in a given model. The pre-

dictive skills in the real world would be inherently lower.

We compute oceanic and atmospheric anomalies in each

member of the ensembles based on the monthly climatology of

the CESM1 control simulation. We interpret the ensemble

mean and spread of these anomalies as the predictable and

unpredictable components of each ensemble, respectively. The

ensemble spread is calculated as the standard deviation of in-

dividual members in each ensemble. The relative magnitude of

the ensemble mean to the ensemble spread (i.e., signal-to-noise

ratio) is used to measure the predictability. The statistical sig-

nificance of the composite and correlation analyses is assessed

through a two-tailed Student’s t test.

3. Results

a. Predictability of El Niño duration

Nearly all members of the three prediction ensembles show

the onset of El Niño in year 0, but each ensemble exhibits

distinct temporal evolution in terms of the peak amplitude

and event duration (Fig. 3). Both APR-strong and APR-weak

ensembles show consistent termination of El Niño in year 1,

albeit with a difference between the numbers of members ex-

hibiting this transition. El Niño is predicted to terminate in all

members of the APR-strong ensemble and 27 out of 30

members (90%) of the APR-weak ensemble. In the SEP en-

semble, by contrast, El Niño is predicted to persist into the

second year and reintensify in summer to fall in 25 out of 30

members (83%), although the Dec11 Niño-3.4 index shows the
largest spread among the three ensembles. The perfect model

predictions successfully estimate the El Niño duration in the

control simulation for all three cases with a lead time of 21

(APR-strong and APR-weak) or 16 (SEP) months. The con-

trast between the APR and SEP ensembles is consistent with

the statistical analysis based on observations and the CESM1

control simulation (Fig. 1).

It is noted that El Niño shows a stronger tendency to tran-

sition into La Niña in the APR-strong ensemble (27 out of 30

members) relative to the APR-weak ensemble (16 out of 30

members). The consistency of La Niña states in the second

winter appears to be linked to the peak amplitude of El Niño,
which is on average larger in the APR-strong than the APR-

weak ensemble. The larger amplitude of El Niño in the APR-

strong ensemble also suggests that both early onset and large

FIG. 2. Initial conditions of the (a)–(c) global SST (8C) and (d)–(f) tropical Pacific thermocline depth (m) anomalies for the (a),(d) APR-

strong, (b),(e) APR-weak, and (c),(f) SEP ensembles.
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FIG. 3. (a),(c),(e) Time series of the Niño-3.4 index (8C) from the initialization month to Mar12 and (b),(d),(f)

histograms of the Dec11 Niño-3.4 index (8C) in the (a),(b) APR-strong, (c),(d) APR-weak, and (e),(f) SEP en-

sembles. In (a), (c), and (e), the mean and individual members of the ensembles are indicated by thick blue and thin

light blue curves, respectively. The time series of the Niño-3.4 index in the CESM1 control simulation are also

shown from Dec21 to Mar12 by black curves.
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initial recharge are required to develop a strong event in

CESM1 (Larson andKirtman 2019), although this is not always

the case in other models (Larson and Pegion 2020). We note

that the peak amplitude of El Niño simulated in the control run

is outside the range of 30 ensemble members of both the APR-

strong and APR-weak ensembles. This result indicates that a

larger ensemble size is needed to capture the full range of

predictions, or that the round-off level perturbations used to

generate the ensembles may not sufficiently represent the un-

certainty of atmospheric initial conditions.

The signal-to-noise ratio of the predicted Niño-3.4 index

remains above 1.0 in absolute value through year 1 in the SEP

ensemble and except during the ENSO phase transition in the

APR-strong ensemble, indicating high predictability of El

Niño duration (Fig. 4c, pink and green curves). In the APR-

weak ensemble, the absolute value of signal-to-noise ratio falls

below 1.0 after boreal spring of year 1 due to relatively small

ensemble mean and large ensemble spread (Fig. 4c, orange

curve). The ensemble spread generally grows with lead time in

the three ensembles but also exhibits dependencies on the

seasonal conditions and the ENSO states (Fig. 4b). For ex-

ample, the ensemble spread shows a rapid growth from late

spring to early summer of year 1 in all three cases, suggestive of

the role of springtime atmospheric variability and subsequent

ocean–atmosphere interactions during the equatorial cold

season (Larson and Kirtman 2015, 2017). The ensemble spread

continues to grow through the following summer to fall in the

SEP ensemble (Fig. 4b; green curve) but starts to decrease in

the APR-strong ensemble as negative SST anomalies develop

in the equatorial Pacific (Fig. 4b; pink curve). In the following

two subsections, we will examine the dynamical processes

underlying the predictability and diversity of El Niño duration

by analyzing the ensemble mean and spread of the perfect

model predictions.

b. Processes controlling the predictability of El Niño
duration

1) ENSEMBLE MEAN

To understand what controls the predictable component of El

Niño duration in the perfect model predictions, we compare the

ensemble mean evolution of thermocline depth, surface wind,

and SST anomalies in the equatorial (38S–38N) and off-equatorial

(68–128N) Pacific among the three cases (Fig. 5; see Fig. S1 in the

online supplemental material for the statistical significance). The

thermocline depth is estimated as themodel vertical level with the

maximum vertical temperature gradient. We focus on the slow

oceanic adjustments to surface wind anomalies that provide

negative feedback to ENSO events (Suarez and Schopf 1988;

Battisti and Hirst 1989; Jin 1997). In the APR-strong and APR-

weak ensembles, negative thermocline anomalies forced by

positive surface wind stress curl anomalies travel westward in the

off-equatorial Pacific during boreal summer-fall of year 0

(Figs. 5a,b; 68–128N), indicating the role of upwelling off-

equatorial Rossby waves. Upon reaching the western boundary

around Nov0, the negative thermocline depth anomalies propa-

gate equatorward as coastal Kelvin waves (Figs. 5a,b; 1308E) and
then eastward as equatorial Kelvin waves, arriving at the eastern

FIG. 4. Temporal evolution of the (a) ensemble mean (8C),
(b) ensemble spread (8C), and (c) signal-to-noise ratio of the Niño-
3.4 index from the initializationmonth toMar12 in theAPR-strong

(pink), APR-weak (orange), and SEP (green) ensembles.
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equatorial Pacific in Apr11 (Figs. 5a,b; 38S–38N). The resultant

reversal of thermocline depth anomalies precedes the develop-

ment of negative SST anomalies in the eastern equatorial Pacific

(Figs. 5d,e). These negative SST anomalies subsequently propa-

gate westward during year 1. In the SEP ensemble, by contrast,

the upwelling off-equatorial Rossby waves, which develop in late

fall to winter of year 0 and are weaker than those in the APR-

strong and APR-weak ensembles, do not reach the eastern

equatorial Pacific before El Niño starts to redevelop in summer

of year 1 (Fig. 5c). The redevelopment ofElNiño SST anomalies

begins in the eastern equatorial Pacific and shows subsequent

westward propagation (Fig. 5f). Thus, the timing of El Niño onset

appears to control the event duration by affecting the timing of

negative oceanic feedback and the sign of eastern Pacific ther-

mocline depth anomalies. The importance of the eastern Pacific

thermocline in affecting the duration of El Niño events is con-

sistent with our previous analysis (Wu et al. 2019).

Besides the reflection of off-equatorial Rossby waves, the

upwelling Kelvin waves that terminate El Niño in the APR-

strong and APR-weak ensembles are associated with the de-

mise of surface westerly wind anomalies over the western

equatorial Pacific after the peak (Figs. 5d,e). In the APR-

strong ensemble, westerly wind anomalies are even replaced

with easterly wind anomalies in the following spring (Fig. 5d).

FIG. 5. (a)–(c) Longitude–latitude–time sections of the ensemble-mean thermocline depth anomalies (m; shading) along the off-

equatorial Pacific (68–128N), western Pacific boundary (1308E), and equatorial Pacific (38S–38N) waveguides from the initializationmonth

toMar12 in the (a)APR-strong, (b)APR-weak, and (c) SEP ensembles. Surfacewind (m s21; vectors) and surfacewind stress curl (Nm23;

contours at interval of 1028; zero contours thickened) anomalies are overlaid in the equatorial and off-equatorial segments, respectively.

Note that the longitude axis is reversed for the off-equatorial segment to better show the Rossby wave reflection at the western boundary.

(d)–(f) Longitude–time sections of the ensemble-mean SST (8C; shading) and surface wind (m s21; vectors) anomalies along the equator

(38S–38N) from the initialization month to Mar12 in the (d) APR-strong, (e) APR-weak, and (f) SEP ensembles. The statistical signifi-

cance of these anomalies is shown in Fig. S1.
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In the SEP ensemble, in contrast, westerly wind anomalies

persist through year 1 (Fig. 5f). The demise of westerly wind

anomalies in the APR-strong and APR-weak ensembles could

be related to basinwide SST warming over the tropical Indian

and Atlantic Oceans (Figs. 5d,e). It is known that tropical

Pacific warming associated with El Niño causes delayed

warming of the tropical Indian and Atlantic Oceans via at-

mospheric teleconnections (e.g., Xie and Carton 2004; Chang

et al. 2006; Schott et al. 2009). This interbasin SST adjustments,

in turn, reduce anomalous SST contrast between the tropical

Pacific and Indian/Atlantic Oceans and weaken westerly wind

anomalies in the western equatorial Pacific (e.g., Kug andKang

2006; Ohba and Ueda 2007; Yoo et al. 2010; Okumura et al.

2011; Ding et al. 2012; Ham and Kug 2015;Wu et al. 2019). The

importance of interbasin interactions in the evolution of ENSO

events has been suggested by many recent studies [see a review

by Cai et al. (2019)]. The tropical Indian and Atlantic Oceans

show earlier and stronger warming in the APR-strong/weak

than the SEP ensemble due to the earlier onset of El Niño
(Figs. 5d–f). In the APR-strong and APR-weak ensembles, the

earlier onset of El Niño also results in the development of the

Indian Ocean dipole (IOD) during fall of year 0, which may

contribute to the stronger basin warming in the following

seasons (Hong et al. 2010). In the SEP ensemble, the interbasin

SST adjustments may be further delayed by initial SST cooling

in the tropical Indian and Atlantic Oceans (Fig. 2c).

The anomalous SST contrast between the tropical Pacific

and the tropical Indian and Atlantic Oceans starts to decrease

onemonth before the peak of El Niño in the APR-strong/weak

ensembles (Fig. 6a). Concurrently, surface westerly wind

anomalies start to weaken over the western equatorial Pacific

(Fig. 6b). In the SEP ensemble, interbasin SST contrast and

westerly wind anomalies remain of similar magnitude after the

peak of El Niño (Figs. 6a,b). Previous studies suggest that a

southward shift of surface westerly wind anomalies during the

mature phase of El Niño plays an important role in the event

termination (Harrison and Vecchi 1999; Lengaigne et al. 2006;

McGregor et al. 2012, 2013; Stuecker et al. 2013, 2015; Abellán
and McGregor 2016). In all three ensembles, the center of

westerly wind anomalies moves south of the equator from

boreal fall to spring, following the seasonal migration of the

western Pacific warm pool (not shown). The southward shift of

westerly wind anomalies is particularly pronounced for the

APR-strong case presumably due to the strong El Niño am-

plitude (Lengaigne et al. 2006; McGregor et al. 2013), which

may contribute to the rapid decrease of equatorial westerly

wind anomalies (Fig. 6b, pink curve). The southward wind shift

may provide a favorable precondition for the Indian Ocean

warming to influence the atmospheric circulation over the

northwestern Pacific (Stuecker et al. 2015). The relative

FIG. 6. Time series of the ensemble-mean ocean–atmosphere

anomalies in the equatorial regions (38S–38N) from the initializa-

tion month to Mar12 in the APR-strong (pink), APR-weak, (or-

ange), and SEP (green) ensembles. The panels show (a) interbasin

SST contrast (8C) between the Pacific and Indian/Atlantic Oceans

 
(1408E–808W minus 508W–1008E), (b) surface zonal wind (m s21)

over the western Pacific (1308–1708E), and thermocline depth

(m) in the (c) eastern (1508–808W) and (d) entire (1408E–808W)

Pacific.
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importance of interbasin SST interactions and the meridional

wind shift within the Pacific in affecting the wind variability

requires future examination.

The demise of westerly wind anomalies in the APR-strong and

APR-weak ensembles coincides with the accelerated shoaling of the

eastern equatorial Pacific thermocline, while both westerly wind and

thermocline anomalies persist into the second year in the SEP en-

semble (Fig. 6c). Furthermodeling studies are needed to understand

the relative contributions of the wind change and upwelling Rossby

wave reflection to this rapid thermocline shoaling. It is noted that all

three ensembles show a gradual shoaling of the eastern equatorial

Pacific thermocline after the onset of El Niño, indicating the role of
slowoceanicadjustments throughSverdrup transport (Jin1997).This

feature is more evident in the temporal evolution of zonal mean

thermocline depth anomalies (Fig. 6d). The zonal mean thermocline

depth, however, is not a good precursor of theElNiño duration, as it
turns negative in year 1 for all three cases. The slow oceanic adjust-

ments are not sufficient to reverse the thermocline depth anomalies

in the eastern Pacific and to terminate ElNiño in the SEP ensemble.

To examine the role of eastern equatorial Pacific thermocline

depth anomalies in affecting the El Niño duration, we conduct

an oceanmixed layer heat budget analysis of the ensemblemean

predictions. The heat budget is computed at each horizontal grid

point of the eastern equatorial Pacific as a balance among the

heat storage tendency, oceanic temperature advection, and

surface heat fluxes according to the following equation:
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where T is the mixed layer temperature; u, y, andw are the zonal,

meridional, and vertical ocean currents, respectively; Qnet is the

net surface heat flux comprised of shortwave, longwave, latent,

and sensible heat fluxes; r is the oceanwater density (103 kgm23);

Cp is the ocean heat capacity (4000 Jkg21K21); H is the

climatological mixed layer depth as a function of longitude based

on the CESM1 control simulation;R represents the residual term;

and the overbar and prime denote the climatology and anomaly,

respectively.

The individual terms of Eq. (1) are averaged over the eastern

equatorial Pacific (38S–38N, 1508–808W) and integrated through

the decay phase of El Niño (Dec0–May11) for each ensemble

mean prediction (Fig. 7). The result shows that the vertical ad-

vection of temperature anomalies by climatological upwelling

(2w›T 0/›z; i.e., the thermocline feedback) is the main cause of

different evolution of ocean mixed layer temperature anomalies

between theAPR and SEP ensembles. The vertical temperature

gradient anomalies (›T0/›z) are closely related to the local

thermocline depth anomalies, confirming their importance in

determining the duration of El Niño. The climatological up-

welling (w) is strongest in boreal winter to early spring in the

eastern equatorial Pacific (not shown), and thus the reversal of

thermocline depth anomalies during this season can effectively

affect the oceanmixed layer temperature in theAPR-strong and

APR-weak ensembles. In the SEP ensemble, in contrast, the

thermocline depth remains positive and the thermocline feed-

back acts to prolong El Niño. The subsequent westward prop-

agation of SST anomalies after the decay phase (Fig. 5) is mainly

caused by the anomalous zonal advection of climatological

temperature (2u0›T/›x; not shown).

2) ENSEMBLE SPREAD

Now we investigate the oceanic and atmospheric processes

contributing to the growth of ensemble spread in the perfect

model predictions. The ensemble spread of SST anomalies in

the three equatorial oceans exhibits strong seasonality similar

to the seasonality of the ensemble-mean anomalies (cf. shading

and contours in Figs. 8a–c), suggesting that the evolution of the

ensemble mean and spread is affected by similar ocean–

atmosphere feedback mechanisms. The ensemble spread of

equatorial Pacific SST anomalies grows during boreal summer

to fall, when the Bjerknes feedback is stronger due to the

seasonal development of the equatorial cold tongue (e.g.,

Neelin et al. 1998). The ensemble spread of equatorial Indian

Oceanic SST anomalies tends to increase during fall in the east

FIG. 7. (a) Time series of the ensemble-mean ocean mixed layer temperature anomalies (8C) in the eastern

equatorial Pacific (38S–38N, 1708–1208W) and (b) ensemble-mean ocean mixed layer heat balance terms [Eq. (1)]

averaged in the same region and integrated from Dec0 to May11 (8C) in the APR-strong (pink), APR-weak (or-

ange), and SEP (green) ensembles. The black asterisks in (b) indicate the mixed layer temperature anomalies in

Dec0 with the sign reversed.
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and during winter in the west, indicative of the role of IOD

variability and associated oceanic adjustments (e.g., Xie et al.

2009; Schott et al. 2009). The ensemble spread of equatorial

Atlantic SST anomalies is pronounced in summer, when

Atlantic Niño, an equatorial mode analogous to the ENSO, is

most active (e.g., Zebiak 1993; Xie and Carton 2004).

To understand how the ensemble spread of ocean–atmosphere

anomalies in the three tropical oceans affects the duration of El

Niño events, we correlate the Dec11 Niño-3.4 index with SST,

thermocline depth, and surface wind anomalies along the equator

fromApr0 toMar12 across individual ensemblemembers for each

ensemble (Figs. 8d–f; see Fig. S2 for the statistical significance). In

all three cases, positive zonal wind correlations emerge over the

western Pacific around Mar11, followed by zonal propagation of

positive thermocline correlations and development of positive

SST correlations in the Pacific. This result indicates that western

Pacific wind variability during spring after the El Niño peak plays

an important role in affecting the eastern Pacific thermocline

depth and hence the event duration. These positive zonal wind

correlations are, in turn, associatedwith negative SST correlations

in the Indian and Atlantic Oceans, although the correlations are

not statistically significant along the equator.More significant SST

correlations are found in the northern tropical Indian Ocean and

the tropical South Atlantic (cf. Fig. 10 and Fig. S3). The wind and

thermocline correlations are weaker in the APR-strong ensemble

compared to the other two cases, indicating a reduced sensitivity

of the El Niño evolution to wind variability. Note that El Niño
terminates in all members of the APR-strong ensemble and thus

the Dec11 Niño-3.4 index simply represents the amplitude of

ensuing La Niña. In the APR-strong and APR-weak ensembles,

FIG. 8. (a)–(c) Longitude–time sections of the ensemblemean (contours) and spread (shading) of SST anomalies (8C) along the equator
(38S–38N) from the initialization month to Mar12 in the (a) APR-strong, (b) APR-weak, and (c) SEP ensembles. The contour interval is

0.48C. (d)–(f) Lead–lag correlations of the Dec11 Niño-3.4 index with SST (shading), surface wind (vectors), and thermocline depth

(contours at intervals of 0.2) anomalies along the equator (38S–38N) from the initialization month to Mar12 across the 30 ensemble

members of the (d) APR-strong, (e) APR-weak, and (f) SEP ensembles. The statistical significance of these anomalies is shown in Fig. S2.
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SST and thermocline depth also showweak negative correlations in

the eastern Pacific around the peak of El Niño (Dec0–Jan11). This

result suggests that variations in the amplitude of El Niño have an

additional impact on the event duration by affecting the magnitude

of negative oceanic feedback and interbasin SST adjustments.

The impacts of El Niño amplitude and western Pacific wind

variability on the eastern Pacific thermocline depth are further

assessed in Fig. 9. In the APR-strong and APR-weak ensembles,

the eastern Pacific thermocline depth in Apr11–Jun11 is highly

correlated with both the Niño-3.4 index in Dec0 (r 5 0.67–0.70)

and western Pacific zonal wind in Mar11–May11 (r5 0.58–0.83).

However, neither the El Niño amplitude nor western Pacific

wind variability affects the sign of thermocline depth anomalies in

the eastern Pacific because of large thermocline shoaling in

the ensemble mean. This is particularly true in the APR-strong

ensemble, explaining the small ensemble spread of El Niño du-

ration. In the SEP ensemble, the eastern Pacific thermocline

depth inApr11–Jun11 is significantly correlated onlywithwestern

Pacific zonal wind in Mar11–May11 (r 5 0.81). Due to the late

onset of El Niño in these ensemble simulations, the negative

feedbacks do not set in by boreal spring, and western Pacific wind

variability in Mar11–May11 can easily affect the sign of eastern

Pacific thermocline depth anomalies in Apr11–Jun11. The resul-

tant ensemble spread of thermocline depth anomalies are further

amplified in the subsequent seasons due to theBjerknes feedback,

leading to the large ensemble spread of El Niño duration.

To understand the origins of wind variability, we correlate

surface zonal wind anomalies averaged over the western

2equatorial Pacific inMar11–May11 with global SST, surface

wind, precipitation, and sea level pressure (SLP) anomalies

in the same season and Dec0–Feb11 across individual en-

semble members (Fig. 10; see Fig. S3 for the statistical sig-

nificance). For this analysis, all 90 members of the three

ensembles are combined after removing the mean of each

ensemble from individual members to increase the sample

size. In Mar11–May11, the wind index is correlated posi-

tively with SST and precipitation over the western tropical

Pacific and negatively with SST over the northern tropical

Indian Ocean and the tropical South Atlantic, indicating the

role of interbasin teleconnections as discussed earlier. The

SST correlations in the northwestern tropical Pacific also

display a meridional dipole pattern reminiscent of the North

Pacific meridional mode (NPMM; e.g., Anderson 2003;

Vimont et al. 2003; Chang et al. 2007; Alexander et al. 2010).

Indeed, SLP correlations in Dec0–Feb11 show a meridional

dipole pattern over the North Pacific similar to the North

Pacific Oscillation (NPO), which is known to drive the

NPMM in the following spring through thermodynamic air–

sea interactions and affect ENSO events [see Amaya (2019)

for a recent review]. Thus, ocean–atmosphere variability not

only in the tropics but also in the North Pacific appears to

have an impact on the duration of El Niño by affecting

surface winds over the western equatorial Pacific. The role of

NPMM in causing the ensemble spread of ENSO predictions is

consistent with a previous study (Ma et al. 2017). It should be noted,

however, that theseNPOcirculation anomaliesmaybepartly forced

by tropical Pacific SST anomalies (Wu et al. 2019). In Dec0–Feb11,

tropical Pacific SST correlations show a zonal dipole pattern, sug-

gesting that diversity in the pattern of El Niño warming may affect

the event duration by shifting the pattern of westerly wind anoma-

lies. Further model experiments are needed to understand the rel-

ative importance of different processes that affect the ensemble

spread of wind variability.

4. Summary and discussion

We explored the predictability of El Niño duration based on

the onset timing using perfect model experiments performed

FIG. 9. Scatterplots of Apr11–Jun11 thermocline depth anomalies in the eastern equatorial Pacific (38S–38N;

1508–808W) vs (a) the Dec0 Niño-3.4 index and (b) Mar11–May11 surface zonal wind anomalies over the western

equatorial Pacific (38S–38N; 1308–1708E) in the APR-strong (pink), APR-weak (orange), and SEP (green) en-

sembles. The numbers near the top of each panel indicate the correlation coefficients for the three ensembles.
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with CESM1, a climate model that reproduces the observed

dependency of El Niño duration on the onset timing. The

CESM1 successfully predicts the duration of El Niño events

when initialized with the oceanic, land, and sea ice conditions

in their onset months. In two ensembles initialized in April,

El Niño consistently terminates after peaking in boreal win-

ter. In the ensemble initialized in September, El Niño on

average persists into the second year and reintensifies in bo-

real winter, although the ensemble spread is larger than that

in theApril-initialized ensembles. The signal-to-noise ratio of

the predicted Niño-3.4 SST index remains larger than one at

the end of the second year except in one April-initialized

ensemble, indicating high predictability with lead times up to

16–21 months. The predictability of El Niño duration arises

from the oceanic initial conditions in the equatorial Pacific,

particularly the timing and magnitude of thermocline depth

anomalies in the onset month. The early onset of El Niño
leads to early arrival of negative oceanic feedback in the

equatorial Pacific and early adjustment of remote tropical

oceans, which together act to shoal the thermocline in the

eastern equatorial Pacific and terminate El Niño after the

peak. The late onset of El Niño delays the onset of these

negative feedbacks, and El Niño starts to redevelop in sum-

mer of the second year while the eastern Pacific thermocline

remains deeper than normal. Our results suggest that the

effectiveness of delayed oceanic feedback in terminating El

Niño depends on the timing of arrival relative to the seasonal

cycle of the equatorial Pacific.

In the April-initialized ensembles, the eastern equatorial

Pacific thermocline consistently shoals during spring fol-

lowing the peak due to the early occurrence of negative

feedbacks, leading to a consistent termination of El Niño.
Furthermore, when early-onset El Niño develops into a

strong event due to a large initial recharge of the oceanic

heat content, the attendant large thermocline shoaling

makes the ocean–atmosphere coupled system consistently

transition into a La Niña state in the second year. In the

September-initialized ensemble, on the other hand, the

eastern Pacific thermocline depth is strongly affected by

surface wind variability over the western equatorial Pacific

after the El Niño peak due to the delay in negative feed-

backs, resulting in a large ensemble spread of the event

duration. The western Pacific wind variability can be af-

fected by SST variability in the tropical Indian/Atlantic

Oceans and the NPMM, as well as diversity in the pattern

of El Niño warming within the tropical Pacific Ocean.

The importance of oceanic initial conditions in the equa-

torial Pacific for the predictability of El Niño duration is

consistent with earlier studies of the predictability of other

ENSO properties, including the event onset and amplitude

(Wyrtki 1985; Meinen and McPhaden 2000; Planton et al.

2018; Larson and Kirtman 2019). Our study indicates that

the oceanic initial conditions in the equatorial Pacific can

provide predictability of El Niño beyond the current oper-

ational ENSO forecasts. Our findings also suggest the im-

portance of initial conditions in the tropical Indian and

FIG. 10. Global correlation maps based on Mar11–May11 surface zonal wind anomalies averaged over the

western equatorial Pacific (38S–38N, 1308–1708E). The correlations are calculated with (a),(b) SST (shading),

surface wind (vectors), and rainfall anomalies [positive (negative) contours in green (brown) at intervals of 0.4) and

(c),(d) SST (shading) and SLP (contours at intervals of 0.1; zero contours thickened) anomalies in (a),(c) Mar11–

May11 and (b),(d) Dec0–Feb11 across individual ensemble members. All 90 members of the three ensembles are

used after removing the mean of each ensemble from individual members. The statistical significance of these

correlations is shown in Fig. S3.
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Atlantic Oceans, in predicting El Niño duration. For ex-

ample, in the September-initialized ensemble, the initial

SST cooling of the tropical Indian and Atlantic Oceans may

contribute to the persistency of El Niño by delaying the in-

terbasin SST adjustments. Many recent studies suggest that

the predictions of the amplitude, pattern, and evolution of

ENSO events can be improved with information outside the

tropical Pacific (Luo et al. 2010; Izumo et al. 2010; Lim and

Hendon 2017; Frauen and Dommenget 2012; Dayan et al.

2014; Keenlyside et al. 2013; Martín-Rey et al. 2015; Ohba

and Watanabe 2012; Luo et al. 2017; Larson and Kirtman

2014; You and Furtado 2017). Further studies are needed in

the future to understand the relative importance of oceanic

initial conditions in different ocean basins for the predict-

ability of El Niño duration. Improving our understanding of

the interbasin linkages, as well as realistic representation of

these processes in climate models, is key to improve ENSO

predictions.

The results of the CESM1 perfect model experiments agree

with our previous diagnostic study based on a suite of obser-

vational datasets and a control simulation of the same model

(Wu et al. 2019). However, due to the limited number of pre-

diction ensembles and the use of a single climate model, it

remains to be seen to what degree the results apply to other El

Niño events and climatemodels. In particular, it is important to

understand how the variations in initial oceanic conditions

within and outside the tropical Pacific affect the predictability

of El Niño duration for individual events. The multiyear pre-

dictability should also be tested with other climate models.

Larson and Pegion (2020) show that climate models tend to

underestimate the uncertainty of ENSO variability in nature

and the problem could be exacerbated in predictions based

on a single model. Due to the potential problem in the en-

semble generation method noted earlier, the predictability is

likely overestimated in our experiments.

Despite the caveats discussed above, the results presented in

this study and the recent advance in predicting multiyear La

Niña events (DiNezio et al. 2017a,b; Luo et al. 2017) indicate

the potential to extend the operational ENSO forecasts by an

additional year. Future studies are needed to explore the

predictability of both El Niño and La Niña duration in the real

world based on forecasts initialized with observed oceanic

conditions using the CESM1 and other state-of-the-art climate

models. Predicting the occurrence of multiyear ENSO events

with sufficient lead times would benefit our society due to their

lingering climate impacts.
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