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ABSTRACT: El Niño–Southern Oscillation (ENSO) has been recently linked with extratropical Pacific Ocean atmo-

spheric variability. The two key mechanisms connecting the atmospheric variability of the extratropical Pacific with ENSO

are the heat flux–driven ‘‘seasonal footprinting mechanism’’ (SFM) and the ocean dynamics–driven ‘‘trade wind charging’’

(TWC) mechanism. However, their relative contributions to ENSO are still unknown. Here we present modeling evidence

that the positive phase of the SFM generates a weaker, short-lived central Pacific El Niño–like warming pattern in the

autumn, whereas the TWC positive phase leads to a wintertime eastern Pacific El Niño–like warming. When both mech-

anisms are active, a strong, persistent El Niño develops. While both mechanisms can trigger equatorial wind anomalies that

generate an El Niño, the strength and persistence of the warming depends on the subsurface heat content buildup by the

TWC mechanism. These results suggest that while dynamical coupling associated with extratropical forcing is crucial to

maintain an El Niño, thermodynamical coupling is an extratropical source of El Niño diversity.
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1. Introduction

ElNiño–SouthernOscillation (ENSO) is a dominant source of

climate variability (Chakravorty et al. 2013, 2016; Lau and Nath

1996) generated by coupled ocean–atmosphere processes in the

tropical Pacific Ocean (Cane and Zebiak 1985; Jin 1997). ENSO

is a cycle of central and eastern equatorial Pacific warming (re-

ferred to as El Niño) and cooling (referred to as La Niña).
Although generally confined to the tropics, some of the strongest

ENSO events in recent history have been influenced by low-

frequency extratropical Pacific atmospheric variability (Amaya

et al. 2019; Lu et al. 2017). Further, some aspects of ENSO di-

versity arise from extratropical atmospheric variability (Pegion

et al. 2020). Thus, understanding the influence of extratropical

climate variability on the tropical Pacific is a crucial aspect of

ENSO predictability (Larson et al. 2018a) and forecast skill

(Tippett et al. 2012). A key source of extratropical atmospheric

variability is the North Pacific Oscillation (NPO) (Rogers 1981),

which influences subsequent boreal winter ENSO development

and serves as a potential predictor of ENSO one year in advance

(Amaya et al. 2019). In particular, the positive phase of the NPO

(1NPO) initiates the El Niño, via the thermodynamically cou-

pled ‘‘seasonal footprintingmechanism’’ (SFM;Vimont et al. 2003,

2009). As part of the1SFM, the southern lobe of1NPOweakens

the North Pacific trade winds during winter. Through the wind–

evaporation–sea surface temperature (WES) feedback, the weak-

ened easterly trade winds generate sea surface temperature (SST)

warming that extends from the eastern subtropical Pacific south-

westward to the western equatorial Pacific, called theNorth Pacific

meridional mode (NPMM) Chiang and Vimont 2004). This SST

‘‘footprint’’ (Vimont et al. 2003, 2009) persists until the following

summer and subsequently interacts with the overlying atmosphere,

inducing southwesterlywind anomalies on the southern edge of the

surface warming. This relaxes the climatological trades over the

western equatorial Pacific and can excite an oceanic response that

triggers anElNiño the followingwinter (Amaya et al. 2019; Pegion

and Alexander 2013; Vimont et al. 2003).

In contrast, 1NPO can also dynamically link extratropical

atmospheric variability with El Niño through the ‘‘trade wind

charging’’ (TWC)mechanism (Anderson 2007; Anderson et al.

2013; Anderson and Perez 2015; Chakravorty et al. 2020).

Westerly wind anomalies associated with the southern lobe of

the 1NPO produce an off-equatorial wind stress curl that

drives equatorward upper ocean mass transport (Anderson

and Perez 2015; Clarke et al. 2007). The central equatorial

Pacific Ocean is then charged with warm water (Anderson

2007; Anderson et al. 2013; Anderson and Perez 2015), priming

the system for an El Niño (Jin 1997; Wyrtki 1985). These warm

waters then advect eastward and upward along the equatorial

thermocline and outcrop in the eastern Pacific, creating El

Niño favorable conditions upon which coupled air–sea feed-

backs can act (Anderson 2007; Anderson et al. 2013; Anderson

and Perez 2015). In a coupled model study, Chakravorty et al.

(2020) demonstrated that coupled air–sea feedbacks indeed

amplify 1TWC-induced surface and subsurface warming, of-

tentimes resulting in an El Niño the following winter.

That said, El Niño exhibits considerable spatiotemporal

variability, a manifestation of ENSO diversity. One of the

most important markers of ENSO diversity is the longitudinal

location of the peak SST anomaly—that is, canonical or cold

tongue El Niño events with eastern Pacific warming versus
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central or west Pacific El Niño events (Ashok et al. 2007; Yu

and Kim 2011) where SST warming is mainly concentrated

over the central equatorial Pacific. Eastern and central Pacific

El Niño events feature distinctly different associated surface

and subsurface anomaly evolution in the tropical Pacific (Kao

and Yu 2009; Yu and Kim 2010; Chakravorty et al. 2021,

manuscript submitted to J. Geophys. Res.), which leads to

radically different climatic impacts (Capotondi et al. 2015;

Infanti and Kirtman 2016; Lee et al. 2018; P.Wang et al. 2019)

and limits ENSO predictability (Ineson et al. 2018; McPhaden

2015). Some aspects of ENSO diversity arise from extra-

tropical atmospheric variability (Pegion et al. 2020). Studies

have found that the formation of eastern Pacific (EP) El Niño
events is best explained by tropical Pacific air–sea coupled

processes (Battisti and Hirst 1989; Wyrtki 1985; Jin 1997),

whereas the initiation of central Pacific (CP) El Niño events

has been linked to extratropical variability (Yu and Kim 2011;

Yu et al. 2017; Pegion et al. 2020). However, Chakravorty et al.

(2020) found that extratropical atmospheric forcing through

the 1TWC mechanism generated EP-like El Niño events.

Hence, it is unclear whether 1NPO favors a particular El Niño
type, and there remains considerable uncertainty with regard to

processes that are crucial for El Niño development. Although

the SFM and TWC mechanisms are potential predictors of

ENSO, their individual and combined contributions to its evo-

lution and diversity still need to be examined. Thus, identifying

and understanding how extratropical atmospheric variability

influences the tropical Pacific through these two different

mechanisms is crucial to improving ENSO predictability

(Larson et al. 2018a; Pegion et al. 2020).

Here, we test the relative roles of the positive SFMandTWC

mechanisms on El Niño generation using a coupled model

experimental framework. Section 2 provides details of the

model framework and experimental design. The results, ob-

tained from different sensitivity experiments, are presented in

section 3. A summary of the key results and a discussion of the

implications for ENSO diversity are provided in section 4.

2. Methods

Model framework and experiments

The coupledmodel framework used here follows Chakravorty

et al. (2020), who explored the influence of the TWC on ENSO,

with some suitable modifications described below. The coupled

model is the coupled National Center for Atmospheric Research

(NCAR) Community Earth System Model, version 1.2.2.1

(CESM1; Hurrell et al. 2013; X. Wang et al. 2019), configured

with the Parallel Ocean Program, version 2 (POP2; Smith et al.

2010), ocean model with 60 vertical levels and 18 3 18 resolution
globally and 0.38 meridional resolution near the equator. The

atmospheric model is the Community Atmosphere Model, ver-

sion 5 (CAM5; Gettelman et al. 2010), with 0.98 3 1.258 resolu-
tion and 30 vertical layers. CESM1 is integrated in fully coupled

mode for 222 years from a 500-yr spinup run with preindustrial

(1850) radiative forcing, hereinafter referred to as the control

simulation. The control simulation is used to identify 30 suitable

1 November initial conditions and to calculate the climatological

boundary conditions for the sensitivity experiments (the selection

criteria for the ENSO-neutral initial conditions are discussed in

the appendix).

To isolate the effect of 1TWC and 1SFM on generating

ENSO events, we used an idealized two-stepmodel framework

following Chakravorty et al. (2020). We initially forced the

ocean component of the model with either 1SFM or 1TWC

forcing from 1 November in year 0 to 30 April in year 1 (as the

NPO dominates during boreal winter), hereinafter referred to

as the forced stage. Then, from 1 May in year 1 to 31 March in

year 2, we integrated the model unconstrained under full

coupling [similar to the methods employed in Larson et al.

(2018a); Larson andKirtman 2015, 2017, 2019] in what we term

the coupled stage (Figs. 1a,b). Note that in Chakravorty et al.

(2020) an intermediary climatology forced stage preceded the

coupled stage, but that intermediary stage began to prema-

turely damp the 1SFM and 1TWC generated anomalies and

was deemed unnecessary for these experiments.

We perform ensemble experiments starting with 30 ENSO-

neutral November initial conditions in which the forced stage con-

sists of either the 1TWC-related wind stress anomalies (1TWC

ensemble experiment; Fig. 1c) or 1SFM-related net heat flux

anomalies (1SFM ensemble experiment; Fig. 1d) anomalies, gen-

eratedusing theobservationally constrained20CRv2candSODAsi.3

reanalysis products (Carton andGiese 2008; Chakravorty et al. 2020;

Giese et al. 2016) and superimposed on the climatological fluxes

(calculated from the control simulation). The selection of

ENSO-neutral initial conditions and the method used to gen-

erate the imposed forcing are briefly discussed in the appendix.

For additional details see Chakravorty et al. (2020).

To examine the combined influence of the1SFM and1TWC,

we conduct a third experiment, 1(SFM 1 TWC) ensemble, in

which both of the anomalous forcings are superimposed onto the

climatological forcing fields during the forced stage. As in the

real world, the NPO forces the tropical Pacific through both dy-

namic and thermodynamic processes; hence, this experiment will

provide a more realistic representation of the1NPO influence on

ENSO. As a baseline neutral state with which to compare our ex-

periments, we perform a fourth experiment in which the ocean is

forced with only climatological fluxes during the forced stage (the

CLIMensemble experiment). In theCLIMexperiment, all coupled

variability is suppressed in the forced stage such that any ENSO

events that develop can only be attributed to internal variability

occurring during the coupled stage (Larson et al. 2018a; Larson and

Kirtman 2015). For all experiments, anomalies are computed with

respect to the CLIM experiment in which only climatological

forcing was applied in the forced stage.

3. Results

a. Controlled flux stage

In Fig. 2, we compare the ensemble-mean surface and sub-

surface anomalies during spring generated directly by the im-

posed forcing. The 1SFM (Fig. 2a) generates warm SST

anomalies (SSTA) over the subtropical North Pacific with a

meridionally tilted structure characteristic of the NPMM. The

associated positive sea surface height anomalies (SSHA), a
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proxy for subsurface warming, results from the accompanying

thermal expansion (Fig. 2b). Thewind stress anomaly is zero by

design during the forced stage of this experiment. As expected,

there is little subsurface warming over the equatorial Pacific

(Fig. 2c) due to the lack of an ocean dynamic response.

The 1TWC, unlike the 1SFM, charges the equatorial

Pacific with warm water (Chakravorty et al. 2020) and quickly

generates strong subsurface warming (Fig. 2f). The imposed

off-equatorial westerly anomalies, combined with anomalous

equatorial easterlies, generate off-equatorial anticyclonic wind

stress curl over the central Pacific (Fig. 2e) that induces

downward Ekman pumping and deepens the off-equatorial

thermocline, reflected by the positive SSHA (Fig. 2e). This

results in equatorward mass transport (Anderson and Perez

2015; Chakravorty et al. 2020; Clarke et al. 2007) that increases

subsurface temperatures along the central equatorial Pacific

(Fig. 2f). The accumulation of warm water represents a

‘‘charged’’ equatorial Pacific state.

In the presence of combined forcing in the 1(SFM 1 TWC)

experiment (Fig. 2g), the ocean response is approximately a linear

combination of the response to the individual forcing. Over the

extratropical Pacific,1TWCgenerateswarming superimposed on

the 1SFM forced NPMM SST anomaly pattern and strengthens

thewarming (Fig. 2g).Along the equatorial Pacific, the subsurface

temperature and SSH anomalies (Figs. 2h,i) are almost identical

to the structure and strength of the anomalous response in

the 1TWC experiment (Figs. 2e,f), consistent with the fact that

the 1SFM alone is unable to create a substantial subsurface

thermal anomaly in the tropical Pacific (Figs. 2b,c).

b. Fully coupled stage

Next, we allowed the anomalies generated during the forced

stage of the experiments to evolve freely in the presence of air–

sea coupling (coupled stage) to explore the effectiveness of

extratropical forced anomalies in generating an El Niño the

following winter [November and December of year 1 and

January of year 2: NDJ(1/2)].

In the 1SFM experiment, the warm off-equatorial SST

anomalies over the North Pacific begin to interact with the

overlying atmosphere and generate southwesterly wind

anomalies south of the warming in early summer (May–June

of year 1; Fig. 3a). This weakens the prevailing northeasterly

trades, resulting in reduced latent heat loss from the ocean

and, through positive WES feedback, causes a local SST

FIG. 1. (a) Schematic of the model experimental setup. (b) Time evolution of the forcing applied during the

controlled flux stage (from November of year 0 to April of year 1) and the fully coupled stage of the experiments

(fromMay of year 1 to March of year 2). (c) The spatial pattern of wind stress forcing related to the positive trade

wind-charging (1TWC) added to the climatological forcing and applied to each ensemble member during the

controlled flux stage. Total wind stress anomalies (Nm22; vectors) are scaled to the reference vector in the top-right

corner; zonal wind stress anomalies (Nm22; shaded) correspond to the color bar on the bottom of the plot. (d)As in

(c), but for the net heat flux forcing (W m22) related to the positive seasonal footprinting mechanism (1SFM).
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warming (Fig. 3a). This thermodynamically coupled feed-

back, along with a forced Rossby wave response, subse-

quently shifts the SST warming southwestward, warming the

tropical northwestern Pacific by late summer (July–August

of year 1; Fig. 3b). At the same time, significant positive SST

and westerly wind anomalies form in the western and central

equatorial Pacific (Fig. 3b). The off-equatorial northwest

Pacific SST warming in late summer, combined with the

seasonal northward shift of the intertropical convergence

zone (ITCZ), drive the main precipitation band northward,

resulting in a large off-equatorial atmospheric heat source

(Gill 1980) in the western Pacific. This ‘‘summer deep con-

vection’’ response (Amaya et al. 2019) generates anomalous

westerlies in the western Pacific (Fig. 3b). These westerly

wind anomalies weaken the prevailing equatorial easterlies

and induce a weak (;0.38C) warming over the central

equatorial Pacific with a structure characteristic of a CP El

Niño (Fig. 3c) that peaks in the fall (September–October

of year 1).

From fall to winter of year 1, weakening of the northwest

Pacific warming and southward migration of the ITCZ re-

duce the strength of the off-equatorial heat source and thus

weaken the equatorial westerly wind anomalies (Figs. 3c,d).

Again, anomalous warming in the western Pacific relative to

the eastern Pacific generates a negative east–west SSTA

gradient that intensifies the easterlies over the central

equatorial Pacific and further damps equatorial warming

(Figs. 3c,d). By winter, the surface warming disappears al-

most completely (Fig. 3d). The lack of sufficient positive

subsurface anomalies for most of the 1SFM simulation

FIG. 2. Ensemble mean model response to (left) 1SFM net heat flux forcing, (center) 1TWC wind stress forcing, and (right) both

forcings together during the forced stage relative to the CLIM ensemble means in March during year 1: (a) sea surface temperature (SST;

8C; shading) and net heat flux (NHF; W m22, contours); (b) sea surface height (SSH; m; shading); (c) meridionally averaged (38N–38S)
temperature anomalies for 1SFM; (d) SST (8C; shading), wind stress, and tau (N m22; vectors) scaled to the reference vector in the

bottom-right corner; (g) as in (d), but also including NHF (W m22; contours); (e),(h) SSH (m; shaded) and wind stress curl (1028 Nm23;

contours with values 60.3, 60.5, 61, 61.5, and 62); and (f),(i) meridionally averaged (38N–38S) temperature anomalies. Stippling in-

dicates regions where the ensemble mean differences are significant with 90% confidence from a two-tailed Student’s t test.
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(Figs. 4a–d) reflects the absence of a charged equatorial

Pacific that hinders the amplification of El Niño. Thus,

the 1SFM forcing generates a weak, short-lived CP El

Niño–like warming in the fall.

For the 1TWC experiment, weak wind anomalies occur over

the equatorial Pacific in early summer of year 1 (Fig. 3e). In the

east, however, SSTanomalies begin to increase due to the seasonal

upwelling of anomalously warm subsurface water, which has

accumulated in response to the 1TWC forcing during spring

(Fig. 2f) and then eventually advected eastward and upward along

the tilted equatorial thermocline (Figs. 4e–g). The upwelling of

warm water erodes the cold springtime anomalies in the eastern

equatorial Pacific (Fig. 2b) and initiates surface warming (Fig. 3e).

This warming allows the Bjerknes feedback (Bjerknes 1969) to

operate and generate westerly wind anomalies in the central

equatorial Pacific in late summer (Fig. 3f). These westerly

FIG. 3. Ensemble mean model response of SST (8C; shading), wind stress, and tau (N m22; vectors) scaled to the reference vector in the

bottom-right corner: (a)–(d) 1SFM net heat flux forcing, (e)–(h) 1TWC wind stress forcing, and (i)–(l) combined 1(SFM 1 TWC)

forcing during the coupled stage in (top)May–June year 1 [MJ(1)], (topmiddle) July–August year 1 [JA(1)], (bottommiddle) September–

October year 1 [SO(1)], and (bottom) November–December year 1 and January year 2 [NDJ(1/2)]. Stippling indicates regions where the

ensemble mean differences are significant with 90% confidence from a two-tailed Student’s t test.
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anomalies reduce equatorial upwelling and allow the surface wa-

ters to continue towarmsuch that, during fall of year 1, amoderate

(;0.58C) EP El Niño–like warming (Anderson and Perez 2015)

develops (Fig. 3g) that persists until winter (Fig. 3h).

In the 1(SFM 1 TWC) experiment during early summer

of year 1, the off-equatorial surface warming is stronger

and stretches farther equatorward in the central Pacific

(Fig. 3i) relative to the 1SFM experiment (Fig. 3a). This

combined 1SFM and 1TWC forcing generates stronger

southwesterly wind anomalies north of the equator and,

through WES feedback, generates stronger SSTAs in the

northwest Pacific (Fig. 3i). In late summer of year 1, the

resultant off-equatorial heat source produces stronger

westerly anomalies relative to when only 1SFM forcing is

applied, producing stronger western equatorial Pacific

warming (Fig. 3j). At the same time, seasonal upwelling in

the east brings anomalously warm subsurface waters to the

surface (Fig. 4j) and generates local surface warming in the

eastern Pacific (Fig. 3j), which drives westerly wind anom-

alies over the western and central equatorial Pacific. Together

these factors intensify the westerly anomalies across the equatorial

Pacific. Further, the subsurface warming (i.e., charging) is stronger

in the1(SFM1 TWC) experiment throughout the coupled stage

(Figs. 4i–l) than in the 1TWC experiment. As a result, the com-

bined effect of 1(SFM1TWC) forcing produces a stronger El

Niño response (;0.68C) in the winter relative to the 1SFM

and 1TWC experiments (cf. Fig. 3l with Fig. 3c and Fig. 3h,

respectively).

c. Time evolution of equatorial Pacific in the ensemble
experiment

In Fig. 5 we compare the time evolution of equatorial Pacific

SST and SSH anomalies for the three experiments. For

the 1SFM experiment, the net heat flux forcing imposed over

FIG. 4. As in Fig. 3, but meridionally averaged (38N–38S) temperature anomalies for the (a)–(d) 1SFM, (e)–(h) 1TWC, and

(i)–(l) 1(SFM 1 TWC) ensemble response. Stippling indicates regions where the ensemble mean differences are significant with 90%

confidence from a two-tailed Student’s t test.
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FIG. 5. Time–longitude plots of the (a),(b) 1SFM ensemble response, (c),(d) 1TWC ensemble response, and

(e),(f)1(SFM1TWC) ensemble response of (top) SST (8C) and (bottom) SSH (m) anomalies (difference between

1TWC and no trade-wind charging, CLIM, ensemble mean) along the equator (meridionally averaged from 38S to

38N) fromNovember of year 0 toMarch of year 2. Areas are stippled where values exceed the 90% confidence level

from a two-tailed Student’s t test. The position and size of black circles in (a), (c), and (e) show the location and

magnitude, respectively, of location (longitude) of the center of heat anomaly for each month. The smallest circle

corresponds to a 10.18C center of heat anomaly, and the largest circle corresponds to a 10.58C anomaly.
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the off-equatorial North Pacific during the forced stage has no

significant impact on the equatorial Pacific SST (Fig. 5a) or

SSH (Fig. 5b) anomalies. After coupling is engaged, air–sea

interactions induce zonal wind stress anomalies over the

western equatorial Pacific (not shown). In June of year 1,

anomalous westerlies trigger an eastward propagating down-

welling Kelvin wave, evident as a positive SSHA that transits

the basin from June to September (Fig. 5b). This generates

positive SSTAs (Fig. 5a) across the central equatorial Pacific

(center of heat near 1708W; black circles in Fig. 5a) and

the formation of CP El Niño–like warming with a peak am-

plitude of 0.258C in August–September that begins to decay

in October.

In contrast, the1TWC forced experiment initially has cold

SST anomalies (Fig. 5c), suggestive of La Niña–like condi-

tions. However, the gradual increase in positive SSHA over

the central equatorial Pacific from December of year 0 on-

ward (Fig. 5d) indicates a steady buildup of subsurface heat

content. The subsurface heat advects eastward, eventually

initiating eastern Pacific SST warming in May of year 1

(Figs. 5c,d). This warming initiates the Bjerknes feedback

(Bjerknes 1969) by generating westerly anomalies (Figs. 3e,f)

that further intensify the equatorial warming mainly in the

eastern Pacific, leading to the development of a mature EP-

like El Niño (Fig. 5c). Interestingly, it appears that a second

pulse of subsurface heat content anomalies, initially found in

the far western Pacific in June of year 1, also advects east-

ward, augmenting the east subsurface anomalies that were

already developing (Figs. 5c,d). This secondary subsurface

anomaly depicts the western boundary reflection of westward

propagating Rossby waves that developed (Alexander et al.

2010; Chakravorty et al. 2020) during previous winter and

spring (Fig. 2e). The 1TWC ensemble generates an EP-like

El Niño with the center of heat near 1208W in fall (Fig. 5c)

that persists until late winter of year 1 (when the center of

heat in winter shifts to 1408W).

For the 1(SFM 1 TWC) experiment, the equatorial

evolution is nearly identical to the1TWC until April of year

1; at this time, the introduction of air–sea coupling drives a

stronger basinwide warming in the spring and winter in

the 1(SFM 1 TWC) experiment (Fig. 5e). The similarity

between the 1(SFM 1 TWC) and 1TWC experiments in

the initial surface and subsurface response suggests that the

generation of warm anomalies is primarily due to the TWC

mechanism. However, the combined forcing produces a

stronger westerly wind anomaly (Fig. 3j) than the 1TWC

experiment (Fig. 3f), driving more pronounced SST and

SSH anomalies via coupled air–sea processes. We hypoth-

esize that the stronger, more persistent subsurface warming

in1(SFM1TWC) (see below) drives the stronger andmore

widespread El Niño conditions centered near 1408W in

winter of year 1 as compared with the generally weaker

conditions in 1TWC (Figs. 5e,f).

d. Mixed layer heat budget

Next, we performed a mixed layer heat budget analysis to

better understand the physical processes responsible for the

equatorial Pacific SST response within the different experiments

(Fig. 6). To do so, the equation (Kug et al. 2009; Montégut et al.
2007) applied to the ensemble experiments is as follows:
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where T is the mixed layer temperature; h is the depth of the

mixed layer; (u, y) are horizontal velocity; Th and Wh are the

temperature and vertical velocity at the base of the mixed

layer, respectively;QS is net heat flux at the sea surface; r is the

seawater reference density; CP is the specific heat capacity of

seawater; andKz is the vertical mixing coefficient. The residual

term R is small in the ensemble mean (Montégut et al. 2007).
The major processes that determine the mixed-layer temper-

ature tendency (TEND; term on the left-hand side) in the

equatorial Pacific include (i) surface net heat flux [NHF; first

term on the right-hand side (RHS)], (ii) horizontal advection

(HADV; second term on the RHS), and (iii) vertical oceanic

subsurface processes (VSUB; third and fourth terms on the

RHS), including vertical advection, entrainment mixing, and

diffusion. For each simulation we computed each heat budget

term for a given ensemble run and experiment and then cal-

culated the ensemble mean anomalies for each experiment

with respect to the CLIM ensemble mean. We then applied a

45-day low-pass filter and averaged over 28S–28N.Note that the

depth of the mixed layer h is temporally and geographically

varying and is defined as the depth at which the potential

density difference exceeds 0.01 kgm23.

In the 1SFM experiment, as expected, the tendency term is

negligible until spring over the equatorial Pacific (Fig. 6a).

Starting in early summer of year 1, a significant warming ten-

dency begins near 1508W (Fig. 6a), resulting primarily from

anomalous horizontal advection of warm water (Fig. 6c) due to

the anomalous equatorial westerly wind. However, in late fall

and winter (of year 1), as the westerly anomalies decay and

easterly trades strengthen over the central equatorial Pacific

(Figs. 3c,d), anomalous horizontal advection allows cold water

to advect into the central equatorial Pacific and leads to the

decay of the positive surface temperature anomalies. Oceanic

vertical processes have a fairly small contribution to the

warming for most of the experiment (Fig. 6d). Instead, the

generation and decay of the warm event is primarily driven by

zonal advection (Fig. 6c), consistent with previous CP El Niño
studies (Kug et al. 2009).

Turning to the 1TWC experiment, the initial cooling ten-

dency (Fig. 6e) is associated with vertical processes in the

eastern Pacific (Fig. 6h) and horizontal advection in the west-

ern and central Pacific (Fig. 6g). In summer of year 1, a shift to a

warming tendency in the east Pacific (Fig. 6e) is initiated by

oceanic vertical processes (Fig. 6h), primarily due to the mean

upwelling of anomalously warm subsurface water [thermocline

feedback termW(dT/dt); not shown] rather than the upwelling

feedback term W(dT/dt). These vertical advection processes

are eventually supported by the zonal advection term. The

resulting warming sets up westerly wind anomalies in the

central Pacific (i.e., the Bjerknes feedback; Bjerknes 1969) that
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FIG. 6. Time–longitude plots of the (a)–(d)1SFM ensemble mean response, (e)–(h)1TWC ensemble response, and (i)–(l)1(SFM1
TWC) response of (left) mixed layer temperature tendency (Tm_tend; 8Cmonth21), (center left) net heat contribution (Q; 8C month21),

(center right) horizontal advection (HADV; 8C month21), and (right) the vertical oceanic subsurface processes (VSUB; 8C month21)

along the equator (meridionally averaged from 28S to 28N). Stippling indicates regions where the ensemble mean differences are sig-

nificant with 90% confidence from a two-tailed Student’s t test.
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intensify the warming and spread it westward through hori-

zontal advection and vertical processes from summer to early

winter of year 1 (Figs. 6g,h). Countering these heating pro-

cesses is a strong negative NHF in the eastern Pacific (Fig. 6f)

that acts to dampen the El Niño warming. Interestingly, the

horizontal advection of warm water is stronger in the 1TWC

experiment than the 1SFM. That said, the thermocline feed-

back (due to warm subsurface temperature) is the dominant

term in the 1TWC experiment evolution, which is subse-

quently augmented by horizontal advection (due to strong

and persistent westerly wind stress anomalies). As Xie and Jin

(2018) note, the thermocline feedback process plays a crucial

role in generating EP El Niño–type warming, consistent with

the El Niño evolution and positioning seen in the 1TWC

experiments.

The 1(SFM 1 TWC) experiment initially follows a similar

evolution as the 1TWC experiment (Figs. 6e,i). However, the

warming tendency persists longer (Fig. 6i) due to a continued

supply of warm water by oceanic vertical processes and hori-

zontal advection (Figs. 6k,l) that overwhelms the increased

negative NHF term (Fig. 6j) and acts to sustain the equatorial

Pacific warming.

e. Ensemble mean and spread

We quantitatively compare the ensemble mean and spread of

Niño-3.4 SST and warm water volume (WWV; Meinen 2000)

anomalies for the experiments (Fig. 7). The ensemblemeanNiño-
3.4 SST anomalies are near-zero for 1SFM until April of year 1

(pink lines in Fig. 7a), and for both1TWC and1(SFM1 TWC)

they are weakly negative, with very small ensemble spread (or-

ange and red lines, respectively, in Fig. 7a).With air–sea coupling,

ensembles of each experiment begin to diverge in the summer

with increased ensemble spread (Fig. 7a). Throughout the1SFM

experiment, Niño-3.4 anomalies are never significantly different

from zero, but the 1TWC and 1(SFM 1 TWC) experiments

show significant winter warming in year 1.

In contrast, the WWV evolution for the1TWC and1(SFM1
TWC) experiments quickly increases in response to warm water

charging, which diverges from the near-zero WWV anomaly ob-

served in the 1SFM experiment (Fig. 7b). As with the Niño-3.4

FIG. 7. Evolution of 5-day ensemble mean anomalies of (a) Niño-3.4 SST (8C) with 45-day

smoothing from November of year 0 to March of year 2 for the 1SFM ensemble mean (pink

lines),1TWC ensemblemean (orange lines), and1(SFM1TWC) ensemblemean (red lines);

(b) as in (a), but for warm water volume (WWV; 1014 m3) averaged from 1208E to 808W and

from 58N to 58S. The vertical lines show the spread (standard error) of the respective simulation

about its mean for April of year 1, August of year 1, and November–December of year 1 and

January of year 2. The black vertical dashed lines indicate the start of the fully coupled stage.
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SSTAs, the ensemble mean WWV anomalies for the 1(SFM 1
TWC) overlap with the1TWC until summer of year 1. However,

the accumulation of warm water over the equatorial Pacific be-

comes significantly larger in the 1(SFM 1 TWC) relative to

the 1TWC experiment in the fall. By the end of the 1TWC

and 1(SFM 1 TWC) experiments in spring of year 2, negative

WWV anomalies develop, consistent with the expected poleward

warmwater discharge during the peak phase of El Niño (Jin 1997).
To check the robustness of these ENSO responses, we exam-

ined the time evolution of Niño-3.4 SSTAs for the 30 ensemble

members (each calculated with respect to the corresponding

CLIM ensemble member). In the presence of coupling, the Niño-
3.4 SSTAs for the 30 ensemble members quickly diverge in all

three experiments (Fig. 8). This initial spread is most likely due to

stochastic atmospheric variability occurring shortly after the in-

troduction of coupling, as demonstrated in Larson and Kirtman

(2017). Despite this large spread, we find that in the 1SFM

experiment (Fig. 8a) during NDJ(1/2), the warm (.0.58C) and
cold (,0.58C) ensembles are evenly distributedwith 9warmand 9

cold ensembles. In contrast, there are more than 2 times as many

warm versus cold ensemble members (13 warm and 6 cold en-

sembles; Fig. 8b) in the 1TWC experiment. Under combined

forcing, the number of warm ensemble members increases to

nearly triple the number of cold ensemblemembers (14warmand

5 cold events; Fig. 8c). Although not shown here, when compared

with the CLIM ensemble mean (rather than individual CLIM

ensemble members) Niño-3.4 SSTAs, all three experiments result

in similar overall numbers of warm (.0.58C) events (12–13

events, as compared with the 7 events in the CLIM). However,

only 15% of the 1SFM warm events constitute strong events

(.18C, which represents the 90% threshold from the CLIM ex-

periment, i.e., only occurs 10% of the time), whereas 50% and

75%of the1TWCand1(SFM1TWC)warmevents exceed this

threshold, respectively.

FIG. 8. Five-day mean (a) Niño-3.4 SST (8C) anomalies with 45-day smoothing for the 30

(a) 1SFM, (b) 1TWC, and (c) 1(SFM 1 TWC) ensembles computed by removing the cor-

responding CLIM ensemble member. The thin red lines indicate ensembles warmer than 0.58C
(warm ensembles), thin blue lines indicate ensembles cooler than20.58C (cold ensembles), and

gray lines indicate ensembles between20.58C and 0.58C (neutral ensembles) during NDJ(1/2).
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As Niño-3.4 SSTAs are computed over a fixed domain, this

may not be the best index to capture the different spatial flavor

of the El Niño events that develop. Thus, we further analyze the

longitudinal location of the center of peak surface warming

(meridionally averaged SSTAs from 38S to 38N) for each of the

ensemble members relative to the CLIM ensemble mean (not

shown). We examine the longitudes of peak warming (similar to

what was done for the ensemble means, i.e., the black circles in

Fig. 5) only for those ensemble members for which the SSTAs

exceed 0.58C in NDJ(1/2) along the equatorial Pacific. We find

that 75% of 1SFM warm ensembles (9 of the 12 ensembles)

exhibited CP El Niño–like warming (center of heat located west

of 1508W) in winter. In contrast, in the1TWC experiment 70%

of the warm ensemble (10 of the 14 ensembles) show EP El

Niño–like characteristics (center of heat located east of 1508W).

When combined in the 1(SFM 1 TWC) experiment, most of

the warm ensembles begin with east Pacific warming, but in the

winter the center of peak warming is located around 1508W for

70% of warm ensembles (11 of 16 warm ensembles). This sug-

gests that the subsurface warm water recharge associated with

the 1TWC mechanism favors the formation of eastern Pacific

warming events, whereas the addition of 1SFM shifts the

warming westward.

4. Summary and discussion

Our study highlights the importance of extratropical Pacific

atmospheric forcing on El Niño generation, focusing on two key

mechanisms, the heat flux–driven SFM and ocean dynamics–

driven TWC mechanism. Through these two mechanisms, the

extratropics can influence El Niño events up to a year in advance.

Our findings suggest that the1SFM, through thermodynamically

coupled processes, produces an off-equatorial heat source (e.g.,

Amaya et al. 2019; Vimont et al. 2003) that drives equatorial

westerly wind anomalies and generates a weak, short-lived CP El

Niño–like warming pattern in the fall. In these runs, the warming

decays quickly as the western Pacific warming reinforces the east–

west SST gradient and easterly trade winds in fall and winter,

which advect cold water into the central equatorial Pacific in the

absence of strong subsurface warming. On the other hand, 1TWC,

through ocean dynamical processes, successfully charges the central

equatorial Pacific with warm water (e.g., Anderson 2007; Anderson

and Perez 2015; Chakravorty et al. 2020). This warm water subse-

quently advects eastward andupwardalong the tilted thermocline and

generates a moderate EP El Niño–like warm event (Chakravorty

et al. 2020). When both mechanisms occur in tandem, they

generate a stronger and more persistent El Niño with basinwide

warming, initiated primarily by the 1TWC mechanism but aug-

mented by the 1SFM. This comparative analysis of dynamical

and thermodynamical mechanisms suggests that while an El

Niño can be triggered by both dynamic and thermodynamic

processes, its strength, growth, and persistence depends largely on

the dynamically driven subsurface ocean response. The distinctly

different longitudinal position of warming over the equatorial

Pacific by these two mechanisms further suggests that extra-

tropical forcing can influence ENSO diversity [consistent with

previous studies including Yu and Kim (2010, 2011), Yu et al.

(2017), and Pegion et al. (2020)]. In our experiments, heat flux–

driven processes alone tend to generate central Pacific warming,

whereas a charged equatorial Pacific preconditioning favors

eastern Pacific warming.

Given these results, it is interesting to note that X.Wang et al.

(2019) found that coupled models that are significantly better in

representing the surface air–sea thermodynamic coupling asso-

ciated with NPO are better in simulating central Pacific El Niño
events. Further, the inability of coupled models to properly

simulate extratropical Pacific modes such as the NPO (Lin et al.

2015) may contribute to their limited ENSO predictability

(Fedorov et al. 2003, Wang et al. 2021). As such, our results

highlight the need for proper representation of extratropical

mechanisms in coupled models, as these mechanisms influence

the magnitude and structure of ENSO events and could con-

tribute to improved ENSO predictability. We note that our re-

sults are not necessarily analogous for how extratropical forcing

from the Southern Hemisphere may influence ENSO diversity.

For example, Larson et al. (2018b) show that thermodynami-

cally driven variability from the southeast Pacific more directly

impacts east Pacific SSTA through modulation of the overlying

latent heat fluxes, rather than central Pacific SSTA. It also is

important to note that our experiments are initialized from

nearly neutral conditions, and as such do not include interactions

between ocean preconditioning and the 1SFM or 1TWC

mechanisms. Studies show that ocean preconditioning associated

with the traditional Jin (1997) recharge/discharge can explain

30% of ENSO variability in coupled model experiments (Larson

and Kirtman 2017). A recent study by Santoso et al. (2017) also

found that a positive NPMM superimposed on strong ocean

preconditioningmaybewhat lead to the extreme 2015/16ElNiño
event. Thus, the interaction between extratropical forcing and

ocean preconditioning in the tropical Pacific Ocean is an impor-

tant area of study that will be explored in future research.
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APPENDIX

Method to Generate TWC and SFM Forcing

To identify TWC-related wind stress fields and SFM-related

net heat flux from within the SODAsi.3 reanalysis product we
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first isolate the mode of tropical boreal winter horizontal wind

stress that 1) has the highest correlation with tropical SST

variability during the following boreal winter and 2) is inde-

pendent from the concurrent ENSO state. To do so, we use

monthly SST and zonal wind stress tx from the SODAsi.3 and

20CRv2c dataset respectively. These first steps are nearly

identical to the process outlined in Chakravorty et al. (2020).

The fields of SST and tx are constrained to the region be-

tween latitudes 208S and 208N and longitudes 1208E and 708W.

Furthermore, because the modes we are interested in are most

active during boreal winter, the variables are seasonally aver-

aged fromNovember to January for SST (Trenberth 1997) and

from November to February for tx and the seasonal means are

linearly detrended across all years (Anderson and Perez 2015).

To further improve robustness of the results, the data pro-

cessing described above is run identically on the last 60 years

(1952–2011) of all eight ensemble members (60 3 8 5 480

years) available from the two reanalysis products [as described

in Chakravorty et al. (2020)].

Having obtained the spatiotemporal evolution of boreal winter,

tropical Pacific tx and SST anomalies, we next seek to identify

modes of tx variability that precede large-scale changes in the

boreal winter SST structure the following year by adopting a

variant of the canonical correlation analysis (CCA) used by

Anderson (2003). As in previous analyses (e.g., Bretherton et al.

1992; Graham et al. 1987) we first isolate large-scale modes of

variability in both fields by separately applying EOF analysis and

then, following the method outlined by Anderson (2003) and

Chakravorty et al. (2020), we include their respective leading

EOF time series in the CCA. The subsets, specifically, include the

first 10modes for SST and the first 9modes for the wind stress. To

avoid the influence of concurrent, ENSO-related wind stress

anomalies, we remove these anomalies by excluding from the

CCA the first EOF of tx, which captures the time evolution of

ENSO-related wind stress anomalies (Chakravorty et al. 2020;

Larson and Kirtman 2014). The CCA analysis returns pairs of

time series, called canonical variables (CV), one for SST and one

for tx, among which the first one is the one carrying the highest

correlation value. We then use the first CV of tx to reconstruct

both TWC and SFM fields applying a weighted composite algo-

rithm to the anomaly fields of wind stress (tx and ty) and net heat

fluxQn, respectively. As one can see from Fig. 1d the net heat flux

has been masked near the equator. This choice was made to ex-

clude those values for which the concurrent SST and Qn anoma-

lies have opposite signs.

Selection of ENSO-neutral initial condition

For our ensemble experiment we select the 1 November

initial conditions from the control simulation that 1) are in an

ENSO-neutral equatorial Pacific state at the onset of the ex-

periment and 2) have a tendency to remain ENSO-neutral over

the course of the following winter by applying the two fol-

lowing criteria [as in Chakravorty et al. (2020)]. First, the

monthly averaged Niño-3.4 SST anomalies (relative to the

climatological mean of the 222-yr coupled simulation) on

1 November of year 0 must be within the range of 60.58C (to

ensure that near-neutral conditions exist in the equatorial

Pacific SST). Second, the Niño-3.4 SST anomaly one year later,

during the subsequent winter November andDecember of year

1 and January of year 2, NDJ(1/2), must be within the range of

618C (to ensure the absence of any subsurface precursor

conditions in the initial ocean state that could result in the

development of a mature ENSO event the following year). A

total of 30 branch points are selected as initial conditions for

the ensemble experiments.
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