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ABSTRACT

The eastern tropical Pacific features strong climatic asymmetry across the equator, with the intertropical con-

vergence zone (ITCZ)displacednorthof theequatormost of time. InFebruary–April (FMA), the seasonalwarming

in the SouthernHemisphere and cooling in theNorthernHemisphereweaken the climatic asymmetry, and a double

ITCZ appears with a zonal rainband on either side of the equator. Results from an analysis of precipitation vari-

ability reveal that the relative strength between thenorthern and southern ITCZvaries fromoneyear to another and

this meridional seesaw results from ocean–atmosphere coupling. Surprisingly this meridional seesaw is triggered by

an El Niño–Southern Oscillation (ENSO) of moderate amplitudes. Although ENSO is originally symmetric about

the equator, the asymmetry in themean climate in the preceding season introduces asymmetric perturbations, which

are then preferentially amplified by coupled ocean–atmosphere feedback in FMAwhendeep convection is sensitive

to small changes in cross-equatorial gradient of sea surface temperature. This study shows that moderate ENSO

follows a distinct decay trajectory in FMA and southeasterly cross-equatorial wind anomalies cause moderate El

Niño to dissipate rapidly as southeasterly cross-equatorial wind anomalies intensify ocean upwelling south of the

equator. In contrast, extreme El Niño remains strong through FMA as enhanced deep convection causes westerly

wind anomalies to intrude and suppress ocean upwelling in the eastern equatorial Pacific.

1. Introduction

El Niño–Southern Oscillation (ENSO) is the dominant

mode of interannual variability, which arises from the zonal

interaction of the tropical Pacific Ocean and atmosphere.

While Bjerknes (1969) originally envisioned that the

weakened easterly winds reduce local ocean upwelling and

cause the equatorial Pacific to warm, Wyrtki (1975) noted

that the local trade winds hardly change over the eastern

Pacific during El Niño and sea surface temperature (SST)

increase is caused by the anomalously deepened thermo-

cline. In fact, wind variations are typically confined to the

western half of the equatorial Pacific while SST anomalies

extend and often amplify toward the SouthAmerican coast

(Deser and Wallace 1990). Now it is widely accepted that

the westerly wind anomalies in the central Pacific depress

the thermocline through equatorial wave adjustments and

cause the eastern Pacific to warm. Composite analysis that

isolates common features ofENSOeventswas instrumental

in developing this classic view of the ENSO phenomenon.

Each El Niño is different.Withmore observations, there

are increasing interests in studying differences among

ENSO events. Some classify ENSO events based on the

SST pattern (Ashok et al. 2007; Kug et al. 2009; Kao and

Yu 2009; Takahashi et al. 2011), that is, whether SST

anomalies are larger in the eastern (Niño-3 region: 58S–

58N, 1508–908W) or central (Niño-4 region: 58S–58N,

1608E–1508W) equatorial Pacific. Others emphasize the

difference in rainfall anomalies averaged in the Niño-3

region of the eastern equatorial Pacific (Chiodi and

Harrison 2013; Cai et al. 2014), noting the importance for

atmospheric teleconnections (Johnson and Kosaka 2016;Corresponding author: Shang-Ping Xie, sxie@ucsd.edu
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Siler et al. 2017). SST and rainfall averaged in the Niño-3

region are designed to capture equatorially peaked

phenomena, a pattern that SST anomalies of ENSO indeed

fit. It is unclear whether the Niño-3 means are always ap-

propriate to capturemajormodes of eastern tropical Pacific

variability. For example, ENSO-induced changes in deep

convection tend to be confinednorth of the equatormost of

time, a meridional structure not well captured by averages

in the equatorially centeredNiño-3 region. This asymmetry

in atmospheric anomalies of ENSO is due to the meridio-

nal asymmetry of the eastern Pacific climate, where SSTs

on and south of the equator are generally below the con-

vective threshold (;26.58–278C in current climate; Johnson

and Xie 2010), and the intertropical convergence zone

(ITCZ) is displaced north of the equator (Xie 2004).

In March, SST reaches the annual minimum in the

Northern Hemisphere and the annual maximum in the

SouthernHemisphere. This seasonal pattern opposes and

nearly balances the annual-mean asymmetry, and at the

spring equinox, the eastern tropical Pacific climate is

nearly symmetric about the equator (Fig. 1b). A double

ITCZ appears briefly during boreal spring [February–

April (FMA)] (Fig. 1a), with a zonal rainband on either

side of the equator across the eastern half of the tropical

Pacific Ocean (Kornfield et al. 1967). As the southerly

cross-equatorial winds slow, upwelling weakens and SST

rises near the equator (Mitchell and Wallace 1992; Xie

1994), although SSTs at the equator remain slightly below

the convective threshold. As a result, FMA is a timewhen

atmospheric deep convection is sensitive to small changes

in SST near the equator. While ENSO at the peak phase

of November–January (NDJ) has been studied exten-

sively, variability in FMA has not received as much at-

tentionwhenENSO starts to decay and the local coupling

between SST and deep convection strengthens over the

eastern tropical Pacific.

This motivates our study that focuses on FMA vari-

ability in the eastern Pacific ITCZ over the satellite era.

Our results reveal a previously unknownmode of ocean–

atmosphere interaction unique to FMA, which is char-

acterized by a basin-scale meridional dipole of rainfall

anomalies across the equator and manifested as in-

terannual variability in the relative intensity between the

northern and southern ITCZs. Surprisingly, this meridi-

onalmode is closely related to the decay of ENSOevents.

Recent studies show considerable variability in SST de-

cay among El Niño events (Lengaigne and Vecchi 2010)

and between El Niño and La Niña (Okumura and Deser

2010). Such diversity in ENSO decay has important ef-

fects on the Indo-western Pacific summer climate (Ohba

and Ueda 2006; Xie et al. 2010; Yang et al. 2015; Ma

et al. 2017a).

The next section introduces data used in this study.

Sections 3 and 4 present leading modes of convective

variability over the eastern tropical Pacific and discuss the

coupled dynamics. Section 5 shows that these modes are

robust in ship observations over a longer period after

1950. Section 6 summarizes the results in the context of

the literature in ENSO diversity.

2. Data

We use the following datasets: the Climate Prediction

Center (CPC) Merged Analysis of Precipitation (CMAP;

https://www.esrl.noaa.gov/psd/data/gridded/data.

cmap.html), derived from satellite observations and

available since 1979 on a 2.58 3 2.58 grid (Xie and Arkin

1997); the NOAA Optimum Interpolation Sea Surface

Temperature, version 2 data (OISST; https://www.esrl.

noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html),

available since 1982 on a 18 3 18 grid (Reynolds et al.

2002); surface heat flux from the Air–Sea Fluxes for

FIG. 1. Climatology of SST (contours at intervals of 18C; the 26.58C contour highlighted in thick black, 27.58C in

red, and 28.58C in dark red), precipitation (mmday21; shading) and surfacewind velocity (m s21; vectors): (a) time–

latitude section zonally averaged in 1408–808W, and (b) in March.

4450 JOURNAL OF CL IMATE VOLUME 31



the Global Tropical Oceans (TropFlux) project

(http://www.incois.gov.in/tropflux/) for 308S–308N on a

18 3 18 grid (Kumar et al. 2012); wind velocity and

specific humidity from the ECMWF interim reanalysis

(ERA-Interim; http://apps.ecmwf.int/datasets/data/interim-

full-daily/levtype5sfc/) for 1979 to 2017 on a 18 3 18 grid

(Dee et al. 2011); and ocean temperature from the NCEP

GlobalOceanDataAssimilation System (GODAS; https://

www.esrl.noaa.gov/psd/data/gridded/data.godas.html) on

a 18 3 (1/3)8 grid. The Extended Reconstructed SST

(ERSST) dataset (Huang et al. 2015) is used to compute

regional SST indices for the equatorial Pacific, including the

Niño-3.4 (58S–58N, 1708–1208W) and Niño-112 (08–108S,

908–808W) regions.

Prior to the satellite era, we use precipitation from the

European Twentieth Century Reanalysis (ERA-20C)

for 1950–2010 on a 18 3 18 grid (Poli et al. 2016); and

surface wind velocity, marine cloudiness, and SST in the

International Comprehensive Ocean–AtmosphereData

Set (ICOADS) for 1950–2017 (Freeman et al. 2017). For

stable statistics, ICOADS ship reports are gridded on a

coarse 48 3 48 grid without interpolation. Over warm

tropical oceans, ship-observed cloudiness is often a good

proxy of deep convective activity. ERA-20C assimilates

ICOADS sea level pressure and surface winds, along

with observed SST and sea ice as surface boundary

conditions.

We use an atmospheric simulation forced by the ob-

served evolution of SST, sea ice, and radiative forcing

for 1951–2010, from the database for Policy Decision

Making for Future Climate Change (d4PDF; Mizuta

et al. 2017). The atmospheric general circulation model,

developed at the Japan Meteorological Research In-

stitute, is spectral with effective resolution of 60 km and

64 vertical levels. An ensemble of 100 runs was con-

ducted with slightly different initial conditions and to

sample uncertainties in prescribed boundary conditions.

The ensemble mean is analyzed to evaluate atmospheric

response to SST, sea ice, and radiative forcing.

3. Extreme El Niño

We perform an empirical orthogonal function (EOF)

analysis on CMAP precipitation averaged for FMA

during the 39-yr period of 1979–2017 in the eastern

tropical Pacific domain of 158S–158N, 1408–808W. The

1979–2017 mean is taken as the climatology. As will

become clear, convective variability in this region is

FIG. 2. EOF modes of FMA rainfall variability over the eastern tropical Pacific. (a),(c) Regressions of rainfall (color

shading), SST (contours at intervals of 0.38C, zero thickened and negative dashed), and surface wind (m s21; vectors)

against (b),(d) the standardized PCs (blue). Also plotted in red are concurrent (b) eastern (Niño-3) and (d) central

(Niño-4) equatorial Pacific SST indices (standardized). Blue (red) arrows in (a),(c) indicatewind anomalies that strengthen

(weaken) climatological winds. The correlations (r) are significant at the 95% confidence level based on a t test.
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important for ENSO evolution by affecting surface

winds and hence ocean upwelling.

The leading EOF mode of FMA rainfall variability,

accounting for 56% of total variance, features increased

rainfall centered on the equator (Fig. 2a). It captures

so-called extremeEl Niño events with strong convection

(Chiodi and Harrison 2013; Johnson and Kosaka 2016)

and heavy rainfall in the Niño-3 region of the eastern

Pacific (Cai et al. 2014; Takahashi et al. 2011). The

principal component (PC) is dominated by the 1983 and

1998 major El Niño events and includes two weaker

events of 1987 and 1992. Even in the warm season of

FMA, climatological mean SSTs over the eastern

equatorial Pacific are still below the threshold for deep

convection (;278C, Fig. 1) so only El Niño events of

considerable warming in the Niño-3 region can cause

deep convection (Zheng et al. 2016). This SST threshold

explains why PC1 is strongly skewed positively—there is

no extreme La Niña. PC1 is correlated with Niño-3 SST

(r 5 0.74) but the variability is muted in the negative

regime compared to SST. The correlation with SST is

due to the four extreme El Niño events and is not ex-

pected for weak SST variability without much of an ef-

fect on deep convection. Interestingly, PC1 varies little

after 1998 (Lee and McPhaden 2010). It is interesting to

note that PC1 is only weakly positive in 2016 following a

major El Niño.

Because of the subcritical mean SST for deep con-

vection on the equator, most El Niño of moderate

amplitude and all La Niña do not cause changes in

overall Niño-3 convective activity over the eastern

Pacific and hence in zonal atmospheric pressure gra-

dient. As a result, zonal wind hardly varies over the

eastern equatorial Pacific (Deser and Wallace 1990),

inspiring the classic idea that El Niño is caused by the

deepened thermocline in response to remote wind

forcing (Wyrtki 1975). By raising SST above the con-

vective threshold, extreme El Niño intensifies deep

convection over the eastern equatorial Pacific. The

convective heating causes westerly wind anomalies to

intrude into the eastern equatorial Pacific (Fig. 2a), and

the reduced equatorial upwelling sustains the eastern

Pacific warming through FMA (Lengaigne and Vecchi

2010). The intrusion of the westerly anomalies and the

eastern Pacific warming form a positive feedback,

counteracting the rapid decay of the equatorial wind

anomalies in the central Pacific after December (e.g.,

Vecchi and Harrison 2006; McGregor et al. 2012).

The termination of the 1998ElNiño is a good example

(Fig. 3). By April, the thermocline depth at 08, 1258W

has returned to normal but pronounced westerly wind

anomalies remain in response to intense convection that

occupies the eastern equatorial Pacific all the way to the

South American coast. The westerly wind anomalies

keep equatorial upwelling in check until May when a

strong Madden–Julian oscillation brings easterly winds

back to the eastern equatorial Pacific (Takayabu et al.

1999). The resumed upwelling causes SST at this site to

drop by 58C within the month of May 1998 (McPhaden

1999). This illustrates that the shoaling thermocline is a

necessary but not sufficient condition, and the local

westerly wind anomalies delay and control the timing of

the surface cooling following an extreme Niño.

4. Meridional seesaw

EOF2, accounting for 21% of the variance, features a

meridional dipole that is nearly zonally uniform east of

1408W (Fig. 2c). The band of increased (decreased)

rainfall is centered at 58N (68S), roughly collocated with

the FMA climatological rainband. The meridional dipole

is associated with a deep anomalous cross-equatorial

FIG. 3. Evolution of the 1997/98 El Niño. (a) SST (8C), (b) the

depth of the 208C isotherm (m), and (c) zonal wind velocity (m s21).

Analyses are based on monthly averages between 28N and 28S for

the TAO data. The climatology is plotted in gray as reference.
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Hadley cell that extends over the entire troposphere

(Fig. 4b). This, along with the deep anomalies of specific

humidity, indicates that the rainfall dipole results from a

reorganization of deep convection over the eastern

equatorial Pacific. Thus, EOF2 represents interannual

variability in the relative intensity of deep convection

between north and south of the equator. Hereafter we

refer to it as the eastern Pacific ITCZ dipole (EPID)

mode, with the positive phase denoting a stronger

northern than southern ITCZ. Note that the traditional

index of Niño-3-mean precipitation averages out the

EPID mode.

a. Coupled ocean–atmosphere feedback

Convective variability over the eastern tropical Pacific

is coupled with SST. SST anomalies associated with

the EPID are strong and positive north, while they are

weak and negative south of the equator (Fig. 2c). From

an atmospheric point of view, the cross-equatorial

SST gradient intensifies the ITCZ north while weaken-

ing it south of the equator. The d4PDF atmospheric

simulation, of sufficient resolution to resolve the double

ITCZ, reproduces successfully the leading EOFs for

FMA rainfall variability when forced with observed SST

evolution (Fig. 5). The simulated PCs are highly corre-

lated with observations.

South of the equator, the anomalous southeasterlies

accelerate the southeast trade winds through the Coriolis

effect (Figs. 2c and 5c), lowering SST with enhanced

surface evaporation. North of the equator, in contrast, the

easterly trade winds decelerate, helping increase SSTwith

reduced evaporative cooling. This wind–evaporation–SST

(WES) feedback preferentially amplifies the meridional

coupled dipole pattern of SST and deep convection (Xie

and Philander 1994). WES feedback and the resultant

EPID are locked to the FMA season because the mean

state is nearly symmetric and deep convection is sensitive

to small changes in SST on either side of the equator.

Theoretical studies indicate that the mean state with a

symmetric off-equatorial double ITCZ is favorable

for antisymmetric variability across the equator, com-

pared to a northward-displaced ITCZ (Okajima et al.

FIG. 4. Vertical circulation anomalies of the EPID mode. Regressions against the FMA rainfall PC2 of (a) NDJ

and (b) FMA vertical circulation (m s21; arrows) and specific humidity (q0, g kg21; color shading), zonally averaged

in 1408–808W.
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2003; Martinez-Villalobos and Vimont 2016). WES

feedback mediates cross-equatorial interactions in the

Atlantic basin. TheAtlantic meridional mode is also most

pronounced in FMA when the mean climate is nearly

symmetric with the ITCZ sitting close to the equator

(Chang et al. 2006; Deser et al. 2010).

b. Evolution of moderate ENSO

The observed PC2 is well correlated with concurrent

central Pacific SST (r 5 0.64 with Niño-4 SST) and a

central PacificElNiño index (Kao andYu2009) (r5 0.74).

Since PC2 and Niño-4 SST are nearly symmetric be-

tween positive and negative events, we group these

events and call them moderate ENSO as opposed to

extreme El Niño (PC1). The terminology merely in-

dicates the association of EPIDwith those ENSO events

for which Niño-3 SST anomalies are moderate and

eastern equatorial SSTs remain below the convective

threshold. Two indices are generally necessary to clas-

sify specific ENSO events into two types (Takahashi

et al. 2011; Cai et al. 2014).

ENSO is to first-order symmetric about the equator.

Then how does a moderate ENSO transform into the

antisymmetric EPID mode? At the peak phase of

ENSO in the NDJ season, SST anomalies are indeed

nearly symmetric about the equator (color shading in

Fig. 6b). The mean SST, however, is strongly asym-

metric over the eastern Pacific, above the convective

threshold only north of the equator (color shading in

Fig. 6a). As a result, the atmospheric response to

symmetric SST anomalies is asymmetric about the

equator. East of 1408W, deep convection intensifies

only north of the equator during a moderate El Niño,

accelerating the southeast trades on and south of the

equator. This is consistent with vertical motion

anomalies, with a deep structure over the entire tro-

posphere north of the equator but trapped in the

marine atmospheric boundary layer over the climato-

logically cool ocean surface on and south of the equa-

tor (Fig. 4a). The anomalous downward motion in the

lower troposphere south of the equator is associated

with increased stratiform cloud cover at the top of the

marine boundary layer (Clement et al. 2009), reducing

solar radiation that reaches the ocean surface (Fig. 7b).

The reduced solar heating and enhanced surface

evaporative cooling under the intensified southeast

trades both act to lower SSTs south of the equator over

the eastern Pacific.

FIG. 5. EOFs of FMA rainfall variability in d4PDF atmospheric simulation. (a) EOF1 (shaded) for FMA rainfall

variability over the eastern tropical Pacific, alongwith FMA surface wind (m s21, vectors,) and SST (contours at intervals

of 0.38C, zero thickened and negative dashed) regressed against the rainfall PC1. (b) Standardized PC1 for d4PDF (blue),

andCMAP(red). (c),(d)As in (a),(b), but forEOF2.Blue (red) arrows indicatewindanomalies that strengthen (weaken)

climatological winds. The correlations (r) are significant at the 95% confidence level based on a t test.
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This tendency of ocean surface cooling south of the

equator triggers the WES feedback to grow the cross-

equatorial dipole in the subsequent FMA season as

SST anomalies are coupled with deep convection over

the eastern Pacific across the equator. The prevailing

cloud type changes from low/stratus to deep convective

with season, resulting in a change in cloud-radiative

effect on SST from negative in NDJ to positive in FMA

as EPID develops with suppressed deep convection

south of the equator at the shown polarity (Fig. 7b).

The beta effect is essential for WES feedback by ac-

celerating the easterly trades in one hemisphere and

decelerating them in the other. Xie (1996) shows that

WES feedback is proportional to bYI, where b is the

northward gradient of the Coriolis parameter, and YI is

the latitude of the off-equatorial double ITCZ sym-

metric about the equator. SST anomalies of moderate

ENSO are not large enough to cause convection on the

equator, triggeringWES feedback instead that produces

the EPID. Deep convection is possible only off the

equator, with a finite YI ; 58. Extreme El Niño, on the

other hand, activates deep convection on the equator,

triggering the Bjerknes feedback with the westerly wind

anomalies intruding into the eastern equatorial Pacific.

WES feedback is not selected in this case, with no ob-

vious choice for YI.

c. Termination of moderate ENSO

The EPID following a moderate El Niño is associated

with pronounced southeasterly cross-equatorial wind

anomalies (Figs. 2c and 7c), which drive a northward sur-

face current on the equator where the Coriolis effect

vanishes (Philander and Pacanowski 1981). A shallow

overturning cell develops across the equator, with in-

tensified ocean upwelling and decreased SST south the

equator (Fig. 8b). Compared to December, El Niño

warming in March shows moderate changes north of the

equator but decays rapidly on and south of the equator

as a result of the intensified south equatorial upwelling.

This resembles the seasonal cooling of the eastern

equatorial Pacific from April to September in response

to the intensified southeast trades (Mitchell andWallace

1992; Chang and Philander 1994). Thus, the rapid decay

of moderate ENSO appears to be caused by cross-

equatorial processes within 58S–58N that Niño-3 re-

gional averages fail to represent.

Figure 8 presents the results from a simple heat

budget analysis for the cross-equatorial (08–108Nminus

FIG. 6. Ocean–atmospheric anomalies ofEPID.Regressions against theFMArainfall PC2 for (a),(b)NDJ and (c),(d)

FMA: (a),(c) rainfall (mmday21; contours at intervals of 1mmday21, zero omitted and negative dashed); (b),(d)

SST (8C; color shading), latent heat flux (Wm22; contours with an interval of 5Wm22, zero contour thickened and

negative dashed), and surface wind velocity (m s21; vectors), with blue (red) arrows indicating wind anomalies that

strengthen (weaken) climatological winds. Also plotted in (a),(c) is climatological SST (8C; color shading).
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08–108S) difference in perturbation SST (see the ap-

pendix for methods). The atmospheric effect on surface

latent heat flux (notably WES) contributes to the devel-

opment of the meridional asymmetry throughout the

period from November to April. Shortwave cloud-

radiative effects are a positive contributor at the peak

phase of ENSO (NDJ; with stratus cloud feedback south

of the equator) but subsequently turn into a strong

damping when the south equatorial Pacific warms up and

becomes conducive to deep convection. The ocean dy-

namical effect (e.g., the south-equatorial upwelling) be-

comes an important positive contributor to themeridional

asymmetry during FMA in response to the pronounced

cross-equatorial wind anomalies as the EPID develops.

Work is under way to quantify the specific mechanisms

for the EPID by using an ocean general circulation

model. The results will be reported elsewhere.

The Pacific meridional mode (PMM) refers to coupled

SST–surface wind anomalies that are forced in winter by

atmospheric variability over the extratropical North Pa-

cific and subsequently propagate southwestward toward

the equator (Chiang and Vimont 2004; Ma et al. 2017b).

The PMM often triggers moderate ENSO events upon

arriving at the equator while the EPIDmode develops in

boreal spring and tends to follow moderate ENSO.

Geographically, the PMM takes place over the North

Pacific while EPID occurs over the eastern equatorial

Pacific.

5. Variability over an extended period

Reliable satellite estimates of precipitation over

oceans start from 1979. Here we extend our EOF anal-

ysis on FMA deep convective variability back to 1950

using ICOADS. Over convective regions, ship-observed

marine cloudiness often reflects convective activity

(Tokinaga et al. 2012). Back in time, shipmeteorological

reports were sparse over the eastern tropical Pacific

except along a few shipping lanes. For robust results, we

perform a joint EOF analysis onmarine cloudiness, SST,

and zonal and meridional components of the surface

wind, all zonally averaged in 1408–808W. The analysis is

FIG. 7. Evolution of EPID. Regressions against the FMA rainfall PC2 as a function of calendar month and

latitude: (a) SST (8C; contour) and precipitation (mmday21; shading); (b) downward solar radiation (SW) at the

surface (shading in Wm22) and vertical velocity (W) at 850 hPa (contours with an interval of 1m s21, zero contour

thickened and negative dashed); (c) SST (contours with an interval of 0.28C, zero contour thickened and negative

dashed), latent heat flux (LH, Wm22; shading), and wind velocity (m s21; vectors), with increased (decreased)

speed in blue (red). All zonally averaged in 1408–808W.
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done for FMA seasonal mean over a 68-yr period of

1950–2017.

The ICOADS joint EOF1, explaining 23%of the total

combined variance, largely reproduces the precipitation

EOF1 based on CMAP, with enhanced convection,

positive SST, andwesterly wind anomalies (Fig. 9b). The

PC1 is strongly positively skewed.

The ICOADS joint EOF2, explaining 17%of the total

combined variance, reproduces the CMAP precipitation

EOF2. It features a meridional dipole of marine clouds,

FIG. 8. Heat budget of EPID based on GODAS. (a) Cross-equatorial difference between

08–108N and 08–108S (zonally averaged in 1408–908W) in terms of the oceanmixed layer budget

(1027
8C s21): surface solar radiation (blue line), surface latent heat flux [the sum of the

Newtonian damping (green line) and atmospheric (notably WES) effect (black line)], and the

residual due to ocean dynamical effects (DO, red line). (b) Cross-equatorial transect of

anomalous vertical circulation (arrows, m s21 in meridional direction and 1025ms21 in vertical

direction) and ocean temperature (8C, color shading) in March at 908W, along with the mean

ocean temperature (line contours at 18C intervals, with the 258C contour highlighted).

FIG. 9. Results from ICOADS ship observations. (a),(c) The standardized PCs (blue). Also plotted are

(a) eastern (Niño-3) and (c) central (Niño-4) equatorial Pacific SST indices (standardized). (b),(d) Regressions of

SSTA (8C; black), cloudiness (okta; red), and surface wind (m s21; vectors) against the ICOADS standardized PCs.

The correlations between ICOADS and CMAP PCs are 0.87 (PC1) and 0.80 (PC2), respectively. The correlations

(r) are significant at the 95% confidence level based on a t test.
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coupled with meridional SST gradient and cross-equatorial

wind anomalies that form WES feedback (Fig. 9d). Over

the overlapping 39-yr period, the PC2s are highly corre-

lated between ICOADS and CMAP (r 5 0.80). The

ICOADS PC2 is highly correlated with central Pacific

(Niño-4) SST over the 68-yr period (r 5 0.74). Thus, the

EPID is a robust mode throughout the extended period

after 1950 and is consistently triggered bymoderate ENSO

events. Specifically, the PC2 is one standard deviation

below normal in FMA 1967 when the double ITCZ was

first discovered fromsatellite images (Kornfield et al. 1967).

The southern ITCZ is well developed in a negative EPID

event while climatologically the ITCZ is stronger north

than south of the equator (Fig. 1b).

We have performed the joint EOF on the zonal-mean

precipitation, SST, and wind velocity based on ERA-

20C and confirm that the PCs are highly correlated with

those from ICOADS andwith CMAPprecipitation PCs.

A recent independent study of Yu and Zhang (2018)

showed that an anomalous strengthening of the southern

ITCZ relative to the northern counterpart during FMA

tends to be associated with a CP La Niña as previously

noted from analysis of daily satellite images (Yang and

Magnusdottir 2016). This is consistent with the correla-

tion between the EPID mode and Niño-4 SST.

6. Summary and discussion

We have shown that interannual variability of eastern

Pacific convection during FMA is organized into two

coherent modes: one with intensified deep convection

centered on the equator, and onewith ameridional dipole

with little signals on the equator. One can infer these

modes from a scatter diagram for rainfall between the

northern and southern ITCZ over the eastern Pacific

(Fig. 10b); a negative correlation is apparent if the years

1983 and 1998 are excluded. These are years of extreme

El Niño when deep convection intensifies on the clima-

tologically cold equator (Fig. 10a). In FMA, the clima-

tology features the nearly symmetric double ITCZ.

Because of the EPID, there are years when only a single

ITCZ appears, displaced either north (i.e., 2010) or south

(i.e., 2009) of the equator. Here an ITCZ is recognized if

themean precipitation in 38–108N/S, 1208–1008Wexceeds

2mmday21. The scatter diagram inFig. 10b indicates that

EPID is nearly symmetric between the positive and

negative phases, consistent with the EOF analysis for

eastern Pacific precipitation (Fig. 2d).

In FMA, the eastern equatorial Pacificmean state allows

either Bjerknes or WES feedback to occur. It is the time

when equatorial SSTs reach the annual maximum and a

strong enough El Niño can cause deep convection on the

equator and drive the westerly wind anomalies to intrude

into the eastern Pacific (Fig. 11a). The reduced equatorial

trades suppress the equatorial upwelling, allowing the El

Niño warming to linger despite a thermocline that has

shoaled back. We note that the eastward intrusion of the

westerly anomalies during extreme El Niño is more in line

with what Bjerknes (1969) originally envisioned than the

classic view of El Niño (Wyrtki 1975; Deser and Wallace

1990) that is applicable to moderate ENSO.

For moderate El Niño, equatorial SSTs are not high

enough to trigger deep convection, and WES feedback is

selected in FMA instead.Weak asymmetries in NDJ SST

anomalies as a result of the meridional asymmetry in the

mean state grow into an antisymmetric EPID mode

FIG. 10.MAmeanprecipitation. (a) Time–latitude section ofMAprecipitation (color shading

inmmday21; the 2mmday21 contour highlighted in gray line) zonally averaged in 1208–1008W.

(b) Scatter diagram for MA precipitation north (38–108N) and south (38–108S) of the equator.
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(Fig. 11b). The anomalous southeasterlies intensify ocean

upwelling south of the equator, causing the El Niño

warming to decay rapidly on and south of the equator.

The ongoing debate on ENSO diversity focuses on the

SST pattern at the peak phase (Kao and Yu 2009; Ashok

et al. 2007; Capotondi et al. 2015; Kug et al. 2009). From

the perspective of eastern Pacific convection, our study

supports the view that canonical ENSO oscillates be-

tween moderate El Niño and La Niña while extreme El

Niño is in a rare class of its own (Cai et al. 2014; Takahashi

and Dewitte 2016). We show that the two ENSO types

follow distinct decay trajectories in FMA shaped by dif-

ferent coupled feedbacks over the eastern tropical Pacific.

Extreme El Niño decays slowly and sustains a strong

equatorial warming through positive feedback with en-

hanced convection and westerly wind anomalies in the

eastern Pacific, while moderate ENSO dissipates quickly

in the eastern Pacific as WES feedback selectively am-

plifies the antisymmetricEPID inFMAand the enhanced

southeast trades intensify ocean upwelling south of the

equator. Perhaps as a consequence, moderate ENSO

tends to be of the central Pacific type (Kao and Yu 2009)

in the SST anomaly pattern.

The 2015/16 El Niño is a major event by the metric of

NDJ Niño-3.4 SST. Niño-3 SST was high in NDJ at

2.88C but dropped by a whopping 1.98C from January

to only 0.98C in April 2016. Both PC1 and PC2 are only

moderately positive in FMA 2016, suggesting that

there are independent mechanisms for the zonal pat-

tern of El Niño warming other than the magnitude of

Niño-3 SST and EPID.

El Niño derives its name from anomalous coastal

warming off Peru but now commonly refers to the

basin-scale warming events. On the normally dry Pa-

cific coast of Peru, coastal warming events are impor-

tant for heavy rainfall and floods in FMA when

climatological SSTs are at the annual maximum and

approach the convective threshold. Extreme El Niño is

followed by major coastal warming off Peru (Fig. 12a),

FIG. 11. Evolution of (a) extreme and (b) moderate El Niño.

Anomalies of precipitation (mmday21; color shading), SST (8C;

contours at 0.28C intervals; zero contour thickened), and surface

wind (m s21; vectors) regressed against the FMA rainfall PC1 and

PC2 as a function of calendar month and latitude. All zonally av-

eraged in 1408–808W. Blue (red) arrows indicate wind anomalies

that strengthen (weaken) climatological winds.

FIG. 12. (a) Scatter diagram between NDJ Niño-3.4 and FMA Niño-

112SSTindices(8C)for1982–2017, theformerwidelyusedto trackENSO.

Anomalies in FMA 2017: (b) SST (8C, shaded; the zero contour in black),

and (c) rainfall (mmday21; shaded) and surface wind (ms21; vectors).
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presumably through the deepened thermocline across

the eastern Pacific. FMA Peruvian coastal warming is

not generally preceded by a basin-scale Niño, how-

ever. Excluding four extreme El Niños of 1983, 1987,

1992, and 1998, in fact, FMANiño-112 and NDJNiño-

3.4 SST indices are not significantly correlated. The

strong coastal warming event of 2017 was even pre-

ceded by a weak basin-scale La Niña. In March 2017,

torrential rains devastated northern Peru, flooding

towns and cities and causing severe socioeconomic

hardships. At Piura, Peru, accumulated rainfall reached

631mm during three months of January–March 2017, as

compared to the annual climatology of 75mm. Extreme

high SSTs in excess of 28.58C were observed off Peru,

promoting atmospheric deep convection in the coastal

region. In March 2017, a zonal band of increased rainfall

extends from coastal Peru across half of the Pacific basin

south of the equator, paired with a band of decreased

rainfall just north of the equator (Fig. 12c), reminiscent of

the EPID. Takahashi andMartínez (2017) noted a similar

coastal El Niño event in 1925 that was preceded by a

basin-scale La Niña, and discussed the effects of local and

Niño-4 SST. In general, however, Niño-112 SST is not

significantly correlated with our FMA rainfall PC2. More

research is needed to study coupled processes for ENSO

diversity, between moderate ENSO and extreme El Niño

as well as between basin-scale and coastal El Niño.
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APPENDIX

A Mixed Layer Heat Budget

Here we use a simple mixed layer heat budget to es-

timate contributions of different physical processes to

SST changes,

›T

›t
5

Q
S
1Q

E
1Q

L
1Q

H

rc
P
H

1D
o
, (A1)

where T is the perturbation temperature averaged over

the mixed layer; r and cp are density and specific heat

capacity of seawater, respectively; and H is the mean

mixed layer depth defined as the depth at which the

temperature is 0.58C lower than the SST. HereQS is the

shortwave perturbations absorbed by the mixed layer.

We decompose the surface latent heat flux (LHF) per-

turbation QE into components resulting from SST and

atmospheric changes, respectively,

Q
E
5Q

N
1Q

A
, (A2)

where QN 5QEaT is the Newtonian damping on SST

change caused by evaporation (Du et al. 2009). Here the

overbar denotes the climatological mean and the prime

denoting the perturbation is omitted for brevity,

a5 1/qs dqs/dT, and qs is the saturated specific humidity

following the Clausius–Clapeyron equation. The term

QA in Eq. (A2) is the LHF perturbation induced by at-

mospheric (notably wind) changes, obtained as the re-

sidual,QA 5QE 2QN . If relative humidity is a constant

and the surface air–sea temperature difference is ne-

glected, QA 5QEW/W represents the WES effect,

where W is the scalar wind speed. Longwave radiation

(QL) and sensible heat flux (QH) perturbations are very

small and omitted here.

The last term (DO) on the rhs of Eq. (A1) represents

the effect of ocean dynamical processes such as advec-

tion and mixing. Here we estimate the total ocean dy-

namical effect as the residual of Eq. (A1). Quantifying

contributions of specific oceanic processes such as hor-

izontal advection and upwelling and closing the budget

require carefully designed output of relevant terms, a

task we plan to pursue as a future study. Figure 8 shows

the cross-equatorial difference in major terms in Eq. (A1)

between the north (08–108N) and south (08–108S) equa-

torial Pacific, zonally averaged in 1408–908W.
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