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ABSTRACT

The influence of eastern tropical Pacific (EPAC; 10°S-10°N, 140°-80°W) wind anomalies on El Nifio is
investigated using observations and model experiments. Extreme and moderate El Nifios exhibit contrasting
anomalous wind patterns in the EPAC during the peak and decay phases: westerly wind anomalies during
extreme El Nifio and southeasterly (southwesterly) wind anomalies south (north) of the equator during
moderate El Nifio. Experiments with an ocean general circulation model indicate that for extreme El Nifio,
the eastward intrusion of westerly wind anomalies contributes to the prolonged positive sea surface tem-
perature (SST) anomalies in the eastern equatorial Pacific throughout boreal spring by weakened upwelling
and horizontal advection. For moderate El Nifio, by contrast, both the meridional and zonal anomalous winds
over the EPAC are important in the rapid (slow) SST cooling south (north) of the equator through advection
and wind—evaporation-SST feedback. Atmospheric model experiments confirm that these EPAC anomalous
winds are primarily forced by tropical SST anomalies. The interplay between wind and SST anomalies sug-
gests positive air-sea feedbacks over EPAC during the decay phase of El Nifio. Ocean model results show that
the frequency of extreme El Nifio increases when EPAC wind anomalies are removed, suggesting the im-
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portance of EPAC winds for El Nifio diversity.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) dominates
interannual climate variability in the tropical Pacific and
has global impacts of great relevance to society (e.g.,
Philander 1990; Clarke 2008; Sarachik and Cane 2010;
Capotondi et al. 2015; Hu and Fedorov 2017). Bjerknes
(1969) originally envisioned that the local weakened
southeast trade winds reduce equatorial upwelling and
reinforce the positive sea surface temperature anomalies
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(SSTAs) over the eastern Pacific (EPAC; 10°S-10°N,
140°-80°W). Noting that the southeast trades over EPAC
change little during a typical El Nifio, Wyrtki (1975)
showed that the positive sea level and SSTAs over EPAC
are induced by remote downwelling Kelvin waves ex-
cited near the international date line. Since then, the
role of remote forcing in ENSO evolution has been
studied extensively. It is now widely accepted that
westerly wind anomalies in the western central Pacific
are important for eastern central Pacific sea surface
temperature (SST) variability (Wyrtki 1975; McCreary
and Anderson 1984; Zebiak and Cane 1987). The role of
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FIG. 1. Observed latitude—time evolution of (a) extreme and (b) moderate El Nifios. Anomalies
of precipitation (mm day !; color shading), SST (°C; contours at 0.2°C intervals; zero contour

thickened), and surface wind (ms ™"

EPAC wind anomalies in ENSO evolution, however,
receives much less attention. Some previous studies
suggest that EPAC wind anomalies might be important
in ENSO evolution (e.g., McPhaden 1999, 2004; Vecchi
and Harrison 2006), but they tend to focus on individual
El Nifio events. Zhang and McPhaden (2006, 2008)
systematically examined the effects of Nifio-3 zonal
wind stress over the full range of ENSO variability,
showing that a zonal wind stress anomaly of 0.01 Nm 2
leads to about 1°C SST anomaly.

Each El Nifio event is unique: ENSO events differ
in spatial pattern, mechanism, and impacts. Recently,
there are increasing interests in ENSO diversity (e.g.,
Fedorov et al. 2015; Capotondi et al. 2015; Hu and
Fedorov 2018; Timmermann et al. 2018). Some authors
classify ENSO events based on the SST pattern (Ashok
et al. 2007; Kug et al. 2009; Kao and Yu 2009; Takahashi
et al. 2011), while others emphasize the difference in
rainfall anomalies (Chiodi and Harrison 2013; Cai et al.
2014; Xie et al. 2018; Okumura 2019). Here we classify
ENSO into extreme and moderate types based on their
rainfall patterns in the eastern tropical Pacific (Xie et al.
2018). ENSO diversity arises from multiple factors includ-
ing westerly wind bursts near the date line (Hu et al. 2014;

; vectors) are zonally averaged in 140°-80°W.

Lian et al. 2014; Chen et al. 2015; Fedorov et al. 2015),
extratropical air-sea interactions (Yu et al. 2010; Ma
et al. 2017; Amaya et al. 2019), pantropical interactions
(Ham et al. 2013; Cai et al. 2019), and background
conditions (Yeh et al. 2009; Choi et al. 2011; McPhaden
et al. 2011; Ogata et al. 2013; Okumura et al. 2017).
Different types of ENSO are characterized by con-
trasting wind anomaly patterns over the EPAC region
(Xie et al. 2018; Lengaigne and Vecchi 2010). During
an extreme El Nifio, SSTs in the equatorial eastern
Pacific exceed the convective threshold (~28°C in the
current climate; Masunaga and Kummerow 2006), and
the convective anomalies can cause the anomalous
westerly winds to intrude eastward into EPAC (Vecchi
2006) (Figs. 1a and 2b). These westerly wind anomalies
reduce upwelling, helping the positive SSTAs in EPAC
persist throughout boreal spring (Vecchi and Harrison
2006; Lengaigne and Vecchi 2010). During a moderate
El Nifio, the tropical eastern Pacific exhibits a different
wind pattern: southeasterly (southwesterly) anomalous
winds south (north) of the equator (Fig. 1b). These
winds are associated with an eastern Pacific intertropical
convergence zone (ITCZ) dipole (EPID) mode (Xie
et al. 2018; Yu and Zhang 2018) and cause the rapid
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FIG. 2. Observed longitude-time evolution of (a),(b) extreme, and (c),(d) moderate El Nifios. (left) 20°C isotherm
depth anomalies (m, color shading), SSTA (contours at intervals of 0.5°C, zero thickened and negative dashed), and
convective threshold (green lines, 28.5°C in the current climate). (right) Rainfall anomalies (mm day ', color shading),

and zonal wind anomalies (contours at intervals of 0.5 ms ™"

averaged in 2°S-2°N.

decay of moderate El Nifio, thereby contributing to
ENSO diversity. Nevertheless, the above hypotheses
about the impacts of EPAC wind anomalies in the two
types of ENSO have not yet been rigorously tested
in realistic models. Important questions remain un-
answered: How do EPAC wind anomalies (including
zonal and meridional components) affect the extreme
and moderate ENSO evolution? What are the specific
oceanic mechanisms? What drives wind variability over
EPAC? What are the impacts of EPAC winds on ENSO
diversity?

The present study investigates these questions by us-
ing observations as well as oceanic and atmospheric
general circulation models. The realistic ocean general
circulation model (OGCM) enables us to quantify the
EPAC wind effects on ENSO evolution and identify the
relevant upper-ocean processes. We further use an at-
mospheric general circulation model (AGCM) to ex-
plore the causes of these EPAC anomalous winds and
associated air-sea interactions. Finally, we evaluate the
importance of the EPAC anomalous winds for ENSO
diversity based on our OGCM and AGCM model
results.

The rest of the paper is organized as follows. Section 2
describes the data and model simulations. Section 3
presents major results based on observations and
OGCM simulations, that explore ocean dynamics and
thermal forcing associated with EPAC wind anomalies

, zero thickened and negative dashed). All meridionally

for the two types of El Nifio. Section 4 examines the
causes of these local wind anomalies through AGCM
experiments and discuss the associated air—sea interac-
tions. Section 5 discusses the impacts of EPAC winds on
ENSO diversity. Section 6 is a summary.

2. Methods
a. Definition of extreme and moderate El Nifios

Due to strong nonlinearity of atmospheric convection,
the traditional ENSO definition by using SST anomalies
cannot capture the full range of atmospheric variability
related to ENSO. Here we define the extreme and
moderate El Nifios from an atmospheric convective
view following Xie et al. (2018). Specifically, empirical
orthogonal function (EOF) analysis is performed on
February—April (FMA) rainfall anomalies over the east-
ern tropical Pacific. The leading EOF mode, featuring
large rainfall anomalies over the eastern equatorial Pacific
and high correlation (r = 0.74) between PC1 and Nifio-3
SST, captures extreme El Nifio events with intensified
deep convection (Figs. 2a and 2b of Xie et al. 2018). The
extreme El Nifio events of 1982/83 and 1997/98 stand
out, with PC1 for FMA eastern Pacific precipitation
above two standard deviations.

The second EOF mode, characterized by a meridional
rainfall dipole mode over the eastern tropical Pacific and
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high correlation (r = 0.64) between PC2 and Nino-4
SSTAs, is associated with moderate ENSO (Figs. 2c
and 2d of Xie et al. 2018). PC2 exceeds 0.5 standard
deviations in moderate El Nifio events of 1987/88,
1991/92, 1994/95, 2002/03, 2004/05, and 2009/10; and
falls below —0.5 standard deviations in La Nifia events
of 1984/85, 1985/86, 1988/89, 1999/2000, 2005/06, 2008/09,
and 2016/17. Detailed information about the definition
can be found in Xie et al. (2018). This definition of ex-
treme and moderate ENSO provides new insights in un-
derstanding ENSO diversity because they account for
the nonlinear, threshold-like response of deep convec-
tion to SST.

It should be noted that the 2015/16 El Nifio is one of
the strongest events by the metric of November—January
(NDJ) Nifio-3.4 index. Compared to the extreme FEl
Nifio events of 1982/83 and 1997/98, the largest SST
anomalies during the 2015/16 event are displaced west-
ward with distinct mechanisms and impacts (Paek et al.
2017). Indeed, the 2015/16 El Niilo is a mixture of extreme
and moderate ENSO (Xie et al. 2018; Timmermann et al.
2018), characterized by moderately positive PC1 and
PC2 values (Xie et al. 2018).

b. Observational data

We analyze the observational data to explore the spa-
tiotemporal evolution of El Nifio events. We employ the
NOAA Optimum Interpolation Sea Surface Temperature
version 2 dataset (OISST; https://www.esrl.noaa.gov/psd/
data/gridded/data.noaa.oisst.v2.html) at 1° X 1° resolu-
tion during 1982-2017 (Reynolds et al. 2002); the 10-m
wind velocity from the European Reanalysis (ERA)
Interim (http://apps.ecmwf.int/datasets/data/interim-
full-daily/levtype=sfc/) on a 1° X 1° grid (Dee et al. 2011)
during 1979-2017; the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP; https://www.estl.
noaa.gov/psd/data/gridded/data.cmap.html) (Xie and Arkin
1997) dataset during 1979-2017 on a 2.5° X 2.5° grid. In
addition, we use the NCEP Global Ocean Data Assimilation
System (GODAS; https://www.esrl.noaa.gov/psd/data/
gridded/data.godas.html) data to characterize the evolu-
tion of the thermocline depth, as represented by the 20°C
isotherm depth.

c. Model experiments

1) OGCM

The OGCM utilized in this study is the MIT General
Circulation Model (MITgem) (Marshall et al. 1997).
The model resolution is 1° in the zonal direction and
0.3° in the meridional direction near the equator,
stretching to 1° at midlatitudes. The model has 50
layers in the vertical direction. Restarting from an
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initial state obtained from Estimating the Circulation
and Climate of the Ocean, version 4 Release 3 (ECCO
v4r3; Forget et al. 2015; Fukumori et al. 2017), the
MITgem was integrated forward in time from 1
January 1979 to 31 December 2017, with 6-hourly
forcing fields from the European Centre for Medium-
Range Weather Forecasts (ECMWF) interim re-
analysis (ERA-Interim) products (Dee et al. 2011).
The surface latent heat (LH) and sensible heat (SH)
fluxes are calculated online using a bulk formula. To
separate the impacts of dynamic processes and ther-
mal forcing [notably wind-evaporation-SST (WES)
feedback; Xie and Philander 1994], wind stress and
wind speed variability are imposed separately in
the model. More information about the model con-
figuration and forcing fields can be found in Peng
et al. (2019).

To evaluate the effects of EPAC wind anomalies on
the evolution of extreme/moderate El Nifio, we have
performed four experiments (Table 1). The control run
(CTL) is forced with full forcing for 1979-2017 and
contains the complete processes of ENSO. From CTL,
we construct composites of extreme (CTLEXT) and
moderate (CTLMOD) El Nifio events. The no zonal
wind stress run (Nor7,) is initialized from the CTL
hindcast for each El Nino and La Nifa but keeps
EPAC zonal wind stress fixed to the monthly clima-
tological value during September (0)-August (1) [Here
numerals in the parentheses denote the El Nifio de-
velop (0) and decay (1) year]. Extreme (No7, EXT) and
moderate (Nor’MOD) El Nifilo composites are then
obtained from these no zonal wind stress experiments.
The difference, CTL —No7’, thus isolates the effects
of EPAC zonal wind stress anomalies on extreme
(CTLEXT -No7,EXT) and moderate (CTLMOD
—No7,MOD) ENSO. The changes of EPAC wind stress
in these experiments may give rise to unintended wind
stress curl forcing off the equator. To reduce these
impacts of unintended wind stress curl, we set up a 5°
transition zone where zonal wind stress forcing out-
side the EPAC gradually changes to the realistic
forcing fields.

Similarly, in the no meridional wind stress (Not}) and
no wind speed runs (NoWspeed), EPAC meridional
wind stress and wind speed are fixed to monthly clima-
tological values in the EPAC region. The resultant
composites denote the overall effects excluding the
meridional wind stress and wind speed anomalies, re-
spectively. The difference, CTL — Nor|, implies the
dynamical effects of meridional wind stress on extreme
(CTLEXT — Nor EXT) and moderate (CTLMOD —
Nor,MOD) ENSO, while CTL — NoWspeed represents
the EPAC wind speed variability effects on extreme
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TABLE 1. Description of the MITgcm experiments.

Experiments Forcing Description
CTL Full forcing. Extreme (CTLEXT) and moderate All processes included.
(CTLMOD) El Nifio composites are then
obtained by the hindcast run.
Nor', Same as CTL but using monthly climatological CTL — Nor, isolates the EPAC zonal wind stress variability
zonal wind stress in EPAC during September effects on extreme (CTLEXT — No7,EXT) and
(0)—August (1) for each El Nifio. Extreme moderate (CTLMOD — Nor,MOD) El Nifio.
(No7,EXT) and moderate (No7,MOD) El
Nifio composites are then obtained by these
experiments.
Nor, Same as No7, but using monthly climatological CTL — Nor), represents the EPAC meridional wind stress
meridional wind stress over EPAC region. variability effects on extreme (CTLEXT — Nor,EXT)
and moderate (CTLMOD — Nor,MOD) El Nifio.
NoWspeed Same as Nor/, but using monthly climatological CTL — NoWspeed isolates the impacts of EPAC wind speed

wind speed over EPAC region.

anomalies on extreme (CTLEXT — NoWspeedEXT) and
moderate (CTLMOD — NoWspeedEXT) El Nifio.

(CTLEXT — NoWspeedEXT) and moderate ENSO
(CTLMOD — NoWspeedMOD).

2) AGCM

We use the Community Atmosphere Model version
5.3 (CAMS5.3), developed at the National Center for
Atmospheric Research (NCAR). It is released as
the atmosphere component of the Community Earth
System Model version 1.2.2 (CESM1.2.2; Neale et al.
2012). The model resolution is 0.9° latitude X 1.25°
longitude (‘‘f09_f09’*) with 30 sigma levels in the
vertical.

To measure the atmospheric response to the tropical
SST pattern of extreme and moderate El Nifio, we
conduct three main sets of experiments, titled “ACTL,”
“AEXT,” and “AMOD.” In the control run (ACTL,
Table 2), the model is forced by the monthly climatology
of SST and sea ice during 1980-2017 from the Hadley
Centre Global Sea Ice and Sea Surface Temperature
(HadISST). In the AEXT run, an extreme El Nifio
composite of SSTAs, which evolves from September
(0) of the El Nifio developing year to August (1) of
the decay year, is added only in the tropical Pacific
region (10°S-10°N, 140°E-80°W, with 5° linear ta-
pering zones outside this region) to force the AGCM.
The difference solution, AEXT — ACTL, thus de-
notes the atmospheric response of extreme El Nifio
SSTAs. Similarly, in AMOD (Table 2), we impose
September (0)-August (1) moderate ENSO com-
posite of SSTAs only in the tropical Pacific region
(10°S-10°N, 140°E-80°W). The difference solution,
AMOD - ACTL, is used to investigate the impacts
of moderate ENSO SSTAs on the atmosphere. Each
run lasts for 11 years and the results of the last 10
years are analyzed.

d. A mixed layer heat budget

To better understand the mechanisms of how EPAC
winds affect ENSO decay, we conducted a mixed layer
heat budget analysis for the two types of El Nifio com-
posites in the OGCM experiments. The heat-budget
equation (Kang et al. 2001) is

T, =—[WT +ul, +u'Ty)+ (v’Ty + ﬁT; + v’Ty’)

+WT, +WwT.+wT)]+Q +R, 6))

where the overbars and primes indicate monthly cli-
matology and anomaly, respectively. Variables u, v,
and T indicate zonal current, meridional current, and
oceanic temperature, respectively, averaged over the
mixed layer. Vertical velocity (w) is calculated at the
bottom of the mixed layer. The Q’is the surface heat
flux term and R is the residual term. Here Q' is cal-
culated by

TABLE 2. Description of the CAM experiments.

Experiment

ACTL

Forcing

Forced by the monthly climatological SST
obtained from HadISST

Extreme El Nifio composite of SSTAs
over the tropical Pacific region
(10°S-10°N, 140°E-80°W, with 5° linear
tapering zones outside this region)
during September (0) to August (1) is
added to the climatological SST.

Same as AEXT but moderate ENSO
composite of SSTAs is added to the
climatological SST.

AEXT

AMOD
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where £ is the climatological mixed layer depth, and O,
represents the net surface heat flux. The Q) is the
shortwave radiation transmitted through the bottom of
the mixed layer depth, which is parameterized (Paulson
and Simpson 1977) as follows:

Ohen = Olort (0.58¢ 703 +0.42¢ 773, 3)
where QY ., is the shortwave heat flux at the sea surface.
The residual term (R) represents all remaining unre-
solved processes, notably the vertical mixing.

For the extreme EIl Nifio, we focus on the mechanism
that maintains positive SSTAs in the eastern equatorial
Pacific throughout the decay phase. Thus, we construct
extreme El Niflo composites from OGCM, and then
compute each term in the heat budget equation in the
eastern equatorial region (2°S-2°N, 120°-80°W). For
the moderate El Nifio, we are interested in the
mechanism underlying the cross-equator asymmet-
ric SSTAs. We compute the heat budget in two
boxes: the northern box (0°-5°N, 120°-80°W) and the
southern box (0°-5°S, 120°-80°W). Their difference
indicates the contribution of each term to the cross-
equatorial asymmetric SSTAs.

3. Impacts of EPAC winds on ENSO evolution

Figure 3a shows that the simulated Nifio-3 index
agrees well with observations (r = 0.95), suggesting that
the model can capture the interannual SST variability
in the eastern Pacific. Before proceeding into detailed
analysis, it is also necessary to validate the simulated
SSTA evolution of CTLEXT and CTLMOD. Figure 3
compares Hovmoller diagrams of equatorial SSTA be-
tween observation and the simulation. The model re-
produces many features of the observed SST evolution
that are the focus of this work (Fig. 3). For instance, the
positive SSTAs of simulated extreme El Nifio peak in
November-January (NDJ), persist into boreal spring,
and terminate in boreal summer, much as in obser-
vations (Figs. 3b,d). The simulated SSTAs of moder-
ate El Nifio also peak in NDJ but decay rapidly in
boreal spring. Moderate El Nifio SSTAs develop
strong asymmetry across the equator, which is also
evident in observations (Figs. 3c,e). Overall, the good
model/observation agreement suggests that this con-
figuration of MITgcm is able to capture the funda-
mental processes governing the decay phase of the
two types of El Nifio and thus is suitable for our
investigation.
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a. Extreme El Nifio

During the peak and decay phases of extreme El Nifio,
the tropical eastern Pacific is characterized by strong
positive SSTAs near the equator and strong northwest-
erly wind anomalies in EPAC (Fig. 1a). To isolate the
impacts of zonal and meridional EPAC wind anomalies,
Nor|, Nor}, and NoWspeed experiments are performed.
Effects of zonal/meridional wind stress and wind
speed anomalies are assessed by CTLEXT — Nor EXT,
CTLEXT — NOT/yEXT, and CTLEXT — NoWspeedEXT,
respectively (section 2¢ and Table 1).

In the CTLEXT composite, large positive SSTAs
(~3°C) in EPAC persist throughout boreal spring and
vanish by July (1)-August (1) (Fig. 4a). Without the
EPAC wind anomalies, however, positive SSTAs decay
rapidly and vanish during April (1)-May (1), implying
that EPAC wind anomalies play a crucial role in sus-
taining the warm SST throughout the decay phase
of extreme El Nifo (Fig. 4e). Note that SSTAs of
CTLEXT — Nor' EXT (Figs. 4b and 5b) are much larger
than those of CTLEXT — Nor EXT (Figs. 4c and 5c)
and CTLEXT - NoWspeedEXT (Figs. 4d and 5d), in-
dicating that the EPAC zonal wind stress anomalies
dominate the slow decay process of extreme El Nifio and
the impacts of meridional wind anomalies and wind
speed anomalies are negligible (Figs. 5c,d). Hence,
hereafter we focus on the effect of zonal wind stress.

We conduct a heat budget analysis for the mixed layer
temperature averaged in the eastern equatorial Pacific
region (2°S-2°N, 120°-80°W). Figure Se shows that
the horizontal and vertical advection terms are impor-
tant positive contributors to the SST warming during
February (1)-June (1). The zonal advection is dominated
by the term —u/'T, (Fig. 5e). The intruding westerly
anomalous winds drive strong anomalous eastward cur-
rents (Figs. 4b and 5b), transporting climatological warm
water toward the eastern equatorial Pacific (Fig. 5a) and
raising mixed layer temperature there. The meridional
advection is dominated by the term, —v’Ty. Indeed, the
westerly wind anomalies drive anomalous equatorward
currents in the Ekman layer, transporting climatological
warm water from higher latitudes to the cold tongue
region (Figs. 5a,b) and then increasing SST there. In
addition, the —v7] term also contributes to the persis-
tent warming.

The vertical terms play a crucial role in sustaining the
warm SST throughout the decay of extreme El Nifio. Itis
dominated by two terms: —w'T, and —wT?. Specifically,
the anomalous downwelling currents in the equatorial
region (Figs. 4b and 5b) lead to large positive values
of —w'T. On the other hand, the zonal wind anomalies
can affect the thermocline feedback term (—w7,) by
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deepening the thermocline and hence changing the
vertical stratification.

Taken together, both the horizontal and vertical ad-
vection terms are important for the persistence of mixed
layer temperature during the decay process of extreme

El Nifio. Previous studies have emphasized that the
westerly wind anomalies drive anomalous downwelling
currents, which then warm the eastern Pacific SSTs
through vertical advection (Lengaigne and Vecchi 2010;
Xie et al. 2018). Our model results verify this hypothesis
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FIG. 4. Simulated latitude—time evolution of extreme El Nifio. Hovmoller diagrams of (a) SSTA (color shading; °C), vertical velocity at
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wind stress anomalies (CTLEXT — Nor . EXT), meridional wind stress anomalies (CTLEXT — No7, EXT), and wind speed anomalies
(CTLEXT — NoWspeedEXT), respectively. (e) Asin (a), but for the results of no EPAC wind anomalies (NOEPACW) during extreme El
Nifio (NoEPACWEXT), which is obtained by (a)—(d). All zonally averaged in 120°-80°W.

and further reveal that the horizontal advection terms speed anomalies south (north) of the equator decrease
and thermocline feedback term are also important in  (increase) SST south (north) of the equator, also con-
sustaining the positive eastern Pacific SSTAs through- tributing to the SST asymmetry across the equator
out the decay phase. (Figs. 6d and 7d).
b. Moderate El Nifio To fu.rther examine the dgtailed physic?ll process
underlying the cross-equatorial asymmetric SSTAs,
In contrast to extreme El Nifio, moderate El Nifio heat budget analysis is applied separately to the north-
features southeasterly (southwesterly) wind anomalies ern (0°-5°N, 120°-80°W) and southern (0°-5°S, 120°-
in the tropical southeastern (northeastern) Pacific during  80°W) boxes during February (1)-April (1). The heat
the peak and decay phases (Fig. 1b). In the CTLMOD  budget difference between these two boxes thus denotes
composite, SSTAs in EPAC exhibit strong asymmetry the impacts of each term on the asymmetric SSTAs. The
across the equator: negative south of the equator and southerly wind anomalies contribute to the meridional
weakly positive north of the equator (Fig. 6a). Figure 6e  asymmetry of SSTAs due to the vertical and zonal ad-
shows that the cross-equatorial SSTA asymmetry van- vection terms (Fig. 7¢). The vertical term is dominated
ishes without the EPAC wind anomalies. Instead, SSTAs by —w/T: as the Coriolis effect vanishes on the equator,
are much more persistent and symmetric about the the southerly anomalous winds drive a shallow over-
equator in the eastern equatorial Pacific, implying that turning cell across the equator (Philander and Pacanowski
EPAC wind anomalies are important in the evolution 1981), decreasing SST south of the equator through in-
of moderate El Nifio. Specifically, zonal wind stress anom-  tensified oceanic upwelling and increasing SST north of
alies play a crucial role in terminating the SST warming near  the equator through weakened upwelling (Fig. 7c; Xie
the equator (2°S-2°N) (Zhang and McPhaden 2008) and et al. 2018; Peng et al. 2019). The zonal advection term is
inducing asymmetric SSTAs outside the equatorial re- dominated by —u/T,. Specifically, the southerly wind
gion (2°-7°N and 2°-7°S) (Figs. 6b and 7b). The merid- anomalies drive anomalous westward Ekman currents
ional wind stress anomalies cool SST south of the south of the equator (Figs. 6¢ and 7c), transporting cli-
equator and raise SST north of the equator, acting as a matological cold water outside the southeastern Pacific
positive contributor to the SST asymmetry (Figs. 6¢ (Figs. 7a,c) and decreasing SST there. However, north
and 7c¢). In addition, the strengthened (weakened) wind of the equator, the southerly wind anomalies forced
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FIG. 5. February-June mean oceanic anomalies of extreme El
Nifio. (a) Climatological SST (°C; color shading) from the hindcast run
of the MITgem. Anomalies of SST (°C; color shading), vertical ve-
locity at the bottom of mixed layer (w; m s~ '; contours with an interval
of 2.0 X 10 ®ms™%; zero contour omitted positive contours in black
and negative contours in green), and mixed layer currents (ms
vectors) induced by EPAC (b) zonal (CTLEXT — No7, EXT) and
(c) meridional wind stress anomalies (CTLEXT — Nor, EXT) and
(d) wind speed anomalies (CTLEXT — NoWspeedEXT), respec-
tively. (e) Mixed layer heat budget terms (10”7 °Cs ') due to vari-
ability in EPAC zonal and meridional wind stress as well as wind
speed. All the heat budget terms averaged in 2°S-2°N, 120°-80°W.

Ekman currents are eastward, leading to positive values
of —u/T, and increasing SST there.

The EPAC zonal wind stress anomalies play a crucial
role in the cross-equatorial asymmetric SSTAs (Fig. 7b).
The term —v'T, dominates the heat budget (Fig. 7¢).
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During the decay of moderate El Niflo, easterly (westerly)
wind anomalies south (north) of the equator (Fig. 1b) drive
anomalous Ekman southward currents. North (South) of
the equator, these anomalous southward currents carry
climatological warm (cold) water from northeastern trop-
ical Pacific (cold tongue) to the cold tongue (southeastern
Pacific) (Figs. 7a,b), increasing (decreasing) SST there.
Thus, the anomalous southward currents contribute to the
asymmetric SSTAs through the —v'T, term. In addition,
the zonal advection term (—u/'T,) also contribute to the
meridional asymmetry of SSTAs but it is much smaller than
the —v’Ty term. Taken together, the zonal wind anomalies
amplify the cross-equatorial asymmetric SSTAs, and cause
Nifio-3 SST to cool overall. From an atmospheric dynamic
perspective, the cross-equatorial variations in zonal wind
off the equator (easterly wind anomalies south of the
equator and westerly wind anomalies north of the equator;
Fig. 1b) result from the cross-equatorial meridional wind
through the Coriolis force (Chang and Philander 1994). To
our knowledge, this indirect effect of meridional wind
anomalies through zonal wind anomalies on SST asym-
metry has not been previously discussed in the literature.

The wind speed is also important for the rapid decay
of SSTAs in the southeastern tropical Pacific (Figs. 6d
and 7d). South of the equator, the anomalous winds,
notably the anomalous southerly winds, accelerate the
southeast trade winds (Fig. 1), increasing wind speed
and lowering SST with enhanced surface evaporation.
This WES feedback (Xie and Philander 1994) induces
sizable cooling (~1°C) south of the equator (Figs. 6d
and 7d) and hence amplifies the meridional asymmetry
of SSTAs (Fig. 7e).

Therefore, we conclude that the meridional and resultant
zonal wind stress anomalies as well as wind speed contribute
to the meridional asymmetry of SSTAs through horizontal
advection, vertical advection and WES feedback. Xie et al.
(2018) highlighted the effect of anomalous meridional
winds and WES feedback, and our model results further
reveal that the zonal wind anomalies, which are the result of
the anomalous meridional winds through the Coriolis force,
are also important for the asymmetric SSTAs.

4. Causes of EPAC wind anomalies and associated
air-sea interactions

a. Extreme El Niiio

It is clear now that westerly wind anomalies over
EPAC are important for the persistence of positive
SSTAs in the decay of extreme El Nifio. To further ex-
plore the causes of these anomalous westerly winds,
we performed two AGCM experiments (section 2c
and Table 2). Figure 8a presents the 10-yr mean
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FIG. 6. As in Fig. 4, but for moderate El Nifio. The contour interval is 1.0 X 10~®m s~ *. All zonally averaged in February-April (FMA).

precipitation and surface wind anomalies over the
eastern Pacific from the AEXT run. The evolution
and spatial pattern of precipitation and wind anoma-
lies from AEXT run compare well with observations
(Fig. 1a), indicating that rainfall and wind anomalies
are forced by tropical Pacific SSTAs. Indeed, deep
convection is important in driving these westerlies.
During extreme El Nifio, large positive SSTAs drive the
eastern equatorial Pacific to exceed the convective
threshold, causing deep convection and heavy rainfall
there. This drives westerly wind anomalies to intrude
into the eastern equatorial Pacific (Chiodi and Harrison
2013; Johnson and Kosaka 2016).

As mentioned above, the intrusion of the westerly
wind anomalies further increases SST in the eastern
equatorial Pacific. Taken together, these results suggest
strong air-sea interactions over the EPAC in the evo-
lution of extreme El Nifio. This local EPAC Bjerknes
feedback plays a vital role in the evolution of extreme El
Niflo throughout the peak and decay phases, charac-
terized by the eastward copropagation of SST, rainfall,
and westerly wind anomalies (Figs. 2a,b).

b. Moderate El Niiio

Likewise, we conduct an additional experiment
(named AMOD) by imposing the moderate El Nifio
SSTAs pattern over the tropical Pacific. The difference,
AMOD - ACTL, denotes the impacts of moderate
El Nifio SSTAs on the rainfall and wind anomalies (see
section 2c and Table 2). Figure 8b shows that the simulated

atmospheric response during the decay phase of moder-
ate El Nifio closely resembles the observations, indicating
the anomalous southeasterly (southwesterly) winds south
(north) of the equator are mainly forced by tropical
SSTAs. It should be noted that the observed southwest-
erly wind anomalies north of the equator (Fig. 1) are
stronger than the simulation (Fig. 8). Such a discrepancy
could be due to the forcing outside the tropical Pacific
[e.g., the tropical North Atlantic warming; Hu and
Fedorov (2018)]. Figure 8b shows that in NDJ, SSTAs
are to first order symmetric about the equator. However,
the climatological mean SST is strongly asymmetric over
the eastern Pacific, above the convective threshold only
north of the equator (Fig. 7a). So deep convection is in-
tensified only north of the equator, driving anomalous
southerly cross-equatorial winds. Outside the equator,
these southerly wind anomalies generate easterly
(westerly) wind anomalies south (north) of the equator
(Fig. 1b) through the Coriolis force. In addition, the
southerly wind anomalies drive northward surface
currents on the equator where the Coriolis effect van-
ishes, with intensified upwelling and decreased SST to
the south (Philander and Pacanowski 1981; Xie et al.
2018). The southeastern Pacific SST cooling (Figs. 2¢
and 9f) further produces a sea level pressure gradient
that generates the low-level easterly wind anomalies
(Dewitte and Takahashi 2019). The cross-equatorial
southerly wind anomalies along with the resultant easterly
wind anomalies contribute to the rapid termination of
moderate El Nifio.
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The anomalous winds over EPAC increase SST
north of the equator whereas they decrease SST south
of the equator through oceanic dynamics (Figs. 6b,c)
and WES feedback (Fig. 6d). The cross-equatorial
SSTA asymmetry can further enhance the anomalous
winds. This air-sea interaction then evolves into an
antisymmetric EPID mode (Xie et al. 2018) in FMA
season, which is very important in the rapid decay of
moderate El Nifio.

5. Discussion

During El Nifio events, positive SSTAs over EPAC can be
amplified by local Bjerknes feedback. Typically, only strong
warm events (as in 1983 and 1998) cause deep convection
in the eastern equatorial Pacific (Fig. 10a) and drive
westerly wind anomalies to intrude into this region
(Figs. 1a and 2b). The EPAC westerly wind anomalies
deepen the thermocline (Fig. 9e), drive anomalous
eastward ocean currents and weaken upwelling there

(Figs. 4b and 5b), helping sustain SSTAs of the extreme
El Nifio. During February—May, climatological Nifio-3
SSTs reach the annual maximum (Fig. 10a, gray line).
SSTAs of the extreme El Nifio drive EPAC above the
convective threshold (Fig. 10a, black line). The local
Bjerknes feedback amplifies the warm event, with pro-
nounced influences on global weather and climate (Siler
et al. 2017).

For warm events of moderate amplitudes, by contrast,
eastern equatorial SSTs are not high enough to trigger
deep convection (Figs. 10b and 2d), and the deep con-
vection anomalies are confined to the north of the
equator, driving cross-equatorial southerly wind anom-
alies (Fig. 1b). These anomalous southerlies accelerate
(decelerate) the southeast (northeast) trade winds south
(north) of the equator through the Coriolis effect, lim-
iting the growth of SST warming through advection
and thermocline feedback. Specifically, the southeast-
erly wind anomalies over the equatorial Pacific drive
westward ocean currents and intensify upwelling near
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the equator (Figs. 6b and 7b), lowering SST through
horizontal and vertical advection. In addition, the
EPAC wind anomalies shoal the thermocline over the
eastern equatorial Pacific (Fig. 9f). As a consequence,
positive thermocline depth anomalies induced by the
central Pacific westerly wind anomalies are damped
before arriving at the South American coast (Fig. 9c), and
the thermocline feedback is thus unimportant for mod-
erate El Nifio (Kug et al. 2009; Kao and Yu 2009).
Without EPAC wind variability, however, positive ther-
mocline depth anomalies propagate into the eastern
Pacific, resulting in amplified, eastward copropagating
SSTAs (Figs. 9d.f). Thus, the thermocline feedback could
become important if EPAC wind variability is suppressed.
Indeed, without the EPAC wind anomalies, SSTs in the
Nifio-3 region rise above the convective threshold in bo-
real spring (Fig. 10b, dotted black line), which would

activate the Bjerknes feedback over the EPAC region.
Taken together, these results indicate that a moderate El
Nifio can potentially grow into an extreme El Nifio but the
EPAC cross-equatorial southerly wind pattern (Fig. 1b)
limits the growth of moderate El Nifio, thereby reducing
the occurrence of extreme El Nifio.

The southeast cross-equatorial winds in the eastern
Pacific strengthened since the 1980s (Hu and Fedorov
2018), with decreased SSTs over the south equatorial
Pacific. The colder mean state makes it harder for SST
over the eastern equatorial Pacific to pass the convective
threshold, implying that it is more difficult for the ITCZ to
migrate onto the equator. As a result, the eastern Pacific
preferentially selects the cross-equatorial southerly wind
pattern (Fig. 1b) during El Nifio. This may explain why no
extreme El Nifio with strong EPAC convection has oc-
curred over the past two decades. During the peak phase of
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the 2015-16 El Nifio, for example, large SSTAs are ob-
served in the central and eastern equatorial Pacific but the
multidecadal intensification of the southerlies keeps the
ITCZ north of the equator (Hu and Fedorov 2018), in-
hibiting the EPAC Bjerknes feedback and preventing this
El Nifio from growing into an extreme El Nifio. Further
investigation into the relationship between the decadal
wind change and extreme El Nifio is underway.

6. Conclusions

We have investigated the impacts and causes of
EPAC wind anomalies during extreme and moderate El
Niflo by using ocean and atmospheric GCMs. Observed
extreme and moderate El Nifios exhibit distinct EPAC
wind anomalies especially during the decay phase. Our
model results show that the EPAC wind anomalies
play a key role in the distinct evolution between two
types of El Nifio through distinct mechanisms and air—
sea interactions.

At the peak phase of extreme El Nifilo, SSTAs are high
enough to trigger deep convection in the equatorial
eastern Pacific, driving the westerly wind anomalies to
intrude into the eastern Pacific (Fig. 9). These local
EPAC anomalous westerlies then reduce equatorial
upwelling and drive warm water to the cold tongue
through horizontal advection, increasing eastern Pacific
SSTs. This local EPAC Bjerknes feedback sustains the
positive SSTAs throughout late spring to early summer.

For moderate El Nifio, eastern equatorial Pacific
SSTAs are not high enough for deep convection. In
NDJ, symmetric SSTAs of a moderate El Nifio induce
an asymmetric atmospheric response as a result of
the asymmetric mean state, driving anomalous cross-
equatorial southerly winds and inducing an easterly
(westerly) wind component south (north) of the equator
through the Coriolis effect. These wind anomalies de-
crease (increase) the SST in the southeastern (north-
eastern) equatorial Pacific through enhanced (weakened)
upwelling, horizontal advection and WES feedback (Xie
et al. 2018). The asymmetric SSTAs further enhance the
wind anomalies.

Our results reveal that the EPAC wind pattern is
important in affecting ENSO type. Specifically, the in-
trusion of westerly wind anomalies in EPAC (Fig. 1a)
amplifies the SST warming for an extreme EI Nifio while
southeasterly (southwesterly) anomalous winds south
(north) of the equator (Fig. 1b) inhibit SST warming and
are more likely to result in a moderate El Nifio. While
we here focus on the EPAC wind variability effects
during peak and decay phases of ENSO. A range of
other factors also affect ENSO diversity, such as west-
erly wind bursts near the date line (e.g., Chen et al. 2015;
Fedorov et al. 2015), pantropical interactions (e.g., Ham
et al. 2013; Cai et al. 2019), extratropical air-sea inter-
actions (e.g., Ma et al. 2017; Amaya et al. 2019), and
decadal changes in the background state (e.g., Yeh et al.
2009; Okumura et al. 2017). These potential factors
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often work together to affect ENSO diversity. For in-
stance, strong westerly wind bursts near the date line
typically excite extreme El Nifio through the down-
welling Kelvin waves and thermocline feedback (e.g.,
the 1983/83 and 1997/98 events), but this relationship
can be interrupted by the EPAC wind anomalies. The
acceleration of cross-equatorial southeasterly winds over
the EPAC can inhibit EPAC Bjerknes feedback and
prevent the El Nifio from growing into extreme magni-
tude (e.g., the 2015/16 case). More research is needed to
study the relative importance and interconnections of
these factors.
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