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ABSTRACT
The lack of westerly wind bursts (WWBs) when atmospheric intraseasonal variability (ISV) events occur
from boreal spring to autumn is investigated by comparing two types of El Niño years with unmaterialized El
Niño (UEN) years. Although high ocean heat content buildup and several ISV events propagating eastward
are observed in all three types of years, few WWBs accompany these in the UEN years. The eddy kinetic
energy budget analysis based on ISV shows that mean westerly winds in the lower troposphere facilitate the
development of eddy disturbances, including WWBs, through convergence and meridional shear of zonal
winds. In the UEN years, these westerly winds are retracted westward and do not reach the equatorial central
Pacific mainly as a result of interannual components. In addition, positive sea surface temperature anomalies
in the western Pacific, which are conducive to active convection, spread widely in a meridional direction
centered on 158N. Both westward-retracted mean westerlies and off-equatorial warming enhance offequatorial eddies, which result in a reduction in equatorial eddies such as WWBs. The characteristics of the
UEN years are significantly different from those observed during the eastern Pacific El Niño (EP-EN) years,
which are characterized by anomalous cooling (warming) and suppressed (enhanced) convective eddies in the
off-equatorial (equatorial) western Pacific. The central Pacific El Niño years show mixed features during both
EP-EN and UEN years. Different background states not only in the equatorial region but also in the offequatorial region can be a reason for the lack of WWBs in the UEN years.

1. Introduction
El Niño–Southern Oscillation (ENSO) is the dominant interannual variability in the tropical Pacific, seriously affecting global climates and society. Sustained
efforts made by the scientific community in recent decades have led to significant progress in understanding
that ENSO mainly consists of ocean–atmosphere interaction (Bjerknes 1969). Subsequent oscillator theories
Corresponding author: Ayako Seiki, aseiki@jamstec.go.jp

have been proposed to improve on Bjerknes’s theory.
These include the delayed oscillator theory (e.g., Schopf
and Suarez 1988), the western Pacific oscillator theory
(e.g., Weisberg and Wang 1997), and the advective–
reflective oscillator theory (Picaut et al. 1997), which
are based on equatorial wave dynamics, and fourth, the
recharge–discharge oscillator theory (Jin 1997), which is
based on poleward–equatorward ocean heat transports.
Although there is a general understanding of the concept
of ENSO, its irregular periodicity, amplitude, and spatial
pattern are not fully understood. Although the ocean heat

DOI: 10.1175/JCLI-D-17-0291.1
Ó 2018 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 07:26 AM UTC

594

JOURNAL OF CLIMATE

content (OHC) buildup along the equator is known to
develop necessary conditions for El Niño (e.g., Wyrtki
1975; Zebiak 1989; Kessler 1990; Meinen and
McPhaden 2000; Hasegawa and Hanawa 2003), it is not
sufficient for predicting every El Niño event (McPhaden
2004). This is especially evident with El Niño events that
occurred after 2000 (McPhaden et al. 2011; Horii et al.
2012). One of the factors that explains the irregularity of
ENSO is the high-frequency atmospheric forcing along
the equator called westerly wind bursts (WWBs).
WWBs are synoptic-scale westerly winds that blow over
the surface near the equator. These winds can force
strong eastward currents that advect warm surface water
from the western Pacific to the central Pacific. In addition, WWBs can excite oceanic downwelling Kelvin
waves along the equator that propagate eastward and
depress the thermocline, resulting in positive sea surface
temperature (SST) anomalies in the eastern Pacific
where the thermocline is normally shallow (e.g.,
McPhaden and Taft 1988; Kessler et al. 1995; Lengaigne
et al. 2002).
WWB occurrences accompany organized convection
and cyclonic flows in the lower troposphere around the
equator (e.g., Harrison and Vecchi 1997; Seiki and
Takayabu 2007a,b, hereafter ST07a,b). The dominant
intraseasonal variability (ISV) in the tropical atmosphere is the Madden–Julian oscillation (MJO), which
propagates eastward around the equator with organized
convection and circulation anomalies especially over the
warm pool (e.g., Madden and Julian 1994; Zhang 2005).
Although the MJO is known as planetary-scale variability, it has hierarchal structures such as eastwardmoving cloud clusters and westward-moving synoptic
disturbances (e.g., Nakazawa 1988). The eastwardpropagating intraseasonal convection such as the MJO
is accompanied by WWBs in some cases (e.g., Nitta et al.
1992; Sui and Lau 1992; Lin and Johnson 1996). A statistical analysis (ST07a,b) showed that large-amplitude
intraseasonal convection is favorable but not sufficient
for WWB generation because background winds and
SST also play an important role in WWB occurrences.
These studies show that synoptic eddies such as the
WWBs within the ISV convective envelope develop
over the equatorial central Pacific and result in WWB
generation during the El Niño developing phases. When
these eddies develop far from the equator during other
ENSO phases, they neither generate equatorial WWBs
nor exert an influence on El Niño. Seiki et al. (2009) also
showed that the MJO events during the El Niño developing phases excite strong oceanic downwelling
Kelvin waves, while they excite weak upwelling Kelvin
waves during other ENSO phases, which originate from
different background wind states. The modulation of
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WWB occurrences by warm pool displacements related
to ENSO has also been mentioned in recent modeling
studies (e.g., Eisenman et al. 2005; Gebbie et al. 2007;
Kug et al. 2008), and WWBs are sometimes called the
state-dependent noise. Puy et al. (2016) indicated that
not only the MJO but also convectively coupled Rossby
waves can modulate WWB occurrences.
The association between ENSO’s irregularity and the
diversity of El Niño events has received wide attention
recently. Classical El Niño events that have their largest
anomalous warming in the eastern Pacific and their
cooling in the western Pacific have been called the
eastern Pacific El Niño (EP-EN) or canonical El Niño.
This differentiates these events from a new type of El
Niño, referred to as the central Pacific El Niño (CP-EN),
El Niño Modoki, date line El Niño, or warm pool El
Niño (Kao and Yu 2009; Ashok et al. 2007; Kug et al.
2009; Larkin and Harrison 2005). CP-EN is characterized by significant warming in the central Pacific flanked
by relative cooling on both sides. The state-dependent
noise (i.e., WWBs) included in a coupled general circulation model increased persistent El Niño events such
as EP-EN and not CP-EN (Lopez and Kirtman 2014).
Although these two types of El Niño have different
teleconnection patterns (e.g., Weng et al. 2009; Kim
et al. 2009), it is still controversial whether CP-EN is an
independent mode or a phase of El Niño events (e.g.,
Giese and Ray 2011; Lian and Chen 2012; Takahashi
et al. 2011). Irrespective of whether CP-EN is a mode
or a phase, CP-EN events have increased since 2000.
Decreased variations in OHC and weak interrelationships between preceding OHC buildup and subsequent
El Niño occurrences that occurred after 2000 may
be related to the frequent occurrences of CP-EN
(McPhaden et al. 2011; Horii et al. 2012). Fedorov
et al. (2015) examined the relationships among initial
OHC, the presence of WWBs, and the resulting El Niño
type by using a coupled general circulation model. They
showed that high OHC with (without) WWBs results in
EP-EN (CP-EN) and that normal OHC with (without)
WWBs leads to CP-EN (weak La Niña). Jadhav et al.
(2015) indicated that high OHC without WWBs leads
to a basinwide warming pattern. A clustering analysis
undertaken by Chen et al. (2015) showed that several
patterns are found in El Niño depending on the presence
of WWBs, but there is only one pattern of La Niña.
Based on the studies above, all El Niño events in this
study are classified into EP-EN and CP-EN.
The most outstanding El Niño event in recent decades
occurred in 1997/98. During this period, there were a
high-OHC buildup and an extraordinary eastward shift
of the warm pool with successive WWBs. Since the high
OHC and successive equatorial WWBs observed in early
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2014 were similar to conditions recorded in 1997, many research institutes in the world predicted that a strong El Niño
would occur in late 2014. However, a marginal El Niño occurred in late 2014, which developed again in 2015. This
event was not anticipated and, therefore, generated much
attention among the scientific community (e.g., McPhaden
2015). One of the reasons addressed is the lack of WWBs
after boreal spring in 2014 (Menkes et al. 2014). Min et al.
(2015) and Maeda et al. (2016) also indicated that anomalous easterly or southeasterly winds around the equator
observed in the boreal summer of 2014 caused upwelling
and/or evaporative cooling, resulting in cooling of the eastern Pacific. Levine and McPhaden (2016) documented that
these easterly winds not only inhibited the El Niño development in 2014 but also enhanced the 2015 El Niño event by
inhibiting the discharge of the equatorial OHC. In addition,
Imada et al. (2016) used a general circulation model to show
that cold subsurface water in the tropical South Pacific that
penetrated the equatorial region played an important role in
cooling the equatorial Pacific in 2014. Many of the studies
mentioned above suggest that interdecadal variability such
as the interdecadal Pacific oscillation (IPO; e.g., Power et al.
1999) contributed to the foundation of negative SST
anomalies in the tropical Pacific.
In this study, the factors that caused the lack of WWBs
when ISV convection is evident over the tropical western
and central Pacific from boreal spring to autumn, corresponding to a developing phase of El Niño, are examined.
The study focuses on background states and compares
the EP-EN and CP-EN years with unmaterialized El
Niño (UEN) years that had high-OHC buildup early in
the year. Hereafter, The EP-EN, CP-EN, and UEN years
are referred to collectively as the high-OHC years. In
addition, neutral OHC (NTL) years are also examined to
compare with three types of the high-OHC years.
The rest of this paper is organized as follows: The datasets
and definitions of the El Niño years, ISV events, and WWBs
that were used in this study are described in section 2.
Section 3 provides energetics during the ISV’s westerly
periods and its relation with ENSO. In section 4, background states in the EP-EN, CP-EN, UEN, and NTL years
are compared, concentrating on their contributions to the
energetics in the equatorial and off-equatorial areas. Case
analysis of the 2014 and 2015 events is performed in section
5. The final section provides a summary and discussion.

2. Data and methodology
a. Data
Atmospheric datasets for the period 1982–2015 are
obtained from the Japanese 55-year Reanalysis (JRA55; Kobayashi et al. 2015) provided by the Japan
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Meteorological Agency. Zonal and meridional winds
(u and y, respectively), pressure vertical velocity v, pressure p, temperature T, and geopotential F at pressure
levels from 1000 to 100 hPa; 10-m winds; sea level pressure; and velocity potential at 200 hPa are recorded four
times daily with a horizontal resolution of 1.258. Mean
daily values of these data are used.
As a measure of OHC in the equatorial Pacific,
monthly anomalies of equatorial warm water volume
(WWV) defined as the anomalous volume of water
integrated between 1208E and 808W from 58N to 58S
from sea surface to the depth of the 208C isotherm are
used. These data are derived from the ocean analyses of
the Bureau National Operations Centre at the Australian Bureau of Meteorology and obtained from the
National Oceanic and Atmospheric Administration
(NOAA)/Pacific Marine Environmental Laboratory
website (http://www.pmel.noaa.gov/tao/wwv/data/). This
product is based on temperature profiles from the Tropical Atmosphere and Ocean (TAO) Triangle TransOcean Buoy Network (TRITON) moored buoy array,
Argo floats, and expendable bathythermographs. Daily
optimum interpolation SST high-resolution datasets,
provided by the NOAA/Office of Oceanic and Atmospheric Research/Earth System Research Laboratory
Physical Sciences Division, on 0.258 3 0.258 grids
(Reynolds et al. 2007) are used for calculating Niño-3.4
(58N–58S, 1208–1708W) SST anomalies and a composite
analysis. In addition, monthly sea level anomalies (SLA)
produced by Archiving, Validation, and Interpretation
of Satellite Oceanographic Data (AVISO; http://www.
aviso.altimetry.fr) on 1.08 3 1.08 grids are used. All
oceanic data cover the period 1982–2015, except for
SLA, which are available from 1993 to 2015. Monthly
anomalies are calculated as deviations from the
monthly climatology.

b. Definitions of EP-EN, CP-EN, UEN, and NTL
years
El Niño years in this study are defined when the 5-month
running-mean Niño-3.4 SST anomalies exceed 0.58C in
amplitude for more than three consecutive months.
The El Niño years are classified into EP-EN and CPEN years based on the definition by Ren and Jin
(2011) and McPhaden et al. (2011) using the Niño-3
(58N–58S, 1508–908W) and Niño-4 (58N–58S, 1608E–
1508W) SST anomalies. According to their definition,
the 1982/83, 1986/87, 1991/92, 1997/98, 2006/07, and
2015/16 events are classified as EP-EN, and the other
El Niño events (1994/95, 2002/03, 2004/05, and 2009/10)
are classified as CP-EN. Figure 1 shows 5-month running
means of the WWV anomalies and the Niño-3.4 SST
anomalies. The El Niño events, shown by arrows, follow
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TABLE 1. Minimum, maximum, and averaged numbers of ISV
events per six months (April–September) and the total ISV number detected during the six months in the EP-EN, CP-EN, UEN,
and NTL years.

EP-EN
CP-EN
UEN
NTL

FIG. 1. The 5-month running means of WWV anomalies (1014 m3;
solid lines) and Niño-3.4 SST anomalies (8C; dotted lines). Dashed
gray lines show the standard deviation for WWV anomalies. Large
and small arrows indicate EP-EN and CP-EN years, respectively.
Circles represent the UEN years defined in this study.

the positive peaks of the WWV anomalies, as is indicated in the previous studies. A close inspection of
Fig. 1 shows high WWV years other than El Niño years.
In this study, the UEN years (1990, 2008, 2011, and 2014)
are defined when the 5-month running-mean WWV
anomalies exceed one standard deviation and the following Niño-3.4 SST anomalies do not meet the El
Niño criteria. Note that the 2014 El Niño is identified
as a UEN year in this study because of its peculiar
developing process without a clear peak in Niño-3.4
SST anomalies, in which the SST anomalies marginally
exceeded the El Niño criteria at the end of 2014 and
stayed marginal for several months (Fig. 1). In addition, the NTL years (1985, 1996, 2000, 2001, 2003, and
2013) are defined when the 5-month running-mean
WWV anomalies early in the year remain within a
range from 20.5 to 10.5 standard deviation to compare
with three types of the high-OHC years, especially the
UEN years.

c. Atmospheric ISV events
To detect the signals of atmospheric ISV, velocity
potential at 200 hPa obtained from JRA-55 are bandpass
filtered (BPF) with half-power frequency cutoffs at 20–
100 days. The BPF velocity potential in the upper troposphere has been known to represent a large-scale
divergence and be a good index of the ISV’s convective
signals (e.g., Knutson and Weickmann 1987; Slingo et al.
1999). The present study focuses on the ISV events observed from boreal spring to autumn corresponding to
the El Niño developing phases. The 47 and 14 ISV
events are detected in the high-OHC years and the NTL
years, respectively, from April to September when the
amplitudes of the negative BPF velocity potential

Min No.

Max No.

Avg No.

Total

2
3
3
1

5
5
4
4

3.0
3.5
3.5
2.3

18
14
14
14

averaged over the western Pacific (108N–108S, 1208E–
1808) exceed one standard deviation. A major indicator
of the MJO is an all-season real-time multivariate MJO
(RMM) index (Wheeler and Hendon 2004), which is
well known but not perfect (e.g., Straub 2013) as it
missed some convective ISV events as a result of technical reasons. Additionally, the MJO is usually weak
during boreal summer (e.g., Madden 1986; Zhang and
Dong 2004), which is included in our focused season
(April–September), although northward-propagating
ISV convection called boreal summer intraseasonal oscillation (BSISO; e.g., Wang and Rui 1990; Lawrence
and Webster 2002) is active in the season. In this study,
we do not use the RMM index primarily because we
focus on all organized large-scale ISV convection,
which is known to be a preferable condition for WWB
occurrences, regardless of whether the ISV convection is strictly defined as the MJO. Note that 87.0% of
the ISV events detected in this study are defined as the
MJO as the amplitude of the RMM index exceeds 1.0
over the Pacific (i.e., the RMM phases 4–7) in five
days before and after the BPF velocity potential
minima. In addition, all but two ISV events apparently propagate eastward when checked by the time–
longitude section of BPF velocity potential.
Basically, the eastward-propagating ISV convection
precedes (follows) the low-level westerly (easterly) wind
anomalies, and synoptic disturbances such as tropical
cyclones frequently develop in the westerly periods
(e.g., Liebmann et al. 1994; Maloney and Hartmann
2000). Therefore, the westerly periods of the ISV, which
is the favorable ISV condition for synoptic eddies, is
focused on in this study. The centers of the westerly
periods are determined by the nearest maxima of 20–
100 days BPF zonal winds at 850 hPa simultaneously
with or following the minimum of the BPF velocity potential. Note that one event in 1997 is excluded because
there is no westerly peak around the minimum of the
BPF velocity potential. Table 1 shows the numbers of
ISV events with westerly peaks for each 6-month period
and the total ISV numbers during the EP-EN, CP-EN,
UEN, and NTL years. The minimum, maximum, and
average numbers of the EP-EN, CP-EN, and UEN years

Unauthenticated | Downloaded 01/09/23 07:26 AM UTC

15 JANUARY 2018

597

SEIKI ET AL.

TABLE 2. Accumulated numbers of WWB occurrence days over the western and central Pacific from April to September in each year
and the averaged numbers for EP-EN, CP-EN, UEN, and NTL years. The numbers of WWB events detected in this study are shown in
parentheses.
EP-EN

CP-EN

UEN

NTL

Year

WWB days

Year

WWB days

Year

WWB days

Year

WWB days

1982
1986
1991
1997
2006
2015
Avg

54 (14)
24 (6)
11 (3)
94 (21)
15 (6)
64 (12)
43.7 (10.3)

1994
2002
2004
2009
—
—
Avg

10 (3)
41 (9)
15 (5)
10 (3)
—
—
19.0 (5.0)

1990
2008
2011
2014
—
—
Avg

4 (2)
0 (0)
4 (1)
7 (3)
—
—
3.8 (1.5)

1985
1996
2000
2001
2003
2013
Avg

0 (0)
3 (1)
0 (0)
8 (1)
8 (2)
0 (0)
3.2 (0.7)

do not differ significantly from each other. This result
indicates that interannual variability of the ISV during
the high-OHC years, in terms of the number, is independent of ENSO variability. During the NTL years,
the number of ISV events is somewhat lower than that of
the high-OHC years.

d. WWB occurrences over the western and central
Pacific
In this study, WWBs are identified when daily surface
zonal wind anomalies averaged for the equatorial region
(2.58N–2.58S) exceed 5.0 m s21 at each grid point. In
addition, these wind anomalies must cover 108 longitude
or more for at least two days (see ST07a,b for further
details). The wind anomalies are deviations from the
mean seasonal cycle, defined as a 91-day running-mean
daily climatology. The wind threshold of 5.0 m s21 is
determined to extract extreme events, and this threshold
corresponds to 2.84 standard deviations. The accumulated numbers of WWB days over the western and
central Pacific (1208E–1608W) from boreal spring to
autumn in the EP-EN and CP-EN years range from 10 to
94 days (Table 2). Conversely, there are fewer WWB
days in the UEN and NTL years: eight days or less. The
average numbers of the accumulated WWB days in the
EP-EN, CP-EN, UEN, and NTL years show outstanding
differences. The EP-EN (CP-EN) years have more than
10 (5) times as many WWB days compared to the averaged WWB days in the UEN/NTL years. This result
indicates that WWB frequency has interannual variability related with ENSO, which is consistent with the
previous results (e.g., Harrison and Vecchi 1997;
ST07a). The number of WWB events detected in this
study is shown in parentheses. General characteristics
such as differences among the average numbers for EPEN, CP-EN, UEN, and NTL years are similar to the
accumulated WWB days. However, in some El Niño
years and UEN years (1991, 1994, 2009, and 2014), although the same number, three, of WWB events is

counted, there are more accumulated WWB days
observed in El Niño years than in the UEN years.
This is because WWB events in El Niño years have
longer durations than those in the UEN years.
Whereas there is a small interannual difference found
within the ISV events (Table 1), WWB occurrence
days have strong interannual variability (Table 2).
These results confirm insignificant correlations between the MJO and ENSO (e.g., Slingo et al. 1999)
and indicate that the ISV events are preferable, but
not sufficient, for WWB occurrences, as mentioned
in ST07a,b.

3. Energetics during the ISV’s westerly periods
To isolate synoptic disturbances such as WWBs
within the ISV convective envelope, all variables are
decomposed into mean and eddy components. A
variable with an overbar indicates that its mean (low
frequency) components are defined as an 11-day running mean, which represents intraseasonal time scales
and longer. The eddy components with periods shorter
than the ISV are defined as deviations from the 11-day
running mean and are represented with a prime.
Figure 2 shows composite eddy kinetic energy (EKE) at
850 hPa based on the ISV’s westerly periods during the
EP-EN, CP-EN, UEN, and NTL years. Here, EKE is
defined as
1
K 0 5 (u02 1 y 02 ) .
2
Hereafter, statistical significances of composite results
are examined using the Student’s t test. High-EKE
values extend from the north of the Philippines to the
equatorial central Pacific during the EP-EN and CP-EN
years, whereas during the UEN and NTL years, they
retreat westward and lie over the off-equatorial western
Pacific and the South China Sea. Figure 3 shows the
differences of EKE between the EP-EN/CP-EN and
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FIG. 3. Differences of composite EKE at 850 hPa between the
(a) EP-EN and UEN and (b) CP-EN and UEN years with intervals
of 2.0 m2 s22. Positive values are represented by solid contours,
which indicate larger EKE in the EP-EN or CP-EN years. Dark
(light) shading indicates more than 95% (90%) significance level
using the two-sample Student’s t test.

FIG. 2. Composite EKE at 850 hPa based on the ISV’s westerly
periods from April to September in the (a) EP-EN, (b) CP-EN,
(c) UEN, and (d) NTL years in contours with intervals of 2.0 m2 s22.
Thin (thick) solid contours represent EKE values at and above 8.0
(24.0) m2 s22. Dark (light) shading indicates more than 95% (90%)
significance level.

UEN years more clearly. Larger EKE values in the EPEN or CP-EN years compared to those in the UEN
years are located along a southeast–northwest axis beginning from 1708E near the equator, whereas EKE

values north of the Philippines are higher in the UEN
years. In addition, higher values also appear in the
central South Pacific in the EP-EN and CP-EN years,
although the significance levels of composite differences
in this region are relatively low. The higher EKE values
that straddle the equator can lead to twin cyclonic disturbances, resulting in strong WWB events (e.g., Keen
1982; Nitta 1989; ST07a,b). Therefore, these results are
consistent with frequent WWB occurrences observed
during the EP-EN and CP-EN years (Table 2) and
confirm that high-frequency (eddy) components dominate when WWBs occur, although low-frequency westerly wind anomalies induced by the Bjerknes feedback
during El Niño events are somewhat included in the
definition of WWBs. Around the Philippines, there is
less EKE difference between the CP-EN and UEN
years with lower significance levels (Fig. 3b) compared
to the EP-EN and UEN years (Fig. 3a), indicating that
the CP-EN years have relatively similar characteristics
to the UEN years in this region.
To examine the mechanisms of EKE distributions, the
EKE budget analysis is performed. The EKE equation
in this study is the same as that used in ST07b and is
written as
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FIG. 4. Composite vertical structures of each term (1025 m2 s23) in (a),(c),(e),(g) the EKE budget and (b),(d),(f),(h) the Student’s t
statistics from 1000 to 150 hPa during the ISV’s westerly periods on day 0 averaged for the central Pacific region (58–158N, 1508–1708E) in
the (a),(b) EP-EN, (c),(d) CP-EN, (e),(f) UEN, and (g),(h) NTL years. Two gray lines in (b),(d),(f),(h) indicate the 90% and 95%
significance levels.

›K 0
5 2V0h (V0  =)Vh 2V  =K 0 2V0  =K0
›t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
KmKe

AmKe

AeKe

R
2 v0 T 0 2=  (V0 F0 ) 1 D ,
p
|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
PeKe

GKe

where V is the three-dimensional velocity vector, Vh is
the horizontal velocity vector, and R is the gas constant
for dry air. The first term on the right-hand side represents the barotropic energy conversion to EKE from
mean kinetic energy (KmKe). The second and third
terms indicate the advection of EKE by the mean flow
(AmKe) and the eddy flow (AeKe), respectively. The
fourth term denotes the conversion from eddy available
potential energy to EKE through the rising or sinking
motion of warm or cold air parcels (PeKe), which is

related to eddy convective activities. The fifth term describes the divergence of the eddy geopotential flux
(GKe). The last term D corresponds to the residuals
representing subgrid-scale effects or dissipation. Since
the terms AmKe, AeKe, and GKe mainly describe the
redistribution of energy, they are not considered as real
sources or sinks.
Figures 4 and 5 show the area-averaged vertical
structures of each composite term in the EKE equation
during the EP-EN, CP-EN, UEN, and NTL years in the
central Pacific and western North Pacific, respectively.
In all panels, the dominant terms are PeKe, KmKe,
GKe, and D, which is consistent with the results of
previous studies relevant to tropical synoptic-scale disturbances (e.g., Lau and Lau 1992; Maloney and
Dickinson 2003; ST07b). Large PeKe and the redistribution by GKe were also shown as important terms
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FIG. 5. As in Fig. 4, but for the western North Pacific region (128–228N, 1108–1308E). Note that ranges of abscissas are approximately 3
times as large as those in Fig. 4.

for the MJO’s energy balance (Zhou et al. 2012). In the
central Pacific region during the EP-EN years (Figs. 4a,b),
significant EKE generations are found in the lower
troposphere by KmKe and in the mid-to-upper troposphere by PeKe. Major contributors to KmKe are
2u0 u0 ›u/›x and 2u0 y 0 ›u/›y terms (not shown), which
represent barotropic wave accumulation through
mean zonal wind convergence (e.g., Webster and
Chang 1988; Sobel and Bretherton 1999) and energy
conversion through meridional shear of mean zonal
winds, respectively. These two terms are related to a
horizontal distribution of mean zonal winds, which is
examined later. The maximum PeKe centered on
250 hPa corresponds to the diabatic heating profile of
tropical developed convection. In addition, PeKe in
the lower troposphere around 800 hPa depicts energy
generation, although its value is smaller than that of
KmKe. The EKE is then redistributed from the mid-toupper troposphere centered around 250 hPa to the upper

troposphere above 200 hPa and to the boundary layer by
GKe. High negative values near the surface found in D
indicate strong dissipation in the boundary layer, resulting in a large momentum transfer from the atmosphere to the ocean. In the CP-EN years (Figs. 4c,d),
general structures of dominant terms resemble those in
EP-EN years, but their values and significance levels
are somewhat low. All terms are apparently small
during the UEN and NTL years (Figs. 4e–h), representing small EKE generations in the equatorial central Pacific as shown in Fig. 2c. Values of GKe and D in
the boundary layer are less than one-quarter of those in
EP-EN years, indicating that atmospheric forcing to
the ocean is very weak. Figure 5 shows the same vertical structures as those in Fig. 4, but these are averaged
for the western North Pacific. Contrary to Fig. 4, the
dominant four terms are greater in the UEN and NTL
years (Figs. 5e–h) and less in the EP-EN years (Figs. 5a,b).
PeKe and GKe in the upper troposphere in the CP-EN
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FIG. 6. Composites of (a)–(d) the barotropic energy conversion term at 850 hPa and (e)–(h) the conversion from
the available potential energy term at 250 hPa based on the ISV’s westerly periods in the (a),(e) EP-EN, (b),(f) CPEN, (c),(g) UEN, and (d),(h) NTL years. Solid contours represent positive values, and zero contours are omitted.
Contour interval is 3.0 (10.0) 3 1025 m2 s23 in the barotropic energy conversion (available potential energy) term,
and thick solid contours indicate at and above 9.0 (30.0) 3 1025 m2 s23. Dark (light) shading indicates more than
95% (90%) significance level.

years (Fig. 5c) have intermediate values between those
present in the EP-EN and UEN/NTL years, whereas
KmKe values correspond to those in the UEN/NTL years,
indicating that the CP-EN years have somewhat mixed
features of the EP-EN and UEN/NTL years, especially
over the western North Pacific region. Note that the ranges
of PeKe, GKe, and D in Fig. 5 are 3 times greater than
those in Fig. 4, whereas KmKe ranges in Figs. 4 and 5 are
similar. This may be because atmospheric convection is

more active climatologically in the western North Pacific
than in the equatorial central Pacific especially in the
focused season.
Horizontal structures of two dominant energy sources, KmKe at 850 hPa and PeKe at 250 hPa, are shown in
Fig. 6. The positive KmKe and PeKe maximized in a
southeast–northwest band from north of Philippines to
the equatorial central Pacific in the EP-EN and CP-EN
years (Figs. 6a,b,e,f) generally agree with the distributions
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of high EKE (Fig. 2), although a large PeKe extends
more meridionally compared to KmKe. During the
UEN and NTL years (Figs. 6c,d,g,h), high KmKe and
PeKe values are located over the western North Pacific.
The South China Sea has strongly enhanced KmKe and
PeKe in the CP-EN, UEN, and NTL years, whereas
these are very weak in the EP-EN years. These differences in the distributions are associated with the
mean wind fields, which are explained later. In summary, the horizontal and vertical structures of the
dominant terms in the EKE budget (Figs. 4–6) show
substantial differences in their distribution when
comparing between the EP-EN and UEN/NTL years.
However, the distributions of the dominant terms
during the CP-EN years are similar to those in the EPEN years over the equatorial central Pacific and those
in the UEN/NTL years over the South China Sea,
representing the mixed characteristics of the EP-EN
and UEN/NTL years. In addition, the overall similarity
in the distributions of EKE and the dominant terms is
found between the UEN and NTL years, although their
SST anomaly and SLA patterns are different, which is
examined in the next section.
The two main contributors to KmKe, the barotropic
wave accumulation and the conversion through meridional shear of mean zonal winds, are related to the
horizontal distribution of mean zonal winds. Figure 7
shows composite mean zonal winds at 850 hPa. In all
years, the mean westerly winds centered near 108N
spread from the Indian Ocean to the western Pacific in
general, representing the ISV’s westerly periods and the
seasonal wind pattern for the April–September period
focused on in this study. Notable is that the mean
westerlies penetrate the equatorial central Pacific in the
EP-EN and CP-EN years but are confined over the
western Pacific in the UEN and NTL years. As a result,
the zonal convergence and meridional shear of mean
zonal winds are enhanced around the equatorial central
Pacific in the EP-EN and CP-EN years, leading to large
KmKe values in this region. Over the South China Sea,
enhanced westerlies around 108N and easterlies around
208N intensify the meridional shear of mean zonal
winds, resulting in higher KmKe in the CP-EN, UEN,
and NTL years, even though the significance levels of
the easterlies in the CP-EN years are low.

4. Background states in the EP-EN, CP-EN, and
UEN years
Mean zonal winds shown in Fig. 7 represent a combination of intraseasonal, seasonal, and interannual
variability. In this section, the background states that
represent seasonal and interannual time scales are

VOLUME 31

FIG. 7. Composite mean zonal winds at 850 hPa (m s21) defined
as the 11-day running mean based on the ISV’s westerly periods in
the (a) EP-EN, (b) CP-EN, (c) UEN, and (d) NTL years. Magenta
(pink) contours represent the 95% (90%) significance level for the
zonal components. Vectors indicate the composite environmental
wind fields, where either the zonal or the meridional component is
significant at the 95% level.

focused on. Figure 8 shows seasonal mean zonal winds
averaged for April–June (AMJ) and July–September
(JAS) during the EP-EN, CP-EN, UEN, and NTL years.
As a seasonal evolution of the Indian/Asian summer
monsoon, weak westerly winds occur on and north of the
equator over the western Pacific in AMJ and intensify
eastward in JAS in all four types of years. Similar to
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FIG. 8. Seasonal mean zonal winds at 850 hPa (m s21) for (a)–(d) AMJ and (e)–(h) JAS in the (a),(e) EP-EN,
(b),(f) CP-EN, (c),(g) UEN, and (d),(h) NTL years. Magenta (pink) contours represent the 95% (90%) significance level for the zonal components. Vectors indicate the composite seasonal mean wind fields where either the
zonal or the meridional component is significant at the 95% level.

Fig. 7, the westerlies retract to the west (AMJ) or
northwest (JAS) in the UEN and NTL years (Figs. 8c,d,g,h)
compared to the EP-EN and CP-EN years. In addition,
the westerlies extend farther east in both AMS and JAS
during the EP-EN years compared to the CP-EN years
(Figs. 8a,b,e,f). These results indicate that the interannual variability of zonal winds over the western
and central Pacific contributes significantly to the mean
wind states shown in Fig. 7, which determine the region
of large KmKe. The similarity between composite mean
wind fields of Fig. 7 and seasonal mean wind fields of
Figs. 8e–h averaged for JAS may raise concerns about a
seasonal bias in ISV events. The numbers of ISV events
detected in AMJ and JAS are 31 and 29, respectively,
indicating that there is no seasonal bias in the ISV events.
Another energy source found in the EKE budget is
PeKe, which is related to eddy convective activities.
Figure 9 shows seasonal mean SST anomalies averaged

for AMJ and JAS. A clear dipole pattern exists, with the
western North Pacific cooling and the central Pacific
warming in AMJ during the EP-EN years (Fig. 9a),
whereas a widespread warming occurs in the western
and central Pacific in both equatorial and off-equatorial
regions during the CP-EN years (Fig. 9b). During the
UEN years (Fig. 9c), the western Pacific warming maximizes in the off-equatorial region around 108–208N, and
cooling occurs in the central South Pacific. Whereas the
widespread western Pacific warming extend to the
equatorial region during the UEN years, the equatorial
cooling dominates except around the Maritime Continent during the NTL years (Fig. 9d). During the EP-EN
and CP-EN years, the anomalous warming in the central
Pacific, where SST is climatologically cooler than the
western Pacific, facilitates anomalous active convection
over the region. It is related to the eastward-extended
PeKe shown in Figs. 6e–g. In addition, the warming in
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FIG. 9. Seasonal mean SST anomalies (8C) for (a)–(d) AMJ and (e)–(h) JAS in the (a),(e) EP-EN, (b),(f) CP-EN,
(c),(g) UEN, and (d),(h) NTL years. Cross (single) hatching represents more than 95% (90%) significance level.

the equatorial central Pacific during the EP-EN and CPEN years showing the eastward extent of the warm pool
edge allows the anomalous westerlies to intensify or
extend eastward. These westerlies can enhance KmKe
as mentioned in Figs. 7 and 8. The equatorial warming
strengthens in JAS and reaches a maximum in the
eastern and central Pacific during the EP-EN and CPEN years, respectively (Figs. 9e,f), indicating the onset
of El Niño in JAS. During the UEN years (Fig. 9g), the
signals of SST anomalies in the western North Pacific
and the central South Pacific weaken in JAS, whereas
the warming around 1608E south of the equator is enhanced. Contrary to the EP-EN and CP-EN years, there
is no El Niño pattern found in the anomalous SST distribution during the UEN years.
Whereas SST is an important background state for the
ocean–atmosphere interaction, the OHC buildup is
known as a necessary condition for El Niño development. The UEN years in this study are defined as non–El
Niño years with high-OHC buildup early in the year, as

explained in section 2. Figure 10 shows seasonal mean
SLA, the index of OHC, for AMJ and JAS. Although
the spatial patterns of SLA and SST anomalies in the
tropics are similar if the ocean above the thermocline
has a barotropic structure, they are different in some
cases where surface heat flux, horizontal advection in
the upper ocean, or local upwelling dominates. A strong
resemblance between the spatial patterns of SST
anomalies and SLA for JAS in the EP-EN years
(Figs. 9e and 10e) indicates that the buildup of warm
water in the upper ocean determines distributions of
both SST anomalies and SLA. In AMJ, however,
anomalous cooling in SLA found in the western Pacific
is located at a lower latitude between the equator and
108N compared to SST cooling between 108 and 208N
(Figs. 9a and 10a). This discrepancy may be caused by
the upwelling of cold water induced by wind stress curl
related to a cyclonic wind anomaly field in the western
North Pacific (Fig. 11a). In the CP-EN years, the SLA
pattern differs vastly from the SST anomalies in AMJ
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FIG. 10. As in Fig. 9, but for seasonal mean SLA (cm).

(Figs. 9b and 10b), but they are relatively similar in JAS
(Figs. 9f and 10f). Focusing on the AMJ, positive SLA
values are confined around the equator, and negative
SLA values occur in an off-equatorial area. This is in
contrast to the widespread warming in SST anomalies
that may be induced by widespread westerly wind
anomalies (Fig. 11b) in the background easterly winds,
which leads to less evaporative cooling. The SLA patterns in the EP-EN and CP-EN years are similar albeit at
different amplitudes, whereas the UEN years have a
distinct pattern that is different to the other two types of
El Niño years (Figs. 10c,g). These SLA patterns in the
UEN years show an OHC buildup around the equator
and in the off-equatorial western Pacific centered on
108N. This stronger warming found both in SST anomalies and SLA in the off-equatorial area may induce a
large PeKe over the region because the SST warming
enhances convective activities and positive SLA is
often a persistent energy source for synoptic convection.
In addition, it is interesting to note that significant
cooling in the central South Pacific found in SST

disappears in SLA, indicating that the SST cooling is
generated by the upper-ocean process. If wind anomaly
fields and sea level pressure anomalies are considered
(Figs. 11c,g), this SST phenomenon may be caused by
surface heat flux thorough strong southeasterly winds
blowing from a subtropical high located in the southeastern Pacific. Thus, the discrepancy between the distributions of SLA and SST anomalies found in the
CP-EN and UEN years indicate that the upper-ocean
processes are important for the development of the atmospheric eddies through the SST distributions. During
the NTL years, the overall signals of SLA are very weak,
although weak warming is found in the western Pacific
(Figs. 10d,h).
As shown partly in previous paragraphs, wind anomalies can interact with anomalous SST distributions and
are related to surface pressure anomaly patterns.
Figure 11a shows the high pressure region west of 1508E
and the low pressure region east of this longitude during
AMJ in the EP-EN years (Fig. 11a). This roughly corresponds to the SST anomaly patterns (Fig. 9a).
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FIG. 11. Seasonal mean sea level pressure anomalies (hPa) for (a)–(d) AMJ and (e)–(h) JAS in the (a),(e) EP-EN,
(b),(f) CP-EN, (c),(g) UEN, and (d),(h) NTL years. Magenta (pink) contours represent the 95% (90%) significance
level. Vectors indicate the seasonal mean wind anomaly fields at 850 hPa (m s21), where either the zonal or the
meridional component is significant at the 95% level.

Conversely, AMJ distributions in the CP-EN, UEN, and
NTL years show significant low pressure anomalies in
the western North Pacific (Figs. 11b–d), which represent
large-scale ascending motion and facilitate active synoptic convection, leading to a large PeKe over the region. This pressure pattern is related with the
off-equatorial SST warming in the western Pacific. The
CP-EN years, in particular, show low pressure anomalies extending from the western Pacific to the central
Pacific, which is reflected by the widespread SST
warming from 208N to 208S centered in the equatorial
central Pacific. Thus, the background SST distributions
in the off-equatorial region interact with pressure and
wind patterns and may determine the regions of active
eddy convection. As for JAS, equatorial westerlies and
off-equatorial low pressure systems develop in association with the central Pacific SST warming, representing
El Niño development in the EP-EN and CP-EN years

(Figs. 11e,f). In the UEN and NTL years (Figs. 11g,h),
pressure anomalies weaken and easterlies dominates around
the equator in JAS, indicating that El Niño grows stagnant.
These results show that positive peaks in SST anomalies and SLA and lower pressure patterns found in the
off-equatorial region during the UEN years can construct preferable conditions for active eddy disturbances
there and can result in the reduction of equatorial eddies
such as WWBs even though the weak warming occurs in
the equatorial western Pacific. Note that the mechanism
generating the southeastern Pacific high and outflows of
southeasterlies into the equatorial region that occur
during the UEN years needs further investigation because the southeasterlies have been considered as an
inhibiting factor of the development of 2014 El Niño
(Min et al. 2015; Maeda et al. 2016). A comparison of the
UEN and NTL years indicates that there are discrepancies in SST anomalies and SLA, although horizontal
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FIG. 12. Time–longitude sections of monthly SST anomalies (8C; shading) averaged between 58N and 58S for (a) 2014 and (b) 2015. Contours represent negative BPF velocity potential at 200 hPa averaged between 108N and 108S with intervals of 0.32 3 107 m2 s21
corresponding to one standard deviation for the BPF velocity potential averaged over the
western Pacific (see section 2c for details). Circles indicate the days and longitudes of maximum anomalies of WWBs, with larger ones representing strong WWBs with anomalies over
twice the threshold.

distributions in wind and pressure fields are similar. The
UEN years show the weak warming in the equatorial
western Pacific, which leads to more preferable condition for equatorial eddies compared to the NTL years
that have the equatorial cooling. However, strong
warming in the off-equatorial region can overcome the
effect of the weak equatorial warming in the UEN years,
and the discrepancies between the UEN and NTL years
become less apparent.

5. Case analysis of the 2014 UEN and 2015 EP-EN
events
Unexpected developments of El Niño observed during 2014 and 2015 have received wide attention as
mentioned in the introduction. In this section, these two
events are investigated in terms of the EKE distribution
and background states. Figure 12 shows equatorial SST
anomalies, ISV events, and WWB occurrences in the
2014 UEN and 2015 EP-EN years. Several ISV events
are observed both in 2014 and 2015, whereas WWB
frequencies show distinct statistical differences between
the two years as revealed in section 2 (Tables 1 and 2).
Strong WWB forcing during the ISV convection in the
western Pacific in February 2014 induces the eastern
Pacific warming in boreal spring. However, this warming

decays with a scarcity of WWB occurrences after April.
Contrary to 2014, ISV events in 2015 are constantly accompanied by several WWB occurrences, and positive
SST anomalies in the eastern Pacific continue to develop
until the end of the year, finally becoming strong El
Niño. Composite EKE values based on the ISV’s westerly periods from April to September (Fig. 13) show that
in 2015, large EKE values extend farther east compared
with those in 2014 and reach the equatorial central Pacific. Note that significance levels shown in Fig. 13 are
lower than those of composites for the whole period
(Fig. 2) because the number of ISV events for composites from April to September is very small (i.e., four and
three in 2014 and 2015, respectively). Despite a small
number of composite events, EKE values in the equatorial central Pacific in 2015 exceed the 95% significance
level, indicating that most of ISV events bear WWB
occurrences. Composite results of the two dominant
terms in the EKE equation, KmKe and PeKe, are shown
in Fig. 14. The spatial patterns of KmKe show an apparent discrepancy between 2014 and 2015. The positive
KmKe maximizes in the western North Pacific and the
equatorial central Pacific in 2014 and 2015, respectively,
which is similar to the discrepancy between the EP-EN
and UEN years (Figs. 6a,c). As for PeKe, large values
are located in the western North Pacific both in 2014 and
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1808 decrease, resulting in stagnation of El Niño growth,
whereas the western Pacific warming extends northward.
Previous studies indicated that the inhibiting factors of
the 2014 El Niño are the lack of WWBs after boreal
spring (Menkes et al. 2014) and anomalous southeasterly
wind blowing into the equator in boreal summer (Min
et al. 2015; Maeda et al. 2016). It is suggested in this study
that an off-equatorial peak in SST anomalies and
westward-retreated westerly basic states confine eddy
activities to the western North Pacific and explain the lack
of WWBs near the equator after boreal spring.

6. Summary and discussion

FIG. 13. As in Fig. 2, but for the cases of (a) 2014 and (b) 2015
with contour intervals of 3.0 m2 s22. Thin (thick) solid contours
represent EKE values at and above 9.0 (24.0) m2 s22.

2015, but they extend westward and southeastward in
2014 and 2015, respectively. These results indicate that
synoptic eddies preferably develop in the western North
Pacific and the equatorial central Pacific in 2014 and
2015, respectively. Basic states influencing the KmKe
and PeKe are shown by seasonal mean SST anomalies
and wind anomaly fields for AMJ and JAS in 2014 and
2015 (Fig. 15). Both SST and wind anomaly patterns in
2015 (Figs. 15b,d) generally correspond to those in the
EP-EN years (Figs. 9a,d and 11a,d), consisting of strong
equatorial westerly anomalies and anomalous warming
(cooling) centered in the equatorial central Pacific (the
western North Pacific), although an off-equatorial
warming east of 1808 in JAS is larger in 2015 than the
all EP-EN years. In AMJ 2014 (Fig. 15a), the widespread SST warming is similar to that in the CP-EN
years (Fig. 9b), but a positive SST anomaly peak located
in the off-equatorial western Pacific resembles that in
the UEN years (Fig. 9c). Compared to 2015, westerly
wind anomalies around the equator in 2014 are confined
in the western Pacific, indicating that a favorable region
for large KmKe is also confined in the region. In addition, there are strong southeasterly wind anomalies
blowing into the equatorial central Pacific that are also
found in the composites for the UEN years (Fig. 11c). In
JAS 2014 (Fig. 15c), equatorial SST anomalies east of

In this study, we examine where synoptic disturbances
such as WWBs prefer to develop when ISV convection is
activated in the western and central Pacific during boreal spring and summer (April–September), focusing on
the relationship with interannual variability such as
ENSO. This is done by comparing the EP-EN, CP-EN,
UEN, and NTL years using the EKE budget analysis
based on the ISV’s westerly periods. Synoptic eddies
develop strongly in the equatorial central Pacific, the
western North Pacific, and in both regions during the
EP-EN, UEN/NTL, and CP-EN years, respectively.
The dominant terms in the EKE budget are as follows:
the two energy generation terms (KmKe in the lower
troposphere and PeKe in the upper troposphere), the
redistribution term into the upper and boundary layers
(GKe), and the strong dissipation term in the boundary
layer (D). These dominant terms are consistent with
those in the previous studies regarding tropical synopticscale disturbances (e.g., Lau and Lau 1992; Maloney and
Dickinson 2003; ST07b). Eddy disturbances are predominantly developed by mean zonal wind gradients in
the lower troposphere and by SST distributions, which
can enhance KmKe and PeKe, respectively. During the
EP-EN and CP-EN years, mean westerly winds centered
on 108N penetrate the equatorial central Pacific, resulting in large KmKe in the region through strong zonal
wind convergence. The equatorial central Pacific
warming also facilitates active convection, leading to a
large PeKe. When eddies develop around the equator,
they can generate WWBs close to the equator, which
influences the development of El Niño through zonal
advection of warm surface water and excitation of the
oceanic downwelling Kelvin waves as indicated in previous studies (e.g., McPhaden and Taft 1988; Kessler
et al. 1995; Lengaigne et al. 2002). During the UEN
years, however, the mean westerlies are retracted
westward, and SST warming is centered in the offequatorial region, leading to active eddies in the offequatorial region. Because the oceanic radius of
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FIG. 14. As in Fig. 6, but for the cases of (a),(c) 2014 and (b),(d) 2015. Contour interval is 4.0 (12.0) 3 1025 m2 s23
in the barotropic energy conversion (available potential energy) term, and thin (thick) solid contours indicate at
and above 12.0 (36.0) 3 1025 m2 s23.

deformation is narrower than the atmospheric one, the
off-equatorial eddies can neither excite the oceanic
Kelvin waves nor exert an influence on El Niño. Even
though the OHC buildup near the equator is found in
the UEN years, the EKE values near the equator are
small, and their distributions are similar to those in the

NTL years. Strong warming in the off-equatorial region
may make the equatorial warming less effective during
the UEN years. The differences in the EKE distributions between EP-EN/CP-EN and UEN/NTL years are
generally consistent with the results in ST07b, although
eddies in the western North Pacific (the central South

FIG. 15. Seasonal mean SST anomalies (8C) for (a),(b) AMJ and (c),(d) JAS in (a),(c) 2014 and (b),(d) 2015.
Vectors represent the seasonal mean wind anomaly fields at 850 hPa (m s21). Contours indicate positive zonal wind
anomalies with intervals of 1.0 m s21, and zero contours are omitted.
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Pacific) are relatively suppressed (enhanced) in ST07b
because they focused on all seasons including boreal
winter when the ISV is the most active and used different datasets. In addition, ST07b did not take the OHC
buildup and two types of El Niño into account.
The absence of WWBs and small EKE values near the
equator found in the UEN years reconfirm the importance
of the high-frequency atmospheric forcing for the El Niño
development. Moreover, frequent WWB occurrences
when the tropical Pacific warm pool is extended eastward
observed in the EP-EN and CP-EN years indicate the
modulation of WWB occurrences by warm pool displacements, which is called the state-dependent noise (e.g.,
Eisenman et al. 2005; Gebbie et al. 2007; Kug et al. 2008). A
previous modeling study (Fedorov et al. 2015) shows that
the presence (absence) of WWBs leads to EP-EN (CP-EN)
if the initial OHC is high. In the present study, the equatorial OHC early in the year is sometimes higher during the
UEN years compared to the CP-EN years. The fact that El
Niño fails to develop during the UEN years can be a result
of the off-equatorial peaks of SST anomalies that intensify
off-equatorial eddies, through enhanced mean wind convergence and shear and active convection, leading to the
absence of WWBs near the equator. The high-OHC regions do not correspond to the regions of the SST warming
in the CP-EN and UEN years, indicating that the upperocean processes are important in determining the distributions of SST and active atmospheric eddies. The
off-equatorial warming and lack of WWBs are also found
in 2014 UEN year that drew international attention because of its unpredictable development. Additionally, the
presence of a subtropical high in the southeastern Pacific
may contribute to the El Niño failure in the UEN years, as
southeasterly winds blow into the equatorial region. This
may be related to SST cooling in the equatorial central and
eastern Pacific through upwelling and/or evaporative
cooling, as indicated in the case of the 2014 event (Min et al.
2015; Maeda et al. 2016).
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