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ABSTRACT

Anomalous warming occurred in the equatorial central-eastern Pacific in early May 2014, attracting much attention to the
possible occurrence of an extreme El Niño event that year because of its similarity to the situation in early 1997. However, the
subsequent variation in sea surface temperature anomalies (SSTAs) during summer 2014 in the tropical Pacific was evidently
different to that in 1997, but somewhat similar to the situation of the 1990 aborted El Niño event. Based on NCEP (National
Centers for Environmental Prediction) oceanic and atmospheric reanalysis data, the physical processes responsible for the
strength of El Niño events are examined by comparing the dominant factors in 2014 in terms of the preceding instability of
the coupled ocean–atmosphere system and westerly wind bursts (WWBs) with those in 1997 and 1990, separately. Although
the unstable ocean–atmosphere system formed over the tropical Pacific in the preceding winter of 2014, the strength of the
preceding instability was relatively weak. Weak oceanic eastward-propagating downwelling Kelvin waves were forced by the
weak WWBs over the equatorial western Pacific in March 2014, as in February 1990. The consequent positive upper-oceanic
heat content anomalies in the spring of 2014 induced only weak positive SSTAs in the central-eastern Pacific–unfavorable
for the subsequent generation of summertime WWB sequences. Moreover, the equatorial western Pacific was not cooled,
indicating the absence of positive Bjerknes feedback in early summer 2014. Therefore, the development of El Niño was
suspended in summer 2014.
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1. Introduction
It is well known that El Niño refers to anomalous warm

episodes during which sea surface temperatures (SSTs) in the
central and eastern tropical Pacific are warmer than normal
(Philander, 1985). El Niño is also considered as the warm
phase of the El Niño–Southern Oscillation (ENSO) cycle in
the coupled atmosphere–ocean system. As a dominant vari-
ability in the air–sea interacting system on the interannual
timescale, ENSO significantly affects the tropical and extra-
tropical climate (Yang, 1996; Webster et al., 1998; Wang,
2000; Wang, 2000; Mao and Wu, 2007; Sun and Yang, 2007;
Zheng et al., 2009). Therefore, it is of great importance to
monitor and forecast the evolution of ENSO events.

In early May 2014, anomalous warming was observed in
the equatorial central-eastern Pacific (National Aeronautics
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and Space Administration, 2014) digital dash, and the pattern
and magnitude of satellite-based sea surface height anoma-
lies (SSHAs) bore a close resemblance to those in May 1997.
Since the 1997–98 El Niño was the strongest warm episode
among the ENSO cycles in the 20th century, the similar
SSHAs and predictions derived from some climate models
(Tollefson, 2014) suggested that a super El Niño event would
possibly develop during subsequent months in 2014. How-
ever, the warming remained in an unexpectedly neutral state
at the end of August 2014 (Australian Government Bureau
of Meteorology, 2014), rather different from the situation in
August 1997 when a mature El Niño had already occurred.
Although the latest climate model results predicted that the
2014 El Niño would subsequently resurge (Zastrow, 2014),
it is still unclear as to why the equatorial central-eastern Pa-
cific warming suspended that summer. Actually, the strength
of an El Niño event depends mainly on two dominant fac-
tors: the preceding instability of the tropical Pacific ocean–
atmosphere coupled system (Wyrtki, 1975, 1985; Jin, 1997;
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Fedorov et al., 2015; Lai et al., 2015) and the westerly wind
bursts (WWBs) over the equatorial western-central Pacific.

Before the onset of El Niño, warm water masses accumu-
late in the equatorial western Pacific [EWP; (5◦S–5◦N, 130◦–
170◦E)], forming a stronger equatorial zonal SST contrast
and a steeper tilting of the thermocline through the dynami-
cal thermostat mechanism (Clement et al., 1996; Sun and Liu,
1996). Thus, the ocean–atmosphere coupled system over the
tropical Pacific becomes unstable. El Niño events act as a
major mechanism to transport the accumulated warm water
poleward and eastward, so as to recover a stable state (Sun,
2003).

When the preceding unstable ocean–atmosphere coupled
system is formed, the equatorial WWBs could trigger an El
Niño event. Many studies have suggested that the occurrence
of equatorial WWBs are closely associated with the Madden–
Julian Oscillation (MJO; Madden and Julian, 1971, 1972).
The MJO is an intraseasonal coupled convection-circulation
system (Hendon and Salby, 1996). When the wet phase of
MJO moves eastward into the western Pacific, a strong west-
erly anomaly (namely, a WWB) following the deep convec-
tion can force an oceanic downwelling Kelvin wave along
the thermocline (Hendon and Glick, 1997). The deepened
thermocline causes positive SSTAs in the equatorial central-
eastern Pacific, thus triggering an El Niño event (Lau and
Chan, 1986; Kiladis et al., 1994; McPhaden, 1999; Fasullo
and Webster, 2000; Zhang and Gottschalck, 2002). There-
fore, the strength of El Niño events depends largely on the
magnitudes of the preceding instability and WWBs.

Although the positive SSHAs in early 2014 exhibited
some similarities to those in early 1997, the evolution of
the oceanic Niño3.4 index (ONI) after May 2014 became
different from that in 1997. Instead, the SSTA pattern in
May–August 2014 was analogous with its 1990 counterpart.
The mean pattern correlation coefficient (Taylor, 2001) of
the monthly SSTAs in the Niño3.4 region (5◦S–5◦N, 120◦–
170◦W) for the period May–August between 2014 and 1990
is 0.75, which is the largest among the coefficients from 1982
to 2013. Therefore, it is necessary to investigate how the su-
per El Niño-like initial ocean state in early 2014 evolved sub-
sequently into SSTA patterns similar to an aborted El Niño in
1990 in summertime.

Recently, Menkes et al. (2014) argued that, due to the lack
of WWB sequences in April–July 2014, no oceanic down-
welling Kelvin waves were observed, and then the eastern
edge of the warm pool also retreated to its climatological
position. Thus, the anomalous warming was restrained in
summer 2014. Moreover, Vecchi and Harrison (2000) and
Lengaigne et al. (2003) suggested that the location of the
warm pool could also influence the occurrence of WWBs,
implying a positive feedback process between positive SSTAs
and WWBs. Since Menkes et al. (2014) only focused on the
dynamical forcing of WWBs on the oceans, and since the
warm SSTAs in the equatorial central-eastern Pacific are also
related to the preceding instability of the ocean–atmosphere
coupled system (Sun, 2003; Fedorov et al., 2015; Lai et al.,
2015), the objective of this paper is to reveal the mechanism

responsible for the SSTA evolution in the tropical Pacific re-
lated to the 2014 El Niño event. We approach this by com-
paring the WWBs and the preceding instability of the ocean–
atmosphere coupled system in 2014 with those in 1997 and
1990. In doing so, we hope to better understand why the
predicted strong El Niño event in 2014 decayed in the sum-
mer, as well as the key physical processes responsible for the
strength of El Niño events in general.

2. Data and methods
The ONI and Southern Oscillation index (SOI) pro-

vided by National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) are used to detect
the ENSO state. The ONI is defined as a three-month run-
ning mean of area-averaged SSTAs in the Niño3.4 region,
and the SOI is calculated as the difference of standardized
sea level pressure anomalies between the stations of Tahiti
and Darwin. Daily SSTs are derived from the NOAA Opti-
mum Interpolation 1/4 Degree Daily Sea Surface Tempera-
ture (OISST) analysis (Reynolds et al., 2007) with a horizon-
tal resolution of 0.25◦× 0.25◦. To depict the ENSO-related
oceanic dynamics, pentadly gridded oceanic temperature ob-
tained from the National Centers for Environmental Predic-
tion (NCEP) Global Ocean Data Assimilation System (GO-
DAS) (Behringer and Xue, 2004) are employed to calculate
the oceanic heat content of the upper ocean (0–300 m) (Xue
et al., 2012) and to diagnose the heat budget in the mixed
layer. These oceanic reanalysis data have a horizontal res-
olution of 1◦× 0.33◦ and 40 levels in the vertical direction,
with a 10 m resolution in the upper 200 m. In the atmo-
sphere, the daily surface zonal winds are derived from the
NCEP/National Center for Atmospheric Research (NCAR)
reanalysis (Kalnay et al., 1996) with a horizontal resolution of
2.5◦× 2.5◦. Both the oceanic temperature and surface wind
data cover the period from 1 January 1981 to 31 August 2014.

Toyoda et al. (2009) suggested that the persistently high
SST condition over the equatorial central Pacific [ECP; (5◦S–
5◦N, 160◦E–160◦W)] favors the generation of an unstable
coupled wave, which is an important feature of strong El
Niño events. As the SST behavior can be well represented by
the mean temperature in the mixed layer (Sun et al., 2014),
the oceanic mixed layer heat budget is diagnosed to examine
the contribution of air–sea heat flux and oceanic processes to
the SST variations in 2014. The heat budget of the mixed
layer is written as

∂T ′

∂ t
= (−VVV ·∇T )′+

(
−w

∂T
∂ z

)′
+

(
Qnet

ρcpH

)′
+R, (1)

where a prime represents the anomaly from the 1981–2010
climatology, T ′ represents the anomalous temperature aver-
aged in the mixed layer, VVV denotes the horizontal ocean cur-
rent, w is the oceanic vertical motion, Qnet represents net heat
flux at the oceanic surface, ρ is the constant oceanic density
(103 kg m−3), cp = 4000 J kg−1 K−1 denotes the specific
heat of water, and H represents the mixed layer depth. The
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first three terms on the right-hand side of Eq. (1) represent the
anomalous advection, entrainment and net air–sea heat flux,
respectively, whereas R is the residual term.

3. Comparison of the dominant factors associ-
ated with El Niño strength among 1989–90,
1996–97 and 2013–14

Table 1 presents the time series of ONI from December
2013 to August 2014. It also shows the situation in 1990
and 1997 for comparison. In 1997, the ONI changed from
negative to positive in spring (March–May), and intensified
rapidly in late spring, with the ONI reaching 0.7◦C to sat-
isfy the onset criterion (exceeding the threshold of 0.5◦C) of
an El Niño event. Subsequently, the ONI strengthened con-
tinually in the following months, and the El Niño event al-
ready became a strong event in the summer. In 2014, the ONI
increased evidently from −0.5◦C to −0.1◦C from March to
April (Table 1), and then turned to positive in the early sum-
mer (April–June), exhibiting a similar situation to that in
1997. However, the ONI remained at 0.1◦C in mid-summer
(May–July) and even dropped to zero in June–August, rather
than rapidly increasing as it did in the summer of 1997. This
decay from an El Niño-favored condition in spring to a neu-
tral state in summer indicates that the warming in the equato-
rial central-eastern Pacific was suspended in summer, as was
the case in 1990. Although the ONI had already become pos-
itive and increased gradually in the spring of 1990, it also
remained unchanged from April to July. Eventually, such an
El Niño-like event was aborted in late 1990. In order to quan-
titatively examine to what extent the 2014 El Niño resembled
the 1990 case during the summer, we calculated the pattern

correlations between 2014 and each of the other years. In-
deed, the largest mean (May–August) correlation coefficient
appeared in 1990, indicating that the El Niño evolution in
May–August 2014 most closely resembled that in 1990.

Given that the strength of El Niño events depends largely
on the preceding instability of the tropical Pacific ocean–
atmosphere coupled system and equatorial WWBs (Lau and
Chan, 1986; Kiladis et al., 1994; McPhaden, 1999; Fa-
sullo and Webster, 2000; Zhang and Gottschalck, 2002; Sun,
2003), we compared these dominant factors during their pre-
developing and developing phases (from the previous winter
to the current summer) to understand why the development of
anomalous warming in the equatorial central-eastern Pacific
suspended in the summer of 2014 (Zastrow, 2014).

3.1. Evolution of the dominant factors from the previous
winter to the current spring of El Niño events

3.1.1. Preceding instability of the tropical Pacific air–sea
coupled system

The heat pump hypothesis proposed by Sun (2003) sug-
gests that the preceding instability of the ocean–atmosphere
coupled system over the tropical Pacific is an important fac-
tor in determining the strength of an El Niño event. Figure
1 shows the time series of standardized upper oceanic heat
content (UOHC) anomalies in the EWP and equatorial east-
ern Pacific [EEP; (5◦S–5◦N, 90◦–140◦W)]. Significant pos-
itive UOHC anomalies existed in the EWP, while the neg-
ative UOHC anomalies in the EEP were different in terms
of their magnitude and duration from the previous Novem-
ber to the current February in each individual year (Fig. 1).
The sustained positive UOHC anomalies in the EWP and the
undulating negative UOHC anomalies in the EEP led to a

Table 1. Time series of the oceanic Niño3.4 index (ONI) (◦C) in 1990, 1997, and 2014. See text in section 2 for the definition of the ONI.

Year DJF JFM FMA MAM AMJ MJJ JJA

1990 0.1 0.2 0.3 0.3 0.2 0.2 0.3
1997 −0.5 −0.4 −0.1 0.2 0.7 1.2 1.5
2014 −0.6 −0.6 −0.5 −0.1 0.1 0.1 0.0

Fig. 1. Time series of area-averaged standardized UOHC anomalies over the EWP (5◦S–5◦N, 130◦–170◦E) (solid line)
and over the EEP (5◦S–5◦N, 90◦–140◦W) (dashed line) for the periods of (a) 1 November 1989 to 31 August 1990, (b)
1 November 1996 to 31 August 1997, and (c) 1 November 2013 to 31 August 2014.
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steeper tilting of the thermocline in the entire Pacific in all
the three years, which indicates the presence of an unstable
air–sea coupled system over the tropical Pacific. Such ocean
states in the previous winter supported the occurrence of an
El Niño event for all three cases.

Note that the preceding instability in winter 1989 and
2014 were smaller compared with that in 1997, implying that
the magnitudes of the potential equatorial central-eastern Pa-
cific warming in the subsequent months would be smaller.

3.1.2. WWBs from the previous winter to the current spring
of El Niño events

Figure 2 displays the evolution of the surface zonal winds
and equatorial UOHC anomalies before and during the El
Niño developing phases in the three years. Strong surface
westerly winds (a WWB) were observed over the equatorial
western-central Pacific in early December 1989, late Decem-
ber 1996 and mid-January 2014 (Figs. 2a–c). Note that the
patterns and variation of the observed surface zonal winds
were in agreement with its intraseasonal (30–60-day filtered)
anomalies over the EWP, indicating the dominant role of the
MJO in generating these WWBs. The WWBs over the equa-
torial western-central Pacific could produce eastward prop-
agating positive UOHC anomalies (e.g., McPhaden, 1999)
by inducing an oceanic downwelling Kelvin wave (indicated
by the solid line) to deepen the thermocline in the ECP, as
suggested by Lengaigne et al. (2003). As a result, positive
UOHC anomalies were observed in the ECP around mid-
December 1989 (Fig. 2d), mid-January 1996 (Fig. 2e) and
February 2014 (Fig. 2f).

Note that the warming in the upper ocean of the ECP from
December 1989 to January 1990 and January–February 2014
was weaker than that in January–February 1997 (Figs. 2d–
f). The high SST condition in the ECP during the preced-
ing winter of an El Niño event could influence the intensity
of WWBs over the EWP in the subsequent spring (Bergman
et al., 2001; Chiodi et al., 2014). It is conceivable that the
warmer ECP in the winter of 1996–1997 facilitated a stronger
WWB in the spring of 1997. In order to quantitatively mea-
sure the strength of WWBs, a westerly wind index (WWI)
was defined as standardized surface zonal wind anomalies,

area-averaged over the EWP. As expected, a strong WWB in
March 1997 (Fig. 2b), with a WWI greater than 1.0, was
observed, while a moderate WWB in March 2014 (Fig. 2c)
and a weak WWB appeared in February 1990 (Fig. 2a), with
WWIs both less than 0.5 (Table 2).

As a response to the strong WWB in early March 1997,
the positive anomalous UOHC had aggressively developed to
substantially deepen the thermocline over the ECP from mid-
March onwards. Through thermocline-associated anomalous
entrainments and WWB-related anomalous zonal advection,
the ECP was greatly warmed in April (Fig. 3b and 4b). As
suggested by Toyoda et al. (2009), high SST in the ECP could
excite intense air–sea interaction, which was manifested as
a positive feedback between anomalous surface westerlies
and positive SSTAs. Firstly, the positive SSTAs in the ECP
decreased the zonal gradient of SST in the tropical Pacific,
thus causing the anomalous surface westerly. Afterwards, the
forced anomalous surface westerly transported more warm
water to the ECP via the anomalous westerly wind stress
(not shown), and thus the positive SSTAs over the ECP were
substantially strengthened. Such an intense air–sea interac-
tion further triggered a large-amplitude unstable air–sea cou-
pled wave, propagating eastward at a slower speed of 0.5
m s−1 (indicated by the dashed line in Fig. 2b), which was
slower than the oceanic Kelvin waves with a speed in the
range of 2–2.5 m s−1 (the solid lines in Fig. 2). The pos-
itive UOHC anomaly reached the EEP in early May and
warmed the SST rapidly, characterized by the ONI reach-
ing 0.7 in April–June (Table 1). Meanwhile, the EWP was
cooled through the wind–evaporation–SST (Xie et al., 1993;
Cronin and McPhaden, 1997; Hendon and Glick, 1997) and
the cloud–radiation–SST feedback (Lau and Sui, 1997; Jones
et al., 1998). Therefore, a zonal dipole SSTA pattern was es-
tablished over the equatorial Pacific in April–May 1997 (Fig.
4b). In response to this SSTA pattern, the zonal gradient of
sea level pressure decreased, with the SOI dropping from 0.2
to −1.1 in March–May (Table 3). The consequently weak-
ened easterly trade winds in a negative Southern Oscillation
phase in turn strengthened the EEP warming through thermo-
cline feedback, thus establishing a positive Bjerknes feedback
(Bjerknes, 1969).

Table 2. Time series of the standardized westerly wind index (WWI) in 1990, 1997, and 2014. See text in section 3.1.2 for the definition
of the WWI.

Year DJF JFM FMA MAM AMJ MJJ JJA

1990 0.3 0.5 0.1 −0.4 −1.0 −1.0 −1.0
1997 0.1 1.1 1.2 1.4 0.5 0.1 0.2
2014 0.5 0.3 0.3 −0.6 −1.2 −1.5 −1.3

Table 3. Time series of the three-month running mean Southern Oscillation index (SOI) in 1990, 1997, and 2014. See text in section 2 for
the definition of the SOI.

Year DJF JFM FMA MAM AMJ MJJ JJA

1990 −1.2 −0.8 −0.7 0.3 0.6 0.7 0.2
1997 1.3 0.6 0.2 −0.8 −1.1 −1.2 −1.2
2014 0.5 0.2 0.0 0.1 0.5 0.2 −0.2
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For the case in 1990, because of the relatively weak
WWB in February (Fig. 2a), the resultant thermocline-related
anomalous entrainment and zonal advection led to a weak
positive SSTA tendency in the ECP in February (Fig. 3a).
Subsequently, the anomalous entrainment decayed substan-
tially while the sign of the advection term turned negative,
resulting in a negative SSTA tendency in March. Therefore,
the following warming in the ECP was so weak that the posi-
tive SSTAs were limited to a very local area in April (Fig. 4a).
The weak SST warming was unfavorable for the formation
of positive feedback between the anomalous surface westerly
and positive SSTAs over the ECP, and thus no unstable cou-
pled waves were generated (Fig. 2d). Therefore, the positive
UOHC anomalies still propagated eastward in the manner of
an independent oceanic Kelvin wave. In contrast to the 1997
spring, the upper ocean warming weakened but propagated
eastward at a speed of 2.55 m s−1 from mid-February to mid-
April in 1990 (Fig. 2d). The consequent surface warming
over the EEP in early May was also much weaker, manifest-
ing as the ONI decreased slightly from March–May to April–
June (Table 1). The oceanic cooling in the EWP was also
weaker in March–April 1990 and almost disappeared in May
(Fig. 4a). In response to this SSTA pattern, the SOI turned
positive in April (Table 3), indicating that no positive Bjerk-
nes feedback was established in spring 1990.

Although the WWB in March 2014 was stronger than
that in February 1990 (Figs. 2a and c; Table 2), the suc-
ceeding evolution of UOHC anomalies in March–May 2014
resembled the counterpart from February to mid-April in
1990. Specifically, the positive UOHC anomalies propa-
gated eastward at a constant speed from March to May with-
out strengthening, which indicates that the unstable ocean–
atmosphere coupled wave also failed to establish. According
to the results of mixed layer heat budget analysis (Fig. 3c),
the co-effect of oceanic horizontal advection and entrainment
similarly warmed the ECP in March 2014. However, as the
WWB in spring 2014 was much weaker than that in March
1997 (Figs. 2b and c; Table 2), the warming speed of the SST
over the ECP in March 2014 was much slower than that in
March 1997 (Figs. 4b and c). The entrainment then weak-
ened substantially in April, and the advection in the mixed
layer began to cool the ECP SST (Fig. 3c). Consequently,
the ECP was not warm enough to support the development
of positive feedback between SSTAs and surface westerly
anomalies. As a result, no WWB occurred after April, and
there was no westerly wind stress (not shown) to further trig-
ger the oceanic downwelling Kelvin wave. Since the air–
sea interaction in the spring of 2014 was suppressed, only
the oceanic downwelling Kelvin wave induced by the WWB
reached the EEP in May 2014, leading to a moderate surface
warming with the ONI turning positive (Table 1). Note that
the EWP was not cooled as expected. Similar to the situa-
tion in spring 1990, the zonal gradient of sea level pressure
decreased slightly, and thus the SOI also remained positive
in spring 2014 (Table 3), implying the absence of positive
Bjerknes feedback.

3.2. Evolution of the dominant factors during the current
summer of El Niño events

3.2.1. WWBs during the current summer of El Niño events

As the positive Bjerknes feedback between SST and zonal
wind anomalies (Bjerknes, 1969) had already established in
spring 1997, the SOI remained negative in summer. In re-
sponse to the decreased zonal gradient of sea level pressure,
easterly trade winds were further weakened—favorable for
WWBs to occur more frequently in summertime (Fig. 2b).
In contrast, the positive Bjerknes feedback failed to establish
in the summer of 1990, the SOI remained positive, and ONI
increased slowly. In this situation, the anomalous westerlies
were too weak to overcome the climate-mean easterly trade
winds over the EWP (Fig. 2a), with the WWI being negative
in June–August 1990 (Table 2). In June–July 2014, although
prominent positive SSTAs were present in the EEP, the EWP
was not controlled by negative SSTAs as expected (Fig. 4c).
As a result, the SSTA in the equatorial Pacific was charac-
terized by a monopole pattern, which was rather similar to
the situation in May 1990. Since positive Bjerknes feedback
was absent even in the early summer of 2014, it is reason-
able to deduce that no strong WWBs over the EWP would be
induced in the summer of 2014 (Fig. 2c and Table 2).

Furthermore, the evolution of WWBs is closely associ-
ated with the eastward extension of the warm pool in the
equatorial Pacific. Previous studies (Bergman et al., 2001;
Lengaigne et al., 2003) have suggested that the eastward dis-
placement of the warm pool in turn promotes deep convec-
tion further into the ECP. Here, we investigated the feedback
between the eastward expanding warm pool and the MJO-
related WWBs. The amplitude of the MJO-related WWBs
at a particular time t is defined as the standardized deviation
of the 30–60-day filtered surface zonal winds for a 61-day
period ranging from t− 30 to t + 30 days. In April–August
1997, the ECP was substantially warmed due to the WWB-
induced eastward propagating unstable air–sea coupled wave.
Thus, the warm pool extended significantly, represented by
the eastward displacement of the 29◦C isotherm to around
150◦W (Fig. 4b). Before May 1997, the MJO-related WWBs
were confined to the west of the dateline (Fig. 4e). Evi-
dent MJO-related WWBs appeared to the east of the dateline
in June 1997, suggesting that the eastward extension of the
warm pool had indeed strengthened the convective activities
and WWBs over the ECP. As the WWBs extended eastward
to around 140◦W from May to June (Fig. 2b), the positive
UOHC anomalies were further enhanced in the ECP through
positive feedback between SSTAs and WWBs.

From spring to summer in 1990 and 2014, the sea surface
warming in the ECP was much weaker than that in 1997,
with the eastern edge of warm pool settling around the date-
line (Figs. 4a and c). Although the eastern edge had shifted
temporarily to the east of the dateline in early May 2014, in
mid-June it retreated quickly back to the dateline—its clima-
tological position. Since the SST condition over the ECP was
inadequately warm, the zonal SSTA gradient and gradient of
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Fig. 2. Time–longitude cross sections of equatorial (5◦S–5◦N) surface zonal winds (color scale, m s−1) and
30–60-day filtered zonal wind anomalies (contours, m s−1) for the periods of (a) 1 September 1989 to 31 Au-
gust 1990, (b) 1 September 1996 to 31 August 1997, and (c) 1 September 2013 to 31 August 2014. Positive
and negative anomalies are shown as solid and dashed contours, respectively; the zero-contours are omitted;
the contours start from 1.0, with an interval of 0.5. (d–f) As in (a–c) but for UOHC anomalies (color scale,
K). Solid lines indicate the propagation of the oceanic downwelling Kelvin wave. The dashed line denotes the
propagation of the unstable air–sea coupled wave.

sea level pressure anomalies between the EWP and ECP were
very weak. Thus, no evident WWB was observed from late
April to August in 1990 and 2014 (Figs. 4d and f). Consider-
ing the absence of WWB sequences, the development of the

EEP warming was suspended, and thus the ONI in summer
1990 failed to meet the El Niño criterion and the expected
2014 El Niño decayed to a neutral state in summer, consis-
tent with the findings of Menkes et al. (2014).
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Fig. 3. Time series of the three-month running mean mixed layer anomalous horizontal advection term (red line,
K month−1), entrainment term (blue line, K month−1) and net surface heat flux term (green line, K month−1), area-
averaged over the ECP (5◦S–5◦N, 160◦E–160◦W) for the periods of (a) 1 November 1989 to 31 August 1990, (b) 1
November 1996 to 31 August 1997, and (c) 1 November 2013 to 31 August 2014. Also shown is the sum of these three
terms (brown line, K month−1).

3.2.2. The tropical Pacific air–sea coupled system during
the current summer of El Niño events

The intense unstable ocean–atmosphere coupled waves
induced by the strong WWB in March 1997 (Fig. 2c) could
transport warm water eastward to warm the EEP substan-
tially, causing positive SSTAs in the eastern Pacific (Figs. 2e
and 4b). The positive SSTAs in turn forced off-equatorial
cyclonic wind stress anomalies to the west on both sides of
the equator (Matsumo, 1966; Gill, 1980). The cyclonic wind
stress anomalies enhanced poleward heat transport, and then
cooled the EWP dramatically (Fig. 1b). As a result, the
positive UOHC anomalies in the EWP disappeared and the
coupled air–sea system was stabilized in May 1997. Since
the positive Bjerknes feedback had already established at this
time, the western cooling and eastern warming developed
continually, ultimately causing the super El Niño in the fall–
winter of 1997.

For 1990 and 2014, although the EEP warming and asso-
ciated poleward heat transport were weaker, the unstable cou-
pled system was still stabilized in May 1990 and June 2014
(Figs. 1a and c). As the positive Bjerknes feedback failed
to establish in the spring of 1990 and 2014, the EEP warm-
ing was suspended in June–August 1990 and mid-July 2014
(Figs. 4a and c).

Positive UOHC anomalies were again observed in the
EWP in June 1990 and July 2014, indicating the rebirth of
the unstable coupled system. However, since fall is usually a
rapidly developing period for El Niño events, there was not
enough time left for the re-accumulation of sufficient energy
to form a strong El Niño event in late 2014. Thus, the pre-
dicted super El Niño event did not take place in the boreal
winter of 2014.

4. Summary and discussion
In order to clarify why the warming in the equatorial

central-eastern Pacific was suspended in summer 2014, a
comparative analysis was conducted to demonstrate the simi-

larities and differences between the El Niño event in that year
with its counterparts in 1990 and 1997. The dominant factors
responsible for the strength of El Niño events were compared
in terms of the WWBs and preceding instability of the tropi-
cal Pacific ocean–atmosphere coupled system.

A strong unstable state of the coupled ocean–atmosphere
system over the tropical Pacific was formed during the previ-
ous fall and winter in 1997, indicating its initial oceanic state
was favorable for the development of a strong El Niño event
in the following year. This accumulated instability was then
released by the WWB in spring 1997 and triggered a strong
El Niño event. The strong WWB in March 1997 led to promi-
nent warming over the ECP by triggering strong oceanic
downwelling Kelvin waves and through oceanic zonal ad-
vection feedback. The strongly warmed ECP provided a fa-
vorable stage for the development of air–sea interaction, thus
generating an eastward propagating unstable air–sea coupled
wave, which further warmed the equatorial central-eastern
Pacific. Since the WWB in spring 1997 also cooled the EWP,
the decreased zonal SST gradient along the equator led to
a negative phase of Southern Oscillation in spring, which
in turn strengthened the EEP warming through thermocline
feedback. Since such a positive Bjerknes feedback had es-
tablished in spring 1997, the warming over the equatorial
central-eastern Pacific continued to develop in summer, and
finally evolved into a strong El Niño event.

Although the unstable coupled ocean–atmosphere system
was also formed during the previous fall and winter in 1990
and 2014, the strength of the preceding instability was much
weaker compared with that in 1997, and thus the warming in
the equatorial central-eastern Pacific was limited in the sub-
sequent months. Moreover, the weak WWB in the spring
of 1990 and 2014 led to only weak warming over the ECP,
which failed to support the development of positive feedback
between WWBs and SSTAs. Since the expected unstable air–
sea coupled wave was absent in the spring of 1990 and 2014,
the warming over the equatorial central-eastern Pacific was
much weaker in spring. Therefore, the zonal SST gradient
along the equator in spring 1990 and 2014 decreased slightly
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Fig. 4. Time–longitude cross sections of equatorial (5◦S–5◦N) SSTAs (shading, K) for the periods of (a) 1 Novem-
ber 1989 to 31 August 1990, (b) 1 November 1996 to 31 August 1997, and (c) 1 November 2013 to 31 August
2014. The contour indicates the position of the 29◦C isotherm. (d–f) As in (a–c) but for the amplitude of MJO-
related WWBs in the equatorial (5◦S–5◦N) regions (shading, m2 s−2). See text in section 3.2.1 for the definition
of the amplitude of MJO-related WWBs.

and failed to cause a stable negative phase of Southern Oscil-
lation; thus, no positive Bjerknes feedback had established in
spring. Therefore, after the instability of the tropical Pacific
air–sea coupled system had been removed in late spring, the

warming over the equatorial central-eastern Pacific stalled in
the summer of 1990 and even decayed in the summer of 2014.

In summary, the strong preceding instability of the tropi-
cal Pacific ocean–atmosphere coupled system, as a precondi-
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Fig. 5. Schematic diagram showing the key physical processes responsible for a strong El Niño event.

tion, and a strong spring WWB, as a trigger, are two dominant
factors responsible for a strong El Niño event. Figure 5 is a
schematic diagram illustrating how these two factors lead to
a strong El Niño event. For the 2014 event, due to the weak
preceding instability and weak WWB in March, the warming
in the equatorial central-eastern Pacific suspended in sum-
mer. As the weak instability of the ocean–atmosphere cou-
pled system had already been consumed by WWB-induced
oceanic waves in spring, and there was no WWB sequence in
the summer of 2014, the expected strong El Niño event, like
the 1997 super El Niño, was unlikely to occur in the follow-
ing months of 2014.

It should be noted that, in the present study, we mainly at-
tributed the evolution of the UOHC anomalies to the WWB-
associated oceanic waves, as well as the heat transport. How-
ever, positive anomalies were still observed in the upper lay-
ers of the ECP in August 1990 and August 2014 without
WWBs, implying the influence of oceanic internal dynam-
ics on the UOHC anomalies. Moreover, we shall continue to
investigate the evolution of UOHC anomalies and SSTAs in
the tropical Pacific for the period from fall to winter in 1990
and 2014, thereby improving our understanding of why the
El Niño event aborted in 1990 and a weak El Niño event oc-
curred in fall 2014.
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