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ABSTRACT

After the quick decaying of the 2015 super El Nifio, the predicted La Nifia unexpectedly failed to materialize to the
anticipated standard in 2016. Diagnostic analyses, as well as numerical experiments, showed that this ENSO evo-
lution of the 2015 super El Nifio and the hindered 2016 La Nifia may be essentially caused by sea surface temperature
anomalies (SSTAs) in the subtropical Pacific. The self-sustaining SSTAs in the subtropical Pacific tend to weaken the
trade winds during boreal spring-summer, leading to anomalous westerlies along the equatorial region over a period
of more than one season. Such long-lasting wind anomalies provide an essential requirement for ENSO formation,
particularly before a positive Bjerknes feedback is thoroughly built up between the oceanic and atmospheric states.
Besides the 2015 super El Nifio and the hindered La Nifia in 2016, there were several other El Nifio and La Nifia
events that cannot be explained only by the oceanic heat content in the equatorial Pacific. However, the questions
related to those eccentric El Nifio and La Nifia events can be well explained by suitable SSTAs in the subtropical
Pacific. Thus, the leading SSTAs in the subtropical Pacific can be treated as an independent indicator for ENSO
prediction, on the basis of the oceanic heat content inherent in the equatorial region. Because ENSO events have
become more uncertain under the background of global warming and the Pacific decadal oscillation during recent
decades, thorough investigation of the role of the subtropical Pacific in ENSO formation is urgently needed.
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1. Introduction

As the most prominent interannual variability in
the tropical Pacific, El1 Nifio-Southern Oscillation

Denotes content that is immediately available upon publica-
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(ENSO) exerts significant climate influences in many
regions worldwide. Scientists have focused on the
mechanisms involved in ENSO and have attempted
to predict ENSO events with a lead time of 1 year
or more (McPhaden et al. 1998; Latif et al. 1998;
Barnston et al. 2012). Generally, there are two pre-
requisites for an El Nifio event: anomalous warm wa-
ters accumulating in the equatorial Pacific (e.g.,
Wyrtki 1985; Chen et al. 2016) and the presence of
westerly wind events (WWEs) (e.g., Luther et al. 1983;
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FIG. 1. The SSTA time series averaged in the Nifio-3.4 region (5°N-5°S, 120°-170°W) for the El Nifio events of
1982 (gray dashed), 1997 (gray solid), and 2015 (black, blue, and red solid). The SSTA time series are smoothed with
a 3-month running mean, as per the definition of the ONI. For each El Nifo event, the number of months meeting
the threshold of +0.5°C for the warm/cold status are shown for the results obtained based on ERSST, OISST, and
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HadISST as black, blue, and red text, respectively.

McPhaden et al. 1992; D. Chen et al. 2015). When such
conditions coincide, anomalously warm waters can be
readily transported eastward by anomalous oceanic
currents (e.g., McPhaden and Picaut 1990) or propa-
gate eastward as downwelling Kelvin waves (e.g.,
Wyrtki 1975; Miller et al. 1988; Huang et al. 2001),
causing anomalous warming in the central-eastern
equatorial Pacific. Such conceptual models have
been verified in practical predictions for almost all
El Nifo events.

However, ENSO predictions have encountered un-
expected challenges in recent years. In the boreal sum-
mer of 2012, an El Nifio event was predicted to arise in
the subsequent seasons. However, the already warmed
ocean in the eastern equatorial Pacific suddenly re-
versed back to a neutral condition in September 2012
(Su et al. 2014b). A similar event also occurred in the
boreal summer of 2014 (Min et al. 2015; Zhu et al. 2016;
Hu and Fedorov 2016). An exceptionally strong El Nifio
event was predicted and discussed in public media in the
beginning of 2014. However, the rapid growth of the
anomalous warming in the central-eastern equatorial
Pacific dramatically paused during the summer, and no
El Nifio event formed until the end of 2014 (http://www.
cpec.ncep.noaa.gov/products/analysis_monitoring/enso_
disc_dec2014/ensodisc.html). Since April 2016, the
National Oceanic and Atmospheric Administration
(NOAA)’s Climate Prediction Center (CPC) repeatedly
announced that a La Nifia event would occur during the
following winter. However, this La Nifia event failed to
reach an expected magnitude, with a short lifetime
(Fig. 1; http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/enso_disc_dec2016/ensodisc.pdf). These failures
in ENSO prediction remind us that present conceptual

models of ENSO remain incomplete and need careful
inspection.

The tough challenge in prediction for the several past
ENSO events can be attributed to the ENSO diversity
during recent decades. For example, more and more El
Nifio events showed spatial patterns centered in the
central Pacific (CP) after 2000, different from those
classical El Nifio events centered in the eastern Pacific
(EP; e.g., Ashok et al. 2007). The different flavors of EP-
type El Nifio and CP-type El Nifio may be led by the
diversity of westerly wind bursts (Hu et al. 2014; D. Chen
et al. 2015; Fedorov et al. 2015). From another aspect,
the sea surface temperature anomalies (SSTAs) in the
subtropical Pacific can persist from boreal winter to
summer and affect ENSO development in the central-
eastern equatorial Pacific (Vimont et al. 2003; Yu et al.
2010). Furthermore, certain SSTAs in the subtropical
Pacific may also contribute to the formation of different
types of El Nifio (Zhang et al. 2014; Min et al. 2017).
Cooling SSTAs in the subtropical Pacific may have acted
as a key factor in hindering El Nifio development in 2012
and 2014 (Su et al. 2014b; Min et al. 2015; Zhu et al.
2016). It also was shown that some episodes of easterly
wind surge during the summer of 2014 might directly
hinder the El Nifio development (Menkes et al. 2014; Hu
and Fedorov 2016). Wu et al. (2018) suggested that the
meridional SSTAs gradient was reinforced by the cold
SSTAs in the eastern South Pacific and the warm SSTAs
in the eastern North Pacific, and then induced surface
cross-equatorial flow, which ultimately suppressed the
2014 El Nifio development.

After the hindered 2014 El Nifio, the western Pacific
warm pool extended eastward and warmer SSTAs per-
sisted near the central equatorial Pacific in the beginning
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of 2015, which provided a favorable precondition for the
strong El Nifio in 2015 (Hu and Fedorov 2018). Sub-
sequently, some strong WWEs pushed the 2015 El Nifio
into a substantial development phase (Xue and Kumar
2017; Hu and Fedorov 2018; Chen et al. 2017). Com-
pared with the 1997 El Niifio, the 2015 El Nifio was
blended with some characters of CP-type El Nifio, which
was probably brought by the warm SSTAs in the sub-
tropical Pacific, and the subtropical warm SSTAs could
also lead a slow decay of this El Nifio in 2016 (Paek
et al. 2017).

As mentioned by several previous papers, the strong
WWE:s played an essential role in the development of the
2015 super El Nifio, and the ENSO diversity may be
caused by the variation in WWEs. Hence, the funda-
mental mechanism for the generation of those strong
WWE:s in 2015 should be investigated in details. Fur-
thermore, the 2015 El Nifio prolonged for more than one
and half years (Fig. 1), ranked as the longest one among
the several strongest El Nifio events. Generally, a strong
El Nifio event (e.g., 1982/83 and 1997/98) was followed
by a long-lasting La Nifa event (Fig. 1). However, the La
Nifia following the 2015 strong El Nifio was unexpectedly
hindered during the boreal summer of 2016. This study
will investigate the development processes of the 2015 El
Nifio and hindered La Nifa in 2016 as a whole, with a
focus on the important influences exerted by different
SSTA patterns in the subtropical Pacific. Furthermore,
we also try to generalize the role of SSTAs in the sub-
tropical Pacific in El Nifio and La Nifia development,
using some statistical analyses and model simulations.

The data and experiments are described in section 2.
The observed results about 2015 El Nifio and 2016 La
Nifla are given in section 3. Experiment results are
shown in section 4. Section 5 investigates the processes
of the subtropical Pacific forcing on ENSO. In section 6,
more ENSO events are described to show the role of the
subtropical Pacific, and its decadal changes are de-
scribed in section 7. A summary and discussion are
provided in section 8.

2. Data and experiments

The SST fields were obtained from the Extended
Reconstructed Sea Surface Temperature SST, version 4
(ERSST.v4) with a resolution of 2° X 2° (Huang et al.
2015), the NOAA Optimum Interpolation Sea Surface
Temperature, version 2 (OISSTv2) with a resolution of
1° X 1° (Reynolds et al. 2002), and the Hadley Centre
Sea Ice and Sea Surface Temperature dataset, version 1
(HadISST1), with a resolution of 1° X 1° (Rayner et al.
2003). The precipitation fields were from the CPC
Merged Analysis of Precipitation (CMAP) with a resolution
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of 2.5° X 2.5° (Xie and Arkin 1997). The surface wind stress
and 10-m wind data were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim) with a resolution of
1.125° X 1.125° (Dee et al. 2011). The oceanic tempera-
ture and currents were provided by the National
Centers for Environmental Prediction (NCEP)
Global Ocean Data Assimilation System (GODAS)
with a horizontal resolution of 1° longitude and !/3°
latitude, and a vertical resolution of 10 m for the up-
per 200m (Saha et al. 2006). The thermocline depth
values are calculated as the 20°C isotherm based on
the GODAS dataset. All the analyses were performed
based on the time period of 1980-2016 for all data,
and the climatological annual cycle is calculated
based on the period of 1981-2010 in this study.

The sensitivity experiments were carried out based on
the atmospheric general circulation model of ECMWF
Hamburg Model (ECHAM) version 5.4 (ECHAMS.4;
Roeckner et al. 2003), with a horizontal spectral resolution
of T63 and 19 vertical levels (T63L.19). The SST fields used
to force the model were derived from the OISST monthly
datasets. A 50-yr model control run was forced continually
by the climatology of SST fields. The restart files on
1 January obtained from the control run are used as initial
conditions for sensitivity runs. Each type of sensitivity run
is composited of an ensemble of 20 members. Each
member of the sensitivity runs was integrated for
12 months from 1 January with different initial conditions
obtained from the last 20 years of control run. Then the
average of all the values simulated by the 20 members in
sensitivity runs is used to be compared with that simulated
by control run, and the differences are shown and dis-
cussed in the following. In the sensitivity runs, the model
was forced by the composites of climatological SST
fields and the prescribed 2015 SSTA fields in different
regions. Overall, six types of sensitivity runs were de-
signed in this study. First, in the global run, the pre-
scribed 2015 SSTAs were applied to the global ocean
grids. Then in the other five runs, the 2015 SSTAs were
prescribed only on grids in some specific regions (e.g.,
Pacific region), and the remaining regions were set to
climatological SST. The details of regions with pre-
scribed SSTAs for the six designed experiments are
shown in Table 1. The sea ice fields were set to clima-
tological values for both control run and sensitivity runs.

3. Observational results

a. The evolution of the super El Nifio in 2015

Although the El Nifio was hindered during the boreal
summer in 2014, the SSTAs in the Niflo-3.4 region (5°N—
5°S, 120°-170°W) warmed gradually after August and
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TABLE 1. The boundary of designed regions with prescribed
2015 SSTAs that are superimposed on the climatological SST
fields in each experiment. The eastern boundary is the west coast
of the Americas. The rest regions are set with climatological
SST fields.

North-south

Experiment Abbreviation extent Western boundary
Global Glb 90°S-90°N None
Pacific Pac 55°S-55°N 120°E, including the
South China Sea
Equatorial EQPac 5°8-5°N 120°E
Pacific
Subtropical STPac 55°-5°Sand 120°E
Pacific 5°N-50°N
Northeastern NESTPac  5°N-50°N 180°
Pacific
Southeastern SESTPac  55°-5°S 180°
Pacific

reached above 0.5°C after October 2014 (Fig. 1). Since
then, the Nifio-3.4 SSTA primarily kept above 0.5°C
until the 2015/16 El Niflo decayed around May 2016.
As a result, the 2015 EI Nifio persisted for about one
and a half years, much longer than the 1982 El Nifio and
the 1997 El Niifio (about one year).

Starting from a high point of warm water accumulated
in 2014, a persistent rise of the positive SSTAs in Nifio-
3.4 appeared in February 2015 (Fig. 1). In February
2015, warm water began to emerge around 180°, asso-
ciated with strong WWEs over the western Pacific
(around 120°E~180°), and then extended eastward to the

(a) 1997 (b) 2014
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eastern equatorial Pacific (around 130°-80°W; Fig. 2c).
The initial warming status prior to March 2015 shared
similarities with conditions in 1997 (Fig. 2a) and 2014
(Fig. 2b). The bifurcation of the initial similar status in
2014 and 2015 started approximately in April. The
WWEs gradually diminished after March 2014, and
some strong anomalous easterlies (Min et al. 2015),
namely easterly wind events (Hu and Fedorov 2016),
showed up in the central-eastern equatorial Pacific during
the boreal summer of 2014. On the other hand, the strong
WWEs were enhanced after April 2015 and extended
eastward rapidly. Subsequently, the strong westerly
anomalies in 2015 occupied the region from the western
Pacific to the central-eastern equatorial Pacific (around
180°-80°W), a large area comparable to that in 1997.
The persistence and enhancement of the WWEs in
2015 was associated with extra warming in the sub-
tropical North Pacific (SNP). During the summer of
2015, significant positive SSTAs (>1.0°C) persisted in
the SNP (Fig. 3¢), which favored anomalous convection
there and caused a cyclonic surface wind pattern near
the SNP, as a Gill-type Rossby wave response (Gill
1980). Correspondingly, the trade winds were weakened
in the North Pacific, with anomalous southwesterlies
between the equator and 15°N. At the same time, there
was also another anomalous convective center along the
equator, because of the already warming in the central-
eastern equatorial Pacific. The coexistence of the
anomalous convective center at the equator and the one
at the SNP can be demonstrated by a wide meridional

(c) 2015

(d) 2016
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FIG. 2. The SSTAs (shading) from the ERSST.v4 dataset, thermocline depth anomalies (contour lines; negative values with magenta lines and
positive values with blue lines, with intervals of 10 m) from the GODAS, and anomalous zonal wind at a height of 10 m (vector; ms™ 1. eastward
anomalies with black thin lines and westward anomalies in gray thick lines) along the equator (within 5°N-5°S) are shown for (a) 1997, (b) 2014,
() 2015, and (d) 2016. The gray shaded patches indicate the periods with daily zonal wind anomalies larger than 2 m s~ !, roughly representing the
episodes of westerly wind events. The zonal winds are derived from ERA-Interim, and daily values are smoothed with a 3-day running mean.
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FIG. 3. SSTAs (shading, with intervals of 0.25°C), anomalous precipitation (contours of =1 and +5mmday !,
blue for positive and red for negative), and anomalous wind at a height of 10 m (vector; ms ') during June-August
of (a) 1997, (b) 2014, (c) 2015, and (d) 2016. The wind, precipitation, and SST data were obtained from ERA-

Interim, GPCP, and ERSST, respectively.

extension of the precipitation anomalies in the region of
150°-120°W (Fig. 3c). Such an anomalous convection
center in the SNP was absent in the case of the 1997 El
Nifio, during which the precipitation anomalies were
primarily confined within the equatorial region (Fig. 3a).
These anomalous southwesterlies north of the equator
during the summer of 2015, which were directly related
to the positive SNP SSTAs, gradually merged with those
equatorial westerly anomalies in the western-central
Pacific (around 120°E-130°W), enhancing the westerly
anomalies along the equator there. Hence, the weak-
ened trade winds in the SNP (i.e., the anomalous west-
erlies north of the equator), might have played an
important role in maintaining strong WWEs in the
western-central equatorial Pacific, a key factor for El
Nifio development in 2015. It was also demonstrated
that the warming SSTAs in subtropical Pacific favored
an atypical Madden—Julian oscillation, as well as the
persistent WWEs, followed by the onset of the 2015/16
El Nifio (Hong et al. 2017).

Such persistent strong westerly anomalies were absent
in 2014 (Fig. 2b). The trade winds were enhanced south of

the equator in 2014, caused by extreme cooling in the
subtropical South Pacific (SSP; 10°-20°S, 130°-90°W)
(Fig. 3b; Min et al. 2015). As an extension of the enhanced
trade winds, anomalous easterlies developed in the cen-
tral equatorial Pacific, hindering the formation of El Nifio
in 2014, which was also confirmed by the studies of Hu
and Fedorov (2016). The extreme cold SSTAs in the SSP
gradually faded away after 2014. Both the amplitude and
the spatial extension of the cold SSTAs in the SSP in 2015
were apparently weaker than those in 2014. As a result,
the trade wind anomalies south of the equator in 2015
were quite different from those in 2014, with almost zero
zonal components in the central Pacific during the sum-
mer of 2015 (Figs. 3b,c). In addition, positive SSTAs in
the SNP reached a higher value above 1.0°C in 2015 than
that in 2014 (<0.5°C; Figs. 3b,c), which caused a greater
weakening of the trade winds north of the equator in
2015. As a result, positive SSTAs in the SNP boosted El
Nifio development in 2015, whereas the negative SSTAs
in the SSP hindered El Nifio growth in 2014.

The role of the SNP in the formation of the 2015 El
Nifio can be further highlighted by comparison with
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FIG. 4. Composite anomalies zonal wind at a height of 10m (black lines at top; ms™!), oceanic temperature
anomalies (color shading; °C), and oceanic current anomalies (vectors; ms~ ') along the equator (within 5°N-5°S)
during each season in 1997. The oceanic data are from GODAS. The wind data are from ERA-Interim.

the 1997 El Nifio. Significant positive subsurface
anomalies accumulated in the western-central Pacific
at the beginning of 1997 (Fig. 4a), which is a good in-
dicator for the formation of an El Nifio event. How-
ever, positive subsurface temperature anomalies in the
western-central Pacific were much weaker in the be-
ginning of 2015 than those in 1997 (Fig. 5a). Only after
February 2015 did significant positive subsurface
anomalies begin to emerge around 180° under the
forcing of strong WWEs (Fig. 5b). These features were
also described by Paek et al. (2017) and Chen et al.
(2017). An anomalous cyclonic wind pattern formed in
the location north of the anomalous westerly in the
western Pacific after February 2015 (not shown, but can
be inferred from Fig. 3c). The cyclonic wind anomalies
then induced upwelling in the upper ocean and caused
cold subsurface anomalies in the western Pacific
(Fig. 5b), similar to the corresponding essential link
in the delayed oscillator for ENSO (Suarez and
Schopf 1988).

b. The hindered La Nifia in 2016

The SSTAs in the Nifio-3.4 region faded quickly after
its peak in December 2015, reaching a neutral state after
April 2016 (Figs. 1 and 2d; Paek et al. 2017). A La Nifna
event was repeatedly predicted during April-
November 2016 by the CPC (http://www.cpc.ncep.
noaa.gov/products/expert_assessment/ENSO_DD_archive.

shtml). However, the SSTAs in the central-eastern
equatorial Pacific maintained a negative state with a
relatively weak amplitude (around —0.6°C) for the five
months during July-November 2016 (Figs. 1 and 2d).
The negative SSTA state in 2016 failed to transform
into a full-fledged La Nifia event, based on the threshold
of a period of at least five consecutive overlapping
3-month seasons with an oceanic Nifio index (ONI)
below —0.5°C. The ONI is defined as 3-month running
mean of SSTA in the Nifio-3.4 region. In fact, a weak La
Nifia event in 2016 can be obtained only based on a
single dataset, ERSST.v4; other SST datasets (e.g.,
OISST and HadISST) showed a neutral ENSO status
in 2016.

This failure of the negative Nifio-3.4 SSTA to
evolve into a matured La Nifla event in 2016 can be
attributed to the warm SSTAs in the SNP and the SSP
(Fig. 3d). The warm subtropical SSTAs induced
anomalous convection centers in both the North
Pacific (around 13°N, 130°W) and the South Pacific
(around 12°S, 170°W), indicated by positive pre-
cipitation anomalies there (Fig. 3d). Consequently,
the trade winds were weakened on both sides of the
equator, which further prevented the enhance-
ment of anomalous easterlies near the equator. As a
result, although the Nifio-3.4 SSTA once dropped
almost to —1°C around October 2016, no significant
anomalous easterlies along the western-central equator
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(around 130°E-130°W) were observed during most of
2016 (Figs. 2d and 3d).

4. Results of numerical experiments

To investigate the potential role of the SSTAs in the
subtropical Pacific with regard to the zonal wind var-
iabilities along the equator, some numerical experi-
ments were performed using an atmospheric general
model of ECHAMS 4. Forced by the global observed
SSTAs in 2015 (Glb), strong anomalous westerlies in
the western equatorial Pacific can be well simulated
during the boreal summer, with enhanced pre-
cipitation around the central equatorial Pacific
(Fig. 6a). Such patterns of surface winds and pre-
cipitation anomalies are also captured by simulations
with prescribed SSTAs only in the Pacific (Pac;
Fig. 6b). If the prescribed SSTAs are confined to the
subtropical Pacific (STPac; Fig. 6d)—that is, omitting
the equatorial region within 5°N-5°S—the simulated
atmospheric responses are different from those forced
only by SSTAs in equatorial Pacific (EQPac; Fig. 6¢).
The enhanced precipitation center is located in the
western-central equatorial region if forced only by the
SSTAs in the equatorial Pacific (Fig. 6¢). On the other
hand, the enhanced precipitation center moves
northeastward to the region around 15°N, 130°W,
close to the warming center in the subtropical North
Pacific in the STPac experiment (Fig. 6d). Further
experiments show that anomalous convection is more

readily generated under the forcing of warm sub-
tropical SSTAs in the northeastern Pacific (NESTPac;
Fig. 6e) than in the southeastern Pacific (SESTPac;
Fig. 6f), as the observed 2015 SSTAs in the north-
eastern Pacific were warmer than those in the south-
eastern Pacific. One reason for convection anomalies
to be readily formed in the northeastern Pacific is
that a warm pool is located in the northeastern Pacific,
as a threshold of about 27.5°C is usually required for
the generation of deep convective activity (Graham
and Barnett 1987).

Based the comparison between the results of the
above experiments, it can be demonstrated that the
warm SSTAs in the subtropical North Pacific can
readily induce anomalous convection centered at off-
equatorial latitudes, forming a Gill-type Rossby wave
pattern near the warming center. Associated with the
off-equatorial cyclonic atmospheric response, the
trade winds are weakened and anomalous south-
westerlies are formed near the equator. Such south-
westerly anomalies can extend to the equator and then
enhance the anomalous westerlies along the equator
(Fig. 7). Particularly, if forced by the SSTAs pre-
scribed only within the equatorial region, the induced
westerly anomalies in the western Pacific cannot ex-
tend to the Nifio-3.4 region. On the other hand, the
warm SSTAs in the subtropical northeastern Pacific
can favor anomalous westerlies with a large zonal
extension, covering the Nifio-3.4 region, which is a key
factor for the maintaining the warming SSTA tendency
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FIG. 6. The wind anomalies at a height of 10 m (vector; ms ') and precipitation anomalies (shading; mm day ')
simulated by the ECHAM. The values shown are difference between the average of the 20 members for each
sensitivity experiment and the corresponding values in the control experiment. The 2015 SSTAs are prescribed in
(a) the global ocean, (b) the Pacific, (c) the equatorial Pacific, (d) the subtropical Pacific, (e) the northeastern

Pacific, and (f) the southeastern Pacific (see Table 1).

locally by favoring the formation of positive Bjerknes
feedback.

5. The processes during the subtropical Pacific
forcing on ENSO

The important influences of the subtropical Pacific on
ENSO formation can be further confirmed by general
analyses in addition to the above case analyses. The
lead-lag correlation analyses (Fig. 8a) show that sub-
tropical Pacific SSTAs during the leading period of
March-July [MAMJJ; i.e., Mar(0)-Jul(0), where 0 indicates

the year of the event] can favor ENSO formation
during the following autumn-winter season, repre-
sented by the SSTAs in the Nifio-3.4 region during
the period of October-February [Oct(0)-Feb(+1),
where +1 indicates the following year]. As the sub-
tropical Pacific can be influenced by the leading/
synchronous equatorial SSTAs through atmospheric
bridge (Alexander et al. 2002), the lead-lag correlations
are further performed based on the SSTA fields in which
the linear least squares fit to the 1-month leading SSTA
in Nifio-3.4 was subtracted (Fig. 8b). A robust relation-
ship can be found between the previous spring—summer
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FIG. 7. The observed (thick gray) and simulated zonal wind anomalies at a height of 10 m (ms ') along the equator
(within 5°N-5°S) by ECHAM for each sensitivity experiment. The values shown are difference between the average
of the 20 members for each sensitivity experiment and the corresponding values in the control experiment.

SSTAs in the subtropical North Pacific and the following
ENSO formation, in both schemes of correlation
calculation.

To perform further statistical analysis about the in-
fluence of subtropical Pacific on El Nifio and La Nifia
formation, two regions are chosen here to represent the
subtropical Pacific. For the subtropical North Pacific,
the region is defined as the SNP (5°-15°N, 140°-170°W),
where the MAMJJ SSTAs have significantly high cor-
relation with later Nifio-3.4 index. For the subtropical
South Pacific, we selected a region of the SSP (10°-20°S,
130°-90°W), following the definition of Min et al. (2015).
The SSP is located near the main center of the South
Pacific meridional mode [see Fig. 2b in Min et al.
(2017)]. The SSTAs in the SSP have a large interannual
variability and can capture the extreme cooling in 2014
and the extreme warming in 2016 (Fig. 9b).

(a) corr. MAMJJ vs NINO

120°W 90°W

150°W

180°W

It should be noted that the SSTAs in the subtropical
Pacific during the spring-summer can be maintained or
enhanced by the wind-evaporation-SST (WES) mech-
anism (Xie and Philander 1994). Although significant
warming has prevailed in the far northeastern Pacific for
several years since around 2013 (Di Lorenzo and
Mantua 2016), the SSTAs in the region of SNP began to
rise up to above 0.5°C only after January 2015 (Fig. 9a).
The SNP SSTAs gradually increased during the spring—
summer of 2015, with positive latent heat fluxes imposed
into the ocean during the same time (Fig. 9a), following
the WES mechanism. Following Su et al. (2010), a heat
budget analysis was performed for the upper mixed
layer temperature in the SNP, using the oceanic vari-
ables from GODAS data and the composited values of
surface heat flux from ERA-Interim, NCEP-1, NCEP-2,
and OAFlux. It was showed that heat convergence by

(b) corr. de-ENSO
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FIG. 8. (a) Correlations between the SSTA during Mar(0)-Jul(0) and the Nifio-3.4 index during the period of Oct
(0)-Feb(+1). (b) As in (a), but the linear least squares fit to the 1-month leading Nifio-3.4 index was subtracted
before the calculation. The magenta lines indicate regions significant at the 95% confidence level. The thick black
boxes indicate the defined regions of the subtropical North Pacific (5°N-15°N, 140°-170°W) and the subtropical
South Pacific (10°-20°S, 130°-90°W) as used in statistical analyses.
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FIG. 9. (a) The mean latent heat flux anomalies (red), SSTA (gray), and time tendency (black) of SSTA time
series averaged in the SNP region (5°-15°N, 140°~170°W). The latent heat flux anomalies derived from ERA-
Interim (blue), NCEP-1 (magenta), NCEP-2 (cyan), and OAFlux (green) are shown with thin lines. The latent heat
flux values are positive downward. (b) The mean SSTA during MAMJJ averaged in the SNP and the SSP region

(10°-20°S, 130°-90°W) for each year.

the oceanic dynamic processes was negative during
MAMIJJ in 2015. The observed positive tendency of
SSTAs in SNP (0.08°C month ') was mainly contributed
by the surface heat flux anomalies (0.11°Cmonth '), and
the term of downward latent heat flux anomalies was the
major contributor (0.12°C month™1).

Associated with the self maintenance of the SNP
SSTAs, the trade winds were weakened during the
spring-summer of 2015, indicated by the northeastward
wind anomalies north of the equator (Fig. 10b). Before
June 2015, the horizontal spatial pattern of the winds
anomalies matches the Pacific meridional mode (e.g.,
Min et al. 2017), with anomalous meridional winds
flowing from the cold SSTAs in the South Pacific to the
warm SSTAs in the North Pacific (Fig. 10b). The
anomalous westerlies were mainly located on the north
side of the equator in the central-eastern Pacific. On the
equator, however, the wind anomalies have a very weak
zonal component. Furthermore, the precipitation
anomalies were also located north of the equator, about
between 5° and 10°N. In the case of 1997 El Niifio, the
anomalous westerlies, as well as the anomalous con-
vection, mainly located near the equator (Fig. 10a).

Hence, we can conclude that the convection anomalies,
as well as the anomalous westerlies, in the central Pacific
were primarily induced by the warm SSTA in SNP
before June 2015. Since June 2015, the SSTA around
the Nifio-3.4 warmed up to about 1°C. Consequently,
the anomalous precipitation center moved toward
to the equator. At the same time, the wind anomalies
near the equator were generally zonal westerlies,
pointing to the eastern warm SSTAs in the equatorial
region. Those features indicated that the SSTAs in
Nifio regions, from then on, started to work as an active
factor, forming a positive Bjerknes feedback between
the atmospheric activities.

Here, we want to focus on the role of the sub-
tropical SSTAs to maintain the anomalous westerlies
on seasonal time scales, before an effective Bjerknes
feedback is really set up over the equatorial regions.
After the SSTAs in the Nifio regions are warmed
enough, the convection anomalies near the equator
work as a primary driver for the tropical atmospheric
circulation. After then, the trade winds can be weakened
further under the influence of equatorial convection
anomalies.
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FIG. 10. The SSTAs (shading; gray contours are zero), positive precipitation anomalies (blue contours, with
intervals of 2mm day '), and zonal average of anomalous wind at a height of 10m (vector; ms™'; eastward
anomalies with black vectors and westward anomalies in gray vectors) along the central Pacific (180°-130°W) for

(a) 1997 and (b) 2015.

In short, it is logical to investigate the influence of the
subtropical Pacific on ENSO formation in two steps,
separately. In the first step, before an effective Bjerknes
feedback is formed over the equatorial regions, the
subtropical SSTAs play an active role to induce changes
of trade winds. In the second step, when the El Nifio
event essentially comes into being, the equatorial con-
vection anomalies also favor the trade winds changes.

6. More cases to show the role of subtropical Pacific

The correlation between the SNP SSTAs during
Mar(0)-Jul(0) and the SSTAs in Nifio-3.4 during
Oct(0)-Feb(+1) reaches 0.64, significant at the 95%
confidence level. The scatterplot in Fig. 11a shows that
the positive SNP SSTAs are quite often the precursor of
El Nifio events, while the La Nifia events are usually led
by negative SNP SSTA. For the subtropical South Pa-
cific, the leading SSP SSTAs have a poor correlation
(corr = 0.02) with the winter ONI (Fig. 11b). However,
in some particular ENSO events (Table 2) the effects of
SSP SSTAs on the following winter ONI were as salient
as those of the SNP SSTAs, as discussed below. As it is
well recognized that the upper ocean heat content, or
the warm water volume (WWYV), of the equatorial Pa-
cific can act as a good indicator of ENSO prediction
(e.g., Meinen and McPhaden 2000; McPhaden 2012),
comparisons between the WWYV and the SNP/SSP
SSTAs are given to clarify the role of the subtropical
Pacific on ENSO formation. The WWYV is represented
by the thermocline depth anomalies (Z20) averaged
within 5°N-5°S. Besides the basinwide WWYV of the
equatorial Pacific (120°E-80°W), the WWYV of the western

Pacific (120°E-180°) is also shown, as the latter was
also shown to have important effects on ENSO de-
velopment (e.g., Chen et al. 2016). The low correlation
(corr = —0.02) between the SNP SSTA and the ba-
sinwide WWV during the same period of Mar(0)-
Jul(0) indicates that the leading SNP SSTA can be
treated as an independent indicator for ENSO pre-
diction. On the other hand, the SNP SSTA seems
highly correlated with the WWYV in western Pacific
during the same period of Mar(0)-Jul(0) (corr = —0.62),
as they are both directly related to the Pacific decadal
oscillation (PDO).

For the 2015 super El Nifio, the tropical ocean
provided a WWV precondition of only moderate
strength, ranking eighth among all the 37 years consid-
ered here (Fig. 11c; Table 2). Besides, the WWYV in
western Pacific was significantly negative during
Mar(0)-Jul(0) in 2015 (Fig. 11d). Apparently, those
WWYV signals alone were not sufficient conditions for
this extremely strong El Nifio. However, the formation
of a strong El Nifio could be promoted by the extremely
warm SSTA in the SNP (1.0°C; ranking first) in 2015,
larger than 2 times its standard deviation (std = 0.45°C).

Warm SSTAs in the SNP and SSP also helped other El
Nifo events come into being (e.g., the 1994 El Nifio and
the 1987 El Nifio). Before these two El Niflo events,
both the basinwide WWYV and the WWYV in the western
Pacific were negative at the leading time of Mar(0)—
Jul(0) (Figs. 11¢c,d), an unfavorable precondition for El
Niiio events. However, the two moderate El Nifios were
formed under the background of positive SSTAs in both
the SNP and SSP. Since the warm SSTAs in the Nifio-3.4
region continuously maintained a high value as an
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FIG. 11. The scatterplot of winter ONI against leading signals during spring—summer of (a) SSTAs in SNP
(5°-15°N, 140°~170°W), (b) SSTAs in SSP (10°-20°S, 130°-90°W), (c) thermocline depth anomalies in the equatorial
Pacific (5°N-5°S, 120°E-80°W), and (d) thermocline depth anomalies in the equatorial western Pacific (5°N-5°S,
120°E-180°). The Nifio-3.4 index values during Oct(0)-Feb(+1) are plotted on the x axis, and values of other
leading signals during Mar(0)-Jul(0) are plotted on the y axis. The years of El Nifio, La Nifia, and neutral events are
displayed with red circles, blue thombuses, and black dots, respectively. The year 2016 is displayed with a cross.

extension of the previous El Nifio in 1986, it is hard to
evaluate the contribution of SSTAs in the SNP and SSP
to the formation of the 1987 El Nifo. In contrast, there
were not any apparent warming signals in the equatorial
Pacific before the 1994 El Nifio. Hence, it is easy to draw
the conclusion that the warm SSTAs in subtropical Pa-
cific boosted the 1994 El Nifio (Su et al. 2014a).

In contrast, cold SSTAs in the subtropical Pacific can
prevent an El Nifio from developing sufficiently. In ad-
dition to the 2014 hindered El Niiio, a false El Nifio was
announced in the boreal summer of 2012. Such similar
features can also be found in the warming event in 2008,
as discussed by Su et al. (2014b). All these three hin-
dered warming events (2008, 2012, and 2014) share some
common features (Fig. 11; Table 2), including the high
warm WWYV along the equatorial Pacific and the ap-
parent cooling in subtropical Pacific. In fact, the tran-
sient warming event in 2008 once had an appealing

precondition of the extreme high basinwide WWV
(ranking second) and a high WWYV in the western
Pacific (ranking first). Anyway, in a cooling brought
about by negative subtropical SSTAs from both the
northern (—0.8°C) and southern (—0.1°C) Pacific, a
diminished warming in the equatorial Pacific seemed
quite inevitable.

The strength of leading negative basinwide WWV
during 2016 ranked second among all the years in recent
decades after 1980, falling just behind the strongest one
during 1998 (Fig. 11c). At the same time, the high SNP
SSTAs during 2016 ranked second, weaker than those
of 2015 (Fig. 11a). From this aspect, it seems not so
surprising to see that the 2016 La Nifia was hindered
from fully developing, as the SNP SSTAs were extra
warm during the spring—summer season in 2016, which
tended to induce anomalous westerlies near the equator.
Typically, a strong El Nifio event (e.g., 1982/83 and 1997/
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TABLE 2. Some ENSO events associated with significant influences of the SSTAs in subtropical North Pacific (SNP SSTA; 5°-15°N,
140°-170°W) and subtropical South Pacific (SSP SSTA; 10°-20°S, 130°-90°W). The variables include the SSTAs in the Nifio-3.4 region
during Oct(0)-Feb(+1) (winter ONI; °C), the Z20 (m) averaged in the equatorial Pacific (EQ Z20; 5°N-5°S, 120°E-80°W), and the Z20
averaged in the equatorial western Pacific (WP Z20; 5°N-5°S, 120°E-180°). All the values are the mean over the period Mar(0)-Jul(0),

except the winter ONI.

ENSO event Winter ONI (°C) SNP SSTA (°C) SSP SSTA (°C) EQ 720 (m) WP Z20 (m)
2015 super El Nifio 2.2 1.0 -0.2 6.0 -104
1994 El Nifio 0.9 0.3 0.0 —-54 —-2.6
1987 El Nifio 0.9 04 0.2 -32 -19.1
2014 hindered El Nifo 0.5 04 -0.6 7.4 -2.1
2012 hindered El Nino -0.1 -0.7 0.3 5.1 194
2008 transient El Nifio -0.6 -0.8 -0.1 10.6 26.3
2016 hindered La Nifna -0.6 0.7 0.6 —-15.7 -21.9
2011 La Nifia -0.8 -04 -0.7 8.9 19.4
1989 neutral ENSO event -0.2 -0.2 -03 7.8 11.9
1992 neutral ENSO event 0.1 0.5 0.1 -5.3 —28.7

98) tends to decay quickly and be followed by a long-
lasting La Nifla event, which usually has an elongated
lifetime of about two years (e.g., 1983 La Nifia and 1984/
85 La Nifa in succession, and 1998-2000 La Niiia).
However, the weak cold status (about —0.6°C) after the
2015 super El Nifio lasted only about five months and
rebounded back to above —0.5°C after March 2017,
when the warm SSTAs in the subtropical Pacific exerted
an essential influence in hindering the cooling tendency
at the equator. Significant negative SSTAs can be found
in the subtropical Pacific during the decaying phase of
other strong El Nifio events (Figs. 11a,b). Hence, the
formation of a full-fledged La Nifia event may re-
quire negative SSTAs in the subtropical Pacific as a
prerequisite.

Another compelling example is the formation of the
2011/12 La Nifa. After the decaying phase of the pre-
vious 2010/11 La Nifia, the equatorial Pacific was ap-
parently warm (Fig. 11c), superficially indicating that no
La Nifia would arise in the following seasons. However,
the decaying 2010/11 La Niiia finally evolved into an-
other La Nifia event, partially due to the cold SSTAs in
the subtropical Pacific in both hemispheres. Zheng et al.
(2015) speculated that the subsurface intrusion of sub-
tropical cold waters into the equatorial Pacific could
play an important role in the formation of the 2011/12 La
Nifia, an oceanic process similar to the formation of the
1994 El Nifio formation (Su et al. 2014a).

Interestingly, the influences of SSTAs in the SNP and
SSP can also be detected in some neutral ENSO events.
For example, significant positive basinwide WWYV can
be found in the spring-summer of 1989 (ranking fifth),
and negative WWYV signals persisted in the western
Pacific in 1992 (ranking second; just weaker than that in
1998) (Figs. 1lc,d; Table 2). However, the signs of
SSTAs in the SNP and SSP were opposite those of the

WWYV. As aresult, no El Nifio or La Nifla event formed
in these two years.

The present analyses have shown that the subtropical
Pacific either can assist El Nifio or La Nifia event growth
without initial favorable subsurface temperature anom-
alies in the equatorial Pacific (e.g., 1994 El Nifo, 2011 La
Nifia, and 2015 El Nifo) or can hinder them from de-
veloping as expected (e.g., 2012 warming, 2014 warming,
and 2016 cold events). In general, the warming SSTAs in
the subtropical Pacific tend to weaken the trade winds,
leading to anomalous westerlies along the equatorial re-
gion that favor the formation of El Nifio events and
hinder growth of La Nifia events. On the other hand, in
the case of cooling SSTAs in the subtropical Pacific, the
trade winds tend to be enhanced and then lead to
anomalous easterlies along the equatorial region, which
would favor the formation of La Nifia events and hinder
growth of El Nifio events. The subtropical SSTAs both
can affect the developing phase of an ENSO event and
also can influence its decaying phase. Two examples are
the transformation from the decaying 2010/11 La Niia
into another (2011/12) La Nifia or the transformation
from 2015 super El Nifio to a neutral status in 2016. The
hindered La Nifa in 2016 can be considered a “‘negative
image” of the aborted El Niflo in 2012, both of which
were hindered from developing by unfavorable trade
wind anomalies.

7. The decadal changes of the effects of subtropical
Pacific

During most of the 1980s and 1990s, the subtropical
northeastern Pacific was occupied by positive SSTAs
(Fig. 12a), associated with the positive phase of PDO.
After the 1997 super El Nifio, the SSTAs in the subtropical
Pacific changed to a negative status, as the PDO evolved
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FIG. 12. (a) SSTA (shading, with intervals of 0.25°C) along the SNP (within 5°~15°N). (b) Z20 (shading, with intervals of 10 m) along the
equator (within 5°N-5°S). (c) SSTA time series (black line; °C) averaged in the Nifio-3.4 region and Z20 (red and blue line, multiplied by
0.1; m;) averaged in the equatorial Pacific (5°N-5°S, 120°E-180°). (d) SSTA evolution (shading, with intervals of 0.25°C) along the
subtropical South Pacific (within 10°-20°S). The PDO index is plotted in (a) with a magenta line. The Nifio-3.4 and Z20 (PDO) index time
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series are smoothed with a 3-month (5 month) moving average.

into its negative phase. During the period 1980-97, the
positive WWYV in the equatorial Pacific was an efficient
indicator for the generation of El Nifio events, while
negative WWYV indicated La Nifia events. All El Nifio
events in 1982, 1986, and 1997 had similar initial condi-
tions: warm subsurface temperature anomalies in the
equatorial Pacific. However, there were no such sub-
surface warming anomalies before the occurrence of the
1994 El Niilo, and its formation was primarily caused by
the positive SSTAs in the subtropical Pacific (Su
et al. 2014a).

Subsurface temperature anomalies in the equatorial
Pacific were no longer an accurate predictor after 2000
(McPhaden 2012), which can also be inferred by the

degraded predictive skills for ENSO during the same
period (Barnston et al. 2012). The subsurface tempera-
ture anomalies maintained a warming status during most
of 2000-14 (Fig. 12¢). Although subsurface temperature
anomalies in the equatorial Pacific had already
reached a very high positive value several times (e.g.,
2000, 2008, and 2011), no El Nifo events were formed
following such warm initial conditions. The hindered
warming events after 2000 were generally related to the
negative SSTAs in the subtropical Pacific, particularly
in the subtropical northeastern Pacific, which pre-
vented the equatorial westerlies from strengthening
and maintaining. As the PDO returned to its positive
phase around 2014, the subtropical eastern Pacific was
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occupied by positive SSTAs after 2014 (Fig. 12a). Such
warm SSTAs in subtropical regions favored the 2015
super El Nifio; even the initial WWYV in the equatorial
Pacific only had a moderate value. This observed fact
further supports the hypothesis that SSTAs in the sub-
tropical Pacific exert a crucial influence on ENSO and its
evolution.

It has been argued that ENSO has displayed more
diversity since 2000, which was attributed to global
warming (e.g., Yeh et al. 2009; Cai et al. 2014; Chen et al.
2015b) or the PDO (e.g., McPhaden et al. 2011;
Capotondi et al. 2015). It was also argued that the ENSO
diversity might result from westerly wind events (e.g.,
Hu et al. 2014; D. Chen et al. 2015; Fedorov et al. 2015).
Here, we emphasize that the SSTAs in the subtropical
Pacific may play a major role in the formation of El Nifio
and La Nifia events. Because the subtropical Pacific can
capture the major influence of the PDO variability
(Fig. 12a), the contribution of the subtropical Pacific
SSTAs also represents a PDO influence on ENSO.
Based on the present analysis, we conclude that the di-
versity in ENSO can be explained mostly by the SSTAs
in the subtropical Pacific.

In fact, the background of ongoing global warming
never stopped after the 1970s, even during the so-called
hiatus period after 1999 (Su et al. 2017). Therefore, it is
hard to say that global warming is the basic reason for
ENSO evolution from its classical features before 2000
to its unexpected diversity in recent decades. Such
changes in ENSO diversity around 2000 may be related
with the phase changes of the PDO, which can be well
captured by the SSTAs in the subtropical Pacific. Fur-
thermore, the 2015 super El Nifio occurred during a
positive phase of the PDO, with an index of approxi-
mately 2, which is the same as the 1982 and 1997 super El
Nifio events. However, the initial subsurface warming
status between the 2015 El Nifio and the two other super
El Nifios showed an apparent difference, demonstrating
that the SSTAs in the subtropical Pacific may be crucial
for El Nifio formation.

8. Discussion

It can be concluded that the SSTAs in the subtropical
Pacific can play an important role in the formation both
of El Nifio and La Nifia events as an additional influ-
ence beyond the two generally known impacts: the
warming state in the equatorial Pacific and the WWEs.
In some special cases (e.g., 1994/95 El Nifo, 2011/12 La
Niiia, and 2015/16 El Nifo), the anomalous tempera-
ture in the subtropical Pacific may have played a
leading role in the formation of El Nifio and La Nifia
events; the upper oceanic state in the equatorial Pacific
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prior to these events was not favorable to their devel-
opment. As the anomalous westerlies in the western-
central equatorial Pacific can be driven by changes in
the trade winds, the SSTAs in the subtropical Pacific
may be an independent factor influencing ENSO evo-
lution. Besides, the oceanic temperature anomalies in
the subtropical Pacific can be transported equatorially
by the subsurface oceanic currents, where they exert a
potentially important impact for ENSO evolution (Su
et al. 2010; Zheng et al. 2015).

Here, we emphasize that weakened trade winds (i.e.,
southwesterly/northwesterly anomalies in the off-
equatorial region) can reinforce the westerly anoma-
lies in the western-central equatorial Pacific. Because
anomalous trade winds, which are coupled with sub-
tropical SSTAs, can persist for several months, the fa-
vored westerly anomalies along the equator can be
sustained for a longer time compared to the case without
weakened trade winds. The long-lasting westerly
anomalies play a crucial role in the growth of the SSTAs
in the central-eastern equatorial Pacific. Because the
WWE:s in the western Pacific, as well as the equatorial
oceanic free Kelvin waves, typically occur on intra-
seasonal time scales (e.g., Seiki and Takayabu 2007
Kessler et al. 1995; Chen et al. 2017), an extension of
such WWEs from approximately one or two months
to a longer time period is really required for the initial
condition of oceanic warming to grow into a mature EIl
Nifio event. The maintenance and enhancement of such
WWE:s is influenced by trade wind changes, which can
be induced on a time scale of several months, by the self-
maintaining SSTAs in the subtropical Pacific. Such long-
lasting maintenance of WWEs is definitely a crucial
factor for ENSO formation, particularly during the
ENSO developing phase when the SSTAs in the Nifio-
3.4 region have not been warmed enough to set up a
positive Bjerknes feedback. Furthermore, the potential
Bjerknes feedback between the oceanic warming or
cooling status and atmospheric responses may be bro-
ken by those wind anomalies caused by the subtropical
SSTAs, even the Nifio-3.4 SSTAs that had already
reached an El Nifio/La Nifia status from the oceanic
point of view (e.g., 2014 El Nifio and 2016 La Niiia).

Considering the difficulties arising in ENSO pre-
diction in recent years, improving the present ENSO
prediction models is urgently needed. Achieving the
necessary improvements requires a comprehensive and
more precise investigation of the role played by the
subtropical Pacific in ENSO formation. Furthermore,
ENSO events have displayed greater diversity in recent
decades in the context of global warming and the PDO.
Explaining this diversity may depend on observations
and investigations of the subtropical North and South
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Pacific, which exert different effects on the formation of
El Nifio events.
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