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Abstract Why did the predicted “super El Nifio” fade out in the summer 2014 and the following year
develop into one of the three strongest El Nifio on record? Although some hypotheses have been proposed
in previous studies, the quantitative contribution of oceanic processes to these events remains unclear. We
investigated the role of various oceanic feedbacks, especially in response to intra-seasonal westerly wind
busts, in the evolution of the 2014-2016 El Nifio events, through a detailed heat budget analysis using high
temporal resolution Estimating the Circulation and Climate of the Ocean—Phase II (ECCO2) simulation
outputs and satellite-based observations. Results show that the Ekman feedback and zonal advective feedback
were the two dominant oceanic processes in the developing phase of the warm event in the spring of 2014
and its decay in June. In the 2015-2016 super El Nifio event, the zonal advective feedback and thermocline
feedback played a significant role in the eastern Pacific warming. Moreover, the thermocline feedback tended
to weaken in the central Pacific where the zonal advection feedback became the dominant positive feedback.

Keyword: El Nifio-Southern Oscillation (ENSO); extreme El Nifio; zonal advective feedback; thermocline
feedback; Ekman feedback; inter-seasonal variability

1 INTRODUCTION

The El Nifio-Southern Oscillation (ENSO) in the
tropical Pacific Ocean is the most prominent
interannual signal on the planet and is well-known for
its worldwide impacts (McPhaden et al., 2006;
Timmermann et al., 2018). Its warm phase, known as
El Nifio, occurs every two to seven years, however,
each one appears somewhat different. Among these
events, a few have fluctuated very strongly, such as
the extreme El Nifio events during 1982—-1983 and
1997-1998 (Santoso et al., 2017).

Extensive studies have advanced our understanding
of extreme El Nifio events and improved our
forecasting skills (McPhaden, 1999; Fedorov and
Philander, 2000, 2001; Jin et al., 2003; Zheng and
Zhu, 2010, 2016; Zhang et al., 2013; Cai et al., 2014;
Huetal., 2015; Zhang and Gao, 2016; Hu et al., 2017;
Guan et al., 2019a). The interannual buildup of the

upper-ocean heat content in the equatorial Pacific is a
key precursor of El Nifio events (Wyrtki, 1975; Jin,
1997; Meinen and McPhaden, 2000). Stochastic
intraseasonal westerly wind bursts (WWBs), have
also been suggested as a trigger of El Niflo events and
an amplifier of ensuing anomalies (Harrison and
Vecchi, 1997; Moore and Kleeman, 1999; Seiki and
Takayabu, 2007a, b; Halkides et al., 2011; Lian et al.,
2014; Chen et al., 2015). The WWBs give rise to
anomalous warming in the central-eastern equatorial
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Pacific through oceanic dynamical processes, such as
strong eastward current anomalies from the western
toward the central Pacific and oceanic downwelling
Kelvin waves propagating to the east across the basin
(McPhaden, 2002). Once the warming anomalies
establish in the eastern Pacific Ocean, further westerly
wind anomalies may be triggered due to the well-
known positive Bjerknes feedback (Bjerknes, 1969),
resulting in an El Niflo event.

In early 2014, with excess heat accumulated in the
equatorial Pacific Ocean and episodic strong WWBs,
scientists predicted an extreme El Nifio event.
However, this expected strong event suddenly faltered
in summer, leaving a weak warming in the tropical
Pacific Ocean. Then, in 2015, scientists were surprised
as it did develop, into one of the three extreme El
Nifio on record, which exerted significant global
impacts (Zhai et al., 2016; Santoso et al., 2017). These
2014-2016 ENSO warm events challenged our
knowledge and understanding of El Nifio and attracted
numerous scientific investigations (e.g., Chen et al.,
2015; McPhaden, 2015; Zhu et al., 2016).

Previous studies attributed intraseasonal wind
bursts to the evolution of the 2014 event (e.g., Menkes
et al., 2014; Hu and Fedorov, 2016, 2019; Ineson et
al., 2018), as two strong WWBs in February and
March quickly drove the recharged equatorial Pacific
to develop a strong El Nifio by pushing the warm
water eastward and triggering strong Kelvin waves
(McPhaden, 2015). However, this strong El Nifio
growth was then significantly curtailed by a lack of
WWBs from April to June, and the occurrence of
casterly wind bursts (EWBs) in summer (Menkes et
al., 2014). It was suggested that the EWBs were
induced by negative sea surface temperature
anomalies in the southeastern subtropical Pacific
related to Interdecadal Pacific Oscillation (IPO) (Min
et al., 2015; Imada et al., 2016). Wang and Hendon
(2017) further investigated differences in the two
events during 2014-2016 and found that an IPO-like
mean state reduced the coupled feedbacks in 2014,
while a warm IPO-like mean state led to stronger
feedbacks in 2015. Wu et al. (2018) attributed the
decline of anomalous warming in 2014 to a meridional
dipole of sea surface temperature (SST) anomalies
over the eastern South Pacific, while Maeda et al.
(2016) suggested that an active Intertropical
Convergence Zone and SST feedback hampered the
2014 event. However, Dong and McPhaden (2018)
pointed out that warm Indian SST anomalies arrested
the development of the 2014 event. Recent studies

have revealed that the heat content remained in 2014,
giving rise to not only a strong El Nifio event in 2015
(Levine and McPhaden, 2016), but also a more
westward warm center (Zhong et al., 2019). Chen et
al. (2017) also argued that positive air-sea feedbacks
under consecutive occurrence of WWBs further
amplified the warm anomalies into a super 2015
event. Ren et al. (2017) compared the 2015-2016
event with previous extreme El Nifios and found that
thermocline feedback and zonal advective feedback
played important roles in the development of the
strong warming event.

Previous studies have documented the vital role of
intraseasonal wind bursts in the interannual evolution
of the 2014-2016 El Ninos; however, how the various
oceanic feedbacks drive the EI Nifio warm
temperatures, and especially their roles in response to
the intraseasonal WWBSs, remain unclear. Therefore,
we use high time-resolution of the “Estimating the
Circulation and Climate of the Ocean—Phase II
(ECCO2)” product, to quantify the role of various
oceanic feedbacks in the 2014 and 2015-2016 El
Nifio events on both intraseasonal and interannual
time scales. We also compare the two events with the
classical 1997-1998 extreme El Nino, which is of
great importance for improving our understanding of
El Nifio behavior in a changing climate. The data and
temperature budget are described in Section 2, main
results in Section 3, and Section 4 covers conclusions
and discussion.

2 DATA AND METHOD

2.1 Data

Our observational datasets included: daily SST
provided by the optimum interpolation sea surface
temperature version 2 (OISSTv2, Reynolds et al.,
2007) spanning 1981-2016; daily sea surface height
(SSH) data from the Archiving, Validation, and
Interpretation of Satellite Oceanographic (AVISO,
Ducet et al., 2000) altimeter spanning 1993-2016;
daily wind stress data from the National Oceanic and
Atmospheric  Administration / Environmental
Research Division Data Access Program (NOAA/
ERDDAP, Smith, 1988) spanning 1987-2016; and
5-day horizontal sea surface ocean currents from the
ocean surface current analysis real-time (OSCAR,
Lagerloef et al., 1999) spanning 1992-2016. Each
anomaly was obtained by subtracting its climatology
mean values.

For the temperature budget analysis, we used the
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ECCO2 which is based on the Massachusetts Institute
of Technology general circulation model (MITgcm;
Menemenlis et al., 2005, available at ecco2.jpl.nasa.
gov). This product is an optimal global time-varying
data assimilation system containing mesoscale eddy
activity. In a first step, a low-dimensional Green’s
function is applied to adjust initial temperature and
salinity fields, surface boundary conditions, and other
empirical ocean parameters. In a second step, the
assimilation data is obtained by fitting the global full-
depth ocean and sea ice outputs from the MITgem to
the satellite and field observation data, based on an
adjoint method. Data constraints include sea level
anomaly from Jasonl and Jason2 / Ocean Surface
Topography Mission and Environmental Satellite,
SST from the Advanced Microwave Scanning
Radiometer-EOS, temperature and salinity profiles
from Argo, TAO, WOCE, XBT, sea surface
temperature from the Group for High Resolution Sea
Surface Temperature, and QuikSCAT wind and
precipitation data. The adjoint-based ECCO2 solution
is used to drive the Darwin ecosystem model.

We used the ECCO2 “cube92” version, which has
a horizontal resolution of 0.25°%0.25° and a temporal
resolution of three days, spanning from 1993 to 2016.
Variables used included the 3-D current velocities and
ocean temperature, and net surface heat flux. Previous
studies suggest that the ECCO2 product validates
well against air-sea observations (e.g., Pandey and
Singh, 2010; Halpern et al., 2015). Importantly for the
budget analysis, ECCO2 conserves heat, momentum,
and salt (e.g., Santoso et al., 2017). Moreover, the
high time-resolution of this product allow diagnosis
of intraseasonal air-sea interactions in the ENSO
cycle.

2.2 Temperature budget

To determine the role of various air-sea processes
on the evolution of warm temperature anomalies
during the 2014-2016 ENSO events, we performed a
temperature budget analysis for the Nifio3 (5°S—5°N,
150°W-90°W) and Nifio4 (5°S—5°N, 160°E—150°W)
regions respectively, within a 50-m depth mixed layer.
Following Zhang and McPhaden (2010) and Guan
and McPhaden (2016), we calculate the advection
terms across the five oceanic interfaces of the chosen
box, denoted as

Ty = [(V-npTas, ()

A4

where i represents each interface, V-n represents the
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normal velocity at each interface, S is the interfacial
area and B is the box volume. 07; is defined as the
temperature  difference between the interface
temperature and the box-averaged mixed layer

temperature (MLT, MLT :%m. Tdxdydz ). Thus, the
temperature budget equation c;n be expressed as

MLT=Tast Lavw ™t Laavet Laavs T Taawt T TR, (2)
where the time tendency of MLT is shown on the left
side, and the first five terms on the right-hand side
denote advections across the bottom, west, east, south
and north ocean interfaces, respectively. 7, ,srepresents
the net surface heat flux. The residual R can contain:
horizontal and vertical diffusion, penetrative shortwave
radiation through the base of the mixed layer, effects
from high-frequency tropical instability waves;
computational errors; errors associated with imperfect
closure of the temperature budget, including the
tendency due to the tendency incurred by the
assimilation increment and SST relaxation.

We then break up ocean velocity and MLT into
climatological seasonal cycles averaged from 1993 to
2016, and remaining anomalies, to obtain roles of
various feedbacks on temperature anomalies. Thus the
anomaly of each advection term can be separated into

three parts, i.e., T,/ = éﬂ(U{ﬁi +UST + U[’SZ')dxdy

avei

(U can be u, v, and w), which denote the mean
temperature advection by the anomalous current,
anomalous temperature advection by the mean current
and anomalous temperature advection by the
anomalous current, respectively.

In this manner, Eq.2 can be modified into various
terms as,

MLT=TCF+EKF+ZAF+MAF+
MHD+TD+NLAR, (3)

in which:

MLT, =27, / ot,

ave

TCF = %H W, 0T, dxdy,
EKF = %ﬂ w,, 6T, dxdy,
ZAF = %ﬂ(uw’m - u5’5_TE)dydz,
MAF = % jj(vs’ﬁ_rs - vN’ﬁ)dxdz,

o jj(E(STW' U ST, )dydz 4
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Fig.1 Air-sea anomalies in the equatorial Pacific Ocean in 2014
From left to right: NOAA ERDDAP zonal wind stress, AVISO SSH, OSCAR surface zonal current, OISSTv2 SST. Anomalies were obtained by subtracting

their corresponding climatology annual means.
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The seven right-hand terms are defined as:
thermocline feedback (TCF), Ekman feedback
(EKF), zonal advective feedback (ZAF), meridional
advective feedback (MAF), mean horizontal
dynamical heating term (MHD), thermal damping by
the net surface heat flux (TD) and nonlinear advection
(NL). As long as we definite the MLT representative
of SST, the results are not fundamentally sensitive to
varying the mixed layer depth by £20 m. Other
choices of mixed layer depth definition, such as
varying with time, which has certain advantages in
separating out diabatic and adiabatic vertical
processes, however, would make comparison with
previous results more difficult and beyond the scope
of our study. To obtain both the intraseasonal and
interannual variabilities, a Fourier low-pass filter
with a cutoff period of 30 days was then applied
(Walters and Heston, 1982). More details and

discussions of the applied temperature budget method
can also be found in Guan and McPhaden (2016).

3 RESULT

3.1 Air-sea anomalies in the equatorial Pacific
during 2014-2015

Hovmiiller diagrams of the basic air-sea anomalies
recording the developments of 2014 and 2015 El
Niflo events are presented in Figs.l & 2. In early
2014, two strong WWBs occurred in the western
equatorial Pacific, propagating downward Kelvin
waves that rapidly spread to the east, as two eastward
increases in SSH. Along with the eastward SSH
anomalies, negative SSH anomalies soon appeared in
the western Pacific, leading to an anomalous SSH
zonal gradient across the equatorial Pacific. It could
be speculated that this thermocline would have an
abnormal tilt, with warm water accumulating from
west to east. While the WWBs changed the subsurface
ocean, they also drove anomalous eastward ocean
surface currents through direct sea surface friction,
which propagated to the central-eastern Pacific.
Forced by these two processes, SST warmed in the
central-eastern Pacific, then with a weak WWB in
April, the SST anomaly in the eastern Pacific reached
1°C, suggesting that a strong El Nifio event was very
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Fig.2 Same as in Fig.1, but for 2015

likely coming as reported.

However, the WWBSs did not last, but an abnormal
easterly wind occurred in May 2014, and gradually
developed into a strong EWB event in June. It piled
up the warm water back to the west, and positive SSH
anomalies replaced the negative trend in the western
Pacific and the eastward current anomalies
disappeared in the central-eastern Pacific (Fig.1).
Finally, SST showed negative anomalies in the
central-eastern Pacific. Thus, the predicted strong El
Nifio, in the absence of WWBs and the underlain
abnormal eastward current, faded away. However,
according to the SSH and SST fields, there were still
weak positive abnormal signals across the ocean
basin, and although it failed to develop into a super El
Nifio event, they indicated that the whole equatorial
Pacific was full of “energy”.

In 2015, WWBs almost ran through the whole year,
primarily occurring in the western Pacific and
gradually moving eastward to around the dateline
after July. A tenable zonal gradient of SSH anomalies
could also be found through the year, and a strong
abnormal oceanic current pushed the warm water
eastward. With the continuous sea-air coupling
processes, cooling SST anomalies appeared in the
western equatorial Pacific, while the warming SST
anomalies intensified in the central-eastern Pacific
with a peak of 4°C in November. An El Nifio event
then developed as the one of the three strongest
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recorded, along with those in 1982—-1983 and 1997—
1998.

Though the intraseasonal wind bursts and induced
oceanic processes seemed to play an essential role in
the development of the predicted “super” 2014 El
Nifio and the extreme 2015 El Nifio, their quantitative
contributions is still not clear, especially on the
intraseasonal time scale. Therefore, we conducted a
temperature budget analysis to quantify the role of
various oceanic feedbacks in the evolution of the
2014-2016 events.

3.2 Temperature budget analysis on 2014-2016 El
Nifio events

We used the ECCO2 product to perform a
temperature budget analysis in the ocean mixed layer
within the Nifio3 and Nino4 key regions. Figure 3
shows the MLT anomalies averaged in each Nifio
region. The MLT anomalies generally depict well the
temperature evolution of 2014-2016 warm events
observed from OISSTv2, with differences probably
due to averaging in the mixed layer. Positive MLT
anomalies were firstly noticed in the Nifio4 region in
February, and then found in the Nifio3 region, which
exceeded 0.5°C at the end of March and peaked in
mid-May 2014. In both regions, these warm MLTs
began to decrease from June, and even dropped into
negative values in the central Pacific, indicating the
failure of a super EI Nifio event (Figs.1 & 2). However,
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Fig.4 Heat conservations from Eq.3 for the Nifio3 (a) and Nifio4 (b) regions

Correlation coefficients between MLT, and F,; are presented as r. F; is the sum of all the feedback terms on the right-hand side of Eq.3 except for R.

these warm trends returned after autumn 2014, and
continued to grow in 2015 in both regions. The Nifio3
MLT anomaly reached its peak of 3.2°C in December,
which was much greater than 1.5°C in the Nifo4
region.

Before the analysis on various budget terms, we
checked the budget conservations for both regions.
Both the Nifio3 and Nifio4 regions have very good
conservations, where the sums of the seven air-sea

feedback terms closely coincide with the
corresponding MLT tendencies (MLT,), with
correlation coefficients of 0.93 and 0.92, respectively
(Fig.4).

3.2.1 Nifio3 region

The abnormal changes of temperature budget terms
in the Nifio3 region from January 2014 to January
2016 are depicted in Fig.5a. In early spring 2014, the
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Fig.5 Individual temperature budget terms superimposed on the MLT anomalies in the Nifio3 (a) and Nifo4 (b) regions

MLT tendency showed an abrupt peak of about
0.8°C/month, leading to a rapid warming with a peak
of 1.0°C in May. Among the positive feedbacks, the
EKF led the MLT, contributed the most, with a
maximum amplitude of 0.4°C/month. ZAF was the
second largest positive feedback terms (reaching
approximately 0.25°C/month), followed by TCF
(approximately 0.18°C/month), and both the ZAF and
TCF lag MLT, Then in mid-May, MLT, turned
negative, so the warm MLT anomaly was weakened
to below 0.5°C in the boreal summer. Within this
period, the EKF tended to be a negative effect and still
led the variability of negative MLT, ZAF also
changed negative, with its largest contribution in July.
Interestingly, TCF maintained a weak positive effect
from March to July 2014. The sea surface net heat
flux term was the strongest negative feedback term
that dampened the temperature anomalies. The MHD
and nonlinear terms were generally positive and MAF
was very weak. Thus, we conclude that EKF and ZAF
are the two dominant oceanic feedbacks in developing
the warm event in the spring of 2014 and also its
decay in June.

In September 2014, a weak warming in MLT was
found, but all positive feedback terms were small,
which did not allow the MLT anomalies to grow

further. In 2015, the Niflo3 MLT; became positive
again in March, and reached its first peak of
0.45°C/month in the middle of April. Among the
positive feedbacks, ZAF and TCF were the first two
significant contributors, leading to the rapid onset of a
warm event with the MLT anomaly reaching above
1.2°C in June. Moreover, the two positive ZAF and
TCF continuously maintained their positive
contributions. Two more peaks of MLT; were then
found in September and November, of 0.45°C/month
and 0.22°C/month, respectively. EKF had two
significant jumps, dominating these two MLT;
increases. TD and NL were negative feedbacks in the
onset of 2015 El Nifio event. With the combined
contributions of positive ZAF, TCF, and EKF, the
warm MLT anomalies rose continuously and peaked
as high as 3.0°C, at the end of 2015.

In the Nifio3 region, the residual R was mostly
negative during 2014-2016, which is relatively small
compared to other key terms (i.e., MLT;, TCF, ZAF,
and EKF) during the key development or decay
periods of the event (i.e., February—June 2014 and
February—September 2015). The negative tendency
of R may result from some combination of neglected
physical processes in our budget formulation and/or
from assimilation increments.
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Fig.6 Corresponding oceanic anomalies behind various oceanic feedback terms in Fig.5 in the Nifio3 (a) and Nifio4 (b)

regions

Anomalies of MLT, half of MLT tendency and temperature gradient at the bottom (875) refer to the right y-axis, while the anomalies of zonal current
at the west boundary (uy) and east boundary (u;), as well as vertical current at the bottom (wy), refer to the left y-axis.

Figure 6 shows the variability of different oceanic
variables behind the corresponding feedback terms.
As we know, ZAF and EKF reflect the mean
temperature advection by the anomalous zonal current
and vertical current respectively, while TCF reflects
the anomalous temperature advection by the mean
vertical upwelling at the base of the mixed layer. We
looked more detailed into ZAF via the east boundary
and west boundary in each Nifio region, and found
that zonal current anomalies around the west boundary
were generally stronger than that in the east boundary.
The west-boundary zonal current anomalies showed a
significant negative correlation with vertical bottom
current anomalies after July 2014, but were
insignificant during March—July 2014.

In early February 2014, an anomalous eastward
current appeared around the west boundary of the
Nifio3 region, advecting warm water to the east. At
the same time, anomalous downwelling formed,
inhibiting the cold-water transport to the surface and
promoting the surface warming. The temperature
gradient at the bottom and the zonal current at the
eastern boundary showed weak variability in

February—March, and thus made a negligible
contribution to MLT warming. In mid-march, MLT
began to show a warm anomaly, and the vertical
temperature gradient at the bottom also began to show
apositive anomaly, indicating that the mean upwelling
was bringing warmer subsurface water to the surface.
However, the anomalous bottom downwelling
suddenly turned into an abnormal upwelling at the
end of April and began to impede the continued MLT
warming. This anomalous upwelling was related to
the absence of WWBs and occurrence of an EWB in
April (Fig.2). Then at the end of May, the zonal
current anomalies at both the western and eastern
boundaries turned westward, beginning to transport
warm water to the east and pull the Nifio3 MLT
anomaly back to normal.

During the development of the extreme 2015 El
Nifio, zonal current anomalies remained strong and
eastward, transporting warm water continuously to
the east. The zonal current anomalies at the west
boundary were stronger than that at the east boundary,
and had two peaks in late April and October. At the
bottom, the temperature gradient present positive
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anomalies and the anomalous vertical upwelling
continued through most of the year. These combined
oceanic anomalies generated continuous air-sea
feedbacks, resulting in the formation of an extreme
warm event.

3.2.2 Nifio4 region

In the Nifio4 region further west, the MLT
tendencies were much weaker. A clear positive MLT
tendency was found in January—March of 2014, with
a peak of 0.4°C/month in February. In early 2014, NL
was found to be the leading positive process driving
this warming trend, other than EKF in the Nifio3
region. NL was mainly attributed to the nonlinear
effect from the bottom interface of the mixed layer
(figures not shown), which might be related to the two
strong WWBs and tropical cyclones during January—
February 2014 (Puy et al., 2016). Hence, the ZAF was
a second contributor.

WWBs rapidly drive an abnormal eastward current,
up to 0.15 m/s, pushing the warm water of the warm
pool to the east and warming the central Pacific
through zonal advection (Fig.6). At the same time, the
wind anomaly excited the oceanic anomalous
downwelling, but its contribution to the MLT warming
(that is EKF) was negligible due to the small mean
vertical temperature gradient. Similarly, the TCF is
also small since the anomaly of vertical temperature
gradient anomalies at the bottom of the mixed layer is
small (the red solid line in Fig.6). The easterly wind
anomaly occurs at the end of June 2014, and triggered
an anomalous westward current at the eastern
boundary of Nifio4, producing cold advections that
pushed warm water back to the western Pacific,
leading to the decline of the 2014 event.

During the evolution of the 2015 El Nifio event,
ZAF was the leading positive feedback term in the
onset phase, mainly induced by the eastward zonal
current at the western boundary (Fig.6). MHD played
an important role in the late MLT developing phase
after July, comparable to the ZAF (Fig.5). TCF
presented as a stable weak positive feedback and the
TD dampened the MLT anomalies. It is noteworthy
that NL had a strong damping effect on MLT growth
in Nifio4, which was even stronger than TD from July
to November.

To summarize, in the onset of the 2014 El Nifio
event, the positive EKF and ZAF, induced by the
anomalous vertical downwelling and eastward
current, were the two leading contributors. In late
April, EKF surprisingly turned into negative by
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anomalous upwelling, bringing the subsurface cold
water into the surface layer and making the surface
water cooler. Then, the westward current anomaly
induced by EWBs in June further lowered this
warming event via negative ZAF. In contrast to 2014,
in the developing phase of the 2015 event, positive
ZAF induced by the anomalous eastward current was
the largest positive term, which continuously warmed
the eastern Pacific. Meanwhile, both TCF and EKF
were positive feedbacks, accelerating the warm trend.

3.3 Comparison with 1997-1998 El Niiio

The 1997-1998 El Nifio event is well-known as a
classical extreme El Nifio on record. The oceanic and
atmospheric changes in the equatorial Pacific during
the development of the extreme El Nifio in 1997 are
depicted in Fig.7. A series of westerly anomalies were
observed in the western Pacific, which drove the
oceanic feedbacks continuously throughout the year.
By the end of the year, the zonal difference of SSH
anomalies had reached more than 70 centimeters, and
anomalous eastward zonal currents could be found
along the entire equatorial Pacific, making the SST
anomaly in the eastern Pacific as high as 4°C.

Both the 1997 and 2014 events, experienced strong
WWBSs in the early spring, which forced similar SSH
anomalous patterns and surface currents warming the
central-eastern Pacific. However, the western Pacific
in 1997 was characterized by a strong cold SST
anomaly, indicating that the heat center of western
Pacific warm pool shifted to the east. As speculated in
McPhaden (2015), in 2014, the Indo-Pacific
convective depression center did not shift eastward in
response to WWRBs, so that positive Bjerknes
feedbacks did not further develop. Therefore, after
June, the disappeared westerly winds terminated the
2014 super event, in contrast to the extreme 1997 El
Nifo that developed when the continuous westerlies
became even more powerful and moved further
eastward.

As two of the three recorded extreme El Nifio
events, the 2015 El Nifo was similar to the 1997 El
Niflo but under different air-sea conditions. As shown
in Fig.7, the WWBs in 1997 were more intense than
2015 and had a tendency to move eastward, pushing
the warm water rapidly to the east of the dateline. In
1997, the eastward current anomalies occupied the
whole basin, while in 2015, the eastward anomalies
were concentrated in the western equatorial Pacific.
Moreover, SST anomalies in 2015 appeared earlier
than in 1997, which were related to the abnormal
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Fig.7 Same as in Fig.1, but for 1997

background field left by the 2014 warm event. These
characteristics are consistent with previous studies
(e.g., Lim et al., 2017; Xue and Kumar, 2017).
Therefore, the strongest warming anomalies were
found further east in 1997, which was characterized
as a typical eastern Pacific El Nifio, while the 2015
event is more like a mixture type of eastern Pacific
and central Pacific events (e.g., Paek et al., 2017; Xu
etal., 2017).

The various air-sea processes that determined the
1997-1998 El Nifio, based on temperature budget
analysis are depicted in Fig.8. In the Nifio3 region
(Fig.8a), EKF presented as the largest positive
feedback in the early developing phase of the 1997—
1998 El Nifio with peaks in January, April and June,
followed by positive ZAF and TCF. The ZAF and
TCF actively increased during the late developing
phase of 1997 (during September to December),
exceeding 0.5°C/month. TCF became a strong
positive feedback term from March 2015, earlier than
that in 1997, which is consistent with Zhang and Gao
(2017) suggesting the role of positive subsurface
thermal anomalies left over from 2014 in leading the
2015 event. In the Nifio4 region, the feedback terms
were much smaller. ZAF and NL were the main
positive processes in early 1997, while in the late
developing phase, ZAF and MHD became the leading
two positive processes, similar to the 2015 event in
the Nifio4 region.

4 DISCUSSION AND CONCLUSION

We explored the role of various oceanic feedbacks
in the 2014-2016 El Nifio events, based on a detailed
temperature budget analysis. Using the 3-daily output
of'an ECCO2 product, we accessed the role of oceanic
feedbacks in response to both intraseasonal wind
busts and interannual ENSO low frequencies. The
analyses were focused in the Nifio3 and Nifio4 regions
to explore the variability across the central and eastern
Pacific. In the eastern Pacific, the Ekman feedback
dominated the 2014 spring warming, induced by
anomalous downwelling forced by a series of westerly
wind bursts. Zonal advective feedback followed as a
second contributor. These two processes turned
sequentially into negative effects on temperature
changes in response to easterly wind bursts in May,
which dramatically led to a decay in the 2014 El Nifio
event. In the 2015 extreme El Niflo, zonal advective
feedback and thermocline feedback were the two
leading processes that prompted an early warming in
the Nifio3 region, while in the late developing stage,
two significant jumps dominated the warming
tendencies induced by westerly wind anomalies. In
the central Pacific Nifio4 region, the Ekman feedback
and thermocline feedback were largely reduced due to
small vertical temperature gradients, so that zonal
advective feedback was generally the largest positive
oceanic feedback. Besides, nonlinear term also played
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arole in the 2014 spring warming.

Budget analysis can provide quantitative diagnosis
of various oceanic feedback terms contributing to the
temperature evolution of ENSO events. Particularly,
our budget method allows us to be more focused on
the temperature variabilities averaged in the key Nifio
regions, since the tendency of domain temperature
and advections are not affected by the heat redistributed
internally by small-scale processes inside the selected
regions (Lee et al., 2004), as well as the effects of
volume transports whose temperature is the same as
the domain average (Zhang and McPhaden, 2010).
We note that the ECCO2 reanalysis data used in this
study can contain the impacts of assimilation
increments, induced when the model output is
corrected for the model deficiencies to produce
realistic ENSO SSTs. Assimilation increment can
compensate for a particular error listed in the
following or their combinations: inaccuracy of
prescribed surface heat flux, mis-representations of
advection and/or mixing due to inaccurate wind
forcing, and limitations due to model physics such as
mixing parameterizations or diffusion coefficients. To
assess where the increments are from for these

ECCO?2 assimilations at each time step and how they
affect oceanic feedbacks in the budget equation are
important, however, beyond the scope of this study.
We have included it in the residual term and it is found
to have no significant impact on our main results.
The present work is focused on the oceanic
feedbacks that combined intraseasonal and interannual
oceanic processes in modulating the onset of El Nifio
events, which has advantages over previous studies
based on monthly data that might miss the
intraseasonal processes (e.g., Ren et al., 2017). For
example, we found that Ekman feedback had
significant effects on the early onset of El Nifio and
also the decay of the 2014 event via its jump-like
variability on an intraseasonal time scale. The
intraseasonal vertical current variability behind
Ekman feedback in the central-eastern Pacific is
related to remotely forced equatorial Kelvin waves
(e.g. Zhang, 2001; Kutsuwada and McPhaden, 2002;
McPhaden, 2002; Marshall et al., 2009). The remote
effect of intraseasonal variability on the eastern
Pacific is via downwelling Kelvin waves generated
by westerly wind anomalies in the western Pacific.
These Kelvin waves are remotely forced by WWBs in
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the western Pacific, propagate eastward along the
thermocline to the central and eastern Pacific and
deepen the thermocline, which also modify the
thermal effect of the equatorial upwelling in the
eastern Pacific (Zhang, 2001). Considering that the
oceanic feedbacks on an intraseasonal time scale are
even more complicated and more important in terms
of response to wind bursts and excited Kelvin waves,
and that more factors such as salinity have recently
been found to play important roles on the ENSO
events (Zhang et al., 2012; Zheng and Zhang, 2015;
Guan et al., 2019b; Zhi et al., 2019), further studies
are needed to better understand ENSO dynamics.

5 DATA AVAILABILITY STATEMENT

The OISSTv2 data are available at www.ncdc.
noaa.gov, the SSH data are from the AVISO altimeter
at www.aviso.altimetry.fr, the wind stress data from
NOAA/ERDDAP are at https://coastwatch.pfeg.noaa.
gov/erddap, and OSCAR surface ocean current at
http://podaac.jpl.nasa.gov. The ECCO2 outputs can
be found at ftp://ecco.jpl.nasa.gov/ECCO?2.
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