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ABSTRACT: Although the 1997/98 and 2015/16 El Nifio events are considered to be the strongest on record, their sub-
sequent La Nifia events exhibited contrasted evolutions. In this study, we demonstrate that the extremely strong period of
tropical instability waves (TIWs) at the beginning of boreal summer of 2016 played an important role in hindering the
subsequent La Nifia’s development by transporting extra off-equatorial heat into the Pacific cold tongue. By comparing the
TIWSs’ contribution based on an oceanic mixed layer heat budget analysis for the 1998 and 2016 episodes, we establish that
TIW-induced nonlinear dynamical heating (NDH) is a significant contributor to the El Niflo—Southern Oscillation (ENSO)
phase transition in 2016. TIW-induced NDH contributed to around 0.4°C warming per month during the early boreal
summer (May-June) following the 2015/16 El Nifio’s peak, which is found to be an essential inhibiting factor that prevented
the subsequent La Nifia’s growth. A time-mean eddy kinetic energy analysis reveals that anomalous TIWs during 2016
mainly gained their energy from the baroclinic instability conversion due to a strong SST warming in the northeastern off-
equatorial Pacific that promoted an increased meridional SST gradient. This highlights the importance of accurately re-
producing TIW activity in ENSO simulation and the benefit of off-equatorial SST anomalies in the eastern Pacific as an

independent precursor for ENSO predictions.
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1. Introduction

As a large-scale coupled ocean—atmospheric instability in the
tropical Pacific, El Nifilo-Southern Oscillation (ENSO) is the
most pronounced source of interannual climate variability (e.g.,
Rasmusson and Carpenter 1982; Wallace et al. 1998; McPhaden
et al. 2006). Since ENSO, and in particular super El Nifio events,
exert profound climate and societal impacts worldwide (e.g., van
Loon and Madden 1981; Ropelewski and Halpert 1987, 1996;
Trenberth and Caron 2000; Alexander et al. 2002), tremendous
efforts have been devoted to understanding ENSO dynamics
and improving ENSO forecast skills. The basic physics of the
evolution of ENSO are now reasonably well apprehended by the
Bjerknes feedback and the simple delayed oscillator/recharge
oscillator paradigm (Bjerknes 1969; Battisti and Hirst 1989;
Suarez and Schopf 1988; Jin 1997a,b; Weisberg and Wang 1997;
Picaut 1997). However, these linear theories cannot account
for the spatiotemporal diversity and complexity of ENSO
(Timmermann et al. 2018). Therefore, difficulties still remain for
accurate ENSO simulations and predictions.

The 1997/98 and 2015/16 El Nifio events are considered to be
the strongest on record (Levine and McPhaden 2016). Although
there were some noteworthy differences between these two
events (e.g., Santoso et al. 2017; L’Heureux et al. 2017; Paek
et al. 2017; Lim et al. 2017; Kakatkar et al. 2018), they were
marked by a fairly similar evolution of sea surface temperature
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anomalies (SSTAs) in the equatorial Pacific, both leading to
anomalies in the Nifio-3.4 region of nearly 2.5°C, as shown in
Fig. 1a. However, the two events greatly differed from each
other during their decaying phases. After the 2015 El Nifo
onset, a weak La Nifia event materialized as the SST anomalies
barely reached the La Nifia threshold (http:/www.cpc.ncep.noaa.
gov/products/analysis_monitoring/enso_disc_dec2016/ensodisc.
pdf). Most state-of-the-art dynamical and statistical models
also predicted the weak La Nifia signals in 2016 very well as
Fig. 1b shows, although the predicted intensity exhibits a wide
spread across these coupled models. In contrast, the 1998 La
Nifia event evolved into a relatively strong one characterized
by a Nifio-3.4 index of 1.5°C below the climatological average.
Although the SST imprint for each event was unique, analyz-
ing the differences between these two major episodes and the
underlying mechanisms involved is essentially critical to better
understand ENSO dynamics. Several studies have compared
the evolution and driving processes between the 1997/98 and
2015/16 ENSO events (e.g., Santoso et al. 2017; L'Heureux et al.
2017; Paek et al. 2017; Lim et al. 2017; Li et al. 2019).
Pioneering studies have shown that ENSO events have some
useful predictability in advance due to the equatorial heat
content recharge/discharge processes in the upper ocean (Cane
and Zebiak 1985; Jin 1997a,b; Meinen and McPhaden 2000).
Previous study suggested that weak discharge process due to the
wind forcing from the year 2015 onward was the primary factor
responsible for the weakening of 2016 La Nifia, whereas a large
discharge after the 1997 El Niiio led to a following strong
La Nifia (Kakatkar et al. 2018). Planton et al. (2018) further
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FI1G. 1. (a) Time evolution of SST anomalies in the Nifio-3.4 region (5°N-5°S, 120°~170°W) for the El Nifio/La
Nifia events of 1997/98 (blue) and 2015/16 (red), and their difference (black). (b) Plume of forecasts of the Nifio-3.4
SST anomaly from dynamical and statistical models that were run in mid-April 2016. The average of the forecasts of
the dynamical models is shown by the thick blue line, and of the statistical models by the thick red line. The average

of all the models is shown by the thick black line.

underlined that the western equatorial Pacific oceanic heat
content [warm water volume in the west (WWVw)] is the best
ENSO predictor beyond 1-yr lead and a discharged WWVw
in boreal fall is a better predictor of La Nifia in terms of oc-
currence and amplitude and consequently could have pre-
dicted the weak 2016 La Nifia in advance. Yet, these early
studies relying on a linear ENSO view could not sufficiently
explain the observed La Nifia diversity, particularly in terms
of the temporal evolution. Some other more complex mech-
anisms have also been proposed to explain La Nifia diversity.
For instance, the nonlinear dynamical heating (NDH, i.e.,
the advection of temperature anomalies by anomalous oce-
anic currents) at seasonal and interannual time scale has
been suggested to be the dominant dynamical source for
ENSO asymmetry by enhancing and reducing the amplitude
of the warm and cold phases, respectively (Jin et al. 2003; An
and Jin 2004). Thus, the NDH could contribute to the ob-
served La Nifia diversity. In addition, the meridional move-
ment of associated westerly anomalies and its discharging
effect during ENSO decaying phase could also contribute
to the ENSO evolution and La Nifia amplitude (e.g., Harrison
and Vecchi 1999; Vecchi and Harrison 2003, 2006; Vecchi
2006; McGregor et al. 2013). Moreover, the role of extra-
tropical SSTA forcing has been widely argued to play a signif-
icant role on ENSO formation and evolution (e.g., Alexander
et al. 2010; Zhang et al. 2014a,b; Min et al. 2015, 2017; Paek
et al. 2017; Zheng et al. 2015; Zhu et al. 2016; Su et al. 2014,
2018; Wu et al. 2018). For instance, it has been proposed that
self-sustaining SSTAs in the northern subtropical Pacific ten-
ded to weaken the trade winds during boreal spring—summer
in 2016, leading to anomalous westerlies along the equatorial
region and hindering La Nifia development (Su et al. 2018). The
Pacific meridional mode (PMM), characterized by an anomalous
north-south SST gradient and anomalous surface circulation in
the northeasterly trade regime with maximum variance in bo-
real spring, is favorable for ENSO development in the following

winter through the seasonal footprinting mechanism (Vimont
et al. 2001, 2003a,b; Chiang and Vimont 2004; Chang et al. 2007).
Previous studies have noted that a positive PMM could influence
ENSO and particularly weakens La Nifia by loading the subsur-
face heat content along the equator through the “trade wind
charging” mechanism (TWC) (e.g., Anderson et al. 2013; Amaya
2019; Chakravorty et al. 2020). The important role of Madden—
Julian oscillation (MJO) in the termination of El Nifio event
through the associated ocean upwelling in the eastern equatorial
Pacific has also been proposed, which could partially account
for the different La Nifia evolution (e.g., Miyakawa et al. 2017).
Westerly wind events (WWEs) and easterly wind surge (EWS)
associated with internal atmospheric variability may also play an
important role in generating diverse ENSO behaviors (e.g.,
Lengaigne et al. 2004; Menkes et al. 2014; Chen et al. 2015; Hu and
Fedorov 2016, 2017). The possible influence of the negative IOD
at the end of 2015/16 El Nifio on the unexpectedly weak La Nifia
evolution of 2016 also has been explored (Lim and Hendon 2017).

As an oceanic-sourced intraseasonal process, tropical in-
stability waves (TTWs) have not received as much attention as
atmospheric processes in influencing the ENSO irregularity
and diversity. TIWs are mesoscale wave features that form in
the tropical Pacific and Atlantic Oceans along the edge of the
cold tongue, with a wavelength of 1000-2000 km and a period
of 10-60 days, mostly being observed north of the equator
along the SST front with an approximately 33-day period
(Legeckis 1977; Weisberg and Weingartner 1988; Qiao and
Weisberg 1995). TIWs could be generated by barotropic in-
stability from the meridional shears of the equatorial current
system (e.g., Cox 1980; Philander 1976; Im et al. 2012) and
baroclinic instability from the meridional SST gradient be-
tween the cold tongue and the waters north and south of the
equator (e.g., Hansen and Paul 1984; Wilson and Leetmaa
1988; Yu et al. 1995). It has been confirmed that Kelvin—
Helmholtz mechanism through vertical shear of ocean current
also represents an important energy contribution to the growth
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of TIWs (Proehl 1996). Studies show that TIWs influence the
characteristics of ENSO by transporting heat into the cold
tongue from off-equatorial regions (e.g., An 2008; Bryden and
Brady 1989; Imada and Kimoto 2012; Menkes et al. 2006).
TIWs act as an asymmetric negative feedback onto ENSO and
could partly explain ENSO amplitude asymmetry through
NDH (e.g., Vialard et al. 2001; Wang and McPhaden 2001; An
and Jin 2004; Jochum and Murtugudde 2006; An 2008;
Boucharel and Jin 2020; Xue et al. 2020). It was found that
TIWs could also influence ENSO evolution through damping
the heat anomalies induced by intraseasonal Kelvin waves,
which may decrease the ability of Kelvin waves to kick-start
the air—sea feedbacks necessary to initiate ENSO events
(Holmes and Thomas 2016).

However, TIWs are often not fully resolved in coarse models
(Latif et al. 2001; Graham 2014), which may cause a significant
underestimation of SST variability in the central and eastern
equatorial Pacific. As an example, it was pointed out that TIW
activity is seriously underestimated compared with observa-
tions (by a factor of ~3) in the GODAS reanalysis product
(Huang et al. 2010; Xue et al. 2020), which could therefore not
adequately resolve the associated entrainment of off-equatorial
heat into the cold tongue. Indeed, there is some evidence that
increasing the horizontal resolution so that realistic TIWs are
produced can significantly improve ENSO predictions (Ham
and Kang 2011). It was also pointed out that including TTW SST
variability in the forcing of an atmospheric model increased
wind and rainfall variability near the equator and near +25°
latitude by up to 35%, which could potentially contribute to the
irregularity of the ENSO cycle (Jochum et al. 2007). Using a
hybrid coupled model, Holmes et al. (2019) further examined
the impact of TIWs on ENSO irregularity and predictability.
However, how such oceanic-sourced intraseasonal variability
could influence ENSO characteristics and in particular La Nifa
diversity is still not clear and needs to be further quantified.

The purpose of this research is mainly to demonstrate that
TIW activity plays an overall important role in La Nifia di-
versity through the case study of the 1998/99 and 2016/17
events. In particular, the important role of TIW-induced NDH
on the weakening of the 2016/17 event is largely evidenced and
quantified. Furthermore, we address the possible physical
mechanisms that drive this extreme TIW activity. The remainder
of this paper is organized as follows. In section 2, we describe the
datasets and definition of TIW indices. We present the com-
parison of the evolution of two episodes (i.e., 1998/99 and
2016/17 La Nifia events) in section 3. In section 4, we compare
the intensity of TIW activity and TIW-induced NDH between
these two events. In section 5, we explore possible mecha-
nisms that modulate the anomalous TIW activity. The major
conclusions are summarized and discussed in section 6.

2. Dataset and methodology
a. Dataset

We used the following observational/reanalysis products: 1)
monthly SSTA from the Extended Reconstructed Sea Surface
Temperature (ERSST), version 5, from the National Oceanic
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and Atmospheric Administration (NOAA) with a resolution
of 1° (Huang et al. 2017); 2) the NOAA high-resolution
blended analysis of daily Optimum Interpolation Sea Surface
Temperature, version 2 (OISSTv2), with a resolution of 1/4°
(Reynolds et al. 2002); 3) the ocean three-dimensional
reanalysis data from the NCEP Global Ocean Data
Assimilation System (GODAS) pentad dataset with a
horizontal resolution of 1° longitude and 1/3° latitude,
and a vertical resolution of 10m (Behringer and Xue
2004); and 4) monthly 10-m zonal wind fields from ERAS
atmospheric reanalysis data with a horizontal resolution
of 1/4° (Hersbach and Dee 2016). All products used here
span from 1980 to 2018, and anomalies were calculated as
the departures from the climatological monthly mean
over the entire period. Note that the climatological mean
for the OISSTv2 data was derived based on the period of
1982-2018 due to the length of the data available.

The Nifio-3.4 index is classically used to describe the ENSO
intensity and is defined as the area-averaged SST anomalies in
the Nifo-3.4 region (5°S-5°N, 120°~170°W). The WWVw index
used in this study is defined as the area-averaged heat content
in the western equatorial Pacific (5°S-5°N, 120°E-155°W) from
the Tropical Atmosphere Ocean Project (TAO). The PMM
wind index was calculated following the method described in
Chiang and Vimont (2004) and downloaded from the website
https://www.esrl.noaa.gov/psd/data/timeseries/monthly/PMM.
To isolate TIWs and calculate their induced NDH, we apply a
10-60-day Fourier bandpass filter to the GODAS dataset. It
should be noted that we use the NOAA OISSTV2 in section 4a
to compare the TIW activity between the two episodes. In
section 4b, we use the GODAS dataset to calculate the TIW-
induced nonlinear oceanic heat flux. In section 4c, we use the
combined NOAA and GODAS to quantify the TIW-induced
NDH. All statistical significance tests were performed based
on the two-tailed Student’s ¢ test.

b. Definition of TIW indices

We use the NOAA high-resolution daily SST to define the
complex TIW index based on the previous definition by
Boucharel and Jin (2020) and Xue et al. (2020). It should be
noted that we mainly focus on the TIWs variability charac-
terized by the first meridional Rossby mode with a ~33-day
period featured north of the equator along the SST front (e.g.,
Lyman et al. 2007; Shinoda et al. 2009). The ~17-day period
Yanai mode’s contribution to TIW activity will not be con-
sidered in our present research. Indeed, Yanai wave patterns
located south of the equator and mainly in the subsurface
(~100 m depth) indicate a small heat flux convergence into the
cold tongue mixed layer and therefore a negligible rectifica-
tion effect onto the cold tongue SST and contribution to the
ENSO cycle (Shinoda et al. 2009; Wang et al. 2020). The real
part of the TIW index (TIW1) is defined as the equally spaced
and weighted (but with alternating signs) summation of SST
anomalies at six red points along 0°-6°N as shown in Fig. 2a. To
capture the westward propagation of TIWs, the imaginary part
of the TIW index (TTW2) is defined in the same way, except the
base points are all shifted by a fixed distance representing a 90°
zonal phase shift as the black dots in Fig. 2b show:
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FI1G. 2. (a),(b) Leading CEOF spatial patterns of SSTAs over the TIW active region (2°S—-6°N, 110°-150°W) over

the 2016-17 period [for the (a) real and (b) imaginary parts] obtained through a linear regression of SSTAs onto the
normalized real part (PCl-real) and imaginary part (PCl-imag) of the leading PC time series. Red (black) dots
show the positions of longitudinal nodes used to calculate TIW1 (TIW2). (c),(d) Corresponding normalized PC
time series of leading CEOF mode (red lines) and complex TIW index (blue lines), respectively. Number 0 in
parentheses denotes the year 2016, and the number 1 denotes the following year (2017). All results are statistically
significant above the 99% confidence level. (e) Lead-lag correlations between TIW1 and TIW2 (solid blue line) and
TIW1 autocorrelation (solid red line), and the same for the PCs (dashed lines and similar color code). (f) Power
spectra of the normalized PC1 (red line) and TIW index time series (blue line); solid (dashed) lines are for the real
(imaginary) part. The plotting format forces the area under the power curve to be equal to the variance in any
frequency band. The gray bar indicates the approximate TIW frequency peak. The dashed orange line is the red-
noise spectrum inferred from a first-order autoregressive process. The 5% (95% ) confidence intervals are shown by
the dashed green (black) lines.

TIW1 = X + SST'(¢, nodes)/n,
TIW2 =X = SST (t, nodes + é) /n,
Z =TIW1 +iTIW2,
where [ represents the TIWs wavelength (in degrees), which is
determined by the leading mode of the complex empirical or-

thogonal function (CEOF) (Fig. 2), and n is the number of points.
The TIW amplitude is expressed as |Z| = v TIW12 + TIW22.

To prove the effectiveness of this simple index in capturing
the TIWs signal, we perform a CEOF analysis (Barnett 1983;
Boucharel et al. 2013; Xue et al. 2020) over the eastern equatorial
Pacific (2°S-6°N, 150°~110°W) on the 10-60-day bandpass filtered
daily SSTA from NOAA OISSTV2 during the 2016/17 La Nifia
period (Fig. 2). It should be noted that the results are not sensitive
to the time period we choose. As a result, the first two leading
modes account respectively for 30.93% and 23.82% of the total
variance and are well separated from each other as per the
criterion of North et al. (1982). Figures 2a and 2b show the
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regression patterns of SSTA onto the real (PCl-real; red line in
Fig. 2¢) and imaginary (PCl-imag; red line in Fig. 2d) part, re-
spectively, of the leading mode’s principal component (PC1).
They suggest a series of alternating cyclonic (wave trough) and
anticyclonic (wave crest) circulations coupled with SSTAs north
of equator. Relatively weak TIW patterns are also found south of
equator. Two groups of fixed referenced points precisely have 90°
zonal phase shift, which demonstrates the TIWs westward prop-
agation similar to the CEOF phase pattern (not shown). In other
words, TIW1 and TIW2, defined with these points, satisty the
orthogonal relationship, and allow us to capture the TIWs’
propagating structures and characteristics. The PC1 time series
(Figs. 2¢,d) generally appear as a nearly quadrature pair and have
high correlation with the complex TIW index previously defined
(R = 0.86), again suggesting the good performance of the com-
plex TIW index in capturing the TTW mode.

More evidence of the effectiveness of the complex TIW in-
dex in capturing TIW activity is provided in Figs. 2e and 2f. The
lead-lag cross-correlations between TIW1 and TIW2 show that
the maximum (minimum) positive (negative) correlation
(~0.85) appears when TIW1 (TIW2) leads TIW2 (TIW1) by
5-10 days. The TIWs damping rate (nearly 1/23day ') can be
evaluated based on the TIW1 autocorrelation. PCs lead-lag
correlations are similar to those calculated with TIWs indices.
The power spectra also exhibit clear peaks corresponding to an
intraseasonal periodicity at 20-50 days for all indices mainly
capturing the ~33-day TIWs north of the equator (Fig. 2f). The
fraction of total variance occurring in the 20-50-day range is ~0.9
for both TIWs (PCs) (not shown), which indicates that complex
TIW index account for most of the variance of TIW activity and
confirms that we can discard TIWs variability related to the Yanai
mode (below 20 days). The results, which are highly consistent
with previous studies (Boucharel and Jin 2020; Xue et al. 2020),
reveal that the complex TIW index with a ~33-day period has a
high consistency with the leading PC time series and could cap-
ture the overall TIWs characteristics accurately.

3. Contrasting evolutions of the 1998/99 and 2016/17
episodes

The evolution of the 1997-99 and 2015-17 El Nifio/La Nifia
events is shown in Fig. 3a from observed ERSSTVS5 data. The
result shows that the 1997/98 El Nifio began to develop around
May 1997, reached its peak in November, and then subse-
quently weakened until it was officially declared to have ended
in boreal spring 1998 and turned into a long-lasting and strong
La Nifia event. SSTAs followed a fairly similar developing
phase during the 2015/16 El Nifio on par with those of the 1997/
98 event but experienced a significantly different decaying
phase. SST anomalies decreased more rapidly and returned to
zero in April. The most conspicuous contrast occurred during
ENSO phase transition (May-June), and was possibly related
to subsequent weaker and short-lived La Nifia conditions as
shown in Fig. 3b. In addition, the SSTA propagating pattern
was also very different during this period, showing that positive
SSTA propagated from the tropical eastern to western Pacific
during 2016 while positive SSTA propagated eastward in
1998. The atmospheric responses, diagnosed by the 10-m wind
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anomalies field from ERAS, were well coupled with the SSTA
evolution for these two events (vectors in Figs. 3a,b). During
the developing boreal spring and early summer of El Nifio
events, strong westerly anomalies appeared over the central-
western Pacific near the date line. The wind anomalies then
were shifted eastward to the central Pacific by around 20° of
longitude when these two El Nifio events entered their mature
phases. However, remarkable differences in zonal wind
anomalies in the central-western Pacific also occurred
throughout their decaying phases. Unlike the 2015/16 event
where the wind anomalies were fairly weak during the decay-
ing phase, westerly wind anomalies during the 1997/98 El Nifio
turned rapidly into anomalous easterlies. The significant dif-
ferences in the surface zonal wind anomalies evolutions moti-
vate our detailed investigation of the possible mechanisms that
could account for such different decaying processes.

Using the GODAS reanalysis product, we investigate the
equatorial oceanic subsurface evolution for these two events in
Figs. 3c and 3d. The thermocline evolution (indicated by the
depth of the 20°C isotherm anomaly) was consistent with the
recharge—discharge process transition from El Nifio to La Nifia
(Jin 1997a). This is indicated by the eastward propagation of
a strong downwelling Kelvin wave that transported warm
water from the western to eastern Pacific during both El Nifio
developing phases followed by the eastward propagation of an
upwelling Kelvin wave during La Nifia developing phase
(L’Heureux et al. 2017; Kakatkar et al. 2018). In general, strong
discharge processes suggest the transitioning toward La Nifia
conditions, and indeed, a negative (i.e., deeper) equatorial 20°C
thermocline depth (D20) anomaly emerged by March 2016,
indicating a likely transition toward La Nifia. However, this
upwelling Kelvin wave appeared substantially weaker in 2016
than 1998 during the following boreal spring and summer.
Consistently with previous study (Kakatkar et al. 2018), the
evident contrast in equatorial wave dynamics with stronger
(weaker) upwelling Kelvin waves during 1997/98 (2015/16)
might contribute to the weaker La Nifia conditions in 2016
than 1998. The weaker discharge process during 2015/16 El
Nifo is definitely a plausible candidate to explain the hindered
development of the 2016 La Nifia. However, the reasons for
such a different discharge process between the two events are
still unclear and so is the extent to which this mechanism is re-
sponsible for the weak 2016 La Nifia event. Therefore, there is a
strong incentive to investigate some other possible processes
that may also explain the contrasted La Nifia evolutions be-
tween these two events. In particular, considering the extremely
strong TIW activity during the phase transition following the
2015/16 super El Nifio event (Boucharel and Jin 2020), we hy-
pothesize that oceanic-sourced TIWs could rectify into this
linear discharge process through NDH. We investigate the role
of TIW activity on La Nifia phase transition in the next section.

4. Important role of TIW activity
a. Comparison of TIW activity between the two episodes

We first compare the TIW amplitudes between these two La
Nifia events using the complex TIW index defined in section 2
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FI1G. 3. The shading shows the evolution of equatorial SST anomalies (°C) and the vector fields show the anomalous
10-m zonal wind (ms ') averaged over 5°S-5°N for (a) the 1997/98 event and (b) the 2015/16 event. (c),(d) As in
(a) and (b), but for the evolution of the equatorial 20°C thermocline depth (D20) anomalies and oceanic surface zonal
current anomalies. The number 0 in parentheses denotes the ENSO developing year (1997 and 2015), the number 1
denotes the El Nifio decaying year (1998 and 2016), and the number 2 denotes the following year (1999 and 2017). The
legend at the upper-right corner of each panel indicates a reference vector magnitude.

from the NOAA product. As shown in Fig. 4a, the overall TIW  boreal summer, May-June). Given that the seasonally varying
amplitude during the boreal May-August of 2016 was much  TIWs tend to warm the equatorial cold tongue through me-
stronger than in 1998, and especially during the ENSO phase  ridional heat advection (Wang and McPhaden 1999), we hy-
transition when TIW activity is the strongest (i.e., the early  pothesize that TIW-induced heating could play an important
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FIG. 4. (a) Time series of the daily TIW amplitude for the 1998 (blue), the 2016 La Nifia event (red), and the
climatology (gray). The green shades represent one standard deviation error estimates. (b) (TIW1, TIW2) phase-
space points for all available days during May—June for 1998 (blue) and 2016 (red). The region of weak TIW activity
is labeled. (c) Annual TIW amplitude (May-June) during 1982-2018 (yellow bars) and the corresponding clima-
tological mean state during ENSO phase transition (black dashed line).

role in hindering the 2016 La Nifia development through
mixing and entrainment of off-equatorial warm water into the
eastern Pacific cold tongue. Considering the lead-lag behaviors
of the TIW indices in Fig. 2e, we can diagnose the state of the
TIW activity as a point in the two-dimensional phase space
defined by TIW1 and TIW2, following the Madden—Julian
oscillation phase-space diagram (Wheeler and Hendon 2004).
This representation is shown for all days during the ENSO
phase transition (May-June) in Fig. 4b. We observe oscilla-
tions characterized by a stronger TIW activity during the 2016
ENSO transition phase than during the 1998 transition.
Additionally, while the TIW amplitude in the boreal spring of
1998 was very weak (i.e., below the climatological mean state),
the 2016 TIWs were the most active during that season com-
pared with the previous four decades (Fig. 4c). This represents
an undeniable motivation to explore further the potential role
of TIWs on the ENSO phase transition.

Furthermore, we also investigate the spatial pattern of the
TIW activity based on another commonly used TIW definition,
measured by the standard deviation (variance) of bandpass

filtered SSTA from NOAA at the TIW time scale (10-60 days)
(e.g., Yu and Liu 2003; Wu and Bowman 2007; Im et al. 2012).
Figure 5 shows the two Hovmoller diagrams (averaged over 0°—
6°N) of the TIW-related SST standard deviation during the
1998 and 2016 events and their difference. TIW activity was
suppressed during the winter—spring SST peak of both events
and then became more active than normal when the equatorial
Pacific SSTAs were characterized by La Nifla conditions. In
comparison, TIWs started to develop and propagate westward
rapidly since the early spring in 2016 and persisted until the
peak of La Nifia (end of the calendar year) (Fig. 5b), whereas
TIW activity was only apparent in the cold tongue from July in
1998 when the La Nifia-related SSTA prevailed in the eastern
Pacific (Fig. 5a). Overall, the TIW activity was most notably
different between these two events during the ENSO phase
transition (i.e., May—-June) (Fig. 5¢). These results are consis-
tent with those estimated from our TIW definition as shown in
Fig. 4. Note that our TIW definition inferred from the complex
index does not require any filtering, suggesting that it is a more
straightforward way to capture TIW characteristics.
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FIG. 5. Longitude-time diagrams of monthly TIW standard deviations averaged over 0°-6°N for (a) 1998 and (b) 2016, and (c) their
difference.

b. TIW-induced nonlinear oceanic heat flux

It has been highlighted that the contribution of TIWs onto
ENSO could be estimated from the rectified effect of anomalous
temperature transport by anomalous currents at intraseasonal scale,
which is referred to as oceanic eddy heat flux (e.g., Baturin and
Niiler 1997; Menkes et al. 2006; Jochum and Murtugudde 2006;
Jochum et al. 2007; Xue et al. 2020). As the divergence of the eddy
heat flux, TIW-induced NDH is a dynamical heating source for
ocean temperatures, which could be referred to as the direct TIWS’
rectification effect onto the ENSO heat budget. Thus, we hypoth-
esize here that TIW-induced NDH may have played an important
role as a warming advection term and may have contributed to the
early weakening of the 2016/17 La Nifia. To understand the im-
portant role of TIW activity on the ENSO phase transition, we
quantify the TIW-induced oceanic eddy heat flux and NDH within
the mixed layer from the GODAS product. Classically, each vari-
able X can be separated into a mean climate state (overbar),
low-frequency component (tilde) (over 60 days), and an eddy
component (prime) and thus can be expressed as X = X + X + X'.
As TIWs have a broad spectral peak in the 10-60-day range, we can
evaluate the effect of TIWs in seasonal mean as follows:

HF = (-V'T) = (~u/T)i+ (~v/T)j+ (~w Tk,

ou'T T w'T’
(T} (50
1)
where T' and («/, v/, w') represent the oceanic mixed-layer

anomalies of temperature and ocean currents at the TIW time
scales. HFrw and NDHyw represent the TIW-induced oceanic

NDH

heat flux and NDH, respectively. The bracket denotes a 3-month
running mean. The horizontal advections are averaged within
the top 50 m, which roughly represents the mixed layer depth.
Previous studies have shown that the TIW-induced zonal and
vertical heat flux components onto the mean climate state and
ENSO variability are negligible within the mixed layer (Hansen
and Paul 1984; Bryden and Brady 1989; Menkes et al. 2006;
Xue et al. 2020), which is consistent with our analysis (not
shown). Therefore, the TIW-induced heat flux (HFrrw) and
associated NDH (NDHrw) within the mixed layer could be
largely represented by the meridional components (—v'7") and
(—av'T'/9y), respectively. Figure 6a shows the meridional TTW-
induced heat flux regressed onto the monthly TIW amplitude
from GODAS. The TIW amplitude, proportional to T2, showsa
highly positive correlation with the TIW-induced heat flux,
suggesting that meridional eddy current anomalies (v') has a
strong spatial coherence with the eddy temperature anomalies
(T") and therefore a strong meridional convergence of equa-
torward heat flux. TIW activity can then produce equatorward
heat flux from the northern off-equatorial Pacific region into
the cold tongue by mixing the warm and cold water across the
SST front. This is confirmed by the zonally averaged sum-
mertime meridional eddy heat transport (cf. Fig. 6b) that
displayed a much larger southward heat transport from north
of the equator (0°-6°N) in 2016 than in 1998. Similarly, a
northward transport can also be detected south of the
equator (2°S-0°) but with a much weaker amplitude (Fig. 6b),
consistent with TIWs being weaker on the southern side of
the cold tongue front. This heat flux convergence, consistent
with the estimation in observations by Bryden and Brady
(1989) and Baturin and Niiler (1997), represents a significant
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eddy heat flux convergence.

contribution to the equatorial SST warming during the
ENSO phase transition, especially in 2016.

¢. Heat budget during ENSO phase transition over the TIW
region

Figure 7 displays the three-dimensional mixed-layer heat
budget during the El Niflo-La Nifia phase transition over the
most active TIW region (5°S-5°N, 110°~150°W) for the 1998
and 2016 events. Since the seasonal averaged TIW contribu-
tions to the ENSO budget from the cross mean-eddy terms
—[@(aT"lox) + v(aT'1ay) + w(aT'laz)] and —[u/(aT/ox) +
V(0T/ay) + w/(0T/0z)] vanish, the ENSO mixed-layer heat
budget could be simplified as follows:

a) 1998 La Nifa (phase transition)
1 1 1 1 1 1 1 1 1

aT OT T | oT _aT . _aT  _aT
—=—|t—=Fr—F+w—| - |t —Ft Vv —+Ww—
ot ax dy 9z 0x dy 9z

e s WE) +Q+NDH_,,. 2)

NDH

The terms, from left to right, represent the mixed layer tem-
perature tendency (97/9¢), the anomalous zonal and meridio-
nal advection terms [—i(d7/dx) and —5(9T/dy)], anomalous
upwelling advection term [—w(dT/9z)], mean horizontal ad-
vection terms [—%(3T/dx) and —u(dT/dy)], the mean upwelling
advection term [—W(97/0z)], low-order NDH associated with

b) 2016 La Nifia (phase transition)
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FIG. 7. Comparison of the mixed layer SST heat budget analysis over the TIW active region (5°S-5°N, 110°-
150°W) (units: °C month ') during the ENSO phase transition (May—June) of (a) 1998 and (b) 2016. Here “sum”
(green bar) means the summation of all terms on the right side of Eq. (4). The bars, from left to right, indicate the
mixed layer temperature tendency, sum of all terms on the right-hand side of Eq. (4), the anomalous zonal and
meridional advection terms [—#(97/0x) and —5(97/dy)], anomalous upwelling advection term [—w(07/9z)], mean
horizontal advection terms [—(d7/0x) and —u(d7/dy)], mean upwelling advection term [—w(a7/9z)], low-order
NDH associated with the low-frequency (>60 days) variability [iZ(3T/dx) + 9(aT/ay) + w(aT/0z)], the atmospheric
heat flux (Q), and TIW-induced NDH (NDHryw).
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the low frequency (>60 days) variability, the atmospheric heat
flux (Q), and TIW-induced NDH (NDHryw). Previous studies
have demonstrated that TIW-induced heat flux convergence
(NDHryw) is basically proportional to TIW amplitude (i.e.,
NDHyy o« |Z[?) (Boucharel and Jin 2020; Xue et al. 2020).
Based on the eddy heat flux, the TIW-induced NDH can be
simply quantified as the following approximate estimation
derived in Xue et al. (2020):

WWT) _ AWT) _ (WT)p o — VT
NDH,y, = — =- =- =

dy L L

5°8-0°

= %x <|Z\2> +e,
3)

where o represents a scaling factor obtained as the regression
coefficient of the TIW-induced heat flux onto the TIW vari-
ance; |Z|* represents the TIW variance in observation from
NOAA OISSTv2; L is the meridional effective scale of TIWs
and reflects the width of the spatial region used to average
these quantities; and ¢ is a constant term. This simplified ap-
proach could avoid the interference from the equatorial in-
traseasonal Kelvin waves and reduce the computational bias
due to the inaccuracy of TIW intensity in GODAS.

As shown in Fig. 7, during the ENSO phase transition, the
mixed layer temperature tendency for the 1998 and 2016 La
Nifia events was approximately —1.20° and —0.33°C month ™,
respectively, characterizing very different La Nifia growth
rates. The sum of linear dynamical terms both made positive
contributions to the negative temperature tendency for the
1998 and 2016 La Nifa (not shown). From the Fig. 7, the major
contributors of positive dynamical feedbacks were the anom-
alous zonal advection term[—(87/0x)], mean meridional ad-
vection term [—u(d7/dy)], and mean upwelling advection term
[-W(9T/9z)]. As shown in Figs. 3c and 3d, the pronounced
eastward zonal current anomalies (& < 0) as a response to wind
forcing during this period have cooled the SST in the eastern
Pacific through upwelling Kelvin waves. The negative thermo-
cline depth anomalies and the negative temperature anomalies
in the equatorial Pacific also strengthened the surface cooling
through the climatological meridional overturning circulation and
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mean upwelling. These distinctive positive feedback processes
contributed to the distinct La Nifia behaviors between these two
events. We have also examined the contribution of low-order
NDH at low frequency (over 60 days) to the La Nifia phase
transition, which turned out to be weak for both events. Finally,
the differences in the atmospheric heat fluxes between these
two events remain small. This confirms that the contribution of
TIW-induced NDH, shown to warm the cold tongue with a rate
of 0.37°C month™" in 2016 and 0.05°C month ™" in 1998, could
explain the observed differences between the two events. In
2016, the considerable magnitude of the TIW-induced NDH
was nearly comparable to those from the usual contributors to
the ENSO growth rate, namely the atmospheric heat fluxes, the
zonal advection, thermocline, and Ekman feedbacks (Wang and
McPhaden 1999; Boucharel et al. 2015). In subsequent seasons,
TIW-induced NDH showed comparable magnitudes for both
events (not shown) since the TIWs were both active in the fall as
shown in Fig. 4a. The results suggest that persisting TIW-induced
heat flux and NDH can also explained to some extent the diversity
of the subsequent La Nifia development.

5. Possible mechanisms for the strong TIW activity
in 2016

Although the eastern Pacific was characterized by weak La
Nifia conditions during both the 1998 and 2016 at the early
stage of the ENSO phase transition (Fig. 1a), the development
of the 2016 event came to a halt when the strong TIW activity
kicked in and prevented further cooling of the cold tongue.
This raises the question: why was the TIW activity much
stronger in 2016 when the equatorial SSTAs were in fact fairly
similar? Previous studies show that TIWs could arise from the
barotropic instabilities (e.g., Cox 1980; Philander 1976), baro-
clinic instabilities (e.g., Hansen and Paul 1984; Wilson and
Leetmaa 1988; Yu et al. 1995), and Kelvin-Helmholtz mecha-
nism (Proehl 1996). To investigate the possible mechanisms
responsible for the different TIW activity between the 1998
and 2016 ENSO phase transition, we estimate such instabilities
from an eddy kinetic energy (EKE) budget derived from the
momentum equations (Qiao and Weisberg 1995). The time-
mean EKE [EKE = p,(u? + v?)/2] equation is given by

(EKE), —v- V(EKE) — v/ - V(EKE) =/ - VP’ + BTR + BCR + KH — s,

BTR = —p,[w'u/i_+ W(ay +v)+ u/_v'ﬁy],
BCR = —p/gw’,

4)

KH = —p,(u'w'u_ +v'w',),

where the overbars denote the 3-month running mean and
primes denote the TIW component (10-60 days), v is the ve-
locity vector, P is the pressure, pg is the density of ocean water,
g is the acceleration of gravity, and ¢ is the dissipation of EKE.
The first term on the right-hand side of the EKE equation
represents the contribution to the redistribution of eddy energy
by the pressure work. BTR represents the barotropic energy
conversion between the mean and eddy flows, which could gain
energy from mean kinetic energy. BCR denotes the baroclinic

energy conversion between kinetic energy and the available
potential energy of eddy flows. KH represents the Kelvin—
Helmbholtz energy conversion due to the vertical shear of cur-
rents. Since the advection and pressure work terms in Eq. (4)
could only contribute to redistributing the EKE (Im et al.
2012), we focus on the relative contributions of mechanic
production terms BTR, BCR, and KH.

Previous studies showed that localized energy budget might
be misleading to assess the energy sources and sinks of TIWs
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FIG. 8. Maps of mean TIW EKE (units: 10*J m~>) over the TIW region (4°S-10°N, 180°-80°W) during the ENSO phase transition of
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150°W) between EKE and the mean kinetic energy (black dotted line), available potential energy (red dotted line), and Kelvin—-Helmholtz
energy conversion (green dotted line) for 1998 and 2016, respectively.

because of the propagation of energy (Masina et al. 1999;
Masina and Philander 1999). Thus, we apply a time average
(May—June) for the energy analyses over the Nifio-3 region
(5°S-5°N, 110°-170°W), which is representative of the steady
energy conversion. Figures 8a—c show the time and mixed layer
(0-50 m) average of EKE spatial patterns during the 1998 and
2016 ENSO phase transition (May-June) along with their
difference. As shown in Figs. 8a and 8b, EKE shows a merid-
ionally asymmetric distribution and was mostly confined to the
north of the equator over the TIW active region, particularly in
2016. The mean EKE associated with TIWs was much stronger
in 2016 than that in 1998 (Fig. 8c). We now investigate the
respective contributions of the dominant instability mecha-
nisms, BTR, BCR, and KH to the time-mean (May-June)
EKE budget.

Both the 1998 and 2016 events show positive BTR with
comparable amplitudes and therefore similar kinetic energy
conversion from the mean flow to the TIWs during the phase
transition (Figs. 8d,e). In comparison, the baroclinic energy
conversion (BCR) was much larger in May-June of 2016 than
in 1998, indicating a much stronger baroclinic instability in
2016. KH always had small and negative values mainly over the
region of 0°-2°N, suggesting that TIWs transfer the Kelvin-
Helmbholtz energy back to the mean state, which is unfavorable
to the TIW-related eddy persistence. While the barotropic and
baroclinic instability terms were comparable during 1998,
suggesting that both instabilities contributed to the associated
TIW activity, the baroclinic energy conversion was evidently
the dominant mechanism for the TIWs’ growth and persistence
during the phase transition of the 2016 La Nifia event.

Early studies found that the baroclinic energy conversion
from available potential energy to eddy kinetic energy is di-
rectly linked to the meridional SST gradient along the SST
front immediately north of the equator (e.g., Masina et al. 1999;
Yu and Liu 2003; Xue et al. 2020). During the 2016 ENSO
phase transition, the subtropical North Pacific was marked by
significant positive SST anomalies (Fig. 9b) that leaded to a
substantial increase of the meridional SST gradient over most
of the TIW active region (Fig. 9¢). In contrast, such subtropical
SST anomalies were nonexistent in 1998, and despite cooler
anomalies along the equator the related meridional SST gra-
dient was relatively weak (Fig. 9a). This suggests that the
positive SSTAs in the northeastern off-equatorial Pacific
were responsible for the strong baroclinic instability and as-
sociated TIW activity during the 2016 ENSO phase transition,
which in turn hindered the development of the subsequent La
Nifia through enhanced advection of warm water into the
cold tongue.

To emphasize the relationships between year-to-year SST
conditions in the eastern equatorial Pacific and TIW activity,
Fig. 10a shows a scatterplot between the Nifio-3.4 index and
interannual TIW-induced NDH during ENSO phase transition
(May-June). This relationship exhibits a nonlinear behavior in-
dicating that the TIW-induced NDH is modulated by ENSO and
acts as asymmetric negative feedback onto ENSO (Boucharel and
Jin 2020; Xue et al. 2020). However, the relationship exhibits some
discrepancies. In particular, it breaks down for the 2016 La Nifia
event, as a considerable TIW-induced NDH accompanies a weak
Nifio-3.4 index. This is because Nifio-3.4 index is not sufficient to
depict the meridional SST gradient in this region and grasp the
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FIG. 9. Sea surface temperature anomalies (SSTA) (units: °C) during ENSO phase transition (May—June) in (a) 1998 and (b) 2016.
(c) Meridional SSTA gradient (units: 10°°Cm™") profile averaged over zonal TIW active region (110°~150°W) for 1998 (blue dotted line)

and 2016 (red dotted line).

baroclinic instability. To better delineate the dependence of the
interannual modulation of TIWs growth rate on the baroclinic
instability, we define a new index (NifioD; Xue et al. 2020) instead
of the Nifio-3.4 index as the meridional SST difference between
the subtropical northeastern Pacific (Tn: 3°N-8°N, 150°~110°W)
and the eastern equatorial Pacific (Te: 3°S-3°N, 150°-110°W),
which are labeled in Figs. 9a and 9b. The nonlinear relationship
between the NifioD index and TIW-induced NDH is shown in
Fig. 10b. The NifioD index, which better accounts for the baro-
clinic instability than the Nifio-3.4 index, exhibits a stronger re-
lationship with the TIW-induced NDH, consistently with
previous study (Xue et al. 2020). This indicates that SSTAs in
the northeastern off equatorial Pacific could be treated as an

a) Nino34 & NDH-TIW

independent precursor of ENSO phase transition through
their modulating effect on the baroclinic instability and TIWs
growth rate.

The underlying physical mechanism responsible for the
strong SSTAs in this northern region remains unclear. Some
studies argued that they are possibly related to the extra-
tropical background state, in particular associated with the
Pacific decadal oscillation (PDO) (Su et al. 2018), Pacific me-
ridional mode (PMM) (e.g., Vimont et al. 2001, 2003a,b;
Chiang and Vimont 2004), and the marine heat wave (the so-
called Blob phenomenon) (Wu et al. 2018). Here, we argue
that the positive SSTAs could be attributed to the long-lasting
ENSO discharge processes since 2015/16 El Nifio was regarded

b) NifioD & NDH-TIW
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FIG. 10. Scatterplots of the relationship of the monthly mean (a) Nifio-3.4 index and (b) NifioD index, respec-
tively, with the reconstructed TIW-induced NDH during the ENSO transition phase (May-June) from 1982 to
2018. The green lines indicate the nonlinear regression lines and the nonlinear correlation coefficients (R) are
labeled in the upper-right corner of the corresponding panel.
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FIG. 11. Schematic diagram illustrating the dynamical mechanism responsible for hindering
the 2016 La Nifia development through the equatorward heat transport from the strong TIW

activity.

as a protracted event that first appeared early in 2014 and
matured in 2015. However, this issue is beyond the scope of this
paper and requires to be further addressed in the future.

6. Summary and discussion

By most measures, the 2015/16 El Nifio was one of the
strongest on record, on par with the 1997/98 super El Nifio
event. However, the growth rates of the subsequent La Nifa
events differed significantly especially during their phase
transition (May-June). Remarkably cold SSTAs appeared in
the equatorial Pacific during the 1997/98 La Niiia event, while
the 2016/17 La Nifia turned out to be a weak and short-lived
event. We demonstrate in this study that the extremely strong
TIW activity in the early boreal summer of 2016 played an
important role in hindering the subsequent La Nifia develop-
ment. The main physical processes are summarized in the
schematic diagram (Fig. 11).

Pronounced differences in off-equatorial conditions were
found in the subtropical northeastern Pacific, which was
marked by strong positive SSTAs during the post-2016 phase
transition, whereas nearly neutral conditions occurred in this
phase following the 1997 event. These positive SSTAs in-
creased the meridional SST gradient across the SST front in
2016, thereby strengthening the baroclinic instability and fa-
voring an enhanced TIW activity through baroclinic energy
conversion. This extremely strong TIW activity could transport
off-equatorial heat into the cold tongue through mixing and
entrainment (section 5). We quantify the TIWs contribution
onto ENSO through the high-frequency (i.e., TIW time scales)
nonlinear rectification processes from the temperature advec-
tion. The TIW-induced NDH contributed to around 0.4°C
warming per month during the early summer (May—June)
following the peak of the 2015/16 El Nifio and was shown to be
an undeniably important factor inhibiting the 2016 La Nifa
development (section 4). The results here suggest that further
investigation of the influence of oceanic-sourced TIWs and
their deterministic interaction with ENSO onto ENSO diver-
sity and complexity could ultimately lead to improved ENSO

performance in GCMs and prediction skills of seasonal climate
forecast systems.

This raises the question of TIWs influence on the other
compelling extreme ENSO event, the 1983/84 La Nifa fol-
lowing the 1982/83 “‘super El Nifio.” This La Nifia was
considered a weak event as SSTA in the Nifio-3.4 region barely
reached —1.0°C at the peak of the event. Compared to the
other two La Nifia events investigated in the present study
(1998/99 and 2016/17), this event was characterized by a de-
layed phase transition (July—September) as the El Nifio signal
persisted long after the classic boreal winter maturity with still
large positive SSTAs in May and June 1983 (Figs. 12a,b).
Therefore, the weak TIW amplitude due to weak meridional
SST gradient during this period (May-June) could not con-
tribute to the 1983 La Nifia development (Figs. 4c and 12c¢).
However, during 1983’s delayed ENSO phase transition (July—
September), TIW amplitude was similar to that in 2016, which
suggests that this delayed TIW activity may also played an important
role in hindering the 1983 La Nifia development through a similar
mechanism to the one described in this paper. Although there is an
overall seasonal synchronization of ENSO phase transition, ENSO
diversity requires careful assessment of each event’s individual
time evolution. Indeed, when adjusting this transition time,
the contribution of TIWs onto ENSO could also be detected
in some other events especially for strong La Nifla events,
although the associated strong TIW activity being modu-
lated by La Nifia conditions somehow blurs the causality of
this mechanism. However, this suggests that TIW activity
may act as a significant negative feedback onto ENSO
development, a subject beyond the scope of this paper but
certainly worthy of future investigations.

Although our analysis puts forward TIWs as a plausible
mechanism that hindered the 2016 La Nifia development, other
mechanisms, described in the introduction, might also have
played a role, possibly equally as important, during this pecu-
liar ENSO event. In particular, the weak discharge process
during the 2015 El Nifio could be a primary factor responsible
for the weakening of 2016 La Nifia, whereas the large discharge
process during 1997 El Nifio leads to the following strong La
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FIG. 12. (a) The shading shows the evolution of equatorial SST anomalies (°C) and the vector field shows the
anomalous 10-m zonal wind (ms~') averaged over 5°S-5°N for the 1982/83 event. (b) Time evolution of SST
anomalies for the El Nifio/La Nifa events of 1982/83 (black), 1997/98 (blue), and 2015/16 (red) in the Nifio-3.4
region (5°N-5°S, 120°-170°W). (c) Time evolution of TIW amplitude of 1982/83 (black), 1997/98 (blue) and 2015/

16 (red).

Nifia (e.g., Kakatkar et al. 2018). As shown in Fig. 13a, the
weak-discharged western equatorial Pacific oceanic heat con-
tent (WWVw) in boreal fall is the best ENSO predictor beyond
1 year (R = 0.47), especially for strong La Niiia events (Planton
et al. 2018). We can observe the stronger negative WWVw
related to a stronger discharge process during the 1997 El Nifio
than during 2015, which contributed to the strong subsequent
1998 La Nifia development. Furthermore, the PMM might
also have prevented the strong discharge process through the
counteracting TWC (e.g., Anderson et al. 2013; Amaya 2019;
Chakravorty et al. 2020). In Fig. 13b, PMM during May and June
has indeed a high correlation with the following equatorial SSTA
condition at the mature phase (November—January). This sug-
gests that the strong 2016 PMM event, which characteristically
features positive SSTAs in the northern subtropical Pacific, could

have hindered the 2016 La Nifia development through the as-
sociated TWC mechanism. In addition, the long-lasting WWEs
associated with atmospheric intraseasonal variability could also
influence ENSO and have played a role in the 2016 phase tran-
sition by the transport of warm water through downwelling
Kelvin waves (e.g., Seiki and Takayabu 2007; Chen et al. 2015;
Hu and Fedorov 2016, 2019). Finally, TITW-Kelvin wave inter-
actions also may have contributed to hinder the 2016 La Nifa
development (Holmes and Thomas 2016).

With all of these factors that contribute to the ENSO diversity
and complexity observed in recent decades (Timmermann et al.
2018), a more comprehensive and precise investigation of
the respective influence of tropical versus subtropical factors
and internal nonlinear processes versus external forcing on
ENSO evolution and in particular its phase transition is
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required to improve our understanding of ENSO dynamics
and its prediction.
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