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ABSTRACT: Current climate models have relatively high skills in predicting El Nifio-Southern Oscillation (ENSO)
phase (ie., El Nino, neutral, and La Nina), once leaping over the spring predictability barrier. However, it is still a big chal-
lenge to realistically forecast the ENSO amplitude, for instance, whether a predicted event will be strong, moderate, or
weak. Here we demonstrate that the accumulated westerly wind events (WWEs)/easterly wind surges (EWSs) and oceanic
recharged/discharged states are both of importance in accurate ENSO amplitude forecasts. E1 Nifio and La Nifa events
exhibit asymmetric temporal and spatial features in the atmospheric and oceanic preconditions. El Nifio amplitude at the
peak season is closely associated with the accumulated WWEs over the eastern equatorial Pacific from the previous
December to May and the recharged state in the western equatorial Pacific during February. In contrast, the amplitude of
La Nifa events is sensitive to the accumulated EWSs over the equatorial western Pacific from the previous November to
April and the discharged state extending from the equatorial western to central Pacific during February. Considering these
asymmetric atmospheric and oceanic preconditions of El Nifio and La Nifa cases, a statistical model is established to accu-
rately forecast the ENSO amplitude at its mature phase during 1982-2018, which is validated to be robust based on a 1-yr
cross-validation and independent sample tests. The feasibility and the limitation of the established statistical model are also
discussed by examining its practical utility.
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1. Introduction wind stress and warm water volume (WWYV; the volume of
water above the 20°C isotherm in the entire equatorial
Pacific). The upper heat content in the equatorial Pacific (i.e.,
WWYV) can be used as an effective predictor for ENSO SST
since the WWV usually leads the ENSO SST by a quarter of
the ENSO period (~6-9 months) (Meinen and McPhaden
2000; McPhaden 2003). However, this phase-lag relationship
exhibits a remarkable decadal shift around early 2000s with
the lead time being reduced from two to three seasons to one
season (Bosc and Delcroix 2008; Horii et al. 2012; McPhaden
2012; Bunge and Clarke 2014), which is closely related to the
ENSO regime change with more frequent central Pacific (CP)
El Nifio events (Zhang et al. 2019; Zhao et al. 2021). Accord-
ingly, the skillful lead time of ENSO prediction has decreased
from about two seasons to only one season around 2000
(Hendon et al. 2009; Wang et al. 2010; Zhang et al. 2019).
Recently, the upper heat content in the western equatorial
Pacific is argued to be a better predictor at a relatively long
lead time than that in the whole equatorial Pacific (Lai et al.
2015; Planton et al. 2018; Izumo et al. 2019). For example, one
recent study argued that the western Pacific heat content can
be identified as an ENSO precondition with a 1-yr lead, which
reflects the slow recharge before the spring predictability bar-
rier (Izumo et al. 2019).

As another key precursor of El Nifio events, the westerly
wind events (WWE:s) are a typical atmospheric phenomenon
over the equatorial Pacific with the commonly east—west trade
winds being shifted to west—east (e.g., Luther et al. 1983;
Corresponding author: Wenjun Zhang, zhangwj@nuist.edu.cn Harrison and Giese 1991; Harrison and Vecchi 1997; Hartten

El Nino-Southern Oscillation (ENSO), the predominant
mode of year-to-year climate variability in the tropical Pacific,
arises from large-scale coupled ocean-atmosphere interac-
tions. The ENSO phenomenon has attracted extensive scien-
tific interest and great public attention due to its significant
global climate impacts (Wallace et al. 1998; McPhaden et al.
2006; Timmermann et al. 2018). During past few decades,
many theories have been proposed to understand the dynam-
ics and potential predictability of ENSO (e.g., Bjerknes 1969;
Wyrtki 1975; Cane and Zebiak 1985; Jin 1997a.b; Neelin et al.
1998; Wallace et al. 1998). The rapid development of ENSO
during boreal summer and autumn seasons is mainly attrib-
uted to the positive ocean—atmosphere feedback first pro-
posed by Bjerknes (1969), emphasizing that the westerly wind
anomaly driven by a weakened zonal sea surface temperature
(SST) gradient along the equator could further reduce the
zonal SST gradient. However, the Bjerknes’s positive feed-
back cannot explain the ENSO phase transition between
warm and cold events. Several different mechanisms were
proposed to understand the oscillatory nature of ENSO by
involving delayed negative feedbacks (Suarez and Schopf
1988; Battisti and Hirst 1989; Cane et al. 1990; Jin 1997a,b;
Picaut et al. 1997; Weisberg and Wang 1997). Especially, the
recharge oscillator theory highlights the slow ocean adjust-
ment dynamics originated from the imbalance between zonal
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FIG. 1. The composite spatial patterns of (a) observed NDJ SST anomalies and (b) RMSE between the observed
and predicted SST anomalies from NCEP CFSv2 at the lead time of 6 months during 1982-2018. The SST anomalies
in (a) are calculated as the difference between El Nifio and La Nifa events divided by 2. (c) Scatterplot between the
observed and predicted Nifio-3.4yp; from NCEP CFSv2 for El Nifio (red circles), La Nina (blue circles), and neutral
(gray circles) years. Numerals in (c) denote the last two digits of the year. The forecast error with respect to the obser-
vation for El Nifio and La Nifia, together with the explained variance (R?), are shown in (c).

1996; Vecchi and Harrison 2000). The WWEs are initially
treated as stochastic atmospheric processes, occurring inde-
pendently from the ENSO associated dynamics (Battisti and
Sarachik 1995; Kleeman and Moore 1997). However, the
observation shows that more frequent WWEs are usually
accompanied with E1 Nifio events (Eisenman et al. 2005; Seiki
and Takayabu 2007; Tziperman and Yu 2007). The WWEs
are often proposed to act as a trigger for El Nifio onset by
stimulating the eastward-propagating downwelling Kelvin
wave and suppressing the thermocline in the central and east-
em equatorial Pacific (e.g., McPhaden and Yu 1999; Boulanger
et al. 2001; Lengaigne et al. 2004; Fedorov et al. 2015). Recent
observed and simulated analyses demonstrated that the WWEs
can also contribute to the diverse characteristics of El Nifio
events (Eisenman et al. 2005; Jin et al. 2007; Lian et al. 2014;
Chen et al. 2015). Similarly, the eastward counterpart to the
WWEs, known as the easterly wind surges (EWSs), were
claimed to be important for the onset and development of La
Nina (Chiodi and Harrison 2015). Observational evidence
shows that the WWEs and EWSs exhibit several asymmetric
features, such as zonal extension (Puy et al. 2016) and fre-
quency of occurrence (Hayashi and Watanabe 2016). The basic
characteristics of WWEs and EWSs and their relationship with
ENSO has been extensively studied, although the root causes
of these wind bursts are still debated (Chang et al. 1979; Keen
1982; Love 1985; Nitta 1989; Lander 1990; Chiodi et al. 2014;
Puy et al. 2016).

Over the past few decades, ocean data assimilation and
atmospheric convection schemes have been developed to
improve the capability of dynamical models to predict the
ENSO evolution (e.g., Xue et al. 2011; Zhu et al. 2012, 2017;
Guilyardi et al. 2004; Neale et al. 2008; Watanabe et al. 2011).
State-of-the-art dynamical models can realistically predict the
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ENSO events 3-6 months in advance. Several statistical mod-
els have also been developed for ENSO prediction by involv-
ing oceanic heat content and atmospheric preconditions,
outperforming some dynamical models (e.g., Tseng et al
2017; Fang and Mu 2018; Lai et al. 2018; Chiodi 2019). Cur-
rent dynamical and statistical models both have a relatively
good ability to predict the phase of ENSO (i.e., El Nifio, La
Nifia, and neutral), once leaping over the spring predictability
barrier. However, it is still a great challenge to predict the
ENSO amplitude at its peak phase accurately by using either
the dynamical or statistical models. As an example, the fore-
cast at the lead time of 6 months from the Coupled Forecast
System, version 2 (CFSv2), of the National Centers for Envi-
ronmental Prediction (NCEP), could explain about 60% of
the total variance for the observed ENSO variability (mea-
sured as the Nifio-3.4 index; Fig. 1c) at the mature phase, sug-
gesting the relative high skill of CFSv2 to predict ENSO
phase. However, it exhibits large root-mean-square error
(RMSE) respective to the observation, about two-thirds of
the observed ENSO SST magnitude in the tropical central to
eastern Pacific (Fig. 1). The 6-month lead forecast error ver-
sus the observation is about 1.01°C for El Nifo and 0.78°C for
La Nina, respectively. Accordingly, the ENSO amplitude in
the mature winter might be largely overestimated or underes-
timated in the 6-month-lead prediction. Due to the difficulty
in forecasting the ENSO amplitude, the Climate Prediction
Center (CPC) provides the probability of ENSO phases
rather than the explicit ENSO amplitude information (Tippett
et al. 2019). So far, the ENSO amplitude forecast at its peak
still remains a big challenge and the decisive atmosphere—
ocean preconditions are not clear, although numerous studies
have suggested the importance of oceanic and atmospheric
preconditions on the ENSO development (e.g., Meinen and
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McPhaden 2000; McPhaden 2003; Lengaigne et al. 2004;
Fedorov et al. 2015; Chen et al. 2015). The ENSO amplitude
forecasts at the 6-month lead deserve attention for better
regional disaster prevention and mitigation due to distinct cli-
mate impacts for different ENSO amplitudes (e.g., Lyon 2004;
Lyon and Barnston 2005; Hoell et al. 2016; Geng et al. 2017).

In this study, we focus on the accurate prediction of ENSO
amplitude at its mature phase on the grounds of the previous
physical understanding in ENSO dynamics as well as the great
efforts in ENSO prediction. El Nino and La Nifia events are
separately considered to examine their respective oceanic and
atmospheric preconditions, since they show highly asymmet-
ric features (e.g., Jin et al. 2003; Ohba and Ueda 2007; Zhang
et al. 2009; Okumura and Deser 2010; Chen et al. 2016). We
first examine the linkage of ENSO amplitude with the preced-
ing atmospheric and oceanic conditions and explore possible
effective precursors of ENSO amplitude during its peak
phase. A statistical forecast model is then established in con-
sideration of asymmetric atmospheric and oceanic precondi-
tions. We also examine the practical utility of the established
model and clarify its feasibility and limitation. We demon-
strate that ENSO amplitude at its mature phase can be well
predicted at the lead time of 6 months under the premise of
the accurate ENSO phase prediction.

The paper is structured as follows. Section 2 describes the
data and method used in this study. Section 3 investigates the
asymmetric atmospheric and oceanic preconditions for El
Nino and La Nina cases, respectively. Next, the statistical
model for the ENSO amplitude forecasts and its validation
are presented in section 4. Section 5 shows the feasibility and
the limitation of the constructed model by examining its prac-
tical utility. Finally, the main conclusion and discussion are
summarized in section 6.

2. Data and methodology

The monthly SST datasets used in the study are derived
from version 2 of the National Oceanic and Atmospheric
Administration (NOAA) optimum interpolation (OI) SST
analysis (Reynolds et al. 2002). The upper ocean heat content
is examined based on oceanic subsurface potential tempera-
ture from the NCEP Global Ocean Data Assimilation System
(GODAS; Behringer and Xue 2004). The daily averaged
zonal wind at 10-m altitude is obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis dataset (ERA-Interim; Dee et al. 2011).
This dataset, closely matched to the Tropical Atmosphere
Ocean (TAQO) observation (Chiodi and Harrison 2015), is
widely used in the studies of high-frequency wind burst (e.g.,
Puy et al. 2016; Chen et al. 2017; Capotondi et al. 2018; Shi
and Su 2020; Liang et al. 2021). Monthly SST forecasts in the
tropical Pacific are provided by the Coupled Forecast System
(CFSv2) of the NCEP (more information available online at
http://cfs.ncep.noaa.gov/). The analyses cover the period of
1982-2018. The spatial resolution is 1° X 1° for the SST and
upper heat content and 0.5° X 0.5° for the 10-m wind. All
anomalies are computed by removing the climatology in the
entire period.
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TaBLE 1. ENSO events for the 1982-2018 period.

Years

1982/83, 1986/87, 1991/92, 1994/95, 1997/98, 2002/
03, 2004/05, 2006/07, 2009/10, 2015/16, 2018/19

1983/84, 1988/89, 1995/96, 1998/99, 2007/08, 2010/
11, 2016/17

ENSO phase
El Nino

La Nina

ENSO events are defined when the 3-month running-mean
Nifio-3.4 index (averaged SST anomaly in the region of
5°8-5°N, 120°-170°W) is above the threshold of =0.5°C for 5
consecutive months, consistent with the CPC’s definition. The
ENSO events during 19822018 are listed in Table 1. Months
labeled “(0)” and “(—1)” denote months of ENSO developing
year and the preceding year, respectively. Since the peak
phase of ENSO in observations tends to occur in boreal winter
(Rasmusson and Carpenter 1982), the ENSO peak amplitude
is measured as the winter [November—January (NDJ)] Nifio-
3.4 index. Qualitative conclusion remains the same if the sea-
son for calculating the peak amplitude slightly changes. It is
worth mentioning that the second-year and third-year La Nifia
events are not considered here due to their complicated initia-
tion mechanism (e.g., Ohba and Ueda 2007, 2009; Okumura
and Deser 2010; Dommenget et al. 2013). A 90-day high-pass
Lanczos filter is applied to obtain the high-frequency zonal
wind (Uy). According to the previous definition (Chen et al
2017), we define the WWEs-index (EWSs-index) as the
exceeding part of the high-frequency zonal wind greater (less)
than positive (negative) one standard deviation for each grid
point. Then, the accumulated WWEs-index (EWSs-index) can
be obtained through integrating the WWEs-index (EWSs-
index) for a certain region in a particular period:

Accu — WWEs = JJ.WWE — index dSdT, (1)

Accu — EWSs = JJEWS — index dSdT, 2)

where § indicates the area and 7 indicates the period. The
oceanic state of heat content is approximately measured as
the subsurface potential temperature anomaly (PTA) aver-
aged from 5 to 250 m. Considering important effects of wind
on PTA, we use the linearly dependent PTA anomalies from
the surface wind to detect the decisive regions of El Nino and
La Nina for their amplitudes, respectively. Note that we con-
struct the statistical model for ENSO amplitude by using the
original PTA anomalies for simplicity considering the linear-
ity in the multiregression.

3. Asymmetric atmospheric and oceanic precondition
to ENSO

a. Asymmetric accumulated WW Es/EW Ss

We characterize the composite SST tendency of El Nifio
and La Nifia events by using the derivative of the Nifio-3.4
index (dNino3.4/dt) in Fig. 2. For El Nifo, the SST tendency
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FI1G. 2. Composite monthly evolution of the time derivative of
Nifio-3.4 (dNiiio3.4/dr; °C month ') smoothed by a three-point
running mean for El Nifio (red line) and La Nifia (blue line). The
shading represents one standard deviation for composite El Nifio
(red shading) and La Nifa (blue shading) years. Numerals “—1"
and “0” in parentheses along the abscissa denote the year before
and during the ENSO development, respectively. The red and blue
dashed lines indicate the peak of the El Nifio and La Nifia develop-
ing rate, respectively.

exhibits two peaks during the developing spring and autumn,
respectively. The developing rate during autumn is not dis-
cussed in this study, since the precondition at the lead time of
at least 6 months is our focus. In contrast, the developing rate
of La Nifia reaches its peak during April, leading that of El
Nifio by about 1 month. The timing difference of their devel-
oping rate could be related to the distinct oceanic state and
atmospheric conditions. Considering the oceanic heat content
evolution of El Nifio and La Nina are relatively symmetric
in terms of the timing (not shown), the timing difference
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between El Nifio and La Nina (Fig. 2) could be associated
with their asymmetric zonal wind conditions. As shown in
previous studies, two main pathways are involved for high-
frequency wind burst to influence the ENSO development,
one of which is the thermocline feedback through upwelling
of anomalous subsurface temperature, and the other of which
is the zonal advection feedback through anomalous zonal cur-
rent transport (e.g., McPhaden and Yu 1999; Lengaigne et al.
2003, 2004; Fedorov et al. 2015). These oceanic feedbacks
dominantly contribute to the ENSO growth rate, which is the
key factor to measure the ENSO amplitude (Jin 1997a.b; Jin
et al. 2006). We here use the 6-month integration for the
WWE:s from December(—1) to May(0) and the EWSs from
November(—1) to April(0) to roughly represent the accumu-
lated effect of the high-frequency wind associated with El
Nifio and La Nifa, respectively. It is notable that the develop-
ing rate of La Nifia is stronger than that of El Nifio in the
developing spring (near ENSO onset time), which could be
explained by the observed fact that first-year La Nina events
are usually preconditioned with El Nifio while the El Nifio
vears are often preceded by neutral state on average (e.g.,
Kessler 2002; Larkin and Harrison 2002; Fang and Yu 2020).
To investigate the possible asymmetric features in zonal
distribution of accumulated WWEs/EWSs, Fig. 3 shows the
diversity of zonal distribution of high-frequency zonal wind
burst accumulated from 120°E to the indicated longitude for
all El Nino and La Nina events. Here, the accumulated zonal
wind starting from 120°E is used to detect the integrated
effects of wind from the western to eastern equatorial Pacific.
The accumulated WWESs for El Nino display a large spread
from the central to eastemn equatorial Pacific; in contrast,

(b) La Nifia Accu-EWS (10%m3)
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Fi1G. 3. (a) The zonal distributions of accumulated WWEs for all El Nifio events from December(—1) to May(0)
over a sliding region. The meridional extent is 5°S to 5°N, and the zonal extent is 120°E to the indicated longitude.
(b) Asin (a), but for November(—1)-April(0) accumulated EWSs for La Nifa events.
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FiG. 4. (a) Composite zonal patterns of December(—1) to
May(0) accumulated WWEs (red line; m s™1) and correlation coef-
ficient (black line) between the Nifio-3.4yp; and the accumulated
WWEs within a 30°-longitude running window for El Nifo.
(b) Composite zonal patterns of November(—1) to April(0) accumu-
lated EWSs (blue line; m s™') and correlation (black line) between
the Nifio-3.4npy and the accumulated EWSs within a 30°-longitude
running window for La Nifia (blue line). The red and blue shading
represents one standard deviation of the preceding WWEs for El
Nino and EWSs for La Nifa, respectively. The gray boxes denote
the corresponding longitude ranges of accumulated WWES/EWSs
with maxima correlation coefficient. The green and orange dashed
lines represent the 90% and 95% significance levels, respectively.

those in the western Pacific are relatively not easy to be well
distinguished. The WWESs for some El Nino events, such as
2006/07 and 2009/10 events, are confined in the western equa-
torial Pacific and that for some El Nino events, such as
1982/83 and 1997/98 events, can extend to the eastern equato-
rial Pacific (Fig. 3a). Different from El Nifio, La Nifna events
show a large spread in the EWSs almost over the entire equa-
torial Pacific (Fig. 3b). In general, the preceding WWESs for El
Nifo is stronger than the EWSs for La Nifa (Fig. 4), which
could be associated with the variables used (e.g., Chiodi and
Harrison 2015; Puy et al. 2016). To explore the high related
region with the ENSO amplitude, we in Fig. 4 also show the
zonal correlation pattern of the boreal winter Nifio-3.4 index
with the accumulated WWES/EWSs within a 30°longitude
running window. For El Nifio, the maximum correlation
(~0.7) appears in the central and eastern equatorial Pacific
around 140°-170°W, different from the largest magnitude of
WWEs occurring the western equatorial Pacific (Fig. 4a). The
accumulated WWESs in the region east of the strongest WWE
can be identified as a good indicator of the eastward extension
of the WWEs. We show that the El Nino amplitude at the
mature phase is sensitive to the zonal extension of WWEs,
consistent with previous studies that the farther eastward
expansion of WWEs could lead to the farther eastward
extended warm pool and favor stronger El Nifo (Lengaigne
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F1G. 5. Composite spatial distributions of the potential tempera-
ture anomalies (shading; °C) averaged over 5-250 m during the
February(0) of (a) El Nifio and (b) La Nifa years. The green lines
denote zero values. Dots indicate composite values above the 99%
significance level.

et al. 2003; Eisenman et al. 2005; Vecchi 2006; Gebbie et al.
2007). Likely for La Nifa, the accumulated EWSs are stron-
gest in the central Pacific; however, the correlation between
the La Nifa amplitude and accumulated EWSs is the stron-
gest (~0.8) around 120°-150°E (Fig. 4b). The accumulated
EWSs in the region west of the strongest EWSs can well mea-
sure the westward extension of the EWSs, suggesting that the
farther westward extension of EWSs tend to favor a stronger
La Nifia via the farther westward extension of the warm pool.
The above analyses show that the different preceding high-
frequency zonal winds of warm and cold episodes, in terms of
the timing and region, are closely associated with their ampli-
tudes at the peak phase. The WWEs over 140°-170°W from
December(—1) to May(0) and the EWSs over 120°-150°E
from November(—1) to April(0) could play an important role
in determining El Nifio and La Nifia amplitudes, respectively.

b. Asymmetric oceanic recharged/discharged states

Previous studies have shown that the upper heat content in
the western equatorial Pacific during February (0) is crucial
for the ENSO development and thus the optimal choice for
ENSO prediction (e.g., Lai et al. 2015, 2018). In this study, the
February(0) heat content anomaly is also used as the preced-
ing oceanic signal following Lai et al. (2018). Figure 5 shows
the 5-250-m averaged PTA in February(0) for the El Nifio
and La Nifia composites, respectively. Here we exclude the
interference of the accumulated high-frequency zonal wind
(i.e., accumulated WWEs/EWSs in section 3a) from the upper
heat content anomalies by linear regression to consider the
role of the oceanic process independent of the accumulated
WWES/EWSs. During February(0) for the El Nifio compos-
ite, the positive upper heat content anomalies occur west of
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FIG. 6. Composite potential temperature anomalies (shading; °C)
averaged along the equator (5°S-5°N) during the February(0) of
the (a) El Nino and (b) La Nina years. The climatological (gray
line) and anomalous 20°C isotherms (black line) are also displayed.
The green lines denote zero values. Dots indicate composite values
above the 99% significance level.

the date line, and the negative anomalies cover most of the
central and eastern equatorial Pacific (Fig. 5a). The composite
upper heat content for La Niia exhibits negative and positive
anomalies west and east of 150°W, respectively (Fig. 5b). Dif-
ferent oceanic preconditions for El Nino and La Nina can
also be observed in the longitude-depth PTA distribution
along with the 20°C isothermal depth (D20) at the equatorial
Pacific (Fig. 6). For El Niiio, the preceding recharged state
over the western Pacific corresponds to the deepening ther-
mocline west of the date line, while during La Nifia the ther-
mocline depth west of 130°W greatly shallows as compared
to the climatology, consistent with the upper heat content
anomalies. After removing the effects of highly asymmetric
high-frequency wind, it appears that the strength and zonal
extension of the PTA are both smaller for the recharged state
of El Nifio than those for the discharged state of La Niiia.
The asymmetric features in the intensity of the PTA are also
shown in the recharge-discharge process for ENSO (e.g.,
Ohba and Ueda 2007; An and Kim 2018), which are further
magnified by removing the counteracting effects of high-
frequency wind. The differences in the zonal extension of the
PTA might be related to the different zonal extensions of
WWE and EWS.

We then show in Fig. 7 the zonal correlation pattern of the
boreal winter Nino-3.4 index with the linearly independent
PTA integrating from 130°E to the indicated longitude to
explore the key PTA region associated with the ENSO ampli-
tude. Note that the interference of the atmospheric factor
(i.e., accumulated WWE/EWS index in section 3a) is also line-
arly regressed out from the sea surface temperature to deter-
mine to what extent the PTA explains the residual part of
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FI1G. 7. (a) Composite zonal distributions of PTA (red line) aver-
aged over 5-250 m along the equatorial Pacific (5°S-5°N,
130°E-80°W) during February(0) of El Nifo and correlation coeffi-
cient (black line) between the Nino-3.4np; and the PTA integrating
from 130°E to the indicated longitude. (b) As in (a), but for La
Nifa (blue line). The red and blue shading represents one standard
deviation for the preceding PTA for El Nino and La Nina, respec-
tively. The gray boxes denote the corresponding longitude ranges
of PTA with the maxima correlation coefficient. The green and
orange dashed lines represent the 90% and 95% significance levels,
respectively.

ENSO amplitude. The same conclusion can also be obtained
by using the original ENSO amplitude with a relatively
reduced correlation due to interference from the surface wind.
Corresponding to the zonal extension of the recharged state,
the El Nifio amplitude has the highest correlation (~0.9)
with the PTA integrating from 130° to 160°E (Fig. 7a). In con-
trast, the La Nifa amplitude has the maximum correlation
(~0.9) with the PTA integrating from 130°E to 130°W (Fig. 7b).
Similar to the preconditioning high-frequency zonal wind of El
Nifio and La Nifia, the preceding oceanic recharged and dis-
charged states in association with ENSO amplitudes in the peak
phase also exhibit asymmetric features.

4. Statistical model for ENSO amplitude forecasts and
its validation

Previous statistical and dynamical models have shown a rel-
atively high predictive skill of ENSO phases (e.g., Tseng et al.
2017; Fang and Mu 2018; Lai et al. 2018; Chen et al. 2020; Zhu
et al. 2012, 2017). On this basis, we make further efforts to
realistically predict the ENSO amplitudes at the peak phase.
Our analyses documented that the atmospheric and oceanic
preconditions of El Nifio and La Nifa exhibit highly asym-
metric features in both timing and spatial pattern. It suggests
that we should consider El Nifio and La Nifia events sepa-
rately when developing the statistical model for the ENSO
amplitude forecast. The statistical model is established by
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considering the combined effect of preceding oceanic
recharged/discharged state () and atmospheric accumulated

WWESEWSs (37, Uwwi s |

Nifio3.4nps = a6 + b | Uywitws- 3)
i

For the El Nifio model, the expected winter Nifio-3.4 SST
anomaly is computed using the linear method based on two
parameters: the 130°~160°E PTA during February(0) and the
accumulated 140°-170°W WWEs from December(—1) to
May(0). In the La Nina model, two parameters used are the
130°E-130°W PTA in February(0) and the accumulated
120°-150°E EWSs from November(—1) to April(0). The coef-
ficients (a and b) are determined by least squares fitting over
the training period. All the periods and domains are selected
based on the analyses in section 3. For simplicity, the original
PTA anomalies are used to construct the statistical model for
ENSO amplitude due to the linearity in the multi-regression.
We tested the R® (explained variance; R is the correlation
coefficient) between the predicted and observed ENSO
amplitude by slightly varying the season and domain, and our
parameters selected result into the best performance. Note
that the February recharged/discharged state was selected as
the oceanic precondition following the previous study (Lai
et al. 2018). We also tested R* between the predicted and
observed ENSO amplitude by varying the month of PTA
from February to May, and February was found to be the
optimal choice with the maximum R? (not shown).

Figure 8 displays the scatterplot of the predicted and
observed Nino-3.4np; for El Nino and La Nina events, respec-
tively. In the hindcast model of El Nifio amplitude for the full
period, the preceding PTA and accumulated WWEs at the
lead time of six months can explain about 90% of the total
variance in the Nifno-3.4yp; SST anomaly and the RMSE
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between the prediction and observation is 0.22°C (Fig. 8a).
The accumulated WWEs alone can explain about 49% of the
total variance, and the oceanic heat content can explain 80%
of the rest variance (not shown). As for La Nifia, about 94%
of the total variance can be explained by the preceding PTA
and accumulated EWSs, and the corresponding RMSE is
about 0.14°C (Fig. 8b). About 64% of the total variance can
be explained by the accumulated EWSs, and the oceanic heat
content can explain 81% of the rest variance. Overall, our
established statistical model is capable of accurately capturing
the amplitude of the observed ENSO events.

Due to the limited sample size, a 1-yr cross validation is fur-
ther applied to test overfitting of our model following previ-
ous studies (e.g., Clarke and Gorder 2003; Lai et al. 2018).
The model is cross-validated by training the model over all of
the El Nifio/La Nifa years except for 1 year being tested.
When excluding any one El Nifio/La Nifia year from the train-
ing periods, the explained variance is always greater than
85% and the RMSE is always below 0.25°C (Fig. 9), suggest-
ing high stability for the model. The corresponding coeffi-
cients (a and b) for the 1-yr cross validation are shown in
Table 2. The coefficients are similar to the full hindcast model
and not sensitive to the specific training samples. For exam-
ple, the coefficient ¢ for La Nifia is 0.61 in the full hindcast
model and ranges from 0.51 to 0.72 for 1-yr cross validation.

In addition to the 1-yr cross validation, we divided the 18
ENSO years during 1982-2018 into two subsets of the former
14-yr and latter 4-yr samples or the former 12-yr and latter
6-yr samples. The former samples are used to train the model
and compute the coefficients. The latter are used for hindcast-
ing as the independent sample test. For the independent four
ENSO vyears, the R? and the RMSE between the predicted
and observed amplitude are 96% and 0.34°C, respectively
(Fig. 10a). If we increase the hindcasting periods to 6 years,
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FIG. 9. The magnitude of R? (lines) and RMSE (bars) for every
indicated (a) El Nifio and (b) La Nifa year cross validated.

the R? and the RMSE are 97% and 0.33°C, respectively
(Fig. 10b). Despite very limited samples for the ENSO events,
the established statistical model is validated to be robust in
the current period based on a 1-yr cross validation and differ-
ent independent sample tests.

5. Practical utility of the established model

A robust statistical model for ENSO amplitude prediction
has been established using the effective atmospheric and oce-
anic precursors. To further examine the performance of our
model in practice, we apply the model to practical prediction
based on the phases predicted by the NCEP CFSv2. Here we
calculated the Nifo-3.4np; of all years that have been pre-
dicted as El Nifio or La Nifa in the 6-month lead based on
our statistical forecast model (Fig. 11b). Targeted on the
inconsecutive ENSO events which are correctly predicted in
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phase, our model can provide much more accurate prediction
of ENSO amplitude, showing a better performance respective
to the CFS’s prediction (Fig. 11). The RMSE between the
prediction and observation is 0.22° and 0.13°C for El Niilo
and La Nina with correct phase prediction, respectively. It is
noted that a more objective way to quantify the practical util-
ity is based on all predicted ENSO years. We also show in
Fig. 11 the RMSE for all predicted ENSO years including
both correctly and falsely predicted events. The RMSE for all
predicted El Nifio years is comparable to that of the CFSv2
prediction. For all predicted La Nifa years, the RMSE of our
model is even larger than that of the CFSv2 prediction. It can
be appreciated considering that our model cannot work for
the falsely predicted ENSO events (two for El Nino events
and six for La Nifia events), which again emphasizing the
importance of correct phase prediction.

For those years predicted to be warm or cold ENSO phases
ending up with opposite phases or neural states, our ampli-
tude forecast could not add more useful information. These
events could be strongly disturbed by the extratropical noise
in the mid- and late-year (e.g., Su et al. 2014; Yu and Fedorov
2020). In this view, the correction of the amplitude prediction
for these aborted events based on the oceanic and atmo-
spheric preconditions before June is essentially of little signifi-
cance. In addition, the predicted amplitude of a second or
third year of consecutive La Nifia event with correct phase
prediction is overestimated to a great extent by our model
since its initiation mechanism may be fundamentally different
from the first-year event (e.g., Ohba and Ueda 2007, 2009;
Okumura and Deser 2010; Dommenget et al. 2013). The accu-
mulated EWSs from November(—1) to April(0) for the
second- or third-year event might be considered as an accom-
paniment of the first-year event, instead of its important pre-
condition. Our statistical model does not apply to these
events and further investigation is warranted to find the pre-
conditions associated with the amplitude of these ENSO
vears. Besides, it is noted that the 1994/95 El Nifio was pre-
dicted to be neutral in the 6-month lead and thus not included
to examine the practical utility.

Overall, the practical utility of our model in predicting the
ENSO amplitude relies on the phase prediction skill of current
models. Nevertheless, it is encouraging that the NCEP CFSv2
dynamical model succeeded in predicting most ENSO years

TABLE 2. The optimized coefficients (a and b) for 1-yr cross validation.

El Nifio years ag (°C°C™) by (1074 °C m™3)

La Nifia years ap, ((C°C™) by, (1074 °C m %)

1982/83 1.04 1.16
1986/87 0.95 1.08
1991/92 0.97 1.09
1994/95 0.94 1.08
1997/98 0.92 1.06
2002/03 0.94 1.09
2004/05 1.03 1.14
2006/07 0.97 1.07
2009/10 0.83 1.15
2015/16 0.94 1.01
2018/19 0.99 1.06

1983/84 0.56 1.12
1988/89 0.53 0.98
1995/96 0.51 0.99
1998/99 0.72 1.12
2007/08 0.60 1.02
2010711 0.58 1.03
2016/17 0.54 0.97
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Fi1G. 10. The magnitude of observed (gray bars) and the statistical
model fitted (lines) Nifio-3.4ypy for ENSO years in the (a) 4- and
(b) 6-yr hindcasts. The blue lines represent the training results and
the red lines the hindcasting results. The R® and forecast errors of
the hindcasting results are also displayed.

(10 of 13 E1 Nino and 10 of 14 La Nina) six months in advance
during the period of 1982-2018. In the future, as the accuracy
of the ENSO phase prediction improves, our model for ENSO
amplitude prediction would provide more useful information.
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6. Conclusions and discussion

Despite that the current statistical and dynamical models
have relatively good skills in predicting ENSO phases, it is
still a big challenge to realistically forecast ENSO amplitude
at its peak (whether the ENSO event is strong, moderate, or
weak). The present study documents that the preceding
WWES/EWSs and oceanic recharged/discharged states both
play important roles in determining the ENSO amplitude at
the peak period. It is interesting that the atmospheric and oce-
anic preconditions are highly asymmetric in temporal and spa-
tial features for El Nifio and La Nifla events. We confirmed
the strong influence of the Pacific oceanic heat content and
WWES/EWSs on ENSO in previous studies (e.g., Jin 1997a,b;
Meinen and McPhaden 2000; Izumo et al. 2019; Lian et al.
2014; Chen et al. 2015) and found that the El Nifio amplitude
at its mature phase is closely associated with the western
equatorial (5°§-5°N, 130°-160°E) PTA during February(0)
and accumulated 140°-170°W WWEs from December(—1) to
May(0). In contrast, the La Nifia amplitude is sensitive to the
western and central equatorial (5°S-5°N, 130°E-130°W)
Pacific during February(0) and the accumulated 120°-150°E
EWSs from November(—1) to April(0). Considering these
asymmetric preconditions, we need to consider El Nino and
La Nina events separately to establish their corresponding
statistical model for the amplitude forecast. Here, we devel-
oped the statistical model based on El Nino and La Nina sam-
ples on the basis of correct prediction of ENSO phases in
advance. By using the atmosphere-ocean predictions at the
lead time of six months, the prediction can explain about 90%
of the total variance in the Nino-3.4 SST anomaly during the
peak time and the RMSE is less than 0.22°C. Considering that
the samples for ENSO events are very limited, our model is

(b) Our model all years
L L L 1 L L
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FiG. 11. (a) Scatterplot between the observed and predicted Nifio-3.4np;y for all years that are predicted to be
ENSO 6 months in advance based on the NCEP CFSv2 model. (b) Scatterplot between the observed and predicted
Nino-3.4ypy by our statistical model. Circles and crosses denote the correctly and falsely predicted El Nifio (red) and
La Nifia (blue; dark blue for single-year event and light blue for second- or third-year event), respectively. The fore-
cast error of all predicted ENSO years and the correctly predicted ENSO years are also displayed.
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validated to be robust using a 1-yr cross validation and differ-
ent independent sample tests.

Physical mechanisms explaining the high-frequency zonal
wind and oceanic state driving the ENSO onset and develop-
ment have been demonstrated in numerous previous studies
(e.g., Jin 1997a,b; Meinen and McPhaden 2000; McPhaden
2003; Izumo et al. 2019; McPhaden and Yu 1999; Boulanger
et al. 2001; Lengaigne et al. 2004; Fedorov et al. 2015). Based
on these researches, we established the ENSO amplitude
forecast model by considering the optimal atmosphere-ocean
preconditions separately for El Nifio and La Nina events from
a statistical standpoint. Our statistical model is constructed
based on the data from 1980 to 2018 with limited samples.
The different independent sample tests suggest that this con-
figuration is stable under the background change around
2000s due to decadal change or global warming, which
increases our confidence for the feasibility of our model
Despite robustness for our model in the current period, its
performance needs future samples to be further consolidated.

Based on the conventional theory of ENSO cycle, the
favorable oceanic and atmospheric conditions for ENSO
before summer are generally followed by significant ENSO
SST anomalies in winter. Most of ENSO events are featured
with regular evolution and their phase can be correctly pre-
dicted at the 6-month lead (Fig. 11a). For these inconsecutive
ENSO events with correct phase prediction, our constructed
model can provide much more accurate amplitude prediction
based on different atmospheric and oceanic preconditions for
El Nifio and La Nina, respectively. The limitation about the
established model should also be noted here. As we have dis-
cussed in section 5, the practical utility of our amplitude fore-
cast model is limited to the phase prediction skill of current
models. The inaccuracy in phase prediction might be associ-
ated with the forecast error including model error and initial
condition errors (Goswami and Shukla 1991; Latif et al. 1998;
Chen et al. 1995, 2004), or the fact that more information
about the following evolution in the mid and late-year are
needed for some years such as 2012/13 (Su et al. 2014; Yu and
Fedorov 2020). A promising role of the ENSO amplitude pre-
diction model would be anticipated as dynamical models
show enhanced prediction skill in phase prediction with the
development of physical process simulation and data assimila-
tion methods.
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