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ABSTRACT

The 2015/16 super El Nifio event has been widely recognized as comparable to the 1982/83 and 1997/98 El Nifio
events. This study examines the main features of upper-ocean dynamics in this new super event, contrasts them to
those in the two historical super events, and quantitatively compares the major oceanic dynamical feedbacks based on
a mixed-layer heat budget analysis of the tropical Pacific. During the early stage, this new event is characterized by
an eastward propagation of SST anomalies and a weak warm-pool El Nifio; whereas during its mature phase, it is
characterized by a weak westward propagation and a westward-shifted SST anomaly center, mainly due to the strong
easterly wind and cold upwelling anomalies in the far eastern Pacific, as well as the westward anomalies of equatorial
zonal current and subsurface ocean temperature. The heat budget analysis shows that the thermocline feedback is the
most crucial process inducing the SST anomaly growth and phase transition of all the super events, and particularly
for this new event, the zonal advective feedback also exerts an important impact on the formation of the strong warm-
ing and westward-shifted pattern of SST anomalies. During this event, several westerly wind burst events occur, and
oceanic Kelvin waves propagate eastwards before being maintained over eastern Pacific in the mature stage. Mean-
while, there is no evidence for westward propagation of the off-equatorial oceanic Rossby waves though the discharg-
ing process of equatorial heat during the development and mature stages. The second generation El Nifio prediction
system of the Beijing Climate Center produced reasonable event real-time operational prediction during 2014-16,
wherein the statistical prediction model that considers the preceding oceanic precursors plays an important role in the
multi-method ensemble prediction of this super.
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valley in the summer of 1998 (National Climate Center

Many studies have shown that the El Nifio—Southern
Oscillation (ENSO) has a significant effect on global
weather and climate, and as one of the dominant preced-
ing signals for East Asian climate anomalies, has signi-
ficant importance for short-term climate prediction in
China (Li, 1990; Zhang et al., 1996; Wang et al., 2000;
Chen, 2002; Zhang et al., 2011, 2012). For instance, the
1997/98 super El Nifio event had a crucial impact on the
occurrence of the severe flooding over the Yangtze River

1998; Huang et al., 2000). It has also been suggested that
ENSO can indirectly affect climate in East Asia through
interacting with the tropical Pacific annual cycle and
tropical Indian Ocean air—sea interaction (Stuecker et al.,
2013; Xie et al., 2016). Therefore, the dynamics and pre-
dictability of ENSO have long been and remain hot top-
ics in scientific research.

A number of studies have focused on ENSO dynam-
ics (Neelin et al., 1998; Chang et al., 2006, and refer-
ences therein) and shown that the air—sea interaction, es-
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pecially the oceanic dynamical feedback mechanisms, is
crucial to the amplitude and phase transition of ENSO
(e.g., Suarez and Schopf, 1988; Battisti and Hirst, 1989;
Cane et al., 1990; Jin, 1997; Picaut et al., 1997; Welis-
berg and Wang 1997; Chao et al., 2002; Li et al., 2008).
The thermocline feedback and zonal advective feedback,
which are the two major dynamical feedbacks in ENSO
evolution, make positive contributions to ENSO’s growth
and can be integrated into the recharge oscillator mech-
anism (Jin and An, 1999). On the basis of ENSO dynam-
ics, it has become possible to predict sea surface tempera-
ture (SST) anomalies at lead times of several months by
capturing early signals in the upper ocean (Meinen and
McPhaden, 2000). Further studies on the oceanic dynam-
ics of ENSO will help to improve our understanding of
its mechanisms and predictability.

Recent studies have reported that the 2015/16 El Nifio
event was another super event, besides those of 1982/83
and 1997/98 (these three events are denoted 15/16, 82/
83, and 97/98 hereafter), and research on their diagnosis,
prediction and attribution has advanced well (Min et al.,
2015; Chen H. C. et al., 2016; Chen S. F. et al., 2016;
Gasparin and Roemmich, 2016; Hu and Fedorov, 2016;
Levine and McPhaden, 2016; Li and Min, 2016; Liu et
al.,, 2016; Ren et al., 2016b; Shao and Zhou, 2016;
Stramma et al., 2016; Yuan et al.,, 2016; Zhai et al.,
2016). The signals of this event appeared in early 2014,
and after a series of fluctuations, it eventually developed
into a super event at the end of 2015. One of the most re-
markable features of this event is the westward shift of
its SST anomaly center during the mature stage, com-
pared with the previous two super events. The SST ano-
malies and atmospheric variables of this event have been
extensively analyzed in these recent studies.

The present study focuses on diagnosing the upper-
ocean dynamical features of this new super event, with
the aim to identify which ocean feedback processes were
the main factors in the formation of this event. Further-
more, we review the operational predictions of the
Beijing Climate Center (BCC) by using oceanic precurs-
ors. Our work involves quantitatively comparing the
15/16 El Nino event with the 82/83 and 97/98 events, in
terms of their upper-ocean evolutions and dynamics. Fol-
lowing this introduction, the data and methods used in
the study are introduced in Section 2. The main features
and upper-ocean dynamical features of the three super
events are compared in Sections 3 and 4. An oceanic
mixed-layer heat budget analysis is conducted in Section
5, and the predictions of the super events using the
BCC’s operational system [System of ENSO Monitoring,
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Analysis, and Prediction, version 2.0 (SEMAP2.0)] are
reviewed in Section 6. Finally, a summary and discus-
sion are given in Section 7.

2. Data and methods

The data used in the study are as follows:

(1) Monthly mean SST data from the Hadley Centre
Sea Ice and Sea Surface Temperature dataset (HadISST)
on a 1° x 1° horizontal grid (Rayner et al., 2003).

(2) Monthly ocean temperature and ocean circulation
data from the Global Ocean Data Assimilation System
(GODAS) of NCEP on a 1/3° latitude x 1° longitude ho-
rizontal grid (Behringer and Xue, 2004).

(3) Ocean surface current data (averaged over 0—30 m)
from the Ocean Surface Current Analyses-Real Time
(OSCAR) dataset at 5-day intervals and on a 1/3° x 1/3°
horizontal grid (Bonjean and Lagerloef, 2002), which
covers the period from November 1992 to August 2016.

(4) Monthly wind data at 1000 hPa from the NCEP
—DOE (Department of Energy) Reanalysis 2 on a 2.5° x
2.5° horizontal grid (Kanamitsu et al., 2002).

(5) Nifio indices, including Nifio3 (5°S—5°N, 150°—
90°W) and Nifo3.4 (5°S—-5°N, 170°-120°W), provided
by the Climate Prediction Center/National Oceanic and
Atmospheric Administration (CPC/NOAA) and com-
puted by using data from the Extended Reconstructed
Sea Surface Temperature dataset, version 4 (ERSSTv4),
and the Optimum Interpolation Sea Surface Temperature
dataset, version 2 (OISSTv2).

The climatology is taken as the period 1981-2010.

A heat budget analysis is used in this study for quantita-
tively diagnosing the relative importance of different dy-
namical feedbacks in the three super events. The metho-
dology is consistent with previous studies (e.g., Zhang et
al., 2007; Ren and Jin, 2013), based on the GODAS
reanalysis data. Neglecting the second-order nonlinear
terms, the mixed-layer averaged ocean temperature tend-
ency equation can be generally expressed as
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where 7", u', v/, and w' denote the ocean temperature and
anomalies of currents, respectively, and Q stands for the
thermal forcing. The over barred variables denote the cli-
matological mean state. Particularly, the third term on the
right-hand side of Eq. (1) can be further decomposed into
an approximation,
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_oT’ T T and TD terms make negative contributions.
-w =WwW— =W, )
Oz H H
where H is the effective mean mixed-layer depth for the 3 Main features of the three super El Niiio
vertical advection, taken as a constant (50 m) in this events

study. The subscript “sub” denotes a subsurface-layer ave- ) _
rage between 50 and 100 m. By referring to Ren and Jin Figure 1 compares the temporal evolutions of the

(2013), the right-hand side of Eq. (1) is divided into five equatorial SST anomalies of the three super events. The
linear feedback terms: 82/83 and 97/98 event features are very similar to one

another in that they both experienced rapid development

8_T/ =MC + ZA + EK + TH+ TD + R, (3) stages, with positive SST anomaly centers located in the

o Nifio3 region over eastern Pacific during their mature
where phase. The 15/16 event, which was more complicated
or’ _or T’ and quite different from the previous two events, has a

MC = —u I O W (4)  much longer life cycle (Zhai et al., 2016). The SST ano-

malies turned positive in early 2014 in the whole equat-

T — 5) ori.al Pacific, and in the Wint§r of 201.4/ 15 were charac-
Ox terized by a weak central Pacific El Nifio event. In 2015,

this El Nifio grew rapidly and was accompanied by a

EK = —/ or ! 8_T , (6) clear transformation from central-Pacific type to eastern-
y 0z Pacific type. Particularly, the positive SST anomaly cen-

T ter of the 15/16 event was located in the Nifio3.4 region

TH =w I;Ub , (1) during the mature stage, which was obviously more west-
ward than in the previous two events. Therefore, when

D = Q. (8) using the Nifio3.4 index as the standard, the 15/16 event

Generally speaking, in these terms, MC denotes the ef- 1S strongest among the three super events (Table 1). In
fect of mean circulation damping, ZA denotes the zonal ~contrast, when using the Nifio3 index as the standard, it
advective feedback, EK denotes the Ekman pumping 18 the weakest (Table 2). Furthermore, the peak times and
feedback, TH denotes the thermocline feedback, TD de- Vvalues of the three super events based on different SST
notes the thermodynamical damping, and R denotes the datasets also show some evident differences.
residual terms. Among them, the ZA, EK, and TH terms During the development stage of all three super
are the three major dynamic feedbacks, and make posi- events, the positive SST anomalies tended to propagate
tive contributions to the growth of ENSO, while the MC from the west to the east of the equatorial Pacific.
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Fig. 1. Time-longitude cross-sections of the Pacific SST anomalies (°C; contour interval: 1°C) averaged over 5°S—5°N for the three super El
Niflo events.
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Table 1. Peak times and values in terms of the Nifio3.4 index (°C) for the three super El Nifio events, based on the three SST datasets
ERSST OISST HadISST
Event Peak time Peak value Peak time Peak value Peak time Peak value
1982/83 December 1982 2.14 January 1983 2.79 January 1983 2.46
1997/98 November 1997 2.33 December 1997 2.69 November 1997 2.45
2015/16 November 2015 2.37 November 2015 2.95 November 2015 2.59
Table 2. Asin Table 1, but for the Nino3 index
ERSST OISST HadISST
Event Peak time Peak value Peak time Peak value Peak time Peak value
1982/83 December 1982 2.68 January 1983 3.29 December 1982 3.09
1997/98 November 1997 3.10 December 1997 3.62 December 1997 3.26
2015/16 November 2015 2.53 November 2015 2.93 December 2015 2.65

However, in the decay stage, the features of the three
events are not consistent. In the 82/83 and 97/98 events,
the positive SST anomaly centers were maintained in
eastern Pacific, where the anomalies near the eastern
boundary could last until the following summer; where-
as during the decay stage of the 15/16 event, the positive
center shifted slightly westwards and the positive ano-
malies east of the dateline delayed at basically the same
rate and disappeared earlier at the eastern boundary,
compared with the 82/83 and 97/98 events. In the late
spring—early summer of 2016, the positive SST ano-
malies nearly disappeared in the central and eastern

equatorial Pacific.

In terms of the horizontal distribution, the 15/16 event
had a wider meridional width of positive SST anomalies
than the previous two events, and smaller and weaker
negative anomalies, as shown in Fig. 2. It is clear that the
SST anomalies at the eastern boundary were weaker than
in the previous two events, especially in the area south of
the equator, and nearly symmetrical with respect to the
equator. The features at the equator in Fig. 2 are consis-
tent with Fig. 1.

Figure 3 compares the vertical distributions of equat-
orial ocean temperature anomalies during the mature
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Fig. 2. The SST anomalies (°C; contour interval: 1°C) in December, January, and February during the three super El Niflo events.
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phase of the three super events. The 15/16 event was dif-
ferent to the two other events insofar as it involved signi-
ficantly weaker subsurface temperature anomalies.
Among the three events, the positive anomalies in the
15/16 event delayed fastest, but had the greatest west-
ward extension over western Pacific. The positive sub-
surface anomalies in eastern Pacific peaked around
November 2015 and began to turn negative in January
2016; whereas, at the same time, both the 82/83 and
97/98 events still maintained strong positive anomalies.
Since the center of the positive ocean temperature ano-
malies did not reach the eastern boundary, the intensity
of the SST anomalies near the eastern boundary was

(a) Oct 1982 (e) Oct 1997
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much weaker than in the previous two events.

4. Comparison of dynamical features in the
upper ocean

4.1 Thermocline and surface wind stress

In the air—sea coupled system over western tropical
Pacific, changes in upper-ocean dynamical processes are
closely related to surface wind events, which plays an
important role in ENSO diversity changes (e.g., Chen et
al., 2015). The phenomenon of western Pacific westerly
wind bursts, due to various external factors, tends to ex-
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Fig. 3. Longitude—depth cross-sections of ocean temperature anomalies (°C; contour interval: 1°C) averaged over 2°S-2°N in selected months

during the three super El Nifio events.
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cite eastward-propagating equatorial oceanic Kelvin
waves, in turn leading to changes in ocean subsurface
temperature, and then triggering the thermocline feed-
back mechanism to form El Nifio. Here, we analyze the
features of the thermocline and surface wind stress ano-
malies associated with ENSO.

Figure 4 shows the evolutions of the 20°C isotherm
depth (D20) anomalies and zonal surface wind stress ano-
malies, where the D20 anomalies are used to depict ther-
mocline changes. In their development stage, all three
events had an adequate recharging process of equatorial
upper-ocean heat content, which may be the physical
basis for the formation of super El Nifio events. In the
mature stage, the zonal reversal structure of the 97/98
event is the most remarkable among the three super
events, indicating that the 97/98 event had the strongest
discharging process. The eastward propagation of posit-
ive subsurface temperature anomalies in the warm pool,

(a) D20A 1981-83
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driven by the westerly wind anomalies in the equatorial
western Pacific, is important to the occurrence of El Nifio
(Chao et al., 2002; Li et al., 2008). During the early de-
velopment of the three super events, the westerly wind
anomalies appeared in the equatorial western Pacific and
drove the warm subsurface signals propagating east-
wards (Figs. 4b, d, f).

During the development of the 15/16 event, several
warm oceanic Kelvin waves propagated eastwards from
western Pacific, accompanied by wind stress anomaly
events in western—central Pacific (Chen S. F. et al., 2016;
Zhai et al., 2016). In the previous two events, the warm
signals propagated eastwards and eventually reached the
eastern boundary, while this was not the case in the 15/16
event. In 2015, several eastward-propagating warm sig-
nals stagnated in eastern Pacific and the positive D20 ano-
malies near the eastern boundary were evidently weak,
where the anomaly center maintained at around 110°W.
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Fig. 4. Time—longitude cross-sections of (a, c, ¢) the 20°C isotherm depth anomalies (D20A; m; contour interval: 10 m) averaged over 2°S-2°N

per El Niflo events.

and (b, d, f) the zonal surface wind stress anomalies (TauxA; 0.1 N m2; contour interval: 0.02 N m2) averaged over 5°S—5°N, for the three su-
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After maturity of this event, the positive D20 anomalies,
consistent with the patterns of subsurface temperature ano-
malies, were much weaker in eastern Pacific compared
with the 82/83 and 97/98 events (Fig. 4¢). The thermo-
cline changes in El Nifio events are connected with sur-
face wind stress anomalies.

In the three events, the changes of the D20 anomalies
in the equatorial Pacific before maturity were characte-
rized by two apparent warm oceanic Kelvin waves
propagating eastwards and arriving near the eastern
boundary around May and December, respectively,
where the propagation and stagnation of the Kelvin
waves in eastern Pacific were affected by the zonal wind
field in this region, especially east of 120°W. In May and
December 1997, the equatorial eastern Pacific was domi-
nated by westerly wind anomalies, and the warm signal
reached the eastern boundary in the two propagating pro-
cesses. In 1982, the easterly wind anomalies in eastern
Pacific changed from strong to weak, and the warm sig-
nal eventually reached the eastern boundary. Since April
2015, easterly wind anomalies had dominated east of
120°W. The warm ocean signals were blocked and did
not reach the eastern boundary in the whole of 2015. The
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strong easterly wind anomalies in eastern Pacific may
have been the reason that warm oceanic Kelvin waves
stopped propagating eastwards. In the second half of
2015, the easterly wind anomalies promoted cold water
upwelling near the eastern boundary, which was unfavor-
able for the development of positive ocean temperature
anomalies and yielded a westward-shifted SST anomaly
center in the mature phase. This was the biggest differ-
ence between the 15/16 event and the previous two
events. But why were the distribution and propagation of
surface wind anomalies so different? This remains un-
clear.

In the development stage, all three events featured rapid
eastward propagations of warm oceanic Kelvin waves in
the equatorial Pacific, though the Kelvin wave of the
15/16 event featured relatively weak propagation during
its mature stage and the off-equatorial oceanic Rossby
waves were not so clear as in the previous two events
(Fig. 5). These features indicate more or less that the
delay oscillator mechanism played roles in these events
(Suarez and Schopf, 1988; Battisti and Hirst, 1989).
Moreover, the discharging processes of upper-ocean heat
content of the three events in the development and ma-
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Fig. 5. Asin Fig. 2, but for the D20A (contour interval: 20 m).
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ture phases were evident (Figs. 4, 5); and in the decaying
spring—summer, equatorial zonally uniform patterns of
negative heat content anomalies formed, reflecting that
the recharge oscillator mechanism was at work in the
growth and phase transition of these events (Jin, 1997,
Jin and An, 1999).

4.2 Ocean surface currents and vertical upwelling

ENSO development is closely connected with vari-
ations in anomalous upper-ocean currents, which can af-
fect SST anomalies via zonal advective feedback and Ek-
man feedback. Owing to the limited length of the
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OSCAR dataset, we only show the evolution of the ocean
surface current anomalies for the 97/98 and 15/16 events
(Fig. 6). The zonal current anomalies in the 97/98 event
were negative from west to east in the equatorial Pacific
(Fig. 6a). These features can also be seen in Fig. 7 and
were related to the discharging process of the equatorial
heat content anomalies (Ren and Jin, 2013). In contrast,
the zonal surface current anomalies in 2015 were weaker
and the anomaly center was more westward than that in
1997, which might have led to weaker zonal advective
feedback. The positive zonal current anomalies streng-
thened in early 2015 at the equator, accompanied by en-
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Fig. 6. Time-longitude cross-sections of the OSCAR zonal (u; m s™') and meridional (v; 0.2 m s™!) surface current anomalies (contour interval:
0.2 m s% data are smoothed with a 5-month running mean and a zonal 31-point running mean) for the 1997/98 and 2015/16 El Nifio events,
where u'is averaged over 2°S—2°N and v' is defined in the same domain but by taking the difference between north and south of the equator.
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Fig. 7. The OSCAR zonal (') and meridional (v') surface current anomalies (m s™'; contour interval: 0.5 m s7'; data are smoothed with a 5-
month running mean and a 15 X 15-point horizontal running mean) for the 1997/98 and 2015/16 El Nifio events.

hanced zonal wind stress anomalies in western Pacific.
However, zonal current anomalies were weakly positive
over castern Pacific. In the second half of 2015, the zon-
al current anomalies turned negative and stretched gradu-
ally westwards in the region between 100°W and the
eastern boundary (Fig. 6¢). The features of the zonal cur-
rent anomalies in the 15/16 event are unique and cannot
be fully explained by the classic recharge oscillator
mechanism. One possibility is that it was caused by the
invasion of cold water around the eastern boundary,
which was accompanied by easterly wind anomalies over
eastern Pacific, but it may also be related to the reflec-
tion of positive zonal current anomalies at the eastern
boundary (Chen H. C. et al., 2016).

The meridional current anomalies both north and
south of the equator mainly converged at the equator dur-
ing these events, and possessed a stronger intensity and

wider zonal range in the 15/16 event than in the 97/98
event (Fig. 6d). In the mature stage of the 97/98 event,
the meridional current anomalies mainly moved towards
the equator west of 120°W, and backwards to the equator
in the far eastern Pacific, as seen in Fig. 7. The current
anomalies were closely connected with the spatial pat-
tern of anomalous surface wind stress as a response to
SST anomalies in the tropical Pacific. In the 15/16 event,
the meridional current anomalies mostly converged at the
equator, but in the far eastern Pacific and part of western
Pacific, they crossed the equator from the south to the
north during the mature stage, which may have been re-
lated to the northward cross-equatorial flow in this re-
gion.

Note that the OSCAR data are relatively short and lack
a variable on vertical ocean current. Figure 8 presents the
evolution of three-dimensional ocean current anomalies
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Fig. 8. Time-longitude cross-sections of the GODAS zonal (u'; m s7!), meridional (v'; 0.2 m s7!), and vertical (w" 2 x 10~ m s™!) current anom-
alies (contour interval: 0.5 m s™'; data are smoothed with a 5-month running mean) for the three super El Nifio events.

based on the GODAS reanalysis dataset, averaged over
the upper 50 m. The features of the GODAS currents are
differential from the OSCAR surface currents, especially
in the central Pacific, where the negative zonal current
anomalies appear in the developing summer. However,
the rapidly eastward-propagating meridional current ano-
malies in Fig. 6 cannot be observed in Fig. 8. Here, in the
development stages of the 97/98 and 15/16 events, the
currents converged at the equator and downwelling oc-
curred there; however, in the 82/83 event, the currents di-
verged from the equator and upwelling occurred. From
the second half of 2014, the upwelling cold water was
slightly enhanced around the eastern boundary (Fig. 8h)
and consistent with the features of the OSCAR currents

(Fig. 6d), which is the most distinct feature compared
with the previous two events at the same stage. In the de-
velopment and mature stages of the 82/83 and 97/98
events, the cold water upwelling was somewhat sup-
pressed. By contrast, in the 15/16 event, the enhanced
upwelling near the eastern boundary and the accompany-
ing easterly wind anomalies in eastern Pacific were prob-
ably the direct reason for the zonal current anomalies
firstly turning negative in this region.

5. Heat budget analysis in ocean mixed layer

Next, the mixed-layer heat budget for the three events
was analyzed, to quantitatively investigate the contribu-
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tions of the major oceanic feedbacks to the growth and
phase transition of ENSO, as shown in Fig. 9. In general,
the features of the 8§2/83 and 97/98 events are basically
similar, which can be used to explain the similarity
between their SST anomalies. However, the summation
of the five major feedback terms in the 15/16 event had a
unique distribution, which was negative over 180°-
160°W and near the eastern boundary, and was mainly
positive over 160°-90°W. Compared with the previous
events, the 15/16 event had a distinct feature in the ma-
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jor terms, with a longer development stage (nearly 2 yr),
and its main feedback terms remained negative or posi-
tive and featured almost no transitions before the mature
stage in most regions, which was not the case in the other
two events.

Among the five feedbacks shown in Fig. 9, TH, ZA,
and EK are the three positive feedback terms and make
positive contributions to the development of super El
Nifio events, while the MC and TD are negative feed-
back terms and make negative contributions. On the
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Fig. 9.

Time-longitude cross-sections of the mixed-layer dynamical feedback terms (°C month!;

contour interval: 1°C month™'; data are

smoothed with a 5-month running mean) for the three super El Nifio events, averaged over 2°S—2°N. (a) TH, (b) ZA, (c) EK, (d) MC, (e) TD, and
(f) SUM. Left, middle, and right columns represent 1981-83, 199698, and 2014-16, respectively.
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Fig. 9. (Continued.)

whole, TH was the most important positive feedback in
the development of the three super events, by providing
the main energy source, and also made contributions to
the phase transition from EI Nifio to La Nifia due to its
peak a few months leading the SST peak. The TH term in
the previous two events featured a significantly eastward
propagation in the development and mature stages;
however, in the 15/16 event, it barely propagated and had
weaker amplitude around the eastern boundary, and its
positive center was located in the central Pacific. The dif-
ferences in the TH term among the three events were di-
rectly caused by the distribution of subsurface ocean
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temperature anomalies (Fig. 10). It is clear that, in the
Nifio3.4 region, the subsurface temperature anomalies
were similar in intensity in the 15/16 and 97/98 events.
The ZA term is positive but relatively weak in the develop-
ment stage, and mainly contributes to the phase transi-
tion of super El Nifio events. It played an important role
in the development stage of the 15/16 event, and was
stronger than in the previous two events. The contribu-
tions of the EK term were generally positive with re-
spect to the growth and phase transitions of the three su-
per events, but with slightly different zonal center posi-
tions. In the 15/16 event, the EK term was positive,

() 2014-16 (d) 170W-120W
T T 36 7
0ct2016 - | | i
w__—~ p i
Jul2016 - I 30 oA
Apr2016 - | i
o [
Jan2016 n £ 244 i
Oct2015 E i
Jul2015 ' | £ 13 i
. o
Apr2015 | =
Jan2015 ., | | SJ’( 12
0ct2014 - | T
Jul2014 A | 0 6 4—2014-16-4\
Apr2014 | —1996-98
Jan2014 T T h T ! f{- _I198]_|83 T T
120E 150E 180 150W 120W 90W -6.0-40-20 0 20 40

Temperature (°C)

1 234 567 8 9

Fig. 10. Time-longitude cross-sections of 7"y, (°C; contour interval: 2°C; data are smoothed with a 5S-month running mean) for the three El
Niflo events, where (a—c) are averaged over 2°S—2°N and (d) is averaged over the Nifio3.4 region .
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mainly east of 120°W, and weak in the western—central
Pacific; however, it was negative around the eastern
boundary, which have been caused by the cold water up-
welling. In addition, the MC and TD terms tend to have
fairly similar spatiotemporal patterns and are typically
negative feedback terms that are generally out of phase
with the SST anomalies, without any contribution to
phase transition in the super events. This is because the
mean ocean circulation and surface diabatic processes
tend to dynamically and thermodynamically damp the
mixed layer and SST warming during the development
and mature phases of super El Nifio events.

Figure 11 further shows the temporal evolutions of the
dynamical feedback terms averaged over the Nifio3.4 re-
gion. Among all the terms of positive feedback, the TH
term was the largest, the ZA term was second largest,
and then the EK term was weakest. The summations of
the five terms were quite similar among the three super
events, which reflects their similar phase transitions from
warm to cold over the equatorial Pacific. Clearly, the
lines of the ZA term are similar to those of the summa-
tions. During the development stage of the 15/16 event,
the ZA term was positive and stronger than the other two
events until the peak stage, which is closely associated
with the strength and duration of zonal current ano-
malies (Fig. 8). It can be seen that, in the 15/16 event, the
ZA term not only contributed to phase transition, but also
played an important role in the development of this
event.

A key question is why the SST anomaly center in the
mature stage of the 15/16 event had a significantly west-
ward shift, and the answer may lie in the zonal distribu-
tions of the major feedback terms. As shown in Fig. 9, in
the mature phase of the 15/16 event, the intensity of the
two major positive feedback terms, TH and ZA, did not
increased much, but their positive-value centers were
westward-shifted and became much weaker in the far
eastern Pacific, as compared with the previous two
events. Moreover, the negative-value center of the MC

(a) 1981-83

(b) 1996-98
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term in the 15/16 event was mainly in the far eastern Pa-
cific. All these features would have been favorable for a
westward shift of the SST anomaly center in the 15/16
event. In addition, it is also apparent that the TH term
turned negative from west to east in the equatorial Pa-
cific during the phase transition stage in the 82/83 and
97/98 events; however, in the 15/16 event, they turned
negative, nearly at the same time, over the whole equa-
torial Pacific.

6. Review of the super El Nifio predictions in
SEMAP2.0

Based on the aforementioned analyses, both the posi-
tive surface wind stress anomalies, corresponding to the
westerly wind anomalies, and the thermocline variations,
appear to have made crucial contributions to the develop-
ment and evolution of the super El Niflo events, which
are also the important preceding signals of ENSO predic-
tion. Therefore, whether or not these two precursors from
the thermocline and surface wind stress variations can be
effectively used in a prediction approach or system, is
key to successfully predicting such super events. To
demonstrate this, we briefly introduce the application of
these two key precursors in the BCC’s prediction system
(SEMAP2.0), and examine the performance of the sys-
tem in predicting the super events.

The development of the 15/16 event was complicated
(Shao and Zhou, 2016). In the first half of 2014, the
Nifio3.4 index quickly increased from —0.5 to 0.5°C.
However, in the summer, negative ocean temperature ano-
malies over southeastern Pacific and the accompanying
trade wind anomalies invaded and stagnated the develop-
ment of positive SST anomalies in the equatorial
central—eastern Pacific (Min et al., 2015). After autumn,
dynamical processes, including thermocline feedback,
promoted warming again in the central Pacific (Fig. 11),
and formed a weak central-Pacific El Nifio event in the
winter. In 2015, El Nifio continued to grow quickly and

(c) 2014-16
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Fig. 11. Temporal evolutions of the dynamical feedback terms (°C month™'; data are smoothed with a five-month running mean) for the three El

Niflo events averaged over the Nifio3.4 region.
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transferred from the central-Pacific type into the eastern-
Pacific type event. In the early winter of 2015, this super
event reached its peak, with a Nifio3.4 index value
slightly larger than that of the 82/83 and 97/98 events.
After the mature phase, this event decayed rapidly and
ended in the late spring and early summer of 2016.

Throughout this event, SEMAP2.0 carried out a
rolling operational forecast, providing a reference on the
prediction of ENSO behavior at the two real-time opera-
tional discussion meetings of the BCC during 2014-16.
Overall, the forecasts provided by SEMAP2.0 were reason-
able and accepted by forecasters (Ren et al., 2016b). Fig-
ure 12a presents the results of the three prediction methods
in SEMAP2.0, including the BCC_CSMI1.1lm (CSM)
forecast, its analogue-based correction forecast
(ADEPS), and the statistical model forecast (STAT) (Ren
et al.,, 2014), along with their multi-method ensemble
(MME) mean prediction.

On the one hand, the physics-based statistical predic-
tion model, being mainly based on the recharge oscillat-
or mechanism, can capture the preceding signals in the
anomalous evolution of the equatorial Pacific thermo-
cline and western-Pacific westerly anomalies, and also
considers the influence of some external precursors of
the tropical air—sea system. That is, the persistence of
previous SST signals, the variations in the zonally quasi-
uniform pattern of thermocline anomalies, the surface
wind stress anomalies in the western Pacific, and the In-
dian Ocean dipole signal, are introduced into the statistical
prediction model of Nifio indices (Meinen and
McPhaden, 2000; Ren et al., 2016b). All the factors of
the statistical model are based on the preceding anomal-

(a) 2015/16 event real-time predictions
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ous signals in the oceanic dynamic processes, e.g., the
thermocline and surface wind stress anomalies. This statis-
tical model can provide forecasts of the Nifio indices, in-
cluding the Nifio3.4 index and the Nifio indices of two
types of ENSO (Ren and Jin, 2011).

On the other hand, BCC_CSMI1.1m can integrate the
anomalies of the westerly wind, SST, and subsurface sea
temperature, which directly reflect the anomalous sig-
nals of the thermocline feedback, into the model predic-
tion by initializing atmospheric forecast variables and
three-dimensional ocean temperature. Clearly, both the
statistical and dynamical prediction methods have the
ability to capture the crucial preceding signals of this su-
per El Nifio event. Here, we pay more attention to the
performance of the statistical prediction model based on
the upper-ocean physical factors and the feedback pro-
cesses in this super El Nifio event, compared with the
results of other methods.

From Fig. 12a, it is clear that the curve clusters of pre-
dictions by SEMPAZ2.0 are basically able to cover the ac-
tual evolution of the ENSO signal during 2014-16,
which is quite good for operational prediction. All of the
three prediction methods made reasonable forecasts dur-
ing the mature and decaying stages, albeit with their own
distinct advantages. In general, the climate model predic-
tions and their calibrated forecasts appear to be more
skillful for the large amplitude period when the event de-
veloped (e.g., the rapidly developing stage of SST anom-
alies after the spring of 2015). As a comparison, the
physics-based statistical model is more effective in cap-
turing the relatively small amplitude periods during the
suppressed developing summer and the following au-

(b) 1997/98 event MME hindcast

Nifio3.4 index (K)

Fig. 12. (a) Plume plot of Nifo3.4 index results based on observation (OBS, black curve), as well as the BCC_CSM1.1m (CSM, yellow curve)
forecast, its analogue-based correction forecast (ADEPS, blue curve), the statistical model (STAT, green curve), and their multi-method en-
semble mean (MME, red curve) prediction in SEMAP2.0, as initiated in each March and October since January 2014. (b) As in (a), but only for
the MME-mean predictions, as initiated in each month since January 1996. The predictions initiated in boreal winter, spring, summer, and au-
tumn are indicated by the blue, green, orange, and purple line, respectively.
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tumn—winter of 2014, as well as the process of rapid de-
cay and phase transition. As we can see, apart from giv-
ing a weak prediction during spring—summer 2015, when
the ENSO persistence barrier usually occurs (Ren et al.,
2016a), the statistical model better predicted the fluctu-
ations in SST anomaly evolutions of this event by using
the preceding variation information of the oceanic pre-
cursors. For example, in March 2016, it accurately pre-
dicted the weakly cold state at slightly less than —0.5°C,
which occurred during August—September 2016 in the
central—eastern Pacific. Statistically, the MME mean pre-
diction is generally closer to the observation, and the typ-
ical indices of ENSO have also the highest prediction
skill scores (Ren et al., 2016b, 2017).

In addition, we used SEMPA2.0 to reforecast the
97/98 event (lack of BCC_CSMI1.1 model data before
1991), where the statistical model was trained by utiliz-
ing the observed data before 1997. As seen in Fig. 12b,
the curve cluster of the MME prediction successfully
capture the evolutions of the SST anomalies in the differ-
ent stages of the event, especially in the transition phase
when ENSO is usually difficult to predict; i.e., the fore-
casts could have been successfully made during the peri-
od when SST anomalies were still negative in early 1997.
But, we also see that the forecast during the peak time of
the 97/98 event is significantly stronger than observed.
Overall, throughout the forecasting of the two super EN-
SO events, SEMAP2.0 showed good performance in pre-
dicting these strong events, particularly the processes of
rapid decay and phase transition.

7. Summary and discussion

The 15/16 El Nifio event has been widely recognized
as a super event, comparable to the 82/83 and 97/98 El
Nifio events, and may well be the strongest event in his-
tory in terms of the definition using the Nifio3.4 index.
Owing to its strong influences on global weather and cli-
mate, this new event has been a focus of scientists world-
wide. The present study analyzed the evolution of upper-
ocean variables in the 15/16 event, compared with the
82/83 and 97/98 super events, and then quantitatively ex-
amined the main features of oceanic dynamics in the
three super events, as well as the ability to predict them.
The conclusions are as follows:

(1) The SST anomalies of the 15/16 event were char-
acterized by an eastward propagation before the mature
stage, which was consistent with the previous two super
events, but afterwards, turned to a slightly westward
propagation. In the development stage of this event, a
weak central-Pacific El Nifio type event occurred, which
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then converted to an eastern-Pacific type event in mid-
2015. Moreover, the strong easterly wind anomalies in
the far eastern Pacific were also a significant feature dur-
ing the mature phase of this event.

(2) The zonal current anomalies during the transition
phase in the 82/83 and 97/98 events turned to negative
values from positive, first occurring in the equatorial
central-western Pacific. However, in the 15/16 event,
such a turning first began over eastern Pacific. This
unique feature might have been caused by the easterly
wind anomalies in eastern Pacific, which were accom-
panied by cold water invasion around the eastern bound-
ary.

(3) The upper-ocean positive temperature anomalies in
the equatorial Pacific in the 15/16 event were not the
strongest among the three super events, but their center
was westward-shifted compared with the previous two
events. This was closely related to the westward shift of
the zonal currents anomalies, which could have led to a
stronger zonal advective feedback and favored a west-
ward spatial distribution of ocean temperature anomalies.
Both the westward-shifted center of positive subsurface
ocean temperature anomalies, compared with the other
two events, and the maximum SST anomalies emerging
in the Nifio3.4 region, indicated that the thermocline
feedback may have played the most important role in
shaping the unique spatial pattern of the 15/16 event, be-
sides its remarkable contributions to the growth and
phase transition of this event.

(4) In the 15/16 event, the oceanic wave activity was
remarkably active, accompanied by several westerly
wind burst events and eastward-propagating oceanic
Kelvin waves. However, unlike the 82/83 and 97/98
events, the equatorial Kelvin waves eventually main-
tained in eastern Pacific and did not reach the eastern
boundary, and the off-equatorial oceanic Rossby waves
were not so prominent as those in the previous two
events. Indeed, the discharging process of equatorial
oceanic heat content was clear in the development and
mature stages of this event, and in the decaying spring
and following summer, a zonally quasi-uniform pattern
of negative heat content anomalies was formed in the
equatorial Pacific, reflecting the recharge oscillator
mechanism served in the ENSO phase transition.

(5) SEMAP2.0 basically provided reasonable fore-
casts in the two real-time operational discussion meet-
ings of the BCC each year during 2014-16. In particular,
the complex evolutions in the SST anomalies were better
predicted by using the statistical prediction model, which
considers the preceding anomalous signals in the oceanic
precursors, e.g., the thermocline and surface wind stress
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anomalies. From the perspective of forecasting stability,
the MME mean prediction was more skillful compared to
the observation, worthy of being further developed in op-
erational prediction.

Although we have learned about the unique features of
oceanic dynamics and feedback processes associated
with the 15/16 event, as well as their differences com-
pared to the other two super events, we are still not able
to state what primary factors caused this event, and
whether these factors could become a predictability
source for super El Nifio events. The thermocline feed-
back mechanism was important to the development of
these three super events, and may have been a key factor
in their formation, which needs to be further studied. In
addition, the previous two super events both occurred
near moments in time when interdecadal changes of the
ENSO regime took place. Previous studies have shown
that the two ENSO modes/types feature some evident
changes accompanied with observed ENSO interdecadal
changes (Ren et al., 2013; Wang and Ren, 2016; Hu et
al., 2017). Questions remain as to whether there is a con-
nection between these interdecadal changes and the su-
per event occurrences, and whether the 15/16 super event
could be an indicator of the next interdecadal change of
ENSO. Still, there are some large uncertainties in the dia-
gnostic analyses based on ocean reanalysis data, due to
the lack of ocean observations and deficiencies of ocean
models. More comprehensive analysis and exploration
are necessary.
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