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ABSTRACT

Statistically different precursory air-sea signals between a super and a regular El Niflo group are investigated, using
observed SST and rainfall data, and oceanic and atmospheric reanalysis data. The El Nifio events during 1958-2008 are first
separated into two groups: a super El Niflo group (S-group) and a regular El Nifio group (R-group). Composite analysis
shows that a significantly larger SST anomaly (SSTA) tendency appears in S-group than in R-group during the onset phase
[April-May(0)], when the positive SSTA is very small. A mixed-layer heat budget analysis indicates that the tendency
difference arises primarily from the difference in zonal advective feedback and the associated zonal current anomaly (i/).
This is attributed to the difference in the thermocline depth anomaly (D) over the off-equatorial western Pacific prior to the
onset phase, as revealed by three ocean assimilation products. Such a difference in I is caused by the difference in the wind
stress curl anomaly in situ, which is mainly regulated by the anomalous SST and precipitation over the Maritime Continent

and equatorial Pacific.
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1. Introduction

ENSO is one of Earth’s most important climate variabil-
ities (Philander et al., 1984; Chao and Zhang, 1990), and its
accurate prediction carries considerable socioeconomic im-
pacts (Huang and Wu, 1989; Li, 1990; McPhaden, 1999). In
early 2014, many climate models around the world predicted
the occurrence of a super El Nifio [here, this term stands for
an extraordinarily strong El Nifio (Hong et al., 2014; Latif et
al., 2015), such as the 1997-98 El Nifio] by the end of 2014
(e.g., Tollefson, 2014). However, the forecast of a 2014 super
El Niflo did not materialize.

The failure of the 2014 forecast poses an important issue
for the ENSO research community; namely, what makes a
super El Nifio? Previous studies have proposed various hy-
potheses to explain what causes the different growth rate of
such an El Niflo event. For example, McPhaden (1999) sug-
gested that atmospheric “noise” on synoptic—intraseasonal
timescales may have played a role in the rapid onset of the
1997-98 El Nifio. A series of modeling studies support the
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notion that westerly wind events (WWEs) help set up the fa-
vorable condition for a super El Nifio to occur (Lengaigne et
al., 2004; Vecchi and Harrison, 2006), with their role in the
development of El Nifio events having been further tested in
recent studies (Hu et al., 2014; Menkes et al., 2014; Fedorov
etal., 2015; Li et al., 2015; Chen et al., 2016). However, the
occurrence of WWEs is not a solely sufficient condition for
the occurrence of super El Nifios, because WWEs also occur
during regular and non-El Niflo years. In fact, it has been
argued that WWEs are not even a necessary condition for
the occurrence of El Nifio, because many ocean—atmosphere
coupled models simulate ENSO variability without well-
simulated WWEs (McPhaden, 1999). Moreover, WWEs tend
to be more frequent and stronger during large warm events,
implying that they are not purely stochastic—at least some
WWEs depend strongly on the low-frequency state of ENSO
(Eisenman et al., 2005; Gebbie et al., 2007; Rong et al., 2011;
Chen et al., 2015a).

It is widely accepted that the buildup of heat content in
the western Pacific is a precursor to El Nifio events (Wyrtki,
1975; Wyrtki, 1985; Clarke, 2010; Kumar and Hu, 2014).
However, it is not clear whether or not there is a statistically
significant difference in the precursory signal between super
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and regular El Niflos. Ramesh and Murtugudde (2013) ar-
gued that similar precursor subsurface signals appear in the
western equatorial Pacific prior to nearly all El Niflo events.
However, they only concentrated on the subsurface signals at
the equator, ignoring the impact of off-equatorial signals on
ENSO (Yu and Sun, 2009; Ding et al., 2015; Zheng et al.,
2015).

Other factors that may affect El Niflo intensity include
the internal nonlinearity (Timmermann et al., 2003), oceanic
nonlinear advection (Jin et al., 2003; Su et al., 2010), atmo-
spheric nonlinearity associated with the SST threshold for
deep convection (Takahashi and Dewitte, 2016) and noise-
induced instability (Jin et al., 2007; Levine and Jin, 2010). It
is not clear, however, how these nonlinear processes operate
differently during regular and strong El Nifios. Hong et al.
(2014) suggested that anomalous low-level flow induced by
a high pressure anomaly in the Southern Hemisphere (SH)
is critical in accelerating El Nifio growth in boreal summer.
However, it is difficult to identify if such low-level wind
anomalies are a cause or a result of a super El Nifio, as by
the boreal summer of super El Nifio development, the warm-
ing in the eastern equatorial Pacific is already quite strong.

Most previous studies have focused on examining an in-
dividual EI Niflo case. As each El Nifo event is very different
(Chen et al., 2015a), it is necessary to examine their common
features and the statistically significant differences between
super and regular El Niflo groups. In this respect, we focus
in the present work on investigating the distinctive signals in
both the atmosphere and ocean prior to the onset of El Nifio
events, as a small SST anomaly (SSTA) tendency difference
during the onset phase can make a huge difference in the
later developing stage, due to various positive atmosphere—
ocean feedbacks (e.g., Philander et al., 1984; Hirst, 1988;
Li, 1997).

The main objective of the current study is to reveal the
fundamental differences in the precursory atmospheric and
oceanic signals between super and regular El Nifio groups.
In section 2, the data and method are described. In section
3, we present the statistically significant signals for the two
groups. A summary and discussion are given in section 4.

2. Data and method

The observational SST data used in this study are from
ERSST.v3b (Smith et al., 2008). To obtain a sufficient amount
of observed El Nifio samples, the SODA (version 2.1.6) data
(Carton and Giese, 2008) for the period 1958-2008 are used.
SODA provides oceanic 3D temperature and velocity fields,
the surface wind stress field, and sea surface height fields.
The sea surface height datasets from the ECMWEF’s Ocean
Reanalysis System 4 (ORA-S4; Balmaseda et al., 2013), cov-
ering the period 1958-2008, along with the NCEP GODAS
data (Saha et al., 2006) for the period 1980-2008, are also
used. To reduce the uncertainty of the surface heat flux data
(Kumar and Hu, 2012), they are derived from the ensemble
mean of the NCEP-NCAR Reanalysis-1 data (Kalnay et al.,

CHEN ET AL.

997

1996) for the period 1958-2008, and the WHOI OAFlux data
(Yuetal., 2008) for the period 1984-2008, in which the short-
wave and longwave radiation flux are acquired from the IS-
CCP (Zhang et al., 2004). The composite analysis associated
with precipitation data is derived from the ensemble mean
of three datasets, including the precipitation reconstruction
(PREC; Chen et al., 2002) dataset for the period 1958-2008,
and the CMAP (Xie and Arkin, 1997) and GPCP (version 2.1;
Huffman et al., 2009) data for the period 1979-2008.

Monthly anomalies are obtained by first subtracting the
monthly mean climatology for the period 1958-2008; then,
the Butterworth band-pass filter (Russell, 2006) is used to
remove the high-frequency (< 6 months) and low-frequency
(> 8 years) components.

The SSTA over the Nifio3 region of (5°S-5°N, 150°—
90°W) during November—January [ND(0)J(1)] exceeding
0.75 standard deviations (STDs) is considered as an El Niflo
event. Here, year(0) indicates the year of an El Nifio event,
and year(—1) and year(+1) indicate the preceding and fol-
lowing year, respectively. As shown in the time series of nor-
malized Nifio3 index (Fig. 1a), three El Nino events (72/73,
82/83, and 97/98) with amplitudes greater than 2.5 STDs can
be classified into a super El Nifio group, and the other eleven
El Niflo events (63/64, 65/66, 69/70, 76/77, 86/87, 87/88,
91/92, 94/95, 02/03, 04/05, and 06/07) into a regular El Nifio
group.

To investigate the specific dynamic and thermodynamic
air—sea coupling processes in causing different SSTA ten-
dencies during the onset phase, a mixed-layer heat budget
analysis is conducted. The mixed-layer temperature tendency
equation (Li et al., 2002; Wang et al., 2012) is
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where u,v and w represent the three-dimensional oceanic cur-
rent; 7 is the mixed-layer temperature; ( )’ denotes the in-
terannual anomaly variables; (") denotes the climatologi-
cal mean variables; Qpet is the summation of net downward
shortwave radiation absorbed in the mixed layer (Qgw), net
downward surface longwave radiation, and surface latent and
sensible heat fluxes (positive heat flux indicates heating mov-
ing into the ocean); R represents the residual term; p is the
density of seawater; c,, is the specific heat of seawater; and H
is the mixed-layer depth that varies in time and space. H is
defined as the depth where ocean temperature is 0.8 °C lower
than the surface, following Wang et al. (2012). All the budget
terms in Eq. (1) are integrated from the surface to the mixed-
layer depth. Considering the shortwave penetration below the
mixed layer, the Qg absorbed in the mixed layer can be writ-
ten as (Wang et al., 2012)

Osw = Osurf — 0~47qurfe_0'04H > 2)
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Fig. 1. (a) Time series of normalized Nifio3 index obtained by using 6 months to 8 years band-pass-filtered SSTA de-
rived from ERSST.v3b for the period 1958-2008. The green dashed line indicates the magnitude of 2.5 times STD.

The red coloring indicates the super El Niflo events (72/73,

82/83, and 97/98), and the blue indicates regular El Nifio

events. (b, ¢) Temporal evolutions of composite Nifio3 SSTA (units: K) and SSTA tendency (units: K month™"). The
red (blue) line indicates the results derived from S-group (R-group), with shading representing the 1 STD spread of
the samples within each group. Respectively, the green dots and thick lines indicate the difference between the two
groups exceeding the 90% and 95% confidence level using the #-test. Here, year(0) indicates the El Nifio event year,
e.g., November—December(0)January(+1) corresponds to the peak phase of an El Nifio event, with year(—1) or year(+1)

indicating the preceding or following year, respectively.

where Qqyf 1s net downward surface shortwave radiation.

To understand the variation of the upper-ocean current
anomaly, the anomalous geostrophic current and anomalous
Ekman current are diagnosed. The zonal geostrophic current
anomaly (uﬁc,) and zonal Ekman current anomaly (u) are esti-
mated as (Chen et al., 2015b)
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where D’, g and 8 are the thermocline depth anomaly, the
reduced gravity, and the planetary vorticity gradient, respec-
tively; 7} and 7, are the anomalous zonal and meridional
wind stress; and 7 is the Rayleigh damping coefficient (0.5
d™!) (Zebiak and Cane, 1987).

3. Results

3.1. Distinctive SSTA tendencies during the onset phase

of super and regular El Nifio groups

Figure 1a shows that, among the 14 El Nifio events during
1958-2008, three super El Nifio events (72/73, 82/83, 97/98)
are apparent, and their amplitudes are much stronger than the
average of the rest of the El Niflo events. Figures 1b and c
show the composite evolutions of the SSTA and SSTA ten-
dency for the super El Nifio group (S-group) and the regular
El Nifio group (R-group). It is noted that while the positive
SSTAs are nearly zero in April(0) in both the S-group and R-
group, there is a considerable difference in the SSTA tenden-
cies between the two groups (Figs. 1b and c¢). Because of such
a difference, the SSTAs in the two groups begin to bifurcate
from April(0); that is, the positive SSTA increases rapidly
in the following months and ultimately attains more than
2°C at the end of year(0) in S-group, whereas the positive



AUGUST 2016

SSTA increases at a much slower rate and hardly exceeds 1°C
by end of year(0) in R-group.

Figure 1c shows that the average SSTA tendency in
April-May(0) in S-group is more than two times greater than
that in R-group. It is such a tendency difference during the
onset phase that leads to the subsequent evolution difference.
Thus, a key issue that needs to be addressed is the cause of
the significantly large SSTA tendency difference during the
onset phase [April-May(0)].

The tendencies of the mixed-layer temperature anomaly
(MLTA) during the onset phase of the composite super and
regular El Nifio events are diagnosed, based on Eq. (1). Fig-
ures 2a and b show the mixed-layer heat budget terms for
S-group and R-group. Here, the estimated MLTA tendency
(i.e., term 11, which is the sum of terms 1-10), approximates
the actual MLTA tendency (i.e., term 12), implying that the
mixed-layer heat budget is approximately balanced. Note that
the heat budget results by using different data and different
approaches may produce different residual terms (Huang et
al., 2010). Although the eddy process is not considered in
this study, the dominant heat budget terms contributing to the
El Nifio development are similar to those revealed in previous
studies (e.g., Huang et al., 2010). Figure 2c shows the differ-
ence in these budget terms between S-group and R-group (S
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minus R). Note that the most important term that contributes
to the SSTA tendency difference between these two groups is
term 1 (—u’8T /dx), followed by term 5 (—wdT"’ /dz). Respec-
tively, these terms are the zonal advection of mean temper-
ature by the zonal current anomaly, and the vertical advec-
tion of the anomalous temperature by the mean upwelling,
denoting the well-known zonal advective feedback and ther-
mocline feedback.

As both the zonal advective feedback and thermocline
feedback involve the product of the mean and anomalous
parts, we further examine their relative roles, using the to-
tal differentiation analysis approach proposed by Chen et al.
(2015b). The result indicates that the main contributor is the
anomaly part; that is, the zonal current anomaly (1”) and the
vertical gradient of anomalous temperature (07 ’/dz). Thus,
in the following analysis, we focus on examining the cause
of the difference in #” and 97’ /dz during the onset phase be-
tween the two groups.

To investigate what causes the difference in u” between
the two groups, we diagnose the zonal geostrophic current
anomaly (u;) and the zonal Ekman current anomaly (u¢) in
an equatorial S-plane framework. Figure 2d displays the evo-
lution of u’, uy and ug at the equator derived from S-group
(red curves) and R-group (blue curves). Indeed, " during the
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Fig. 2. The composite mixed-layer heat budget terms (units: K month™") during the onset phase [April-May(0)] from
(a) S-group, (b) R-group and (c) the difference between S-group and R-group (using S minus R). Bar 12 denotes the
mixed-layer temperature tendency 7”7 /dt, and bar 11 is the sum of all first 10 terms. The remaining terms are indicated
by bar 1: —u’8T/dx, bar 2: —udT’ /dx, bar 3: —u’'dT’ [0x, bar 4: —w'IT [dz, bar 5: —wdT’ |z, bar 6: —w' T’ |z, bar
7: =V 0T |0y, bar 8: —vdT’ [dy, bar 9: —v/ AT’ /Ay, and bar 10: Q) /poCpH. See the mixed-layer temperature tendency
equation in section 2 for more details. (d) Temporal evolution of the composite zonal current anomaly (i/; m s~ 1)
averaged over 0-50 m, zonal geostrophic current anomaly (Lé,; m s~!), and zonal Ekman current anomaly (i; m s™!)
along the equator (averaged over 2°S—2°N). The red and blue curves indicate S-group and R-group, respectively.
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onset phase is stronger in S- group than in R-group. Note that

the »’ is mainly determined by u;

g

whereas the contribution

of uf, is much weaker. This is consistent with previous stud-
ies (e.g., Suetal., 2010, 2014; Chen et al., 2015b). Based on
Eq. (3), uy is associated with the second meridional deriva-
tive of the thermocline depth anomaly (D”’). Thus, a local
maximum of D’ at the equator would lead to an anomalous
eastward geostrophic current. Additionally, previous studies
have pointed out a close relationship between D’ and 97"/ 0z,
that is, a deepened thermocline (positive D’) at the equator
could induce the anomalous subsurface warming and thus a

(a) D’in S-group (SODA)

30N

weakened stratification (e.g., Zebiak and Cane, 1987). This
prompts us to further examine the difference in D’ during the

onset phase.

3.2. Significant difference in the thermocline depth

anomaly field

To understand the cause of the D’ difference during the
onset phase, we investigate the evolution of D’ from the pre-
onset stage to the onset phase. Figure 3 shows the evolution
of D’ from June—July(—1) to April-May(0) in S-group and R-
group, as well as their difference (S minus R). During JJ(-1)
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Fig. 3. The evolution of the composite SODA sea surface height anomaly (SSH’, units:

m; a proxy of the thermocline
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March(0) and April-May(0), derived from (a) S-group, (b) R-group and (c) the difference between S-group and R-group. The
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t-test. (d) As in (c) except for the ORA-S4 SSH’ data covering the period 1958-2008. (e) As in (c) except for the GODAS
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to ON(—1), strong positive D’ appears over the off-equatorial
(10°-20°N and 10°-20°S) western Pacific region in S-group,
while the D’ over the off-equatorial western Pacific is sig-
nificantly weak in R-group (Figs. 3a and b). In the subse-
quent months, the different D’ signals over the off-equatorial
region gradually propagate westward as Rossby waves and
are reflected in the western boundary, resulting in a marked
difference in the magnitude of D’ at the equator in February—
March(0) and April-May(0), i.e., much larger positive D’ at
the equator in S-group than R-group (Fig. 3c). Such a pro-
nounced difference in the precursory D’ signal is further con-
firmed by two other ocean products—ORA-S4 and GODAS
(Figs. 3d and e). Thus, the accumulation of a deepened ther-
mocline depth anomaly in the off-equatorial western Pacific
in preceding months [June—September(—1)] holds the key for
the differences in the thermocline depth, zonal current and
vertical velocity anomalies in the subsequent months [i.e.,
February—March(0) and April-May(0)].

3.3. What causes the difference in D’ in the off-equatorial

western Pacific?

Further observational analysis shows that the significant
difference in off-equatorial D’ is primarily related to the dif-
ference in surface wind stress curl anomaly (C” |) between
the two groups. During the pre-onset stage [June—July(—1)
and August-September(—1)], anomalous negative C/ , ap-
pears over the off-equatorial western Pacific region of (8°—
20°N, 130°E-160°W) in the Northern Hemisphere (NH), and
anomalous positive C| | appears over the off-equatorial west-
ern Pacific region of (8°-25°S, 150°E-160°W) in the SH.
Here, “anomalous” stands for the difference between S-group
and R-group (S minus R). Given the sign change of vortic-
ity north and south of the equator, the opposite sign in C’ |
between the NH and SH implies a pair of anomalous anti-
cyclonic wind stress anomalies on both sides of the equator.
As pointed out by Kessler (2006), C| ; is a major factor reg-
ulating D’ in the off-equatorial western Pacific. Therefore, it
is the distinctive wind stress anomaly that causes the marked
difference in the thermocline depth anomaly between S-group
and R-group in the off-equatorial western Pacific.

The twin anomalous anticyclonic wind stress fields
shown in Fig. 4a during June—September(—1) are caused by
the difference in the precipitation anomaly (P;) and SST
anomaly fields between S-group and R-group (Figs. 4b and
c¢). Note that in June—September(—1), an anomalous positive
P} appears over the Maritime Continent, and an anomalous
negative P; appears in the western equatorial Pacific (near the
dateline). The positive P; over the Maritime Continent, collo-
cated with an underlying positive SSTA, can induce an atmo-
spheric Kelvin wave response to its east (Wang and Li, 1993).
As the amplitude of easterly anomalies associated with the
Kelvin wave response decreases with latitude, an anticyclonic
wind shear anomaly is generated in the off-equatorial west-
ern Pacific. Meanwhile, the negative precipitation anomaly
near the dateline, caused by the cold SSTA in the central and
eastern equatorial Pacific, can induce a pair of low-level an-
ticyclonic Rossby gyres to the west of the negative heating
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region (Gill, 1980). Both the positive and negative precipita-
tion/heating anomalies reinforce the twin anticyclonic wind
stress anomaly in the off-equatorial western Pacific.

Examination of the SSTA evolution patterns shows that a
La Nifia—like pattern appears during June—September(—1) in
both S-group and R-group (figure not shown). This indicates
that the significant difference in Fig. 4c can be primarily at-
tributed to the magnitude, not signal, of the SSTA. Both the
positive SSTA over the Maritime Continent and the negative
SSTA in the central and eastern equatorial Pacific are much
stronger in S-group than in R-group. It is the distinctive east—
west SSTA gradient that leads to the distinctive precipitation
dipole shown in Fig. 4b.

Thus, the observational analysis reveals that the funda-
mental difference between the S- and R-group lies in the
distinctive rainfall and SST anomaly patterns in the pre-
onset stage [June—September(—1)]. A much stronger cooling
(warming) in the eastern Pacific (Maritime Continent) leads
to a distinctive dipole rainfall pattern, which further causes
a significant difference in the off-equatorial C/ ; and thermo-
cline depth anomaly. The difference in the thermocline depth
anomaly further leads to the distinctive SSTA tendencies in
the eastern equatorial Pacific between the two groups during
the onset phase.

4. Summary and discussion

This study investigates the statistically different precur-
sory signals between groups of super and regular El Nifios.
For the period 1958-2008, fourteen El Nifio events are iden-
tified and classified into two groups: a super El Niflo group
(including the 72/73, 82/83 and 97/98 El Nifio events), and
a regular El Nifio group (including the rest of the El Nifio
events). Composite results show a significantly larger SSTA
tendency in S-group than in R-group during the onset phase
[April-May(0)] when the SSTA is nearly zero. A mixed-layer
heat budget analysis shows that the difference in the SSTA
tendencies during the onset phase is primarily caused by the
difference in the zonal advective feedback and the associated
zonal current anomaly.

Further diagnosis illustrates that the difference in the
zonal current anomaly between S-group and R-group is pri-
marily caused by the difference in the precursory signal of
the thermocline depth anomaly (D) prior to the onset phase.
As revealed by three sets of ocean reanalysis (i.e., SODA,
ORA-S4 and GODAS), the difference in D’ at the equator
during the onset phase can be traced back to the precursory
D’ signals over the off-equatorial western Pacific during the
preceding summer [June—September(—1)], when there is a
significant difference in the curl of the wind stress anomaly
field between the S- and R-group. From the perspective of
difference fields (S minus R), a pair of anticyclonic anoma-
lies appear in the off-equatorial western Pacific; and the wind
stress anomalies are accompanied with positive precipitation
and SST anomalies over the Maritime Continent and negative
precipitation and SST anomalies over the central and eastern
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Fig. 4. The difference (using S minus R) in the composite (a) wind stress anomaly (vectors; units: N m~2) and wind
stress curl anomaly (Cl,lrl; shading; units: 1078 N'm™), (b) precipitation anomaly (P}; mm d=1), and (c) SSTA (units:
K), for June—July(—1) and August—September(—1). The stippling in each panel indicates the difference between S-group

and R-group exceeding the 95% confidence level using the z-test.

equatorial Pacific. Physically, it is argued that the anomalous
anticyclonic gyres are the Rossby and Kevin wave responses
to the anomalous dipole precipitation pattern.

Through the current observational analysis, we point out
that the statistically different signals between super and reg-
ular El Nifios appear in the pre-onset phase. Thus, special
attention should be paid to the wind and thermocline anoma-
lies over off-equatorial regions. On the other hand, signifi-
cant SSTA tendencies between the S- and R-group also ap-
pear in the developing phase [say, June—September(0); Fig.
1c]. However, it becomes difficult to examine its cause, be-
cause of a lack of a clean way to filter out the impact from
the pre-onset phase. Additionally, the D’ field for each super

and regular El Nifio case is shown in Figs. S1 and S2 (see
the electronic supplementary material). As one can see, for
all three super El Nifos, there is a clearly positive D’ over
the off-equatorial western Pacific during the pre-onset stage.
Most of the regular El Nifio cases have relatively weak or neg-
ative D’ over the off-equatorial western Pacific, except a few
regular El Niflo events (e.g., 1965/66 and 1976/77), which
followed strong La Nifia events. With respect to the reason
for the failed materialization of super El Nifio in 1965/66 and
1976/77, it may be related to the lower temperature as the
starting point due to the strong La Nifia in advance, and the
additional “prohibiting” processes, such as the occurrence of
a series of easterly wind events (Hu and Fedorov, 2016) dur-
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ing the El Nifio developing stage (figure not shown). Thus,
a positive D’ prior to the onset stage may not fully guarantee
a super El Nifio, because there might be a number of “pro-
hibiting” processes operating during the El Nifio develop-
ing phase. It is possible to identify certain “accelerating” or
“prohibiting” processes during the El Nifio developing phase
for each individual case. For instance, the aforementioned
WWEs (e.g., Fedorov et al., 2015) or the anomalous low-
level equatorward flow (Hong et al., 2014) may accelerate
the growth rate of SSTAs, and the negative SSTAs over the
southeastern subtropical Pacific (Min et al., 2015) or easterly
wind events (Hu and Fedorov, 2016) may prohibit El Nifio
development by suppressing the air—sea interaction. As “ac-
celerating” or “prohibiting” processes could be different for
different El Nifio events, statistically significant signals may
not necessarily be found. Nevertheless, such a case study is
needed in order to fully understand the causal mechanisms
underpinning a super El Niflo.
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