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Abstract This study reinspects the dominant modes of
different types of El Nifio from the perspectives of monthly
mean and seasonality using a combined technique referred
as RC-REOF. Several features have been revealed. (1) The
explained variances of eastern Pacific (EP) El Nifio and cen-
tral Pacific (CP) El Nifio are comparable, in the ranges of
33-43 and 23-28 %, respectively. (2) This feature is more
in line with the frequent occurrence of CP El Nifio com-
pared to the result from orthogonal EOF analysis in which
El Nifio Modoki explains a smaller variance of 11-12 %.
(3) Both special patterns of EP El Nifio and CP El Nifio
are of equatorial asymmetry that is often overlooked previ-
ously by the traditional Nifio indices. Based on the features
captured by the two leading RC-REOF modes, the authors
propose a new pair of Nifio indices referred to as Nifio3b
and Nifio4b that have the following advantages: (1) simple
calculation, (2) robust and stable relationship with the EP/
CP El Nifio modes, (3) more representative for Pacific dec-
adal signals, (4) easier to distinguish ENSO types, and (5)
without restriction by orthogonality, and others. The Nifio3b
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and Nifio4b indices are potentially useful for both scientific
research and real-time monitoring of the two types of El
Nifio. Besides, an index namely Nifio3.4b is also introduced
to describe the hybrid ENSO events, with relatively equal
covariance to EP El Nifio and CP El Nifio and with larger
covariance at decadal time scale than index Nifio3.4.

Keywords RC-REOF - ENSO - Nifio3b - Nifio4b -
Nifio3.4b - Interdecadal Pacific Oscillation

1 Introduction

As one of the most important factors that affect the world’s
climate, El Nifio/Southern Oscillation (ENSO) causes
large-range atmospheric circulation and weather-climate
anomalies via “atmospheric bridge”—teleconnections
induced by upper-level divergent perturbation (e.g., Wal-
lace and Gutzler 1981; Sardeshmukh and Hoskins 1988).
Any strong changes in ENSO would result in profound cli-
matic, ecological, agricultural and socioeconomic conse-
quences (e.g., Latif and Keenlyside 2009; Cai et al. 2014,
2015b). In the past three decades, a new-fashioned central
Pacific (CP) El Nifio (e.g., Graf 1986; Yu and Kao 2007,
Kao and Yu 2009; Yu and Kim 2010; Graf and Zanchet-
tin 2012), also named “western-type El Nifio” (Fu and
Fletcher 1985), “Dateline El Nifio” (Larkin and Harrison
2005), “El Nifio Modoki” (Ashok et al. 2007), “warm-pool
El Nifio” (Kug et al. 2009), and “CP warming” (Kim et al.
2009), occurs more and more intensely and frequently in
the context of global warming (e.g., Lee and McPhaden
2010; Yeh et al. 2009; Yu and Kim 2013). Moreover, the
location of warm and cold CP El Nifio events occurs over a
broad range of longitudes, and the anomaly centers is also
changeable (Capotondi et al. 2015).
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Increased evidence suggests that the impacts of eastern
Pacific (EP) El Nifio and CP EI Nifio on atmospheric circu-
lation and the earth’s climate are quite different (e.g., Larkin
and Harrison 2005; Weng et al. 2007, 2009; Kim et al. 2009;
Yuan and Yang 2012; Xie et al. 2012, 2014a, b; Yu et al. 2012;
Yu and Zou 2013; Karori et al. 2013; Feng and Li 2011, 2013;
Ha et al. 2013), due mainly to the different locations of tropi-
cal convective heating (e.g., Fu and Fletcher 1985; Fu et al.
1986; Ashok et al. 2007; Jo et al. 2015). Moreover, Kim et al.
(2009) pointed out that the CP warming predictability had no
visible “spring barrier” existed in the EP warming (Webster
and Yang 1992; Webster 1995; Lau and Yang 1996). In addi-
tion, both extreme El Nifio and La Niifia events would double
their occurrences in the future due to greenhouse warming
(Cai et al. 2014, 2015a, b). Hence we can never overempha-
size the importance of accurately describing the spatio-tem-
poral distributions of different types of El Nifio.

Although the popular Nifio3, Nifio4 and Nifio3.4 indices
broadly capture the ENSO-related SST anomalies (SSTA),
it is found that they share more than 55 % (r = 0.75,
Fig. 3a) signal or covariance with each other for 1979-
2013 and do not benefit for distinguishing the CP El Nifio
from the EP El Nifo. For this reason, a variety of methods/
indices (Table 1) has been introduced to classify the two
types of ENSO events (e.g., Ashok et al. 2007; Kao and Yu
2009; Yu and Kim 2010; Li et al. 2010; Ren and Jin 2011;
Takahashi et al. 2011).

The Nifio3 index and the El Nifio Modoki index (EMI)
or improved EMI (IEMI) (Table 1) are often selected to rep-
resent the two leading non-rotated EOF modes because of
orthogonality (e.g., Ashok et al. 2007; Li et al. 2010; Mar-
athe et al. 2015). However, the EOF pattern associated with
El Nifio Modoki only accounts for 11-12 % of the total
variance (e.g., Ashok et al. 2007; Kao and Yu 2009; Li et al.
2010), which is too small to explain the more and more
intense and frequent CP El Nifio. Secondly, the internal scale
factors of EMI, IEMI, EI and CI are not stable (see Table 1)
but depend on personal preference (e.g., EMI) or the length
of period analyzed (e.g., the internal scale factors of IEMI,
EL and CI are derived from the multi-regression analysis).
Thirdly, the two types of ENSO SST are not completely
orthogonal (e.g., Kug et al. 2009; Yeh et al. 2009; Ren and
Jin 2011; Takahashi et al. 2011), exhibiting a wide diver-
sity of behaviors (Capotondi et al. 2015). In addition, both
composite and regression results support that there is no sig-
nificant cold anomaly (the east portion of El Nifio Modoki)
in the eastern Pacific along the coast of South America dur-
ing CP El Nino (e.g., Yeh et al. 2009; Kim et al. 2009; Kao
and Yu 2009; Yu and Kim 2010; Ren and Jin 2011; Lépez-
Parages et al. 2016). Thus, non-rotated EOF decomposition
has a tendency to produce unphysical modes due to its con-
straint of orthogonality in space and time (e.g., Horel 1981;
Richman 1986; Lian and Chen 2012). Through a thorough
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statistical evaluation on the ability of non-rotated EOF and
rotated EOF (REOF) in reproducing a large number of sta-
tionary modes, Lian and Chen (2012) further claimed that
REOF was better than non-rotated EOF in terms of accuracy
and effectiveness, especially in capturing localized patterns.

Accordingly, motivated by the evaluation of REOF for
tropical SST analysis (Lian and Chen 2012), this study
aims to revisit the dominant modes of EP El Nifio and CP
El Nifio from the perspectives of monthly mean and sea-
sonality, and define a pair of new Nifio indices that are not
only capable of mirroring the dominant modes and decadal
regime shift of El Nifio, but also relatively simple and inde-
pendent from each other. The remainder of this paper is
structured as follows. Section 2 describes the data sources
and analysis methodology. Sections 3, 4, 5 and 6 present
the main results including the development of new Niflo
indices and their associated features. Section 7 provides the
concluding remarks and further discussions.

2 Data and analysis methodology

In this study, an ensemble mean of two most commonly-
used SST datasets is adopted: The NOAA Extended Recon-
structed SST version 4 dataset (ERSST.v4; Huang et al.
2015; Liu et al. 2015), and the Hadley Centre Global Sea Ice
and Sea Surface Temperature analyses (HadISST; Rayner
et al. 2003). Here the HadISST SST is prior to be interpo-
lated to the same grid (longitude—latitude 2° x 2°) as the
NOAA ERSST.v4. Other datasets used in this study include
various ENSO-related indices that are shown in Table 1.

We apply REOF decomposition (Horel 1981; Rich-
man 1986; Lian and Chen 2012) to capture the two lead-
ing modes (i.e., EP El Nifio and CP El Nifio) of interan-
nual variability of monthly SST anomalies in the tropical
Pacific (20°S-20°N, 120°E-80°W). By first normalizing the
monthly SST anomalies, which is desirable due to the differ-
ence in local SST variance (Trenberth and Stepaniak 2001),
and then constructing them into a detrended, area-weighted
correlation coefficient matrix by multiplying the square root
of the cosine of latitude at each grid (North et al. 1982a, b),
we can decompose the correlation matrix into correspond-
ing spatial patterns (REOFs) and rotated principle compo-
nents (RPCs). Note that the REOFs are non-dimensional.
Therefore, to enable a more comprehensive examination of
the interannual SST variations associated with the REOF1
and the REOF2, a combined technique referred as RC-
REOF (i.e., regression, correlation, and REOF analyses)
is used to produce the spatial modes of the two types of El
Nifio by regressing and correlating the tropical Indo-Pacific
SST anomalies onto/with the time series of REOF. Accord-
ingly, the RC-REOF1 and the RC-REOF2 indicate the spa-
tial SST-modes of EP El Nifio and CP El Nifio, respectively.
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Table 1 Description of ENSO-related indices used in this study

Index Source calculation and/or download website References

Nifiol + 2 SSTA (90°W-80°W, 10°S—0°N), http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/ Rayner et al. (2003)
Ninol2/

Nifio3 SSTA (150°W-90°W, 5°S—5°N), http://www.estl.noaa.gov/psd/gcos_wgsp/Timeseries/ Rayner et al. (2003)
Nino3/

Nifo4 SSTA (160°E-150°W, 5°S—-5°N), http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/ Rayner et al. (2003)
Nino4/

Nifio3.4 SSTA (170°W-120°W, 5°S—5°N), http://www.esrl.noaa.gov/psd/gcos_wgsp/Time- Rayner et al. (2003)
series/Nino34/

SOI SLP (Stand Tahiti—Stand Darwin), http://www.cpc.ncep.noaa.gov/data/indices/soi Ropelewski and Jones (1987)

MEI PC1 of six fields (i.e., SLP, SST, surface wind U, V, SAT, cloud), see http://www.esrl. ~ Wolter and Timlin (1998)
noaa.gov/psd/enso/mei/ for details

ONI The 3-month running average of Nifio 3.4, http://www.esrl.noaa.gov/psd/data/correla- NOAA CPC
tion/oni.data

TNI The standardized Nifiol + 2 minus the standardized Nifio4, http://www.estl.noaa.gov/  Trenberth and Stepaniak (2001)
psd/gcos_wgsp/Timeseries/TNI/

NCT NCT = Nifio3 — a x Nifio4, (if Nifio3 x Nifio4 > 0 then a = 2/5, else a = 0) Ren and Jin (2011)

NWP NWP = Nifio4 — a x Nifio3, (if Nifio3 x Nifio4 > 0 then a = 2/5, else a = 0) Ren and Jin (2011)

E-index (EI) EI = Nifiol + 2 — 0.5 x Nifio4 Takahashi et al. (2011)

C-index (CI) CI = 1.4 x Nifio4 — 0.1 x Nifiol + 2 Takahashi et al. (2011)

EPI PC1 of residual tropical Pacific SST variance after removing Nifio4, http://www.ess. Kao and Yu (2009)
uci.edu/~yu/20SC/monthly_EP_index_1948_2014.txt

CPI PC1 of residual tropical Pacific SST variance after removing Nifiol + 2, http:/www. Yu and Kim (2010)
ess.uci.edu/~yu/20SC/monthly_CP_index_1948_2014.txt

Box.A of EMI SSTA (165°E-140°W, 10°S—10°N), http://www.jamstec.go.jp/frcgc/research/d1/iod/ Ashok et al. (2007)
DATA/emi.monthly.txt

Box.B of EMI SSTA (110°W=70°W, 15°S-5°N), http://www.jamstec.go.jp/frcgc/research/d1/iod/ Ashok et al. (2007)
DATA/emi.monthly.txt

Box.C of EMI SSTA (125°E-145°E, 10°S-20°N), http://www.jamstec.go.jp/frcgc/research/d1/iod/ Ashok et al. (2007)
DATA/emi.monthly.txt

EMI EMI = Box.A — 0.5 x Box.B — 0.5 x Box.C Ashok et al. (2007)

IEMI IEMI = 3 x Box.A — 2 x Box.B — 1 x Box.C Lietal. (2010)

1PO SSTA2 — 0.5 x (SSTA1 + SSTA3); SSTA1 (140°E-145°W, 25°N-45°N), Henley et al. (2015)

SSTA2 (170°E-90°W, 10°S—10°N), SSTA3 (150°E-160°W, 50°S-15°S)

IPO (filtered) http://link.springer.com/article/10.1007/s00382-015-2525-1 Henley et al. (2015)

Nifio3b SST# (145°W-80°W, 12°S-5°N) See Fig. la

Nifio4b SST# (145°E~150°W, 12°S—15°N) See Fig. 1b

Nifio3.4b SST# (180°E~115°W, 12°S—12°N) See Fig. 10e, f

EP compass SST# (160°E~180°E, 5°S—5°N) See Fig. 1

CP compass SST# (110°W-90°W, 5°S—5°N) See Fig. 1

Here iy

Considering that the better-quality of SST datasets dur-
ing the satellite era, the “climate shift” in the mid-to-late
1970s (e.g., Nakamura et al. 1997; Trenberth and Stepaniak
2001; Wang et al. 2007, 2008, 2010), and our interest in
interannual variations, we compute the following results
mainly over the recent 35-year period of 1979-2013.
Besides, a longer 67-year period of 1948-2014 is also used
to determine the long-term relationship between the two
types of ENSO.

indicates the monthly area mean of normalized and detrended SSTA at each grid

3 RC-REOQOF modes of ENSO and development
of new Niio indices

Figure la, b shows the first two RC-REOF modes of inter-
annual variability of tropical Indo-Pacific SST and the cor-
responding time series (i.e., RPC1 and RPC2, red curves)
with comparable explained variances of 33.24 and 22.93 %
(Table 2), respectively. The greater explained variance of
RPC?2 is better to explain the fact that CP El Nifio occurs
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Fig. 1 a EP El Nifo and b CP El Nifio based on RC-REOF decom-
position of monthly normalized and detrended SST anomalies in the
tropical Pacific (20°S-20°N, 120°E-80°W) for 1979-2013. The cor-
responding normalized time series (bottom RPC1 and RPC2, red) are
regressed/correlated on/with tropical Indo-Pacific SST anomalies to
yield RC-REOF patterns (fop color shading for correlation and con-
tours for regression with 0.1 K interval). Shown also are the Nifio3b
and Nino4b time series (black), which are individually defined as the
area mean of normalized and detrended SST anomalies in the blue

more and more intensely and frequently under greenhouse
warming (e.g., Lee and McPhaden 2010; Yeh et al. 2009;
Yu and Kim 2013). Indeed, the RC-REOFs well capture
the dominant SST modes of two types of El Nifio (Fig. 1).
First, the RC-REOF1 mode shows a classic zonal tripole
structure with opposite SST anomalies gradient along the
tropical Indo-Pacific Oceans (Fig. 1a), which is known as
the traditional EP ENSO SST anomalies. Secondly, the RC-
REOF2 mode (Fig. 1b) highlights the CP warming, with-
out significantly negative SST anomalies over the eastern
Pacific. The above results can be reproduced by separately
using the ERSST.v4 and the HadISST data sets (Fig. Al;
Table Al). Note that the explained variances from the mean
of two SST data sets are bigger than those from ERSST.v4
and HadISST (Table A1), suggesting that the mean of two
SST data sets favors reducing the uncertainties/noises to a
certain extent.

Just as the EP ENSO SST pattern is a “tongue” stretch-
ing out along the coast of South America (Figs. 1a, 15), the
CP-type can be considered a “hand” protruding from the
coast of North America (west coast of Mexico; Figs. 1b, 15)
due to the driving of extratropical sea level pressure varia-
tions (Yu et al. 2010; Yu and Kim 2011). The “tongue” and
the “hand” should be emphasized that both EP and CP
ENSO SST patterns are not equatorial symmetric (e.g., Cai
et al. 2015a), which is not taken into account by the Nifio3
and Niiio4 (Fig. 15). Although the corresponding RPCl1
and RPC2 plotted by red curves in Fig. 1 (bottom) provide
a pair of powerful EP and CP ENSO indices, they are not
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boxes shown in a (145°W-80°W, 12°S-5°N) and b (145°E-150°W,
12°S—15°N). Correlation between RPC1 (RPC2) and Nifio3b
(Nifio4b) is given in top right corner. Similarly, a pair of CP compass
and EP compass for hybrid ENSO events are respectively defined
as the area mean of normalized and detrended SST anomalies over
the core regions of CP El Nifio and EP El Nifio i.e., the two sky-blue
boxes (160°E-180°E, 5°S-5°N) and (110°W-90°W, 5°S-5°N), and
over the insignificant regions of EP El Nifio and CP El Nifio

Table 2 Variance (%) explained by the two leading REOF modes

1979-2013 Monthly DJF MAM JIA SON
REOF1 33.24 43.06 3543 32.55 43.06
REOF2 2293 23.07 26.74 27.87 28.24

convenient for real-time monitoring of different ENSO SST
variations. Motivated by indices Nifio3 and Nifio4, here we
define a new pair of representative and simple indices for
facilitating the real-time monitoring of ENSO by consider-
ing the following three points:

e The north—south asymmetry for selecting latitude range:
12°S-15°N for the CP type, and 12°S-5°N for the EP
type, respectively (see boxes in Figs. 1, 15b).

e The shift in El Nifio causes dramatic changes in con-
vective activity, which in turn drive large-scale Rossby
waves via upper-level divergent perturbation (e.g.,
Wallace and Gutzler 1981; Sardeshmukh and Hoskins
1988), leading to large-range atmospheric circulation
and weather-climate anomalies. Furthermore, CP is
closer to the warm pool than is EP. In other words, the
SST background over CP is higher than over EP, and
thus the local SST over CP is more easily to reach the
convective SST threshold at approximately 27 °C (e.g.,
Graham and Barnett 1987; Vavrus et al. 2006) during
CP El Nifio. Hence the convective SST threshold of
27 °C is considered for selecting the longitude range of
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Fig. 2 Zonal profile chart of 31

total SST along the equatorial 30.5 145F

Pacific (0°N, 110°E-70°W) 30 I

for 1979-2013. Blue line 29.5

indicates the annual mean 29

of SST. Red and green lines 28.5

denote the annual mean of SST 28

plus the double EP and CP El 27.5

Nifio SST anomalies shown 27 ——
in Fig. 1, respectively. Orange 26.5

line denotes the convective SST 26

threshold of 27 °C. Red and 25.5

green dotted boxes shf)yv the 25 Base latitude 0
longitude ranges of Nifio3b and 24.5

Nifio4b regions 24] Base period 1979-2013
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| SST_mean + EP El Nino
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CP ENSO index. According to the features reflected by
Figs. 1 and 2, we definite 145°E-150°W, where the pro-
file chart of total CP SST (green line, Fig. 2) is greater
than the equatorial SST climatology (blue line, Fig. 2)
and reaches 27 °C, for the longitude range of CP El
Niflo index. On the other hand, robust warming over EP
is well known as the most eye-capturing features of EP
El Nifio (Fig. 1). Therefore, according to the features
reflected by Figs. 1 and 2, we choose 145°W-80°W,
where the profile chart of total EP SST (red line, Fig. 2)
exceeds the local equatorial SST climatology by 1.5 °C
and is greater than the local CP SST but does not over-
lap with the CP longitude range (east to 150°W, Figs. 1,
2), for the longitude range of EP El Nifio index.

e Since SST variances are not temporally and spatially
uniform in different months and different locations
(e.g., the western tropical Pacific vs. the central tropical
Pacific), applying monthly normalization at each grid
prior to calculating the ENSO indices is desirable.

Hence, as expected, the associated time series named
as Nifio3b and Nifio4b (see Fig. 1; Table 1 for definition
details) plotted by black curves in Fig. 1 (bottom) are
directly related to RPC1 and RPC2 (red curves, Fig. 1) with
robust correlations of 0.967 and 0.932, respectively.

4 Performance assessments of Nino3b and Nino4b

To judge the CP type or EP type during hybrid ENSO
years, a pair of CP compass and EP compass (Table 1) is
used in this study (see the flow chart shown in Fig. 4 for
details): The CP compass and EP compass are respectively
defined as the area mean of normalized and detrended
SST anomalies over the core regions of CP El Nifio and
EP El Nifio (see the two sky-blue boxes in Fig. 1), i.e.,
(160°E-180°E, 5°S-5°N) and (110°W-90°W, 5°S-5°N),
and over the insignificant regions of EP El Nifio and CP

El Nifio (Fig. 1). Figure 3 shows the phase space relation-
ship between Nifio3 and Nifio4, and between Nifio3b and
Nifio4b, for examinations of their ability to separate the
ENSO types. A strong linear relationship (r = 0.75) exists
between Nifio3 and Nifio4, as shown in Fig. 3a where
many red/orange dots are mixed with each other, mean-
ing that Nifio3 and Nifio4 indices may not be suitable for
distinguishing the two types of El Nifio. In contrast, the
correlation between Nifio3b and Nifio4b is very small but
non-orthogonal (r = 0.22, Fig. 3b). Moreover, Nifio3b and
Nifio4b perform well in distinguishing the two types of El
Nifo. As seen from Fig. 3b, the red/blue and orange/green
dot-clusters, to a large extent, are moved to the horizontal
and vertical regions.

Whether are there any seasonal changes in the special
patterns and Nifo-box locations of EP El Nifio and CP El
Nifo? To verify the RC-REOF patterns that are directly
derived from monthly successive SST data, we separately
perform the same analysis on the tropical Pacific SST for
each of the four seasons. Here the traditional four boreal

a Nino3, Nino4 b Nino3b, Nino4b

3
r=0.75 r=0.22
2 b '- 2 7
(2 *% -
1- S0 . Sl IR Yt ) A
. o ) e Yob © . ¢
4 ° ”~ |, . 4 e '_"." -
0 s SO 01 .« ‘pfsieey %
-1 |, €ars* -1 1 [V o PR
% $ { ®e. \'-J‘ * ’
“21 AT Ixis Nino3 | T27 7 7%F-." |X is Nino3b
-3 1 Y is Nino4 -3 1 Y is Nino4b
-3-2-10 1 2 3 -3-2-10 1 2 3 4
-CP® -EP@ ° @ +EP +CP

Fig. 3 Phase space distribution of a normalized and detrended Nifio3
and Niflo4 indices in all calendar months for 1979-2013. Shown in
b is the same as in a, but for Nifio3b and Niflo4b. Red, orange, blue,
and green dots respectively indicate EP El Nifio, CP El Nifio, EP
La Nifia, and CP La Nifia events identified by the method shown in
Fig. 4
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Fig. 4 Flow chart 1dent1.fymg [EP-compass|>|CP-compass| ) EP El Nifio
the EP or CP type by using Nifi0320.7
normalized and detrended |[EP-compass|<|CP-compass| -~ |CP Bl Nifio
Nifio3 imd Nifio4 (also Nifio3b Nifio420.7 )+ |Nifi03|<0.7 ) |CP El Nifio
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compass and CP compass dur- |EP-compass|>|CP-compass| —EP La Nifia
ing hybrid ENSO events {_Nifi03<-0.7 .~
ey |EP-compass|<|CP-compass| )| CP El Nifio
i EP El Nifio |
Input Nifio3, Nifio4, - Nifio3=0.7
EP cp |Nifio4|<0.7
-compass, CP-compass Nifio3<-0.7 ) |EP La Nifa
|EP-compass|>|CP-compass| ) |EP El Nifio
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Nifio4<-0.7 [Nifio3]<0.7 )~|CP La Nifia
|EP-compass|>|CP-compass| ) EP La Nifia
{ Nifo3<-0.7
CP La Nifa |

seasons are separately defined as December—February
(DJF, winter), March—-May (MAM, spring), June—August
(JJA, summer), and September—November (SON, autumn),
in which the DJF of 1979 denotes December 1978 and
January and February 1979. As noted by Marathe et al.
(2015), comparison of the seasonal results provides a third
independent dimension in addition to the changes in RPC
and REOF, which benefits to objectively verify the physical
reliability of the results from REOF.

As shown in Fig. 5, the first two RC-REOF modes of
tropical Indo-Pacific SST are quasi-stable in each sea-
son from the Niflo-box locations, albeit with variations in
amplitude. The seasonally explained variances are shown
in Table 2, which indicates comparable explained variances
between EP El Nifio and CP El Nifio. As expected, the cor-
responding RPC1 and RPC2 are also directly related to
Nifio3b and Nifio4b (Fig. 5) with significant correlations up
to 0.965, 0.982, 0.950, and 0.962 for EP ENSO, and 0.932,
0.924, 0.954, and 0.950 for CP El Nifio during boreal win-
ter, spring, summer and autumn, respectively.

In addition, we calculate the correlation between RPCs
and 19 ENSO-related indices (Fig. 6). It is found that (1) all
the EP-type indices (i.e., Nifiol + 2, Nifio3, Nifio3b, NCT,
EI, and EPI) are highly correlated with RPC1 (Fig. 6a), and
all the CP-type indices (i.e., Nifio4, Nifio4b, NWP, CI, CPI,
EMI, and IEMI) are highly correlated with RPC2 (Fig. 6b).
(2) Nifo3b is most (least) significantly correlated with
RPC1 (RPC2), while Nifio4b is most (least) significantly
correlated with RPC2 (RPC1) (Fig. 6). The above results
suggest that the EP and CP ENSO patterns derived from
RC-REOF are reliable, reconfirming the previous theory
and advantages about REOF, especially in capturing local-
ized modes (Lian and Chen 2012).

To confirm the above results, we further examine the
seasonality of the ability of the new indices in capturing
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EP El Nifio and CP El Nifio (Figs. 7, 8). Figure 7 shows
the seasonal phase space relationships between Nifio3b and
Niflo4b to examine their ability of separating the ENSO
types in each season. Correspondingly, The seasonal evo-
lution (e.g., DJF-MAM-JJA-SON of 1979 followed
by DIF-MAM-JJA-SON of 1980) of normalized and
detrended SST anomalies along the equatorial central—east-
ern Pacific is shown in Fig. 8 to mirror the relative inten-
sity, location, and propagation of SST anomalies, etc. It
clearly reflects that the CP El Nifio occurs more frequently
since the 1990 (e.g., Yu et al. 2012) and the location of CP
El Nifio covers a broad range of longitudes with change-
able anomaly centers (Capotondi et al. 2015). Inspiringly,
most of EP and CP El Nifio events can be well captured by
Nifio3b and Nifio4b when comparing the seasonal types of
ENSO shown in Fig. 7 and the seasonal evolution of SST
anomalies shown in Fig. 8.

To better understand to what extent the Nifio3b and
Nifio4b indices can depict the variability of tropical Indo-
Pacific SST, we show the correlation/regression maps of
SST anomalies with/onto normalized Nifio3b and Nifio4b,
as shown in Fig. 9. Clearly, the patterns of Figs. 1 and 9
or 5 are highly similar to each other. We subsequently cal-
culate the contribution of local variance (Fig. 10) to quan-
tify Nifio3b and Niflo4b indices more intuitively. The local
variance contribution is defined as the ratio of the regressed
variance to the original variance at each grid (Hu et al.
2015). This analysis sheds light on a more precise contribu-
tion of Nifio3b and Nifio4b to the tropical Indo-Pacific SST.
As shown in Fig. 10, the most eye-capturing features are
the areas with yellow-to-orange shadings over EP and CP,
which highlight that the local variance contribution is up
to 70-95 % or so. The above results suggest that Nifio3b
and Nifio4b are capable of distinguishing the intensity and
location of the different types of ENSO SST modes and
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Fig. 5 Same as in Fig. 1, but for seasonal RC-REOF patterns in a-b DJF, c-d MAM, e-f JJA, and g-h SON
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Fig. 6 a Correlation between

a Correlation with RPC1 for 1979-2013

RPCI and 19 ENSO-related 0] >

indices for 1979-2013. b Is :

the same as in a, but for RPC2. 0.61

The thick black line denotes

the mean of DJF, MAM, JJA, 0.3

SON and monthly correlations.

The 19 indices are EP-class 0

(Nifiol + 2, Nifio3, Nifio3b,

NCT, EL and EPI), hybrid-class =031 oy
(SOI, MEI, ONI, Nifio3.4, and —_— JUA
Nifio3.4b), and CP-class (TNI, Rl e v, N
Nifio4, Nifio4db, NWP, CI, CPI, ~0.8]

EMLI, and IEMI), which are
displayed on the x-axis from left
to right. Note that Nifiol + 2,
Nifio3, Nifio3b, Nifio3.4,

N1+2 N3 N3b NCT EI

EPl -SOI MEI

ONI N3.4 N3.4b TNI N4 N4b NWP CI CPl EMI IEMI

b Correlation with RPC2 for 1979-2013

Nifi03.4b, Nifio4, and Nifio4b
are referred as N1 + 2, N3,
N3b, N3.4, N3.4b, N4, and N4b
in Figs. 6 and 14b, respectively

-0.9 1

N1+2 N3 N3b NCT EI

perform well in the real-time monitoring of EP and CP
ENSO SST anomalies. Their unified simple, straightfor-
ward, and effective properties make them potentially valu-
able for both observational analysis and climate modeling.

Given that hybrid ENSO SST anomalies inevitably
appear as well, we also propose a hybrid ENSO index
Nifio3.4b (Table 1) defined as the same as Nifio3b and
Nifio4b but for the region of 180°E-115°W/12°S—12°N.
The coefficient of simultaneous correlation between
Nifio3.4b and Nifio3.4 is 0.916 (0.956, 0.912, 0.909, and
0.960) for all months (DJF, MAM, JJA, and SON) for
1979-2013. It is seen from Figs. 10 and 15 that the box-
Nifo3.4b almost separately circles half of the variances/
areas of EP and CP ENSO SST anomalies. Hence Nifio3.4b
is both highly and relative-equally correlated with RPC1
and RPC2 (Fig. 6a, b), whereas Nifio3.4 shares more (less)
signals of EP (CP) ENSO (Fig. 6a, b), indicating that
Nifo3.4b is more suitable for describing the hybrid ENSO
SST anomalies as expected.

5 How the EP and CP ENSO events identified
by Niiio3b and Niiio4b differ from those
identified by other indices

What are the differences of EP and CP patterns identified by
different types of ENSO indices? To answer the question,
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we examine the composite special patterns of different two
types of warm and cold ENSO events. We first show the
normalized time series (1979-2013) of six EP ENSO indi-
ces (i.e., Nino3, Nifo3b, NCT, EI, EPI, and Nifiol + 2)
and seven CP ENSO indices (i.e., Nifio4, Nifiodb, NWP,
CI, CPI, EMI, and IEMI) in Figs. 11a and 12a, respectively.
Next we select out the months when those indices exceed
the 0.7 SD (i.e., 0.7 standard deviation). To highlight
the commonality and individuality of each index, we fur-
ther select out the EP-ALL events and the CP-ALL events,
which are separately shown in Figs. 11b and 12b—Note that
the so-called EP-ALL and CP-ALL events must together
meet the following conditions of the so-called commonality:

1. All EP ENSO indices >+0.7 SD for EP-ALL El Nifio
composites,

2. All EP ENSO indices <—0.7 SD for EP-ALL La Nina
composites,

3. All CP ENSO indices >-+0.7 SD for CP-ALL EIl Nifio
composites,

4. All CP ENSO indices <—0.7 SD for CP-ALL La Nina
composites.

Excluding the above events, if Nifio3 >40.7 SD in
1 month, then this month is belong to the corresponding
El Nifio composites; else if Nifio3 <—0.7 SD in 1 month,
then this month is belong to the corresponding La Nifia
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Fig. 8 Seasonal evolution of
normalized and detrended SST
anomaly along the equato-

rial central-eastern Pacific
(10°S—-10°N, 144°E-80°W;
averaged with each three
longitude grids) from DJF-
SON 1979 to DJF-SON 2013.
The color shading and black
line are for normalized SST
anomaly and the value of 1 SD,
respectively

144E  178E  148W  114W

-2 -15

composites; and vice versa for other EP and CP ENSO
indices. Relevant EP and CP composite results are sepa-
rately shown in Figs. 11c-h and 12c—i, which indicate the
so-called individuality.

As expected, the maximum anomalies are located near
the coast of South America for EP-ALL ENSO (Fig. 11a)
and distinct from the CP-ALL ENSO (Fig. 12a). The indi-
vidualities of Nifio3, Nifio3b, and NCT show good per-
formances in capturing the EP ENSO (Fig. 11c—e), with
a maximum of 50 EP El Nifio events identified by Nifo3
(Fig. 11d) and a maximum of 78 EP La Nifia events iden-
tified by Nifio3b (Fig. 11c). Note that the warm events
identified by EI and EPI are more like to the CP La Nifia
(Fig. 11g-h), and the cold events identified by EPI are also
like the CP El Nifio (Fig. 11h). So the EI and EPI show sig-
nificant correlations with the RPC2 (Fig. 6b).

The individualities of Nifiodb, NWP, and CPI show
good performances in capturing the CP ENSO (Fig. 12c, e,
2), with a maximum of 89 CP EIl Nifio and a maximum of
66 CP La Nifia events identified by Nifio4b (Fig. 12c). In
comparison with the CP ENSO patterns identified by NWP
(Fig. 12e) and CPI (Fig. 12g), the anomaly centers captured
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by Nifio4b are located more west (Fig. 12c) and the num-
bers of such cases are very big (489 vs. —66). Although
the anomalies in Fig. 12c are relatively smaller than those
in Fig. 12e, g, of note is that the SST variances are rela-
tively larger over the western tropical Pacific than the cen-
tral tropical Pacific (not shown). The warm events identified
by Nifio4 and CI are more like to the EP El Nifio (Fig. 12d,
f), and the cold events identified by Nifio4 are also like the
EP La Nina (Fig. 12d), leading to the Nifio4 and CI have
significant correlations with the RPC1 (Fig. 6a). Interest-
ingly, there is no obvious negative SST anomaly over the
southeast equatorial Pacific in the CP EI Nifo pattern iden-
tified by EMI (Fig. 12h, upper), not corresponding to the
definition of EMI. Moreover, the positive and negative SST
anomalies are comparable in the CP La Nifia pattern identi-
fied by EMI (Fig. 12h, lower). Particularly, the cold events
identified by IEMI are more like the EP El Nifio (Fig. 12i),
which may occur in boreal spring and summer since there
are significant correlations between IEMI and RPCI in
MAM and JJA (Fig. 6a).

Anyway, no two leaves are alike. Just because the faces
of ENSO are capriccioso (Capotondi et al. 2015, and see
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Fig. 9 Same as in Fig. 1 (fop), but for regression/correlation on/with normalized and detrended Nifio3b (left panels) and Nifiodb (right panels)

Fig. A2), the composite maps obtained from different types
of ENSO indices are also changeable. Hence no ENSO
index can mirror all aspects of ENSO. Researchers could
choose the any index listed or not listed in the Table 1
according to individual interests, since the robustness of
teleconnections may vary among various ENSO indices
and different definitions inspire different understandings.

6 Interdecadal signals indirectly reflected by the
evolutions of lead/lag correlation of CP ENSO
and EP ENSO

Trenberth and Stepaniak (2001) used the lead/lag cor-
relation between Nino3.4 and TNI to describe their

interconnection evolutions at various leads and lags and
spectacularly revealed the abrupt transition of the changes
in evolution of ENSO. Accordingly, we also use the same
method proposed by Trenberth and Stepaniak (2001), i.e.,
the 20-year running correlations of different ENSO types
as a function of lead/lag month (Fig. 13), to examine the
interdecadal signals indirectly reflected by such cases as
the transition-in-significance or fracture of the lead/lag cor-
relations between CP El Nifio and EP El Nifio.

For example, one of the most prominent features con-
trasted by results shown in Fig. 13a, b is that the quasi-
simultaneous correlation between Nifio3b and Nifio4b
has changed from significant to unapparent since the mid-
to-late 1980s, while the relationship between Nifio3 and
Nifio4 has been always robust. The features captured by
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a DJF, Nino3b

f DJF, Nino4b

60E 120E 180 120W

ooE 120E
i SON, Nino4b

Fig. 10 Locally-explained variance contribution (10 % contour
interval) defined as the ratio of regressed variance of Nifio3b (left
panels) and Nifio4b (right panels) indices to the original variance.

Fig. 13c are consistent with Trenberth and Stepaniak (2001,
see their Fig. 2), which reflect the transition-in-significance
or fracture of correlations occurred in the mid-1960s, mid-
to-late 1970s, and mid-to-late 1980s, and others similar
(not repeated). Compared with Fig. 13c-h that are depicted
by other two types of ENSO indices, Fig. 13a (Nifio3b
vs. Nifilo4b) not only reflects the well-known “mid-to-late
1970s climate shift” but also mirrors several decadal varia-
tions of the Pacific climate regime in the mid-1960s, mid-
to-late 1980s (e.g., Yu et al. 2012; Sun et al. 2015), and
late-1990s (Jo et al. 2015). Meanwhile, correlations at zero
lag, as shown in Fig. 13c-h, are always close to zero before
the mid-1970s because the EP ENSO signal is more or less
removed from these definitions of CP indices. However,
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The black rectangular boxes (bottom) denote the Nifio3.4b region
(180°E-115°W, 12°S—12°N)

this phenomenon does not exist in Fig. 13a, b (before the
mid-to-late 1980s) until the frequent CP ENSO era (after
the late-1980s). The phenomenon reflected by these differ-
ent two types of ENSO indices can also be captured clearly
(not shown) when a 15-year moving window is applied to
calculate the lead/lag correlations as adopted by Ren and
Jin (2011).

To validate the above-addressed four decadal-like cli-
mate shifts, we analyze the low-pass filtered time series
of the Interdecadal Pacific Oscillation (IPO; Power et al.
1999; Parker et al. 2007; Henley et al. 2015) as shown in
Fig. 14, and compare the correlations of 19 ENSO-related
indices with the TPO index (note that all indices are monthly
detrended to remove the global warming signal before
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Fig. 11 a Monthly normalized time series of six different EP ENSO
indices for 1979-2013, red/blue straight line indicates the £0.7 SD.
b Composite maps for EP El Nifio events (upper) identified by
the conditions of all EP ENSO indices >0.7 SD, and EP La Nina
events (lower) identified by the conditions of all EP ENSO indices
<—0.7 SD. ¢ Composite maps for EP El Nifio events (upper condi-
tions: Nifio3b >0.7 SD but the events chose for a are excluded) and

calculating the correlations, as in Henley et al. 2015). It is
clearly seen that the four decadal-like ENSO regime shifts
act in good concert with the filtered IPO at each time when
the IPO is close to zero (Fig. 14a). The feature indicates
that the four decadal-like Pacific climate shifts are indeed
existent. It also indicates that there may be a large difference
in the relationship between the two types of ENSO even

EP La Nina events (bottom conditions: Nifio3b <—0.7 SD but the
events chose for a are excluded). d-h Same as in ¢, but for Nifio3,
NCT, Nifiol + 2, EI, and EPI, respectively. The numbers of warm
(+) and cold (—) events are correspondingly shown in the top of each
small figure, e.g., +33 and —19 for a. Regions outlined by black
curves suggest that the local SST anomalies exceed the 0.5 SD

though during the “same” IPO background (e.g., the peri-
ods of 1977-1987 and 1988-1998, Fig. 14a) since Fig. 13
mirrors the significant changes in the lead/lag correlations
between the different two types of El Nifio (e.g., Nifio3b
and Nifio4b, Nino3.4 and TNI, EPI and CPI, and Nifio3 and
EMI) in the mid-to-late 1980s. In addition, both Nifio3b and
Nifio4b have a significant correlation above 0.35 with the
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Fig. 12 a Monthly normalized time series of seven different CP
ENSO indices for 1979-2013, red/blue straight line indicates the
+0.7 SD. b Composite maps for CP El Nifio events (upper) identified
by the conditions of all CP ENSO indices >0.7 SD, and CP La Nifia
events (lower) identified by the conditions of all CP ENSO indices
<—0.7 SD. ¢ Composite maps for CP El Nifio events (upper condi-
tions: Nifo4b >0.7 SD but the events chose for a are excluded) and
CP La Niiia events (bottom conditions: Nifiodb <—0.7 SD but the

IPO (Fig. 14b). The correlation between IPO and Nifio3b is
the highest among all EP ENSO indices, and the correlation
between IPO and Nifio4b is also the highest among all CP
ENSO indices except Nifio4 and CI (Fig. 14b). Note that CI
= 1.4 x Nifio4 — 0.1 x Nifol + 2 (Table 1), almost the
same as Nifio4. However, the covariance between Nifio4 and
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events chose for a are excluded). d—i Same as in (c), but for Nifio4,
NWP, CI, CPI, EMI, and IEMI, respectively. The numbers of warm
(+) and cold (—) events are correspondingly shown in the top of each
small figure, e.g., +38 and —50 for a. Regions outlined by black
curves suggest that the local SST anomalies exceed the 0.5 SD. Cir-
cles mark the same region as a reference system to highlight the dif-
ferences in the CP spatial signals

Nifio3 is above 55 % (r = 0.75, Fig. 3a), whereas the covari-
ance between Nifio4b and Nifio3b is below 5 % (r = 0.22,
Fig. 3b), suggesting that Nifio3b and Nifio4b better reflect
the different aspects of Pacific decadal signals (i.e., IPO).
In addition, Nifo3.4b is the best index when comparing its
correlation with [PO among all indices (Fig. 14b).
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Fig. 13 a Leading/lagging cross correlations between Nifio3b and and vice versa. Blue/red lines indicate absolute values exceeding
Nifiodb as a moving window of 241-month (about 20-year). The 0.28 (the 5 % two-tailed significance level), and the green line is the
method is the same as in Trenberth and Stepaniak (2001, see their zero. Shown in b-h are the same as in a, but for the other pairs of two
Fig. 2). Positive value-y means Nifio3b leads Nifio4b by y-month, types of ENSO indices as displayed in b-h
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Fig. 14 a Low-pass filtered
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Fig. 15 Location of Niflo SST regions: a Nifio3 (5°S-5°N,
150°W-90°W), Nifio4 (5°S-5°N, 160°E-150°W), Nifio3.4
(5°S-5°N, 150°W-90°W); b Nifio3b (12°S-5°N, 145°W-80°W),
Nifio4b (12°S-15°N, 145°E-150°W), and Nifo3.4b (12°S-12°N,
180°E~115°W). Orange/blue shadings indicate the warm/cold parts

7 Concluding remarks and discussions

Of particular interest of this study is in revisiting the spa-
tial-temporal characteristics of the two types of El Nifio,
with an emphasis on development of a new pair of repre-
sentative, relatively independent, and simple Nifio indices
for better real-time monitoring of different ENSO vari-
ations. By applying a new combined technique (named
RC-REOF), the dominant modes of EP El Nifio and CP El
Nifio are captured by using the monthly normalized tropi-
cal Pacific SST observed in recent satellite decades, with

@ Springer
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of the main body of EP El Nifio over the eastern/western tropical
Pacific. Red line outlines the main body of CP El Nifio. Both orange
and blue shadings are intersected in the box of Niflo4b, which con-
siderably contributes to weakening the Niflo3/Nifio3b signal, one of
areas where the Nifio4b is superior to the Nifio4

comparable explained-variance corresponding to the fre-
quent occurrence of CP El Nifio. Based on the characteris-
tics mirrored by the two leading RC-REOF modes, Nifio3b
and Nifio4b indices are unearthed for measuring and dis-
tinguishing the intensity and location of the SST anoma-
lies for two types of El Nifio (Figs. 1, 5). Also, the climate
teleconnections (i.e., land surface temperature and precipi-
tation) associated with Nifio3b and Nifio4b are distinct in
each season (Figs. A3, A4), suggesting that the two new
indices are potentially useful for monitoring the two types
of El Nifio and associated climate anomalies.
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For comparison, two integrated location maps of the tra-
ditional and the new Nifio SST regions have been shown
in Fig. 15a, b, respectively. It is clearly seen that Nifio3
and Nifio4 boxes are respectively located in the EP and
CP regions. However, the box-Nifio4 shares part of EP
ENSO signals that leads to a strong correlation (up to 0.75)
between Nifio3 and Nifio4. The Nifio3 and Nifio4 boxes
are equatorially symmetric, whereas EP El Nifio and CP El
Nifio are equatorially asymmetric (e.g., Cai et al. 2015a).
Hence we have defined Nifio3b and Nifio4b boxes as
shown in Fig. 15b. One important feature of Nino4b is that
off-equatorial signals are included in the calculation, which
has low-frequency variability of a warming trend in nature
(before being detrended, not shown), mostly corresponding
to the increasing years of CP El Nifio identified by Iza and
Calvo (2015). This feature support the idea that CP El Nifio
events are getting more frequent and stronger (e.g., Lee and
McPhaden 2010; Yeh et al. 2009; Yu and Kim 2013), and
that local processes associated with the subtropical inter-
annual variability over CP play a key role in the evolution
of CP El Nifio (Yu et al. 2010). Then, why is the region
(145°E-155°E, 12°S—15°N) contained in the box-Nifio4b?
This is because that the box-Nino4b also shares part of
warm signal of EP El Nifio and the blue shading is also a
part of cold signal of EP El Nifo, which together play a
role in helping Nifio4b to offset its own EP El Nifio signal.
A new Nifio3.4b index that is highly and relatively-equally
linked to the different types of El Nifio has also been pro-
posed to descript the hybrid ENSO SST anomalies. It is
seen from Fig. 15a, b that box Nifio3.4 is with only a small
part intersected in the key region of CP El Nifio, whereas
box Nifio3.4b has a more balanced ratio (also see correla-
tions shown in Fig. 6). Hence Nifio3.4b is a better choice
for measuring the hybrid ENSO SST anomalies.

More inspiringly, as shown in Fig. 13a, the lead/lag inter-
relationship between Nifio3b and Nifio4b is able to mirror
the recent four decadal Pacific climate shifts (i.e., the mid-
1960s, mid-to-late-1980s, late-1990s, and the popular mid-
to-late-1970s). Interestingly, the EPI is negatively correlated
with the RPC2 (Fig. 6b) and CPI (r = —0.50 for 1979-2013)
significantly. Also, the running correlations at near zero-lag
revealed by Fig. 13d have experienced a transition from
weak to strong since 1982/83. The reasons for this feature
can be twofolds. First, the EPI is defined as the PC1 of tropi-
cal Pacific SST anomalies after deleting the signals of Nifio4
(Kao and Yu 2009; Yu and Kim 2010); however, Nino3 and
Nifio4 share about 56.25 % covariance, which makes the
corresponding positive EPI-pattern similar to the type of La
Nifia Modoki, and vice versa (refer to Fig. 11h). Secondly,
CP El Nifio occurs more frequently in the context of global
warming (e.g., Lee and McPhaden 2010). Hence, the running
correlation between EPI and CPI becomes more significant,

which is not surprising however. After all, no ENSO index
can fully reflect all aspects of ENSO due to the capriccioso
faces of ENSO (Capotondi et al. 2015; Fig. A2). Conse-
quently, the flourishing of ENSO indices (Table 1) is needed
since different definitions lead to more understandings of
ENSO (Figs. 11, 12) and associated climate anomalies.
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