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Abstract El Nifio Modoki events can be further classi-
fied into El Nifio Modoki I and II in terms of their oppo-
site impacts on southern China rainfall (Wang and Wang,
J Clim 26:1322-1338, 2013) and the Indian Ocean dipole
mode (Wang and Wang, Clim Dyn 42:991-1005, 2014).
The present paper develops an index to identify the types
of El Nifio events. The El Nifio Modoki II (MII) index is
defined as the leading principle component of multivariate
empirical orthogonal function analysis of the normalized
El Nifio Modoki index, Nifio4 index and 850 hPa relative
vorticity anomalies averaged near the Philippine Sea dur-
ing autumn. The MII index exhibits dominant variations on
interannual (2-3 and 4-5 years) and decadal (10-20 years)
timescales. El Nifio Modoki II events can be well identified
by using the MII index value being larger than 1 standard
deviation. Further analyses and numerical model experi-
ments confirm that the MII index can portray the major
oceanic and atmospheric features of El Nifilo Modoki II
events. The constructed MII index along with previous
ENSO indices can be used for classifying and identifying
all types of El Nifio events. Because of distinct impacts
induced by different types of El Nifio events, the impli-
cation of the present study is that climate prediction and
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future climate projection under global warming can be
improved by using the MII index and other indices to iden-
tify the types of El Nifio events.
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1 Introduction

El Nifio-Southern Oscillation (ENSO), as a coupled
ocean—atmosphere phenomenon, is a prominent signal
in the tropical Pacific, and plays a critical role in climate
variability (Bjerknes 1966, 1969; Rasmusson and Carpen-
ter 1982; Jin 1997; Trenberth 1997; Weisberg and Wang
1997; Wang et al. 2000, 2016; Alexander et al. 2002;
Wang 2002). During El Nifio, the western Pacific warm
pool extends eastward and warm sea surface temperature
(SST) anomalies thus appear in the equatorial eastern and
central Pacific. Motivated by this significant feature, the
SST anomalies averaged in the tropical eastern or central
Pacific are conventionally used to characterize El Nifio,
such as Nifio3 index (150-90°W, 5°S-5°N), Niflo4 index
(160°E~150°W, 5°S-5°N), Nifio3.4 index (170-120°W,
5°S-5°N) and Nifiol +2 index (90-80°W, 0°-10°S). In
response to the SST anomalies, the sea level pressure (SLP)
anomalies exhibit the so-called Southern Oscillation pat-
tern of high (low) SLP anomalies over the equatorial west-
ern (eastern) Pacific (Bjerknes 1969). Accordingly, El Nifio
can be also identified by the Southern Oscillation index
(S0I), which is calculated as the SLP differences between
Tahiti and Darwin (Ropelewski and Jones 1987). Moreo-
ver, the zonal shift of the western Pacific warm pool can
be described by the longitudinal location of the sea surface
salinity (SSS) front along the equator (Delcroix and Picaut
1998; Picaut et al. 2001; Singh et al. 2011), and it thus is an
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excellent El Nifio indicator as well. Trenberth and Stepa-
niak (2001) developed a Trans-Nifio index (TNI) to por-
tray the evolution of El Nifio, which is constructed by the
normalized SST anomaly difference between the Nifiol 42
and Nifio4 regions. All of these above-mentioned indices
are based on a single variable.

In addition, according to the coupled ocean—atmos-
phere responses to El Nifio, there are also other indices
on the basis of multiple variables, such as multivariate
ENSO index (MEI) (Wolter and Timlin 1993), extended
MEI (MElext) (Wolter and Timlin 2011), and the coupled
ENSO index (CEI) (Gergis and Fowler 2005). Using mul-
tivariate empirical orthogonal function (MV-EOF) analy-
sis of the combined oceanic and atmospheric variables,
Wang and Wang (1994) showed that the leading mode of
MV-EQOF exhibits the mature phase of El Nifio. The second
mode displays the equatorial central Pacific warming, and
it is considered as the developing (early warming) phase of
El Nifio. Besides, there are some other proxy-based ENSO
indices using fossil coral, tree ring, and ice core record
(Cobb et al. 2003; Braganza et al. 2009), and they are usu-
ally applied in a more distant past.

In recent years, more and more literatures have regarded
the central Pacific warming as a new type of El Nifo,
which is alternatively called Dateline El Nifio (Larkin and
Harrison 2005), El Nifio Modoki (Ashok et al. 2007), cen-
tral Pacific (CP) El Nifio (Kao and Yu 2009), or warm pool
El Nifio (Kug et al. 2009). In this study, the name of “El
Nifio Modoki” is used for the warming SST anomalies in
the central Pacific. In the past three decades, the occurrence
frequency and intensity of El Nifio Modoki are increasing
(Ashok et al. 2007; Yeh et al. 2009; Lee and McPhaden
2010). Owing to the differences of warming SST anomaly
distributions and intensities between canonical El Nifio
and El Niflo Modoki, there exist substantial discrepancies
in anomalous large-scale atmospheric circulations and the
associated climate influences (Ashok et al. 2007; Weng
et al. 2007; Kao and Yu 2009; Kug et al. 2009; Hong et al.
2011; Kim et al. 2012; Liu et al. 2014; Wang et al. 2014).

In order to distinguish two types of El Nifio, several indi-
ces have been proposed. Based on the empirical orthogonal
function (EOF) analysis of the SST anomalies in the tropi-
cal Pacific, Ashok et al. (2007) found that the first two EOF
modes could capture the geographical patterns of two types
of El Nifio well. The second EOF mode exhibits a zonal
tripole structure, i.e., warmer SST anomalies locate in the
central equatorial Pacific flanked by colder SST anomalies
in the eastern and western Pacific. Due to the differences of
SST anomalies in these three regions, an El Nifio Modoki
index (EMI) is defined as:

EMI = [SSTA] — 0.5 X [SSTAly, — 0.5 X [SSTAlz, (1)
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where the brackets indicate the SST anomalies averaged in
Regions C (165°E-140°W, 10°S—-10°N), W (125-145°E,
10°S-20°N), and E (110-70°W, 15°S-5°N), respectively
(red boxes in Fig. 1).

Through a combined regression-EOF analysis, Kao
and Yu (2009) first removed the tropical SST anomalies
regressed with Nifiol +2 index and Nifio4 index linearly,
and then considered the leading principle component (PC-
1) of the EOF to the residual SST anomalies as CP El Nifio
index and canonical El Nifio index, respectively. Likewise,
using the same method, the regression with Nifio3 index
instead of Nifiol +2 index is removed before the EOF for
a CP El Nifo index calculation (Di Lorenzo et al. 2010).
The EOF is also performed by Takahashi et al. (2011), and
the first two principle components (PC-1 and PC-2) are
both rotated 45° clockwise to construct an E-index (rep-
resenting canonical El Nifio) and a C-index (representing
El Nifio Modoki), respectively. In addition, the two types
of El Nifio can be distinguished by contrasting the magni-
tudes of the Nifio3 and Nifio4 indices (Kug et al. 2009; Yeh
et al. 2009). Based on this method, Ren and Jin (2011) fur-
ther redefined a canonical El Nifio index (Np index) and
an El Nifio Modoki index (Ny,p index) through a nonlin-
ear transformation of Nifio3 and Nifio4 indices. The Ny
and Nyp indices show a weak correlation. Besides the
SST anomalies, the subsurface ocean temperature anoma-
lies in the tropical eastern (80-90°W, 5°S—5°N) and cen-
tral Pacific (160°E—~150°W, 5°S—-5°N) are also utilized as
two types of El Nifio indices (Yu et al. 2011). Moreover,
the SSS anomalies in the tropical southeastern Pacific
(150-90°W, 0°-10°S) are also found to represent El Nifio
Modoki events (Qu and Yu 2014). The outgoing longwave
radiation (OLR) anomalies in the eastern-to-central equa-
torial Pacific (160-110°W, 5°S-5°N) can divide El Nifio
events into OLR El Nifio and non-OLR El Nifio events
(Chiodi and Harrison 2013). These indices are summarized
in Table 1 [also see Capotondi et al. (2015)].

El Nifio Modoki events can be further divided into El
Nifio Modoki I and II in terms of their different influences
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Fig. 1 Spatial domains for the calculation of the EMI (red boxes with
W, C, E), Nifio4 index (green box with N4), and the relative vorticity
anomalies at 850 hPa (blue box with V). Regions W, C, and E are in
the areas of (125-145°E, 10°S-20°N), (165°E-140°W, 10°S-10°N),
and (110-70°W, 15°S-5°N), respectively. N4 box is in the area of
(160°E-150°W, 5°S-5°N,), and V box is in the region of (115-145°E,
10-25°N)
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Table 1 Summary of the El Nifio Modoki indices used in previous studies

Definitions

References

EMI = [SSTA]. — 0.5 X [SSTA]y — 0.5 X [SSTA],

Nifio4 >1 STD
Nifio4 >Nifio3

Ashok et al. (2007)
Kug et al. (2009); Yeh et al. (2009)

PC-1 of the EOF to the residual SST anomalies after removing the regressed SST anomalies with Nifiol +2 Kao and Yu (2009)

index

PC-1 of the EOF to the residual SST anomalies after removing the regressed SST anomalies with Nifio3

index

2/5, Nifio3 X Nifio4 > 0

Nywp = Nifio4 — Nifio3, a = { 0, otherwise

PC-2 rotated 45° clockwise of SST (C-index)

Temperature anomalies in the upper 100 m averaged in the central Pacific (160°E-150°W, 5°S—-5°N)

Outgoing longwave radiation (OLR) anomalies averaged in the eastern-to-central equatorial Pacific
(160°W-110°W, 5°S-5°N), which is used to identify OLR El Nifio event

Southeastern Pacific SSS index (SEPSI) averaged in the region (150-90°W, 0°-10°S)

Di Lorenzo et al. (2010)

Ren and Jin (2011)

Takahashi et al. (2011)
Yu et al. (2011)
Chiodi and Harrison (2013)

Qu and Yu (2014)

[SSTA]., [SSTA]y, and [SSTA]g are the SST anomalies averaged in (165°E—-140°W, 10°S—10°N), (125-145°E, 10°S—-20°N), and (110-70°W,
15°S—5°N), respectively. Nifio4, Nifio3 and Nifiol +2 mean the SST anomalies averaged in (160°E-150°W, 5°S-5°N), (150-90°W, 5°S-5°N),

and (90-80°W, 0°-10°S)
STD standard deviation

on rainfall in southern China during boreal autumn
(Wang and Wang 2013). El Nifio Modoki I (II) is iden-
tified when the autumn-averaged (Sept—Oct—Nov, SON)
rainfall anomalies in southern China are more (less) than
the normal. Moreover, El Nifio Modoki I and II exhibit
distinct spatial-temporal evolutions of SST anomalies
during the developing stage. For El Nifio Modoki I, the
anomalous warm SST originates in the equatorial cen-
tral Pacific, and the warming region is confined locally.
While during El Nifio Modoki II, the anomalous warm
SST initially emerges in the subtropical northeastern
Pacific, and then extends southwestward to the equato-
rial central Pacific (Wang and Wang 2013). Due to such
different geographic distributions of SST anomalies, El
Nifio Modoki I and II have significantly distinct impacts
on the typhoon tracks (Wang and Wang 2013), the Indian
Ocean Dipole (I0OD) (Wang and Wang 2014) and SST in
the South China Sea (SCS) during boreal autumn (Tan
et al. 2016). All of these studies use the El Nifio Modoki
I and II events defined by Wang and Wang (2013) to
perform the composite analyses or model experiments.
However, an index for identifying El Nifio Modoki I and
IT events does not yet exist. The purpose of the present
paper is to develop a new index for identifying El Nifio
Modoki II events (MII index) according to the associ-
ated ocean—atmosphere features. Using MII index and
EMI, we can objectively identify El Nifio Modoki I and
II events. The new index for identifying El Nifio Modoki
I and II events has an important implication for climate
prediction and typhoon seasonal outlook since they have

different rainfall distributions in southern China and dif-
ferent typhoon landfall activities.

The rest of the paper is organized as follows. Section 2
presents a brief introduction of the data sets, methods and
model used in the study. The MII index is constructed in
Sect. 3, followed by large-scale circulations associated with
MII index in Sect. 4. Numerical model simulations are per-
formed in Sect. 5 in association with for the constructed
MII index. Finally, a summary and discussion is given in
Sect. 6.

2 Data sets, methods and numerical model
2.1 Data sets

The monthly Hadley Centre Sea Ice and SST (HadISST)
data set (Rayner et al. 2003) and the atmospheric reanalysis
data set from the National Centers for Environmental Pre-
diction/National Center for Atmospheric Research (NCEP/
NCAR) (Kalnay et al. 1996) are used in the study. The Had-
ISST data set has a spatial resolution of 1°x1° from 1870
to 2016, and the NCEP/NCAR reanalysis with a horizontal
resolution of 2.5° X 2.5° and 17 vertical levels covers from
1948 to 2016. The gridded monthly data set of rainfall is
provided by the Global Precipitation Climatology Centre
(GPCC) with a resolution of 1° X 1° from 1901 to present
(Schneider et al. 2011) for the MII index validation, which
is available from http://www.esrl.noaa.gov/psd/data/grid-
ded/data.gpcc.html. In addition, the Nifio3 and Nifio4 indi-
ces used in this study are obtained from National Oceanic
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and Atmospheric Administration (NOAA)/Earth System
Research Laboratory (ESRL) from 1950 to present.

We firstly removed the linear trend before analyses,
and all of the anomalies are calculated as departures from
1971 to 2000 climatology. In this study, the Nifio3 index
is used to depict canonical El Nifio, and the EMI index is
employed to identify El Nifio Modoki events (including El
Nifio Modoki I and II).

2.2 Methods and numerical model

In this study, an MV-EOF analysis (Wang 1992; Wang and
Wang 1994; Wang et al. 2008) is applied to construct the
MII index. The MV-EOF extends the traditional EOF for
a single variable utilizing the coherence of multiple vari-
ables, which has notable advantages in depicting the coher-
ent variation of multiple variables simultaneously and
portraying the coupled ocean—atmosphere processes well
(Wang 1992). In addition, the power spectral analysis, cor-
relation analysis (“Appendix”), and linear regression analy-
sis are also used in the study.

To further confirm El Nifio Modoki events defined by
the constructed MII index, we conduct model experiments
by using the Community Atmosphere Model version 4
(CAM4, Neale et al. 2013). Composited SST anomalies
of El Nifio Modoki I and II events identified in the study
are used to drive CAM4, and the simulated atmospheric
responses are compared with the observation for a verifi-
cation. As the sixth generation of the atmospheric general
circulation model (AGCM), CAM4 is the atmospheric
component of the Community Climate System Model ver-
sion 4 (CCSM4) (Gent et al. 2011). Dynamical core, deep
convective parameterization and cloud fraction calcula-
tion in CAM4 have been significantly improved compared
with previous versions (Neale et al. 2013). Here, the default
finite volume dynamical core is applied, and a coarse spa-
tial resolution of 3.75° X 3.75° with 26 vertical levels is
used.

3 Construction of the MII index

Although the warm SST anomalies reach peak in the equa-
torial central Pacific during boreal winter (Dec-Jan-Feb,
DIJF) of both El Nifio Modoki I and II, the origins and evo-
lutions are quite different (Fig. 2). For El Nifio Modoki II,
the anomalous warm SST first emerges in the subtropical
northeastern Pacific, and then develops and extends south-
westward to the equatorial central Pacific (Fig. 2c). In
contrast, for El Nifio Modoki I, the anomalous warm SST
appears in the tropical central Pacific and develops locally
(Fig. 2b). Thus, El Nifio Modoki I resembles “El Nifio
Modoki” (Ashok et al. 2007) which is associated with the
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thermocline deepening in the central equatorial Pacific
caused by the wind distribution of the El Nifio event.
However, El Nifio Modoki II is more analogous to “CP El
Nifio” (Kao and Yu 2009), which corresponds to positive
surface heat flux anomalies in the subtropical northeastern
Pacific and indicates the impacts of extratropical climate
systems on the tropics (Yu et al. 2010; Yu and Kim 2011).
Hence, the dynamical connections of El Nifio Modoki I
and II with the extratropical climate variability may be dif-
ferent and need to be further studied in the future. These
temporal-spatial evolutions are consistent with those in
Wang and Wang (2013), and the substantial discrepancies
are distinctly observed in boreal autumn. The warm SST
anomalies are symmetric about the equator during fall of
El Niflo Modoki I, while they are asymmetric (almost in
the north of the equator) for El Nifio Modoki II, and stretch
farther westward in the equatorial central Pacific compared
with El Nifio Modoki I (Wang and Wang 2013). Forced by
such different SST anomalies, the corresponding atmos-
pheric responses are significantly different in autumn. An
anomalous cyclone is located over the Philippine Sea asso-
ciated with a strongly positive relative vorticity at low level
during fall of El Nifio Modoki II (Fig. 2c), while for El
Nifio Modoki I, an anomalous anticyclone with low-level
negative wind vorticity is found near the Philippine Sea in
SON (Fig. 2b). This atmospheric response during El Nifio
Modoki I resembles that of canonical El Nifio (Fig. 2a).

Considered the patterns of anomalous warm SST in
the equatorial central Pacific and anomalous anticyclone/
cyclone over the western North Pacific in fall of El Nifio
Modoki I/TI, we perform an MV-EOF analysis by using the
normalized autumn-averaged EMI, Nifio4 index (green box
in Fig. 1), and the relative vorticity anomalies at 850 hPa
averaged in the Philippine Sea (115-145°E, 10-25°N; blue
box in Fig. 1) during SON.

The first MV-EOF mode accounts for 67.7% of the total
variance, and exceeds 95% significance (North et al. 1982).
The first mode of the EMI, Nifio4 index, and anomalous
relative vorticity is 0.67, 0.60 and 0.43, respectively. This
indicates that when an El Nifio Modoki event occurs, the
tropical central Pacific is warm and positive relative vor-
ticity anomalies associated with an anomalous cyclone
appear over the Philippine Sea. The first mode can well
capture the basic pattern and feature of El Nifio Modoki II.
Thus, the first principle component (PC-1) of the MV-EOF
mode is defined as the MII index in this paper (Fig. 3).

Power spectral analysis of the MII index shows signifi-
cant interdedadal variations (10-20 years) and interannual
variations (2-3 and 4-5 years) (Fig. 4), which is consistent
with previous studies of CP El Nifio (Weng et al. 2007; Kao
and Yu 2009; Xu et al. 2012). We also use the wind field
data sets from the Twentieth-Century Reanalysis (20CR)
(Compo et al. 2011) and ERA-Interim (Dee et al. 2011)
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Table 2 Correlation coefficients of the MII index with the Nifio3 index, Nifio4 index, EMI, and Ny,p index in autumn (SON) and winter (DJF)

SON DIF
Nifio3 Nifio4 EMI Nyp Nifio3 Nifio4 EMI Nyp
MII 0.54 0.86 0.95 0.90 0.56 0.82 0.88 0.85

The numbers in bold and italic indicate the correlation coefficients exceeding the 99% significant level (larger than 0.32)

Table 3 Years of El Nifio

Modoki IT warm and cold events
chosen by the normalized MII 1967 1950
index larger than 1 (left column)

MII>1 MII <—-1

and less than —1 (right column) 1968 1955
during 1950-2016 1977 1964
1990 1973

1991 1975

1994 1983

2004 1988

2009 1998

1999

2008

2010

2011

Table 4 Years of El Nifio Modoki, El Nifio Modoki I and El Nifio
Modoki II

El Nifio Modoki El Nifio Modoki I El Nifio
Modoki
1T

1963 1963

1968 1968

1977 1977

1979 1979

1987 1987

1990 1990

1991 1991

1992 1992

1994 1994

2002 2002

2004 2004

2009 2009

El Nifio Modoki events are identified by the EMI (left column), El
Nifilo Modoki II events are identified by the MII index (right column),
and the rests are El Nifio Modoki I (middle column)

to perform the MV-EOF analysis along with the HadISST.
These MII indices are highly correlated with each other
(correlation coefficients are up to 0.99), confirming that the
MII index is independent of data sets.

The correlation coefficients of the MII index with
Nifio3, Niflo4, EMI, and Ny, indices all exceed the 99%
significant level (Table 2). Among these indices, the MII
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index is highly correlated with the Nifio4, EMI, and Ny
indices, especially for the autumn-averaged EMI and Nyp
indices (the correlation coefficients are above 0.9). Moreo-
ver, the MII index is also related to the Nifio3 index (with
the correlations of 0.54 and 0.56 in SON and DJF, respec-
tively), indicating its connection with eastern Pacific warm-
ing events.

El Nifo Modoki II events can be identified through
the MII index. An El Nifio Modoki II event is identi-
fied when the value of the MII index is greater than 1
standard deviation. Based on this criterion, eight cases
(1967, 1968, 1977, 1990, 1991, 1994, 2004, and 2009)
are selected (Table 3). Compared with El Nifio Modoki
events (Table 4) identified by the EMI (Ashok et al.
2007), seven of these eight cases (1968, 1977, 1990,
1991, 1994, 2004, and 2009) belong to El Nifio Modoki.
The exception is 1967 which is a La Nifia episode. There-
fore, these seven cases are marked as the developing
years of El Nifio Modoki II. Two of these seven cases
(1977 and 1994) are not included in Wang and Wang
(2013). It should be noted that El Nifio Modoki II events
are initially defined as the years when the autumn-aver-
aged rainfall anomalies in southern China are below —0.5
standard deviations (Wang and Wang 2013). However, for
1977 and 1994, the rainfall anomalies are so close to -0.5
standard deviations (Fig. 2 in Wang and Wang 2013), and
thus these 2 years should be recognized as weak El Nifio
Modoki II events. In comparison with Wang and Wang
(2013), two cases of 1979 and 1992 are not shown by the
MII index. It is noted that the El Nifio Modoki II events
in Wang and Wang (2013) are separated based on their
different climate impacts in China. However, the El Nifio
Modoki IT events from the MII index in the study are
based on the ocean—atmosphere characteristics. Due to
the method and definition differences, it is not surprising
that all of the identified El Nifio Modoki II years are not
exactly same. Actually, seven El Nifio Modoki II years
identified by the MII index since 1950 are more objec-
tive and reliable. Among all these seven cases, five El
Nifio Modoki II events occur after 1990, which may be
related to the increased influence of the North Pacific on
the tropical Pacific since 1990 (Yu et al. 2012; Yeh et al.
2015). Moreover, the same cases are exactly obtained
by the MII index calculated by the wind field from the
20CR and ERA-Interim (ERA-Interim is available from
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1979, thus only the events after 1979 are considered for
ERA-Interim). On the other side, 12 events identified as
La Nifia by NOAA/Climate Prediction Center (CPC) can
also be picked out when the MII index is less than —1
standard deviation (Table 3).

In a short summary, the new index can be used to
separate El Nifio Modoki events. All of El Nifio Modoki
events (both El Nifio Modoki I and II) can be first iden-
tified by the EMI index (Ashok et al. 2007). El Nifio
Modoki IT events are selected by the MII index. Subtract-
ing El Nifio Modoki II events from all of El Nifio Modoki
events gives rise to El Nifio Modoki I events. Using this
method, El Nifio Modoki I and II can be readily classified
(Table 4), and the seasonal evolutions of composited SST

(a) El Nmo Modoki I

30S + 30
90E 120E 150E 180 150WlZOW9OW 60W

anomalies during El Nifio Modoki I and II (Fig. 5) are
similar to Fig. 2.

4 Large-scale circulations associated with MII

The constructed MII index can be used to separate El Nifio
Modoki I and II events. Here we compare the large-scale
circulations of El Nifio Modoki I and II based on the MII
index. Since the MII index is closely related to the Nifio3
and EMI indices (Table 2), the partial correlation analysis
is utilized (“Appendix”). After removing the influences of
the EMI and Nifo3 indices, the MII index is not signifi-
cantly correlated with the autumn-averaged SST anomalies
in the equatorial Pacific, while the correlation still keeps

(b) El Nino Modoki II
_ -

S
90E 120E150E 180 1SOleOW90W 60W
U [ N N N N

-1 -09-0.8-0.7-0.6-05-04-03-02-0.1 0 0.1 02 03 04 05 0.6 0.7 0.8 09 1

Fig. 5 Evolution of composited SST anomalies (°C) used the identi-
fied El Nifio Modoki I (a; left column) and El Nifio Modoki II (b;
right column) from boreal spring (MAM) to winter (DJF). The white

contours filled with dots represent the composite exceeding the 90%
significance level based on Student’s t test. The El Nifio years are
used from Table 4
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Fig. 6 Partial correlation patterns between the SST anomalies and
the MII index (after removing the influences of EMI and Nifio3 indi-
ces) (a), and between the SST anomalies and EMI (after removing
the influences of MII and Nifio3 indices) (b) during boreal autumn.
The correlation exceeding the 90% confidence level is enclosed by the
white contours filled with dots
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Fig. 7 Partial correlation patterns of 850 hPa wind anomalies (vec-
tor) and SLP anomalies (shading) with the MII index (after remov-
ing the influences of Nifilo3 and EMI indices) (a) and with EMI (after
removing the influences of MII and Nifio3 indices) (b) during boreal
autumn. The correlation with the SLP anomalies exceeding the 90%
confidence level is enclosed by the white contours filled with dots

substantially positive in the subtropical northeastern Pacific
(Fig. 6a). It should be noted that this anomalous warm SST
distribution for El Nifio Modoki II is the outstanding char-
acteristic distinguished from El Nifio Modoki I suggested
by Wang and Wang (2013). A negative correlation is found
in the SCS and western North Pacific, which is in accord-
ance with the SCS SST cooling during autumn of El Nifio
Modoki II (Tan et al. 2016). In the Indian Ocean, there is a
positive correlation in the tropical eastern Indian Ocean off
Java-Sumatra, but a negative correlation in the tropical cen-
tral-western Indian Ocean (Fig. 6a). This is consistent with
the results of Wang and Wang (2014) that El Nifio Modoki
11 is in favor of the appearance of a negative IOD.

In contrast, the partial correlation between the EMI and
the SST anomalies (after removing the influences of the
MII and Nifio3 indices) in autumn primarily reflects the
spatial pattern of El Nifio Modoki I (Fig. 6b). The remark-
ably positive correlation is concentrated in the tropical cen-
tral Pacific accompanying with negative correlations in the
eastern and western tropical Pacific. The Indian Ocean pre-
sents a positive IOD-like pattern with negative correlation
in the eastern Indian Ocean off Java-Sumatra, and positive
correlation in the tropical central-western Indian Ocean
(Wang and Wang 2014).

Similarly, the partial correlations of the MII and EMI
indices with the atmospheric circulations also portray the
atmospheric responses to El Nifio Modoki II and I, respec-
tively. The MII index shows a negative correlation with the
SLP anomalies and an anomalous cyclone circulation at
850 hPa over the western North Pacific (Fig. 7a). In con-
trast, a significantly positive correlation exists over the
western North Pacific between the EMI and SLP anoma-
lies and an anomalous anticyclone circulation is located in
the western North Pacific (Fig. 7b). The anomalous cyclone
and anticyclone in the western North Pacific during El
Nifio developing autumn induce different atmospheric cir-
culations and thus different climate impacts.

An important impact of El Nifilo Modoki I and II events
is different patterns of rainfall in China (Wang and Wang

Fig. 8 Partial correlation pat-
terns of anomalous rainfall with
the MII index (after remov-

ing the influences of EMI and
Nifio3 indices) (a) and with
EMI (after removing the influ-
ences of MII and Nifo3 indices)
(b) during boreal autumn. The
solid and dashed contours
mean positive and negative
correlations with 0.1 contour
interval, respectively. The zero
contour lines are thickened. The
correlations exceeding the 90%
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2013). The rainfall in southern China (south of 30°N) dur-
ing autumn is negatively correlated with the MII index
after removing the influences of EMI and Nifio3 indices
(Fig. 8a), while it is positively correlated with EMI without
the influences of the MII and Nifio3 indices (Fig. 8b). This
result is consistent with the composite precipitation as dis-
cussed in Wang and Wang (2013), i.e., the rainfall in south-
ern China decreases and increases in boreal autumn for El
Nifio Modoki II and I, respectively. All of the above analy-
ses (Figs. 6, 7, 8) provide the evidence that the MII index
can well portray the coupled ocean—atmosphere response

(a) El N1no Modoki I
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to El Niflo Modoki II events, which have great differences
with these to El Nifio Modoki I events (and canonical El
Nifio events).

5 Model experiments forced by MII-induced SST
anomalies

To further examine how the MII index represents El Nifio
Modoki II events, we perform the numerical simulations by
using CAM4. Control run and two sensitivity experiments

(b) El Nino Modoki IT
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Fig. 9 Composited SST anomalies (°C) during El Nifio Modoki I (a; left column) and El Nifio Modoki II (b; right column), which are used to
drive the sensitivity experiments. The El Nifio years are selected from Table 4. The only odd months are shown
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are conducted in the study. The control run is a 32-year
integration forced by the climatological mean SST, and
the last 30 years simulation results are composited as the
climatology. In the two sensitivity experiments, the com-
posited SST anomalies (Fig. 9) in the tropical Pacific
(120°E-80°W, 30°S-30°N) for the identified El Nifio
Modoki I and II events during from January to December
are imposed to the climatological SST to drive CAM4 for
16 years. The ensemble mean of last 10 years results are
used to examine the responses of large-scale circulations to
the identified El Nifio Modoki I and II.

The model results reveal an anomalous cyclone circula-
tion over east of the Philippines associated with a weak-
ened SLP in El Nifio Modoki II autumn, along with an
anomalous anticyclone circulation in the west of the Philip-
pines (Fig. 10b). Therefore, northerly wind anomalies are
induced between such anomalous cyclone and anticyclone.
Compared with the observed results [Figs. 2, 5c¢ in Wang
and Wang (2013)], the simulated northerly anomalies are
farther eastward (Fig. 10b). Influenced by the northeasterly
anomalies, the precipitation in southern China is reduced
during El Nifio Modoki II events although the negative
rainfall anomalies also shift eastward (Fig. 11b). Neverthe-
less, the model results can well capture the basic atmos-
pheric responses to El Nifio Modoki II events (Wang and
Wang 2013; Tan et al. 2016). Furthermore, for El Nifio
Modoki I, the simulated results are in good agreement
with Wang and Wang (2013), showing an anomalous anti-
cyclone near the Philippine Sea, southwesterly anomalies
over the SCS (Fig. 10a) and increased precipitation in
southern China (Fig. 11a). These model results provide cre-
dence in the MII index constructed in this study.

6 Summary and discussion

Based on different influences on precipitation in southern
China during autumn, Wang and Wang (2013) divided
El Nifio Modoki into El Nifilo Modoki I and II. El Nifio
Modoki I is characterized by the anomalous warm SST
originating in the central tropical Pacific. However, for El
Nifio Modoki II, anomalous warm SST emerges in the sub-
tropical northeastern Pacific initially, and gradually extends
to the central tropical Pacific. These distinct spatial pat-
terns of SST anomalies give rise to different atmospheric
responses. The anticyclone circulation anomalies emerge
over the western North Pacific during boreal autumn of
El Nifio Modoki I, which resembles to that for canonical
El Nifio. The anticyclone results in negative relative vorti-
city anomalies in the western North Pacific. Different from
that in El Nifio Modoki I, an anomalous cyclone circula-
tion appears in El Nifio Modoki II, thus the positive vorti-
city anomalies are in the western North Pacific. Based on
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Fig. 10 Simulated wind anomalies at 850 hPa (vector; m s71) and
SLP anomalies (shading; Pa) in autumn of El Nifio Modoki I (a) and
II (b) by CAM4

these ocean—atmosphere features, we perform an MV-EOF
analysis of the EMI, Nifio4 index along with the averaged
850 hPa relative vorticity anomalies in the Philippine Sea
during boreal autumn. The first mode is defined as the El
Nifio Modoki II (MII) index, which shows the following
features:

1. The MII index is highly correlated with the Ny;p index
and EMI, and the relationship with the Nifio3 index is
relatively weak.

2. The MII index has significant variations on interdec-
adal timescales (10-20 years) and interannual time-
scales (2-3 and 4-5 years).

3. Partial correlation analyses of the MII index removing
the impacts of Nifio3 and EMI can capture the major
ocean—atmosphere features during the developing
phase of El Nifio Modoki II.

4. Forced by the El Nifio Modoki II SST anomalies using
the MII index, the model can well reproduce the atmos-
pheric responses.

These results indicate that the constructed MII index
can capture the coupled ocean—atmosphere features of El
Nifio Modoki IT and can thus be used to describe El Nifio
Modoki II events.

El Nifio largely affects climate and extreme weather
events. Because various types of El Nifio events show dif-
ferent climate impacts, it is important to identify the types
of El Nifio events. El Nifio Modoki events need to be fur-
ther divided into El Nifio Modoki I and II because their
influences on southern China rainfall and typhoon land-
fall in China as well as the IOD mode are opposite. The
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Fig. 11 Simulated rainfall
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influences of El Nifio Modoki I and canonical El Nifio
are similar. For example, canonical El Nifio and El Nifio
Modoki I induce negative rainfall anomalies in southern
China during autumn, whereas El Nifio Modoki II produces
more rainfall than normal in southern China.

The constructed MII index can help us identify the vari-
ous types of El Nifio events. There are many methods iden-
tifying canonical El Nifio and El Nifio Modoki [see the
recent papers by Capotondi et al. (2015) and Wang et al.
(2016)]. All of El Nifo Modoki events, including El Nifio
Modoki I and II, can be first identified by the EMI index,
and other events are canonical El Nifio (or selected from
the Nifio3 index). El Nifio Modoki II events can be selected
by the MII index. Subtracting El Nifio Modoki II events
from all of El Nifio Modoki events, the rest are El Nifio
Modoki I events. By doing so, the three types of El Nifio
events can be identified.

The new constructed MII index developed in this paper
provides a useful method and tool to study ENSO and
ENSO’s impacts through analyzing both observational
data and model simulations. In addition, the constructed
MII index can be applied in operational system as well as
other ENSO indices to further improve ENSO and climate
predictions. It is no doubt that the identification of El Nifio
Modoki II events will help improve predictions of rainfall
in southern China and typhoon landfall in China during
autumn of El Nifio Modoki years. It is also useful to predict
El Nifio impacts on Indian Ocean climate. Knowing the
types of El Nifio events will also help project impacts of El
Nifio on climate and extreme events under global warming.
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Appendix

As a common statistical method, the correlation analysis is
used to measure the correlativity of two variables (A; and
A,). The correlation coefficient (r;,) between A, and A, is
calculated as

T (A - Ay) Ay — Ay)
VI (4 -4V EL, (4 - Ay)°

where n is the sample size in the time series, A, and A, are
the mean values of the two variables.

Given multiple time series, one time series may be
affected by others. In this situation, the partial correlation is
more appropriate. Assuming A; and A, are both correlated
with the third variable (A;), in order to remove the influence
of A, the partial correlation coefficient (r),;) between A,
and A, is defined as

rp =

@

Ty = 13l3

(1= r2)(1 = 2,)

Tp3 =

3

where r; is the correlation coefficient between A; and A;.

If A, and A, are both correlated with the other two vari-
ables (A; and A,), thus the partial correlation coefficient
between A; and A, (r1,3,) is described as

Fioa —T347234

\/(1 — )= 13

Tse =

“)
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where r, is the partial correlation coefficient between A;
and A; after removing the influence of A;.

The corresponding statistical test is performed using
Student’s ¢ test. The z-statistic (t) is defined in the form of

g2 .
— ©)

where r is the (partial) correlation coefficient, n is the sam-
ple size, and q is the number of variables upon which we
are conditioning. In this paper, we consider two variables,
thus q is equal to 2. It should be noted that q is equal to 0
for the normal correlation analysis.
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