A Novel Index of ENSO and Its Measuring of ENSO’s Impact on
the East Asian Winter Monsoon

Jia Huang! and Renhe Zhang?

Department of Atmospheric and Oceanic Sciences & Institute of Atmospheric
Sciences,Fudan University
2Fudan University

November 22, 2022

Abstract
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Key Points:

¢ A new ENSO index is defined based on the outgoing long wave radiation
anomalies over the equatorial Pacific.

e The new index well represents ENSO and its interannual variation defined
by the sea surface temperature anomalies in the equatorial Pacific.

e Compared to the existing ENSO indices, the new index can better depict
the impact of ENSO on the East Asian winter monsoon.

Abstract

The existing ENSO indices are defined based on the sea surface temperatue
anomalies (SSTAs) in different regions of the equatorial Pacific. Considering
that the tropical convective activities are closely related with ENSO and the
impact of ENSO on the large-scale atmospheric circulation is mainly through
the release of latent heat caused by the associated convective anomalies, a new
ENSO index, the tropical convection index (1), is defined based on the zonal
dipole distribution of outgoing long wave radiation anomalies over the equatorial
Pacific. The I index can well represent ENSO events and their interannual
variation. Compared to the existing ENSO indices, the I index is more closely
related to the East Asian winter monsoon (EAWM) and can better depict the
impact of ENSO on the EAWM. The I index provides a new index for ENSO
monitoring, predicting and impact, eliminating the inconvenience that numerous
existing ENSO indices may have caused.

Plain Language Summary

It is well known that ENSO can significantly affect the weather and climate
worldwide. However, at present there are many ENSO indices which are de-
fined by the sea surface temperature anomalies (SSTAs) in the different regions
of the equatorial Pacific. Such numerous ENSO indices may cause inconvenience
in understanding ENSO itself and its impacts as well as ENSO monitoring and
predicting. Therefore it is tempting to define a generalized ENSO index. Consid-
ering that the tropical convective activities are closely related with ENSO and
the impact of ENSO on the large-scale atmospheric circulation is mainly through
the release of latent heat caused by the associated convective anomalies, in this
study a new ENSO index is defined based on the outgoing long wave radiation
anomalies over the equatorial Pacific which represent the convective activities.
It is demonstrated that the index defined by the tropical convection anomalies
can well depict the ENSO events and their interannual variation defined by the
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SSTAs in the equatorial Pacific. In addition, compared to the existing ENSO
indices, the new index defined in this study is more closely related to the East
Asian winter monsoon (EAWM) and can better reflect the impact of ENSO on
the EAWM.

1 Introduction

The weather and climate in East Asia are mainly controlled by the East Asian
monsoon. The East Asian summer and winter monsoons prevail in summer
and winter seasons, respectively. Previous studies have shown that the El Nifo-
Southern Oscillation (ENSO) phenomenon that occurs in the equatorial central
and eastern Pacific can significantly affect the East Asian monsoon. Because
ENSO generally peaks in winter, then rapidly decays, and no longer exists in
summer (Wang et al., 2000; Song et al., 2019), therefore ENSO influences the
East Asian winter monsoon (EAWM) directly but the East Asian summer mon-
soon (EASM) indirectly. It has been confirmed that the bridge connecting
ENSO and EAWM is an anomalous anticyclone over the western North Pacific
(WNPAC) in the lower troposphere (Zhang et al., 2017; Li et al., 2017). Re-
garding the formation mechanism of the WNPAC, Zhang et al. (1996) pointed
out that in the El Nifio mature phase, the convective cooling anomalies over
the western tropical Pacific induce an atmospheric Rossby wave response in the
lower troposhere, resulting in the generation of the WNPAC. The atmospheric
circulation and water vapor transport associated with the WNPAC have sig-
nificant impacts on the East Asian monsoonal circulation and precipitation in
the East Asian region (Zhang et al., 1999; Zhang & Sumi, 2002). However,
the impact of El Nifio on the EASM is a kind of lagged impact (Zhang et al.,
2017), and is indirect through the summertime sea surface temperature anoma-
lies (SSTAs) related to ENSO in other tropical oceans instead of the equatorial
central and eastern Pacific. Wang et al. (2000) proposed that the local air-sea
interaction in the western North Pacific maintains the WNPAC from winter to
summer because of the positive feedback mechanism of wind-evaporation-sea
surface temperature. Yang et al. (2007) and Xie et al. (2009) pointed out that
in the summer after the mature period of El Nifio, the abnormally warm trop-
ical Indian Ocean stimulates the equatorial Kelvin wave and induces Ekman
divergence in the western North Pacific, leading to the occurrence of WNPAC.
Rong et al. (2010) found that the warm sea temperature anomaly in the tropical
North Atlantic in the summer following an El Nifio can also stimulate eastward
equatorial Kelvin waves, which play an important role in the maintenance of
the WNPAC in the following summer.

There are a variety of indices that characterize ENSO events, such as the mean
SSTAs in Ninol+2, Nifio3, Nino3.4, Nifio4 and NinoC regions, respectively (Li
& Zhai, 2000). Since the eastern-Pacific (EP) and the central-Pacific (CP) type
of ENSO were proposed, the index used to characterize the CP type of El Nifio
events has been also adopted. Although such many ENSO indices are beneficial
for understanding the details of ENSO events, it is inconvenient for the definition
of ENSO and the study of ENSO impacts. In fact, different studies in ENSO



impacts on the East Asian monsoon have adopted different ENSO indices, and
the results obtained are significantly different (Zhang et al., 2017). Therefore,
an appropriate ENSO index is important in understanding ENSO itself and the
influence of ENSO on the Fast Asian monsoon because of the dependence of
the influence on current ENSO indices.

As mentioned above, the effect of El Nifio on the EAWM is through the WNPAC,
which is a Rossby wave response of the tropical atmosphere to the anomalous
convective activities associated with ENSO in winter. Therefore, it is tempting
to directly select the tropical convection anomalies associated with ENSO events
to define the ENSO index instead of SSTAs for better reflecting the impact of
ENSO on the EAWM. Considering that the ENSO in winter has a direct impact
on the EAWM), this study will focus on the boreal winter season. Based on the
above considerations, this study will define a new ENSO index by using the
convection anomalies over the tropical Pacific in the winter of ENSO years, and
then further explore the relationship between ENSO and EAWM based on the
new index we defined. This study provides a new idea in defining ENSO and
will be beneficial for further understanding the influence of ENSO, especially on
EAWM.

2 Data

The data used in this study are: (1) the NCEP / NCAR monthly mean reanal-
ysis data with a horizontal resolution of 2.5°x 2.5° (Kalnay et al., 1996), in
which the sea level pressure (SLP) and u,v wind fields in each layer are used; (2)
NOAA outgoing long wave radiation (OLR) data with a horizontal resolution
of 2.5°x2.5°, which can well reflect tropical convective activities. The analysis
period of this study is from June 1974 to December 2020. Winter refers to the
months from December of the current year to February of the following year.
For example, the winter of 1982/83 included the December in 1982 as well as
the January and February in 1983.

The current definitions of El Nifio indices using SSTAs are as follows: Nifiol+2
index (averaged SSTAs in 0°-10°S, 90°W—-80°W); Nino3 index (averaged SSTAs
in 5°S-5°N, 150°W—-90°W); Nifio3.4 index (averaged SSTAs in 5°S-5°N, 170W°—
120°W); Nifio4 index (averaged SSTAs in 5°S-5°N, 160°E-150°W); NinoC index(
averaged SSTAs in 0°-10°S , 180°-90°W).

This study also uses the eastern Pacific El Nifio index (Ngp) and central Pa-
cific El Nifo index (Nyyp) defined by Ren and Jin (2011): Nop=Ng— Ny,
Nwp=N,4— N3, where N3 represents the Nifio3 index, and N4 the Nino4 index.
If N3N4 > 0, then = 2/5, otherwise = 0.

3 Definition of tropical convection index

Wang et al. (2000) defined a WNPAC index as the averaged sea level pressure
anomalies in the Philippine Sea (10°-20°N, 120°-150°E). Considering that the
WNPAC is caused by the convective anomalies over tropical western Pacific
associated with El Nifio (Zhang et al., 1996), we calculate the correlation coeffi-



cients between the WNPAC index and OLR field over the tropical Pacific (Fig.
1). It can be seen from Figure 1 that the correlation coefficients show an obvious
east-west dipole pattern. The WNPAC is correlated positively with the OLR
over the western equatorial Pacific and negatively with that over the equatorial
central and eastern Pacific. The dipole pattern of correlation coefficient is con-
sistent with the distribution of OLR anomalies during El Nino mature phase
obtained by Zhang et al. (1996, 1999). According to Zhang et al. (1996, 1999),
the decreased (increased) SST in the equatorial western (central and eastern )
Pacific during the El Nifio mature phase inhibites (enhances) the development of
convections and leads to the positive (negative) OLR anomalies. The convective
cooling anomalies in the equatorial western Pacific stimulates the atmospheric
Rossby wave response,resulting in the occurence of the WNPAC.

20N

10N

208
160W  140W 120w 100w 80w

Figure 1. Correlation coefficients between the WNPAC index and OLR field.
The black dots represent the correlation coefficients exceeding the 95% signifi-
cance level.

Considering the physical linkages of the dipole distribution of OLR anomalies
with the WNPAC and El Nino events, we select the region 2.5°S-12.5°N, 115°E—
135°E in the equatorial western Pacific and the region 7.5°S-5°N, 175°E-150°W
in the equatorial central and eastern Pacific region. Based on the zonal difference
of averaged OLR anomalies between the two regions in winter, a new equatorial
convection index (Ipy) is defined to represent El Nifo events for its influence
on the EAWM. The I index is defined as:

where OLRy;, and OLR ¢, represent the standardized OLR anomalies averaged
in the regions of the equatorial western Pacific (2.5°S-12.5°N, 115°E-135°E)
and the equatorial central and eastern Pacific (7.5°S-5°N, 175°E-150°W), re-
spectively.



Figure 2 shows the time evolutions of I, index and WNPAC index in winter.
It can be seen that the two indices have very consistent interannual variations.
The correlation coefficient between them is as high as 0.885, which is statistically
significant exceeding the 99% significance level. It shows that the larger (smaller)
the anomalous zonal difference of equatorial convective activity is, the larger
(smaller) the WNPAC index and the stronger (weaker) the WNPAC. The high
correlation coefficient indicates the close relation of the WNPAC with the dipole
pattern of anomalous tropical convective activities in winter.
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Figure 2. Time evolutions of the Iy, index (column) and WNPAC index
(curve) in winter.

4 Representativity of the I, index for ENSO

In order to investigate the representativity of the I, index for ENSO, we calcu-
lated the correlation coefficients of the I+ index with the existing ENSO indices.
As shown in Figure 3a, the I index is significantly correlated with all 7 ENSO
indices of Ninol42, Nifio3, Nifio3.4, Nifio4, NifioC, Nop, and Ny,p, with the
highest correlation coeflicient reaching 0.911 between the I5. and Nifio3.4 in-
dices. The lowest correlation coefficient (0.486) is between the Io and Nyp
indices, indicating the central Pacific El Nino is different from a conventional
one (Larkin & Harrison, 2005; Ashok et al., 2007; Kug et al., 2009). However,
all correlation coefficients, including the lowest one, are statistically significant
exceeding the 99% significance level. This indicates that the interannual varia-
tion of the dipole pattern of equatorial convection anomalies reflected by the I~
index is consistent with that of ENSO indices. The I index can well represent
the interannual variation of ENSO and can reflect the unified characteristics of
multiple ENSO indices in the interannual timescale.

We further calculated the correlation coefficients of the WNPAC index with var-
ious ENSO indices (Fig. 3b). It can be seen from Figure 3b that the WNPAC
index, same as the Iy index, is also significantly correlated with each of ENSO
indices, and all correlation coefficients exceed the 99% significance level. The

WNPAC index



highest and lowest correlation coefficients are 0.856 and 0.483 with the Nino3.4
and Ny p, respectively. In fact, Trenberth (1997) recommended to use Nifio3.4
index to express ENSO. Here we can see that the Nino3.4 index has the closest
relation with the WNPAC, indicating the superiority for using this index to
represent the impact of ENSO on the EAWM. The lowest correlation coefficient
between the WNPAC index and Ny,p may be attributed to the much weaker
response of the WNPAC to the central Pacific El Nifio compared to the eastern
Pacific El Nifio as proposed by Su et al. (2013). In the winters of El Nino and
La Nifla years, positive and negative values of the I, index appear, respec-
tively, which are in consistency with the previous studies, that is, anomalous
anticyclone and cyclone over the western North Pacific occur during the El Nifio
and La Nifa mature phases, respectively (Zhang et al., 2015; Gao et al., 2019),
which further confirms the relationship between the WNPAC and convection
anomalies associated with ENSO proposed by Zhang et al. (1996).

1.0 1 1 1 1 1 1 1 1.0 1 1 1 1 1
1 (@ (b)
= 0.9 - = 0.9 -
@ ] ] @ -
L : ] 2 — —
£ 0.8 A N = = 0.8 A
[h] ] | [4b]
8, 8 i
= 0.7 - = 0.7
o R=
© ] ©
o 0.6 T - O 0.6
= =
<] . S
O o5 A - O o5 4
0.4 - ﬂ 0.4

T T T T T T T

i

T T T T T T
T B oa B
@(\o\x\\g\(\or:&(\o% W \\\.‘5\00 R Qe e’.\“d\)"v\‘“o;i\(‘o% Qe \‘\“\DO A

Figure 3. Correlation coefficients of (a) the I index and (b) the WNPAC
index with each of ENSO indices.

Although ENSO indices are closely related to the WNPAC, as shown in Figure
3b, all the correlation coefficients between the WNPAC index and each of ENSO
indices are lower than the correlation coefficient between the WNPAC index and
I index, which reaches 0.885. Of course, it is not surprising that the WNPAC
index has the best correlation with the I, index because the I, index is
defined according to the convection anomalies associated with the WNPAC
index. However, the significant correlations between the I, index and various
ENSO indices reflect that the I, index can well represent the ENSO events.
Therefore, the I~ index can replace the ENSO indices defined by SSTAs, and
in such a way a direct bridge is established between ENSO and the WNPAC.
The stronger (weaker) the ENSO, the larger (the smaller) the I index, and
the stronger (weaker) the WNPAC.
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5 Relations of the I;, index with the EAWM

The above analysis shows that the I~ index defined by the wintertime tropical
convection can well represents all ENSO indices defined by the SSTAs in the
equatorial central and eastern Pacific, and it is an indicator that can compre-
hensively reflect ENSO events. Compared with all ENSO indices, the I, index
has the highest correlation coefficient with the WNPAC in winter. It can be in-
ferred that the I index can better reflect the impact of ENSO on the EAWM.
In order to confirm this inference, we will compare the I, index to all ENSO
indices in their relations with the EAWM in this section.

At present, there are a large number of indices describing EAWM from differ-
ent aspects, and Wang and Chen (2010) summed up 18 indices of EAWM. In

addition to these EAWM indices, Zhang et al.

(1996) defined the East Asian

monsoon index by using the meridional winds in the lower troposphere along
the coast of East Asia firstly and used it in the study of ENSO impacts on the
East Asian monsoon. Therefore, a total of 19 EAWM indices are selected in the
present study. Table 1 gives the definitions and brief descriptions for all these
19 EAWM indices.

Table 1. 19 East Asian Winter Monsoon indices and their definitions

Number Index Defining variable(s), level (hPa) and regions Reference
I(JiLR) v, 1000 hPa, (10°-30°N, 115°-130°E) Ji and Sun
I(LuE) v, 1000 hPa, (7.5°-20°N, 107.5°-120°E) Lu and Cha

I(Chen] v, 1000 hPa, (15°-30°N, 115°-130°E) Chen and S
I(YangS) v, 850 hPa, (20°-40°N, 100°-140°E) Yang et al.

I(ChenW v, 10 m, (10°-25°N, 110°~130°E) and (25°-40°N, 120°-140°E) Chen et al.

1(HuZZ) v, 10 m, (15°-40°N, 115°-130°E) Hu et al. (2
I(WangHJ)  u, v, 850 hpa, (25°-50°N, 115°-145°E) Wang and J
I(Jhun) u, 300 hPa, (27.5°-37.5°N, 110°-170°E) minus (50°-60°N, 80°~140°E) Jhun and L
I(XuSYy SLP gradient, (30°-40°N, 100°~120°E) minus (30°-40°N, 130°-140°E) Xu and Ji (
I[(GuoQY) SLP gradient, (10°-60°N, 110°-160°E) Guo (1994)
1(ShiN SLP gradient, (20°-50°N, 110°-160°E) Shi (1996)

I(WuBY) SLP gradient, (20°-70°N, 110°~160°E) Wu and Wa
I(ChanCL SLP gradient, (35°-55°N, 100°~120°E) minus (35°-55°N, 150°-170°E) Chan and L
I(Wang) SLP gradient, (40°-70°N, 110°-160°E) Wang et al.
I(GongDY)  SLP, (40°-60°N 70°-120°E) Gong et al.
I[(SunBM) ®, 500 hPa, 30°-45°N, 125°-145°E) Sun and Li
I(CuiXP) @, 500 hPa, (35°-40°N, 110°-130°E) Cui and Sw
I(WangL) o, PC1, 500 hPa, (25°-50°N,100°-180°E) Wang et al.
I(ZhangRH) v, 850 hPa, (20°-30°N, 110°-130°E) Zhang et al.

Figure 4 shows the correlation coefficients of each ENSO index (including the
Ipe index) with the 19 EAWM indices, respectively. Considering that the cor-
relation coefficients between different EAWM indices and ENSO indices are



either positive or negative, all the correlation coefficients in Figure 4 are taken
to be their absolute values for the convenience of comparison. It can be seen
from Figure 4 that some correlation coefficients are significantly correlated with
ENSO but some not. Wang and Chen (2010) demonstrated that the EAWM
indices which can well describe the interannual variability of EAWM may have
significant correlation with ENSO, while those reflecting poorly the interannual
variability are not well correlated with ENSO. However, it is obvious that the
correlations of the Ip. index with EAWM are better than those of ENSO in-
dices on the whole. Among 19 correlation coefficients of the ;. index with
the EAWM indices, the 13 ones are the highest compared to the correlation
coefficients of each ENSO index with the EAWM indices. We further calculated
the averageed correlation coefficients of each ENSO index with the 19 EAWM
indices and they are 0.290, 0.299, 0.302, 0.293, 0.298, 0.274, and 0.202 for the
indices of Nifol+42, Nino3, Nifio3.4, Nifio4, NinoC, N, and Ny, p, respectively.
All of them are lower than the averaged correlation coefficient of the I, index
with the 19 EAWM indices (0.372), indicating that the [, index we defined
has the closest relationship with the EAWM.
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Figure 4. Correlation coefficients of each ENSO index (including the Ipx
index) with each of 19 East Asian winter monsoon indexes. The abscissa is
for thel9 East Asian winter monsoon indices. The circles with different colors
represent different ENSO indices of Nifiol+2, Nino3, Nifo3.4, Nifio4, NifoC,
Ngpand Nyyp. The blue rhomb is for the .. The dashed heavy line indicates
the correlation coefficient of 0.29, which is statistical significant at the 0.05
significance level.



Therefore, in general the I index can well reflect not only the ENSO events,
but also its impact on the EAWM. According to Zhang et al. (2017), it is easy
to give a physical explanation for the closest relations of the Ir. index with
ENSO and EAWM. In the winter of an El Nifio (La Nifia) year, the east-west
dipole distribution of convection anomalies over the tropical Pacific are caused
by the suppressed (enhanced) convection associated with the negative (positive)
SSTAs in the tropical western Pacific and enhanced (suppressed) convection
associated with the positive (negative) SSTAs in the central and eastern tropical
Pacific. Such dipole distribution of convection anomalies is exactly a reflection
of the anomalous Walker circulation related to ENSO and, therefore, result in a
close relationship between the I index and ENSO. Meanwhile, the convective
cooling (heating) anomalies over the tropical western Pacific indicated by the
Irc index stimulate the atmospheric Rossby wave response and produce an
anomalous anticyclone (cyclone) over the western North Pacific, which enhances
(declines) the southwesterly flows along the coast of East Asian and thus weakens
(strengthens) the EAWM.

6 Conclusion and Discussion

Based on the characteristics of convective activities over the equatorial Pacific
during the mature period of ENSO in winter, this study defines a new index,
the I index, to represent ENSO, and illustrates the relationship among the
Iro index, ENSO, WNPAC, and EAWM. The following main conclusions are
obtained:

(1) The Iy index represents the zonal difference between the tropical convection
anomalies in the equatorial western Pacific and those in the equatorial central
and eastern Pacific, and is significantly related to all ENSO indices defined by
the equatorial SSTAs. The I, index reflects the anomalous Walker circulation
in ENSO events, and so its interannual variation is in good agreement with the
ENSO.

(2) Compared with all ENSO indices, the I index shows the highest positive
correlation with the WNPAC index, with a correlation coefficient as high as
0.885. The I index defined by convection anomalies over the tropical Pacific
has a better reflection than the ENSO indices defined by SSTAs for the influence
of ENSO on the WNPAC, the bridge connecting ENSO and EAWM. The larger
(smaller) the I index, the larger (smaller) the WNPAC index, and the stronger
(weaker) the WNPAC.

(3) Compared with all ENSO indices, the I index shows the best correlation
with the EAWM on the whole, indicating the superiority of the I index in
describing the impact of ENSO on the EAWM compared to the ENSO indices
defined by the SSTAs. A larger (smaller) I~ index corresponds to a stronger
(weaker) WNPAC, which increases (reduces) the southwesterly winds along the
coast of East Asia, and thus weakens (strengthens) the EAWM.

In fact, ENSO’s effect on the large-scale atmospheric circulation is mainly
through affecting the tropical convection which releases abnormal latent heat.



Therefore, using the tropical convection anomalies associated with ENSO to
define the ENSO index can reflect straightforward the impact of ENSO on at-
mospheric circulation compared to using the ENSO indice defined by SSTAs.
As shown by the results obtained in this study, the I, index defined by trop-
ical convection anomalies can not only well reflect the ENSO events, but also
is closely related to the EAWM. The results of this study put forward a new
idea for defining the index of ENSO as well as its influence on the atmospheric
circulation. Aditionally, using tropical convection to define the ENSO index
can overcome the inconvenience caused by many existing ENSO indices in the
study of ENSO impacts. It is also expected to be beneficial for improve ENSO
monitoring and predicting.
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