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A daily East Asia–Pacific teleconnection (EAP) index was constructed to investigate the
impact of the intraseasonal variability (ISV) of this index on the genesis of multiple tropical
cyclones (MTC) in boreal summer over the western North Pacific (WNP). The result
indicates that the EAP index has dominant intraseasonal periods of 10–20 days,
20–40 days and 50–70 days, respectively. The ISV of the EAP during 1979–2019 can
be classified into three types, a single-period-domination type (37%), a multiple period
coexistence type (24%) and a transition type (39%). It is found that during El Niño (La Niña)
summers, the ISV of the EAP is dominated by a higher-frequency (lower-frequency)
oscillation with a period of around 20–30 (50–70) days. The distinctive ISV characteristics
during the different ENSO years were accompanied with different dynamic and
thermodynamic background conditions over the WNP and the South China Sea,
which modulated the frequency and location of MTC genesis. By examining the
relative contributions of individual environmental variables of the Genesis Potential
Index, we found that the low-level absolute vorticity and mid-level relative humidity are
two important environmental factors modulatingMTC genesis. However, the relative role of
these variables tends to change with the EAP ISV phase. The environmental condition over
the SCS appears less influenced by ENSO. A more southern location of MTC genesis
during El Niño is attributed to the change of the environmental humidity.

Keywords: East Asia–Pacific teleconnection, multiple tropical cyclone genesis, ENSO, intraseasonal variability,
Western North Pacific

INTRODUCTION

The western North Pacific Ocean (WNP) is a main cradle of tropical cyclone (TC) genesis. About 1/3
of TCs each year form in the region. TC genesis frequency in the WNP exhibits great intraseasonal
and interannual variabilities (Li, 2012; Li and Hsu, 2017). For example, under the impact of the
atmospheric intraseasonal oscillation, TC activity exhibits a marked intraseasonal variation (ISV; Liu
and Lin, 1990; Fu et al., 2007; Kikuchi et al., 2009; Kikuchi and Wang, 2010; Gao and Li, 2011; Gao
and Li, 2012; Zhu et al., 2013; Zhang et al., 2017; Lyu et al., 2018; Zhao and Li, 2019; Zhao et al., 2019),
with an alternation of active and inactive periods of TC genesis. Multiple tropical cyclones (MTC)

Edited by:
Ruifen Zhan,

Fudan University, China

Reviewed by:
Ruiqiang Ding,

Beijing Normal University, China
Haikun Zhao,

Nanjing University of Information
Science and Technology, China

*Correspondence:
Jianyun Gao

fzgaojyun@163.com

†These authors contributed equally to
this article

Specialty section:
This article was submitted to

Atmospheric Science,
a section of the journal

Frontiers in Earth Science

Received: 23 August 2020
Accepted: 07 December 2020
Published: 15 January 2021

Citation:
Lin X, Wang L, Gao J, Chen X and

Zhang W (2021) Intraseasonal
Variability of the East Asia-Pacific

Teleconnection and Its Impacts on
Multiple Tropical Cyclone Genesis
Over the Western North Pacific.

Front. Earth Sci. 8:598043.
doi: 10.3389/feart.2020.598043

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5980431

ORIGINAL RESEARCH
published: 15 January 2021

doi: 10.3389/feart.2020.598043

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.598043&domain=pdf&date_stamp=2021-01-15
https://www.frontiersin.org/articles/10.3389/feart.2020.598043/full
https://www.frontiersin.org/articles/10.3389/feart.2020.598043/full
https://www.frontiersin.org/articles/10.3389/feart.2020.598043/full
https://www.frontiersin.org/articles/10.3389/feart.2020.598043/full
https://www.frontiersin.org/articles/10.3389/feart.2020.598043/full
http://creativecommons.org/licenses/by/4.0/
mailto:fzgaojyun@163.com
https://doi.org/10.3389/feart.2020.598043
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.598043


often occurred during the active period of the ISV (Gao and Li,
2011). Based on the statistical feature of TCs over the WNP, Gao
and Li (2011, 2012) defined an active and an inactive phase of
MTC genesis in the WNP. Both the phases could bring natural
hazards. An active phase implies more frequent TC genesis and
landfall over East Asian coast, and an inactive phase implies less
TC genesis and the control of the Subtropical High, which could
bring extremely heat waves and droughts in East Asia. China is
one of the WNP rim countries that are highly influenced by
tropical cyclones.

Previous studies also showed a tight relationship between
MTC over the WNP and the oscillations with lower frequency
in atmosphere and ocean (e.g. Sun et al., 2009; He et al., 2013; You
et al., 2019a; You et al., 2019b; Lai et al., 2020; Zhang et al., 2020).
For example, previous studies suggested a climatic impact of TC
genesis over the WNP by the El Niño-Southern Oscillation
(ENSO), the Antarctic Oscillation (AAO), the North Pacific
Oscillation (NPO), and the Asian-Pacific Oscillation (APO)
(Wang and Chan, 2002; Wang et al., 2007; Wang and Fan,
2007; Zou and Zhao, 2009; Li 2012; Han et al., 2020). A
dominant teleconnection pattern over the East Asian-western
North Pacific (EAWNP) section in boreal summer was
discovered by Nitta (1987) and Huang and Li (1987), Huang
et al. (2003). This teleconnection pattern was named as the
Pacific-Japan (PJ) pattern by Nitta (1987) and as the East
Asia–Pacific teleconnection (EAP) by Huang and Li (1987),
Huang (1990), Huang et al. (2003). This pattern contains an
opposite convection/circulation pattern over the tropical WNP
around Philippines and the subtropical East Asia along the Meiyu
front. The teleconnection pattern implies a meridional dipole
pattern over the EAWNPmonsoon region (Wang et al., 2001; Lu,
2004). It is often associated with a wave train pattern of
geopotential height anomalies with an alternative distribution
of negative-positive-negative centers over the Philippines, Japan
and the Okhotsk (Huang, 1990; Huang and Sun, 1992). For
readers’ convenience, hereafter this teleconnection pattern is
called the EAP pattern.

The EAP shows an alternative meridional pattern of
convective anomalies in the monsoon trough over the western
North Pacific, Meiyu front in central East Asia, and the Okhotsk
Sea (Lin et al., 1999; Hsu and Lin, 2007; Ding and Liu, 2008). It
modulates the TC genesis frequency by influencing the position
of the subtropical high in the WNP (Huang and Wang, 2010).
According to Huang and Wang (2010), under the impact of a
positive phase of the EAP, the western Pacific subtropical high
shifts to the north and east, away from its climatological position.
As a result, more frequently TCs form over the WNP and TC
tracks shift more northward, leading to more landfall north of
Xiamen.

The EAP teleconnection pattern is highly influenced by the sea
surface temperature anomaly (SSTA). It was shown that the local
sea surface temperature (SST) and convection anomalies in the
WNP could trigger a seasonal-mean EAP pattern anomaly
(Huang and Li, 1988; Huang and Sun, 1994). Zong et al.
(2008) found a relation between the occurrence of the EAP
and ENSO. Sun et al. (2014) noted that the EAP pattern was
sensitive to the SSTA in the tropical Pacific and Indian Oceans in

the preceding winter and spring. The results implies that the
modulation of the low-frequency EAP variability on the MTC
genesis may depend on the ENSO phase. Given that the summer
EAP pattern is a dominant intraseasonal mode over the WNP
(Wu et al., 2013; Li et al., 2014), we would like to examine to what
extent the ISV of the EAP modulates the MTC activity over the
WNP and how the tropical SSTA associated with the ENSO
affects the ISV–MTC relationship.

The objective of the current study is to reveal the relationship
between the ISV of the EAP and MTC and ENSO modulation on
the relationship. The data and relevant methodology are
described in Data and Methodology. In Characteristics of the
Intraseasonal Variability of the East Asia–Pacific, the ISV of the
EAP and its potential impact on MTC are analyzed. The
modulation of the impact of the EAP ISV on MTC genesis by
ENSO and its possible mechanism are discussed in Impacts of
the East Asia-Pacific Intraseasonal Variability on Multiple
Tropical Cyclones. Finally, a conclusion and discussions are
given in Conclusion and Discussion.

DATA AND METHODOLOGY

Data
The daily general circulation during 1979–2019 is analyzed by
geopotential height and wind data with the horizontal resolution
of 2.5° at pressure level, published by NCEP/NCAR in reanalysis 1
dataset.

The daily interpolated outgoing longwave radiation (OLR) in
the same time is used for estimating the convection activity which
is obtained from the NOAA polar orbiting satellites (Liebmann
and Smith, 1996) (https://www.esrl.noaa.gov/psd/data/gridded/).

The high-resolution daily SST with horizontal resolution of
0.25° used for the calculation of TC genesis potential index (GPI)
in 1982–2019 is supported by NOAA/OAR/ESRL PSD, Boulder,
Colorado, United States. Since the limitation of length of the SST
data, the GPI can be only provided since 1982. However, such
limitation less influences our analysis, for 1979–1981 will not
seleceted as ENSO years dependent on the criterion we
introduce below.

The Oceanic Niño Index (ONI) representing the variation of
ENSO is based on the areal mean sea temperature anomalies in
Nino 3.4 region (5°N–5°S, 120°–170°W). The amonaly is relative
to the climatological mean based on a centered 30-years base
periods updated every 5 years (http://www.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/ensoyears.shtml).

The best-track data from the Joint Typhoon Warning Center
(JTWC) is used to locate the genesis position of TC where the
storm intensity estimated by maximum sustained 1-m winds
firstly reaches TC intensity (34 kts or 17.2 m/s), following the
method of McDonald et al. (2005).

Methodology
East Asia–Pacific Index Definition
A daily EAP index will be constructed here to monitor the
variation of EAP. Within our research scope, we will focus on
the intraseasonal characteristics of EAP and its impacts on MTC
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genesis. Thus, we apply a method referred to Li (2004) and Wu
et al. (2013) to extract the low frequency signal from original
variables. First of all, to remove the annual cycle, a 41-years-mean
of the daily zonal wind at 850 hPa in summers (June–September)
from 1979 to 2019 is subtracted. Then remove the seasonal mean
in each year to exclude the influence of inter-annual variation.
Finally, a 5-days-moving averaging is carried out to eliminate the
synoptic wave signal, and the variable anomalies with ISV are
remained, among which the zonal wind anomaly will be used to
constructed the EAP index (IEAP) according to Wu et al. (2013).
The areal means of zonal wind anomaly in different domains are
selected to calculate the IEAP, as shown below:

IEAP � 1
3
[U ′(2.5°−17.5°N,105°−145°E) − U ′(22.5°−37.5°N ,112°−152.5°E)

+ U ′(45°−57.5°N,130°−160°E)] (1)

The standardized IEAP is regarded as EAP index in our study.

Multiple Tropical Cyclones Genesis Definition
To carefully investigate the potential influence of EAP on MTC
active genesis, the latter is defined in quantity here as a period
when the generation interval of two TCs is not greater than 3 days
in time and less than 4,000 km in space according to Gao and Li
(2011). The criterion is selected based on a statistical analysis in
June to September in 1979–2006. A MTC genesis with the
temporal interval not greater than 3 days will be classified into
a relatively intensive genesis event, not greater than the −0.5
standard deviation. A spacial interval limitation excludes around
13% events that two TCs generates in a extremely far distance.
Based on this criterion, the TCs in active MTC genesis event in
June to September in 1979–2019 will be selected to be in
accordance with the EAP index.

Tropical Cyclone Genesis Potential Index
The genesis potential index (GPI) of tropical cyclone is firstly
developed by Gray (1979) and then modified by Emanuel and
Nolan (2004) to estimate the climate condition for tropical
cyclone genesis. The GPI, consisting of low-level vorticity,
vertical wind shear, mid-level humidity, SST and the TC
maximum potential intensity, will be calculated according to
Equation (2) by using the original environment parameters
from NCEP reanalysis 1 dataset.

Igp �
∣∣∣∣105η∣∣∣∣1.5︸���︷︷���︸

A

· (
HR

50
)
3

︸��︷︷��︸
B

· (
Vpot

70
)
3

︸���︷︷���︸
C

· (1 + 0.1Vshear)− 2︸�������︷︷�������︸
D

(2)

Equation (2) includes four multipliers, respectively related to
vorticity (A), humidity (B), maximum wind speed or potential
intensity (C, PI) and vertical wind shear (D,VWS). In multiplier
A, η represents absolute vorticity at 850 hPa (s−1); in B, HR

represents relative humidity at 600 hPa (%); in C, Vpot

represents maximum potential intensity (m s−1); in D, Vshear

represents vertical wind shear between 850 hPa and 200 hPa. GPI
is a positive-only quantity and the higher (lower) GPI indicates
the more (less) favorable condition for TC genesis.

The variable Vpot is the most modified variable in this later
index (Carmago et al., 2007), and is defined by Emanuel (1986,
1987, 1988, 1995 and 2000):

V2
pot � Cp(TS − T0) TS

T0

Ck

CD
(ln θpe − ln θe) (3)

In Equation (3), Cp, Ck, CD are respectively the heat capacity at
constant pressure, the exchange coefficient for enthalpy and the
drag coefficient; Ts and To are respectively the ocean temperature
and mean outflow temperature; θe represents the equivalent
potential temperature at boundary layer while that with a
superscript of star represents the saturation equivalent
potential temperature at ocean surface. The PI variable is
influenced by the thermodynamical rate of “Carnot engine”
and the saturation of air in the boundary layer, representing
the rate of energy extraction or conversion from the warm
underlying sea.

To assess the contribution of four factors in GPI, we follow the
methodology of Jiang et al. (2012) and Li et al. (2013). The GPI can
be divided into two parts, climatology mean X based on the data
during 1982–2019 since the data length limitation of SST, and the
fluctuation X’ which contains the oscillation with time scale from
diurnal cycle to long-term variation. The fluctuation with
superscript “isv” (isv � 20–30 days or 50–70 days) represents
the anomaly related to the ISV extracted by band filtering. The
GPI anomaly related to the ISV,GPIisv will be expressed as follows:

GPIisv � A′isvBCD + AB′isvCD + ABC′isvD + ABCD′isv

+ [(A′B′)isvCD + (A′C′)isvBD + (A′D′)isvBC + (B′C′)isvAD
+ (B′D′)isvAC + (C′D′)isvAB + (A′B′C′)isvD
+ (A′B′D′)isvC + (A′C′D′)isvB + (B′C′D′)isvA + (A′B′C′D′)isv]

(4)

Equation (4) suggests the ISV of GPI consists of four linear terms
and eleven nonlinear terms.

CHARACTERISTICS OF THE
INTRASEASONAL VARIABILITY OF THE
EAST ASIA–PACIFIC
General Characteristics
The EAP index constructed by the filtered zonal wind anomaly as
described in East Asia–Pacific Index Definition will be used to
reveal the general characteristics of the ISV in the region of
interest. The power spectrum of the 41-years-mean EAP index
(Figure 1) shows significant peaks on the intra-seasonal timescale
(10–70 days) that pass the 95% confidence level. Among the
timescale, there are several spectrum peaks at 10–20 days,
20–40 days and 50–70 days, and all these peaks exceed the
maximum Markov level. For simplicity, one may category
them into two groups, a shorter period group of 10–40 days
and a longer period group over 50 days.

It is worth mentioning that the periodicity of the ISV of the
EAP in the boreal summer experiences an interannual variation.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5980433

Lin et al. EAP ISV and Its Impacts on WNP MTC

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


According to the power spectrum of individual years, they may be
roughly classified into three types, as listed below and in Table 1:

(1) Single period domination type. In about 36.6% of years
(15 years) the EAP indices have a single dominant
period, even though the range of the dominant
period somewhat varies. For example, a single spectra
peak at 10–20 days appeared in 1993 (Figures 2A,B). A
spectrum peak of 20–40 days occurred in 1987 (Figures
2C,D), whereas a 30–60-days peak occurred in 1984
(Figures 2E,F).

(2) Multiple period coexistence type. Among 41 years, there
are about 24.4% of the EAP indices (9 years) that have
multiple significant periods. For example, the EAP index
in 2006 had two peaks at 10–20 days and 30–50 days
respectively, both of which exceed the maximumMarkov
confidence level (Figures 3A,B).

(3) Transition type. Since 1979, there are 16 years (about
39.0%) in which the dominant period changes within the
season. One such example happened in 1991 (Figures
3C,D), in which the period of 20–45 days was dominant
before August, but it transformed to 10–20 days after
early September.

El Niño-Southern Oscillation Modulation
Previous works revealed that the EAP was highly influenced by
ENSO (Huang and Li, 1988; Huang and Sun, 1994; Zong et al.,
2008; Sun et al., 2014). In this subsection, we investigate how
ENSO-related mean state changes influence the ISV of the EAP in
the summer.

We define the El Niño (La Niña) year as a year when the
monthly average ONIs of October, November and December are
all higher (lower) than 0.5°C (−0.5°C). A lagged correlation
analysis shows that the EAP index is more correlated to the
monthly ONI during October to December in the previous year.
This is consistent with Lin and Li (2008). What’s more, the
simultaneous TC-ENSO correlation is statistically insignificant
according to Li (2012). Therefore, in the following we consider
the EAP in the ENSO decaying summer as the ENSO impact on
EAP. For concision, all the ENSO scenarios we mentioned below
refer to the decaying summer of the ENSO years. All samples
selected based on the phase of ENSO are listed in Table 2.

The composite power spectrum of the EAP index during the El
Niño and La Niña years is shown in Figure 4. It indicates that the
El Niño EAP is characterized by a higher-frequency oscillation
with the strongest peak at 20–30 days passing the max Markov
confidence level, whereas the La Niña EAP is characterized by a
lower-frequency oscillation with the strongest peak at 50–70 days.
Two weaker peaks at around 10–20 and 30–50 (20–40) days are
also found in the El Niño (La Niña) EAP. The difference of the
peak ISV periodicity between El Niño and La Niña is significant.
Under the impact of sea surface temperature, the types of EAP
ISV of individual year are redistributed among three categories.
Close to 60% (7 in 12 years) ISV of EAPs in El Niño years belong
to single period domination type. In 6 of 7 years, the ISV of EAP is
with a dominant period of 20–50 days. Among 11 La Niña years,
the ISV oscillates with single dominant period of around
40–70 days in only three years. Over 72.3% of ISV of EAPs in
La Niña years are located in transition type or multiple period
coexistence type. The complex change of variation period will
increase the forecast difficulty. Thus, the EAP in El Niño years
will be regarded as more predictable.

TABLE 1 | Different types and corresponding years of low frequency variation of EAP index during 1979–2019.

Type Year Percentage

Total years El Niño years La Niña years

Single period domination type 1984, 1986, 1987, 1988, 1993, 1996, 2002, 2005,
2007, 2010, 2013, 2015, 2016, 2017, 2019

36.6% 58.3% 27.3%

Multiple periods coexistence type 1979, 1983, 1985, 1997, 1999, 2001, 2004, 2006, 2009, 2018 24.4% 8.3% 27.3%
Transition type 1980, 1981, 1982, 1989, 1990, 1991, 1992,

1994, 1995, 1998, 2000, 2003, 2008, 2011, 2012, 2014
39.0% 33.3% 45.4%

The years in Bold (italics) represent the El Niño (La Niña) year.

FIGURE 1 | Power spectrum of the EAP index averaged during the 41-
years analysis period. The red dashed line is 95% confidence level and the
green and blue ones are respectively maximum and minimum Markov
confidence levels.
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To unveil the composite evolution patterns of the EAP during
the positive and negative phases of ENSO, we examine the
anomalous OLR and zonal wind fields regressed onto the EAP
index (Figure 5). Due to the distinctive periods of 20–30 days

(50–70 days) during El Niño (La Niña), we examine the
convection and zonal wind fields fromDay-16 (Day-32) to Day 0.

During El Niño summers, the intraseasonal oscillation in the
tropics is active in the Indian Ocean but weak in the Pacific Ocean

FIGURE 2 | Power spectrum of the EAP index in 1993 (A), 1987 (C) and 1984 (E) with red, blue and green line representing respectively the 95% confidence level,
maximum and minimum Markov confidence levels, and real part of wavelet (B, D and F) with blue contours encircling the power spectrum passing the 95% confidence
level.
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(Figure 5A). It is noteworthy that a negative OLR anomaly firstly
appears in the mid-Pacific Ocean in mid-latitudes with an
anticyclonic wind shear. Meanwhile, a weak meridional wave

train lies at the coast of eastern Asia, with a positive OLR center
near 20°N over the Indian Ocean. Then the convection and
westerly over the Indian Ocean decrease while those over the

FIGURE 3 | Same for Figure 2 but for year 2006 (A–B) and 1991 (C–D).

TABLE 2 | Years of two ENSO phases, and day number and MTC genesis number of 6 phases during June to September in ENSO years.

ENSO phase El Niño La Niña

1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2016,
2019

1983, 1988, 1995, 1998, 1999, 2000, 2007, 2010, 2011, 2017, 2018

EAP phase Day number MTC genesis number MTC genesis frequency Day number MTC genesis number MTC genesis frequency

1 235 24 9.8 204 20 10.2
2 248 27 9.2 226 33 6.8
3 253 12 21.1 223 26 8.5
4 226 6 37.7 230 21 10.9
5 241 8 30.1 237 6 39.5
6 261 12 21.8 222 8 27.8
Total 89 114
Yearly mean 7.4 10.3

The bold numbers represent the value passing the 95% confidence level tested by the Monte Carlo way (n � 5,000).
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tropical Pacific are intensified as the positive OLR anomaly center
and the anticyclone at mid-Pacific propagate westward (Figures
5B,C). After the convection is organized in tropic Pacific near
150°E, the anomalies of convection and zonal wind together
propagate northwestward. On Day 0 when the EAP reaches a
maximum (Figure 5E), a marked region is in accordance with
the first empirical orthogonal function mode shown in Wu
(2013).

Distinguished from the El Niño year composite, the tropical
convective anomalies associated with the ISV first appear over
the Maritime Continents during La Niña summers, while no
anomalous anticyclones exist in the mid-Pacific (Figure 5F).
The tropical convection stretches zonally over the Indo-Pacific
Ocean (Figure 5G). The convective branch then shifts to the
north (Figure 5H) and propagates northeastward, while a
suppressed convective branch appears over the tropical
Pacific (Figure 5I). The anomalous OLR centers in both
lower and higher latitudes are strengthened on Day 0
(Figure 5J).

In summary, the development of the anomalous convective
branch of the EAP in the Philippines during El Niño is mainly
affected by the northwestward propagation of the quasi-biweekly
oscillation (QBWO) from mid-Pacific to the WNP, while during
La Niña it is primarily modulated by the northeastward
propagation of the boreal summer 30–60-days intraseasonal
oscillation. These processes are in accordance with the
previous study on the boreal summer intraseasonal oscillation
(BSISO, Liu et al., 2016). A possible physical mechanism of such
difference is investigated in Liu et al. (2016), which owns the ISV
difference to the ENSO-related mean state with enhanced
moisture and easerly vertical wind shear in WNP (near the
Maritime Continent) in El Niño (La Niña) years. Although
our study based on the ENSO decaying summer, a
considerably similar process of ISV of EAP suggests a

sustentation of ENSO influence to the next summer, which
agrees with the idea of Zong et al. (2008). Our analysis result
suggests that the convection in the Philippines associated
with the EAP is highly influenced by the boreal summer ISV
activity, which conveys the impact of SST anomalies in the
eastern equatorial Pacific. The circulation anomalies in
higher latitude associated with the EAP tend to develop
after the tropical anomalies, indicating the fundamental
impact of the tropical forcing. The result seems consistent
with Wu et al. (2013), who suggested the role of northward
energy dispersion.

IMPACTS OF THE EAST ASIA–PACIFIC
INTRASEASONAL VARIABILITY ON
MULTIPLE TROPICAL CYCLONES
The ISV of the EAPmay impact MTC genesis throughmodulated
thermodynamic and dynamical conditions over the WNP region.
In this section we will investigate the impact of different ISV
phases of the EAP on MTC formation. In addition, we will
examine the modulation of El Niño and La Niña on the EAP
ISV–MTC relation.

Modulation of Multiple Tropical Cyclones by
the East Asia–Pacific Intraseasonal
Variability
The ISV of EAP indices which is filtered with period of
20–30 days (50–70 days) for El Niño (La Niña) years will be
divided into 6 phases as shown in Figure 6. The 85% quantile of
the peak and valley value in one cycle are regarded as the
demarcation points of 6 phases, so as to confirm a similar day
number of each phase as shown in Table 2.

FIGURE 4 | Same as Figure 1 but for the power spectrum of the EAP index during El Niño (A) and La Niña (B) summers.
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Table 2 also shows the distribution of MTC genesis number
and frequency in six phases of EAP oscillation during June to
September. The genesis frequency is estimated by the ratio of day

numbers of 6 EAP phases and corresponding MTC genesis
number, with smaller quantity representing a higher frequency
of MTC genesis. It seems that phase 2 is the significantly active

FIGURE 5 | The regression coefficient patterns of the OLR (shaded, passing the 95% confidence level) and wind (vector with the zonal component passing the 95%
confidence level) anomalies from Day -16 or Day -32 to Day 0 regressed onto the EAP index in El Niño years (A–E) and La Niña years (F–J).
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phases for MTC genesis, while its occurrence is significantly
inhibited in phase 5. That is to say, the active and inactive
stage of MTC will alternatively occur as the ISV of EAP.
What’s more, the modulation of EAP seems to be asymmetric,
and such asymmetry is influenced by ENSO phases. In El Niño
(La Niña) years, the phases 1–2 (phases 1–4) seems to be relatively
active phase for MTC genesis and the phase 1 (phase 3) is also an
significant phase for MTC frequent genesis, passing the 95%
confidence of Monte Carlo test. In addition, MTC may generate
more frequently in La Niña years, with on average 2.9 more MTC
will occur in each La Niña year, passing the 90% confidence level.
For MTC genesis frequency in significantly active phases, MTC
genesis may occur around every 9–10 days in El Niño years, but
less than every 8.5 days in La Niña years.

Except for theMTC frequency, EAP will influence the position
of MTC genesis. As shown in Figure 7, a frame in solid line shows
a genesis area where all MTCs happen in these 23 ENSO years. A
zonal dashed line at 20°N evenly divided the genesis area into
north and south part, and two meridional dashed lines at 120°E
and 145°E divided the area into the South China Sea part (SCS),
west WNP part (WWNP) and east WNP-mid Pacific part
(EWNP-CNP). All red figures and numbers are for El Niño
scenario while those in blue are for La Niña. The positions of
MTC are marked as points in the frame, the mean latitude and
longitude of which are respectively shown by a horizontal and
vertical colored line. The numbers outside (inside) the frame
denotes the MTC genesis number in each zonal or meridional
band (sub-domain).

Firstly, we pay attention to the zonal position of MTC. As
evolution of El Niño EAP, mean longitude significantly moves
westward in the active phases. In phase 1, mean latitude lies near
the boundary of WWNP and EWNP with close to half TCs
generate in EWNP-CNP. It moves to around 135°E in phase 2 and
further moves to around 130°E in phase 3. This time, over half
MTCs occur inWWNP andmore TCs generate in the SCS.When
transferring to the inactive stage in phase 4, the mean longitude
stands near 130°E close to the Philippines, and then moves

backward to mid-Pacific in phase 5 and 6. As for the La Niña
scenario, TCs firstly gather near 130°E in phase 1, and then moves
slightly eastward near 135°E in phase 2. In sequence, the mean
longitude of MTC position slightly shifts eastward. In the
significantly less MTC stage of phase 5 and 6, MTCs scatter
near the boundary of west and east WNP, and the mean
longitudes lie farther more east than those in other phases. It
is noteworthy that, in the active phases of EAP forMTC, the zonal
movement of mean longitude of MTC is more significant in El
Niño years than in La Niña years. Especially during phase 1–2, the
area where MTCs concentrate rapidly shifts westward as the El
Niño EAP evolves, but slightly moves eastward along the
development of La Niña EAP.

We can also make this conclusion in the meridional variation
of genesis position of MTC. In the development of tripolar
pattern of EAP, the convection and zonal wind continuously
propagate northward. Such northward movement is also seen in
the mean latitude of the MTC position. By comparison between
two ENSO phases, meridional change of the MTC position is
more obvious in El Niño years. Most MTC (around 70%) firstly
appear to the south of 20°N in phase 1, but the proportions of
genesis number in north and south parts are comparable in phase
2. Since phase 3, the southern proportion increases once again.
The MTC position oscillates as the ISV of EAP. However, in La
Niña years, the MTC most generates near 20°N and the mean
latitude shifts slightly. Due to the mean latitude moves northward
from relative south in El Niño year, the mean position of MTC in
whole active phases is markedly southern by around 1.4°

compared with La Niña years, which passes 90% confidence level.
The above analysis indicates that the ISV of EAP may

modulate the frequency and position of MTC genesis and the
ENSOmainly exerts the impact by influencing the EAP evolution.
MTC tends to generate more frequently in La Niña years. MTC
genesis positions shift obviously northwestward as the ISV of
EAP in El Niño years, whereas it slightly moves northeastward
along the ISV of EAP in La Niña years.

Modulation of the Intraseasonal Variability
Impact by El Niño-Southern Oscillation
As the EAP pattern is ENSO-phase dependent, it is critical to
understand how the different phases of the ENSO modulate the
dynamical and thermodynamic conditions for MTC genesis.
Figure 8 shows the composite patterns of circulation at
850 hPa and OLR based on 6 phases of the EAP ISV during
the El Niño and La Niña years. As seen from Table 2, the MTC
number in phase 2 (phase 5) of the EAP ISV is significantly more
(less), passing the 95% confidence level in the Monte Carlo test.
Comparing between phase 2 and phase 5, MTC events
concentrate in the area where convection is active (i.e., region
of negative OLR anomaly) associated with a significant
anomalous cyclone in phase 2, but an approximately opposite
pattern of the OLR and wind anomaly appear in phase 5, leading
to an inhibition of MTC. In El Niño years, the concentration area
of MTC changes from mid-Pacific to west WNP then to the SCS
in the active phases. The center of negative OLR coupled with
cyclonic wind shear is also moves in this way (figure not shown).

FIGURE 6 | Phase division of oscillation period of EAP index. The red/
blue line represents the +0.85/-0.85 level.
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FIGURE 7 | The positions of multiple tropical cyclogenesis during June to September in different phases of EAP oscillation. The points and numbers in red (blue) are
for El Niño EAP (La Niña EAP). The black frame in solid line distinguishes the domain where all multiple tropical cyclone events take place with 6 sub-domains divided by a
zonal dashed line at 20°N and two meridional dashed lines at 120°E and 145°E. The numbers in the sub-domain show the amount of MTCs which generate inside, while
the numbers lying north or east to the frame denote the summary of the MTCs generating in the corresponding meridional or zonal bands with the percentage in
bracket.
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However, they slightly move northeastward from phase 1 to
phase 2 and contract westward to the coastal line in La Niña
years, resulting in MTC concentrating in the SCS and west WNP.

Figure 8A shows that a stronger anomalous anticyclone
appears to the north of the anomalous cyclone near 20°N
during El Niño years, and the anticyclone tends to suppress
local TC genesis. The stronger easterly to the south edge of the
anticyclone increase cyclonic vorticity near 15°N. A negative OLR
anomaly is approximately in phase with the positive vorticity
anomaly where the low-level flow is convergent. The cyclonic and
convergent flow is conductive to the convective activity. The
enhanced convective activity increases the probability of TC
genesis through the “seeding” effect (Meloney and Hartmann,
2000; Hartmann and Meloney, 2001; Li et al., 2014), and the
merging of small-scale convective cells benefits the growth of the
embryos of tropical cyclones. The development of the tropical
disturbances is further modulated by low-level large-scale
cyclonic circulation through the vorticity segregation process
(e.g., Li, 2012). As a result, the meridional location of MTC
shifts slightly towards the south during El Niño years than that
during La Niña years.

The structure of wind in lower layer is important to the genesis
of TC, while that in higher layer also plays a crucial role. As shown
in Figure 9, the MTC genesis is active under the strong divergent
flow at 200 hPa both in El Niño years (Figure 9A) and La Niña

years (Figure 9C), but is inhibited under the convergent flow
(Figures 9B,D). The suction effect from the divergent flow in
higher layer will strengthen the convergence of flow and help to
the development of convection by the mass compensation
process. At 500 hPa, the negative and positive anomalies of
geopotential height are respectively near 20°N and 35°N,
suggesting the subtropical high over the WNP lying to the
north or east compared with the normal. This is also found by
Huang and Wang (2010). The positive geopotential height
anomaly lies over Japan will inhibit the cyclogenesis in middle
latitude. An opposite distribution is revealed in phase 5.

By comparing the El Niño and La Niña composites, one may
see that the wind divergence field at 200 hPa is of larger scale and
TCs form more uniformly during the active phases of La Niña
EAP. The divergence center significantly propagates westward in
El Niño years, while in La Niña years it mainly expands
northward. It is hard to tell the difference between the
divergent wind field in the two ENSO scenarios, because its
distribution is of more characteristics at a smaller scale in El
Niño years. As for geopotential height however, the amplitude of
El Niño EAP is much stronger than that in La Niña years. In other
word, the inhibition from the positive anomaly in middle latitude
will be improved in El Niño years. In fact, in the development of
El Niño EAP, the positive anomaly of geopotential height at
500 hPa is accompanied with the anticyclone at 850 hPa, moving

FIGURE 8 | The composition of wind (m/s, vector) at 850 hPa and OLR(Wm−2, shaded) with the period of 20–30 days for El Niño years (A–B) and 50–70 days for
La Nina years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The differences passing the 95% confidence level are
plotted. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
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westward from the mid-Pacific, which are not found in La Niña
EAP. The stronger inhibition in middle latitude in El Niño years
makes a less generation of TC in the higher latitudes.

In addition to the dynamical conditions, thermodynamic
conditions also play an important role in TC genesis, because
TC intensification requires a large amount of heat and
momentum exchange. The atmospheric thermodynamic
conditions for TC genesis is highly influenced by atmospheric
humidity. The increase of specific humidity in lower layer may
strengthen the convective instability and be conductive to the
development of convection. The release of latent heat in
ascending is an important mechanism for extracting kinetic
energy from instability energy which is described both in
CISK (Conditional Instability of Second Kind; Charney and
Eliassen, 1964) and WISHE (Wind Induced Surface Heat
Exchange; Emanuel, 1986; Emanuel, 2003; Rotunno and
Emanuel, 1987) theories. The specific humidity at 850 hPa are
shown in shadow plot in Figure 10. Either in El Niño years or in
La Niña years, The MTC tends to occur in the air with more
moisture in phase 2 (Figures 10A,C) and is inactive in a dry
circumstance in phase 5 (Figures 10B,D). The center of positive
specific humidity is mostly related to the cyclonic shear of
horizontal wind. By analyzing the humidity budget, there is
significantly moisture convergence in cyclonic wind shear, vice
versa. Except that the convergent flow is conductive to the

confluence of moisture, the strengthened westerly will support
more increase of moisture in phases 2–3, for the most MTC
genesis takes place to the southwest of the dry subtropical high.
What’s more, the divergent flow in the anticyclone over Japan is
stronger in El Niño EAP than that in La Niña EAP, drying the air
and inhibiting the TC genesis there.

The relative humidity in middle layer also plays an important
role in energy conversion. The saturation of air in middle layer
promotes the latent heat release. The relative humidity at 600 hPa
is higher in the active phases for MTC genesis, especially in phase
2 (figure not shown). The distribution of relative humidity in
middle layer is somewhat in accordance to that of the OLR
anomaly, because the relative humidity in middle layer is mainly
controlled by ascending motion. The active convection transports
high mean humidity upward and makes saturate air stretching
into the higher layer. A westward movement of positive relative
humidity anomaly center is clearly seen in phases 1–3 of El
Niño EAP.

The GPI (shown by contour in Figure 10) comprehensively
combines the dynamical and thermodynamic conditions needed
for TC formation. The previous studies on ISO proved a good
consistent between the composition anomalies of GPI and TC
genesis frequency over the WNP and the northern Indian Ocean
based on the oscillation phases (Carmargo et al., 2009; Kikuchi
and Wang, 2010; Zhao et al., 2015a; Zhao et al., 2015b), which

FIGURE 9 | The composition of divergence (s−1, shaded) at 200 hPa and geopotential height at 500 hPa (gpm, contour) with the period of 20–30 days for El Niño
years (A–B) and 50–70 days for La Niña years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The differences
passing the 95% confidence level are plotted. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
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suggests a ability of GPI to unveil the potential of TC genesis in
intraseasonal scale. Here we will apply this index to carefully
analyze the modulation of EAP ISV on the environment
parameters for MTC genesis.

For the El Niño EAP, the GPI firstly appear to be positive in
EWNP-CNP since phase 5, and that over SCS and WWNP turn
to be positive since phase 1 (figure not shown). In phase 2, the
GPI anomalies appear positive in the SCS andWNP and negative
in EWNP-CNP around 20°N, and negative GPI anomaly occurs
over Japan. The positive GPI rapidly shrink westward to the SCS
in phase 3 and GPI becomes negative over SCS and WWNP in
phase 4 (figure not shown). The variation of positive GPI agrees
with the westward change of MTC genesis position as the ISV
evolution of EAP. In comparison, the GPI positive anomalies in
La Niña years firstly occur in phase 6 in WWNP (figure not
shown), and stretches eastward to around 165°E in phase 2. This
changes also corresponds to the eastward movement of mean
position of MTC. Thus, the positive ISV of GPI composited based
on the EAP ISV phase is considered to be able to reflect the area
where the MTC genesis is active. In addition, the negative GPI
anomaly near Japan is also much weaker in the La Niña EAP,
suggesting a weaker inhibition ofMTC genesis in higher latitudes,
which is in accordance with our discussion in the preceding text.
Such a difference is quantified in Figure 10E. In the difference
map, a positive difference near 15°N and a negative difference to

the north suggest more MTC genesis events in the lower latitudes
during El Niño summers.

To further investigate the contribution of each environmental
variables consisting of the GPI as shown in Equation (3), the ISV
of GPI is divided into four linear terms and 11 nonlinear terms as
described in Tropical Cyclone Genesis Potential Index. Their
contributions in three sea areas (the SCS, the WWNP and the
EWNP-CNP) and northern/southern parts are depicted in
Figure 11 with the same domain partition shown in Figure 7.

The zonal movement of MTC genesis position as well as
beneficial conditions are clearly found according to the changes of
positiveGPI among three sea areas, as we discuss in the last paragraph.
These changes are apparently unveiled in environmental vorticity,
except that over the SCS in EAP phase 1 in El Niño years (figure not
shown). This makes sense, for one of the characteristics of EAP-ISV is
the disturbance of zonal wind accompanied with vorticity in the lower
layer. The positive vorticity anomaly is in WWNP and EWNP-CNP
in phase 1, in the SCS and theWWNP in phase 2, and only in SCS in
phase 3 in El Niño years. The eastward stretch of positive contribution
of environmental vorticity from phase 1 to phase 2 and westward
shrinking in phase 3 are also found in LaNiña years. As for the relative
contribution of each variables in the initial stage of ISV disturbance
(phase 1, figure not shown), the MTC genesis is triggered by positive
vorticity and PI under the beneficial circumstance with lowVWSboth
in El Niño and La Niña years, whereas the humidity is slightly

FIGURE 10 | The composition of specific humidity (kg/kg, shaded) at 850 hPa and GPI (contour) with the period of 20–30 days for El Niño years (A–B) and
50–70 days for La Niña years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The deviations are passing the 95%
confidence level. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
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unfavorable. The environmental vorticity (PI) makes relatively more
contribution in El Niño (La Niña) years except the SCS region. Over
the SCS, environmental PI plays a more important role both in El
Niño and La Niña years. As EAP-ISV as well as GPI anomaly
increasing (phase 2), the environmental vorticity and humidity
are two dominant variables. To the east of 120°E over the WNP,
the environmental vorticity (humidity) contributes more in El
Niño (La Niña) years to the increase of GPI, and the
environmental VWS and PI seem to be unfavorable. Over the
SCS, however, vorticity makes most contribution both in El Niño
and La Niña years and the humidity takes the second place. The
significant difference takes place in the VWS with negative in El
Niño years and positive in La Niña years. When the ISV
disturbance shrinks westward in phase 3, the positive GPI
concentrates in SCS with most contribution from vorticity. In
addition, the humidity is also important in La Niña years.

In meridional direction, the positive GPI is stronger in
southern part and its maximum propagates northward from
phase 1 to phase 2 both in El Niño and La Niña years.

However, the spacial oscillation of GPI anomalies are stronger
in El Niño years with positive in south and negative in north,
accounting for the more southern genesis of MTC. As we
mentioned, the unfavorable conditions (negative vorticity in
the lower layer and dry and high middle barometric layer) in
the mid-latitude-pole of EAP is stronger to the north of 20°N in
El Niño years. In case of the contribution of each variables of
GPI, the opposite effect is clearly seen to come from
environmental humidity. Turn to the southern parts, the
positive GPI is mainly own to the contribution of
environmental vorticity and humidity. In El Niño (La Niña)
years, the environmental vorticity (humidity) makes greater
contribution. In phase 3, the southern GPI turns to be negative
after the smaller ISV disturbance continues moving northward
in El Niño years, while the GPI is still positive in whole area but
weakened in La Niña years. The southern and northern GPI
seem to be out of phase in El Niño years but in phase in La Niña
years, somewhat for the scale of anomaly is relatively larger in
La Niña years.

FIGURE 11 | Composite budget terms of the total GPI anomalies based on phases of EAP-ISV over three sea areas and meridional partition in El Niño and La Niña years.
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In summary, the cyclonic flow in ISV disturbance directly
affects the contribution of environmental vorticity to the positive
GPI. This suggests an important role of vorticity in lower layer on
the modulation of MTC genesis, which is also found by Jiang et al.
(2012). In the initial stage of ISV disturbance, since humidity
often plays a negative role on the MTC genesis, the MTCs are
primarily triggered by environmental vorticity in El Niño years
and energy extraction and conversion (as described in PI factor)
from warm tropical sea in La Niña years, under the beneficial
VWS circumstance. As the ISV disturbance moves and
strengthens, the environmental vorticity and humidity make
dominant positive contribution. This agrees with some studies
on the role of ISV on MTC or TC genesis by GPI analysis
(Carmago et al., 2009; Zhao et al., 2015a; Zhao et al., 2015b; You
et al., 2019a). Furthermore, the environmental vorticity plays a
more important role in El Niño years while the contribution of
environmental humidity is more significant in La Niña years
over the WNP excluding the SCS. This is in accordance with the
study on the impact of ENSO on the TC genesis (Carmago et al.,
2007). However, the contribution of each variable of GPI over
the SCS seems to be less influenced by change of ENSO phase. A
more southern genesis of MTC in El Niño years due to the
relatively unfavorable humidity circumstance to the north
of 20°N.

CONCLUSION AND DISCUSSION

By reconstructing an EAP index, we examine the characteristics
of the ISV of the EAP during the positive and negative phases of
the ENSO through observational analyses. Both the spectral and
regression analysis methods are used. The modulation of the EAP
ISV on MTC and its physical mechanism are further investigated
based on a phase composite analysis. The distinctive relationship
between the ISV and MTC during the different phases of the
ENSO is also examined.

The EAP index exhibits statistically significant power
spectrum peaks in the 10–20-days, 20–40-days and 50–70-day
periods, respectively. The ISV of the EAP during 1979–2019 can be
classified into three types, a single period domination type (37%), a
multiple period coexistence type (24%) and a transition type (39%).
The EAP ISV tends to exhibit the single period domination type
(the latter two types) during El Niño (La Niña), suggesting a higher
predictability of the EAP ISV during El Niño. The origin and
evolution characteristics of the EAP ISV differ markedly between
the El Niño and La Niña summers. In the El Niño (La Niña)
summers, the EAP ISV is dominated by a higher-frequency (lower-
frequency) oscillation with a period of around 20–30 (50–70) days.
The EAP ISV during the El Niño summers originates from the
tropical WNP and is mainly affected by the northwestward
propagation of the QBWO. This is in great contrast to that in
La Niña summers in which the ISV perturbation is originated from
the tropical Indian Ocean through the northeastward propagation.

The frequency and position of MTC genesis are greatly
modulated by the EAP ISV. The MTC genesis tends to take
place frequently at phases 1–2 (2–3) and less frequently at phases
4-5 (5–6) during El Niño (La Niña) summers. Especially, phase 2

(phase 5) is themost active (inactive) phase forMTCgenesis, passing
a 95% confidence level with the Monte Carlo significance test. The
genesis position of MTC alters zonally as the EAP phase evolves. In
the active phases, themean longitude ofMTC genesis shifts from the
eastern WNP to the west coast of the Pacific in El Niño years, but
only to the western WNP in La Niña years. The favorable MTC
genesis location shifts northward during the active phases of the EAP
ISV in both the El Niño and La Niña summers, and such shift
appears to be more northern during the La Niña summers.

The impact of the EAP ISV on MTC genesis is modulated by
the ENSO phase. The analysis indicates that the MTC genesis
occurs under a favorable environmental condition with active
convection, low-level cyclonic and convergent flows, upper-level
divergent flow, higher moisture content and deeper saturation air.
Due to the ENSO induced SSTA impact, the phases of the ISV are
markedly different between the El Niño and La Niña summers.
This results in distinctive thermodynamic and dynamical
conditions over the WNP and the SCS, which further
modulate the frequency and location of MTC genesis.

To assess the relative importance of the environmental factors,
we further analyze the contribution of these factors to the ISV of the
GPI. The environmental vorticity always makes a positive
contribution to the positive GPI anomaly. This is because the ISV
of the EAP during the active phase is characterized by a favorable
cyclonic flow condition in lower troposphere. However, its
contribution can be modified by other factors. In phase 1, the
environmental humidity is unfavorable, and as a result, the MTC
is triggered primarily by the environmental vorticity (PI) condition
associated with El Niño (La Niña), under a moderate VWS
circumstance. When the ISV disturbance propagates and
strengthens, the vorticity and humidity factors play a dominant
role in increasing the GPI, while VWS and PI have an opposite
effect. The opposing effect is due to the fact that an intensified flow
increases the VWS while an increased air humidity slows down the
surface latent heat flux and thus energy extraction from the ocean. The
environmental vorticity (humidity) makes a greater contribution in
the WNP (east of 120°E) in El Niño (La Niña) summers. These
conclusions are generally in accordancewith the previousMJO impact
studies (e.g., Carmago et al., 2009; Jiang et al., 2012; Zhao et al., 2015a;
Zhao et al., 2015b) and the previous ENSO impact studies (Carmago
et al., 2007). However, the current study reveals a detailed regional
characteristic. For example, the PI and vorticity fields in SCS
make a greater contribution in phase 1 and phase 2 respectively,
which is less influenced by ENSO. In meridional direction, a
more southern location of MTC genesis during El Niño
summers is attributed to the negative effect of environmental
humidity. Finally, it is noteworthy that, even though the MTC in
phase 4 of EAP ISV during La Niña is somewhat active, the GPI
seems not conductive. A further study is needed to reveal other
possible processes that affect the MTC genesis.
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