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Abstract
Understanding the variabilities of East Asian summer rainfall (EASR) and Western North Pacific summer rainfall (WNPSR) 
is essential because they play a key role to control the energy and water supply. Monsoon index is generally defined by 
seasonal mean, but it is not appropriate for considering various timescale characteristics. Because it includes the influence 
of not only the interannual but also longer timescales. Thus, the several timescale variances in the indices and background 
fields should be isolated as each variability to focus on their own features. Here, the present study defines the EASR and 
WNPSR indices to explore potential factors that may trigger the enhanced rainfall for the period 1979–2016. Interannual 
variation is shown to be dominant in both indices, while decadal variation is more significant in WNPSR than EASR. Each 
index is decomposed to obtain a signal on interannual and decadal timescales with 1–7 and 8–15 years. The interannual 
components in both indices perform opposite each other in atmospheric and oceanic fields and have a negative relationship 
with high covariance. Both location of subtropical jet and thermal condition over the Indian Ocean contribute to interannual 
EASR and WNPSR as factors. In contrast, related fields upon both decadal indices represent distinguished patterns. The 
EASR is modulated by Pacific sea surface temperature anomalies (SSTA) and interdecadal oscillation patterns in the decadal 
timescale. However, the WNPSR is controlled by the tri-polar SSTA over the North Atlantic. Consequently, the decadal and 
interannual variabilities show differing mechanisms to adjust rainfall during monsoon events.

Keywords East Asian summer monsoon · Western North Pacific summer monsoon · Interannual variability · Decadal 
variability

1 Introduction

The monsoon features a remarkable seasonal wind reversal 
in the large-scale circulation system, driven by differential 
heating on a continent and ocean. Additionally, moisture 
transport could have an impact on monsoon onset and inten-
sity. Many studies conventionally have defined monsoon 
indices using precipitation and dynamic components that 
explain the horizontal and vertical wind shear (Shukla and 
Mooley 1987; Wang and Fan 1999; Li and Zeng 2002).

The Asian summer monsoon contains three subsys-
tems, namely the East Asian summer monsoon (EASM), 

Western North Pacific summer monsoon (WNPSM), 
and South Asian summer monsoon (SASM). The unique 
topography and location of monsoon produce distinctive 
features. Especially, the positions of EASM and WNPSM 
area are adjacent, but they show different features such as 
their variabilities and governing factors. In the EASM, the 
northwestward extended rainband is designated as Meiyu, 
Baiu, and Changma that locates in East Asia encompassing 
China, Japan and, Korea (Lau et al. 1988; Ninomiya and 
Akiyama 1992). The EASM accompanies the Western North 
Pacific subtropical high (WNPSH) and it performs a role to 
transport moisture through the southwesterly flow over East 
Asia (Ding and Chan 2005; Ha et al. 2012). The WNPSM 
dominates over the Philippine Sea and is affected by the 
inter-tropical convergence zone (ITCZ) on the WNP weather 
system, such as the birth of typhoons and tropical convec-
tive systems (Murakami and Matsumoto 1994; Ding 2007). 
According to Wang and Ho (2002), the EASM is categorized 
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as a continental and subtropical monsoon and the WNPSM 
is classified as an oceanic and tropical monsoon.

The EASM and WNPSM include variabilities over a vari-
ety of timescales, such as intraseasonal, interannual, decadal, 
and interdecadal timescale (Lau 1992; Ding and Chan 2005; 
Ha et al. 2012; Huang et al. 2013). More than half of the 
world’s population lives in the Asian monsoon region. The 
diverse variabilities of these monsoons give rise to severe 
flooding, drought, and other disasters, and their lives are 
dependent on the monsoon variability. In particular, the 
interannual variability of monsoons gets directly connected 
to serious economic and social problems from disasters. 
Thus, understanding the interannual variability of EASM 
and WNPSM will be beneficial for water management plans 
of damaged countries. Their interannual variabilities are 
considerably tied to some climate systems and interannual 
relationship with El Niño–Southern Oscillation (ENSO) has 
been widely accepted. A strong EASM may occur after the 
mature phase of a warm ENSO with a positive relationship 
and a cold state in the equatorial central-eastern Pacific is 
following in next winter. Because the Meiyu/Baiu rainfall 
distribution tends to be contemporaneously an anti-phase 
to WNPSM rainfall distribution, a weak WNPSM develops 
concurrently with strong EASM (Zhang et al. 1996; Wu 
and Wang 2000; Wang et al. 2001; Lee et al. 2010). Several 
sea surface temperature anomalies (SSTA) patterns over 
the Indian Ocean, Indian Ocean dipole (IOD), and Indian 
Ocean basin (IOB) modes have also influenced monsoon 
circulations by producing Rossby wave patterns (Guan and 
Yamagata 2003; Kripalani et al. 2010). Besides, the telecon-
nection from the Atlantic and Arctic via the upper-level flow, 
Rossby wave, and transient eddies can be a key role in the 
interannual variability of EASM and WNPSM (Gong and 
Ho 2003; Zhang et al. 2006; Gong et al. 2011; Park et al. 
2015; Chen and Bordoni 2016).

There is an increasing demand for the decadal predic-
tion in the monsoon system because forecasting monsoon 
changes in the coming decade is critical to set the infra-
structure planning, energy policy, and sustainable develop-
ment. Furthermore, interannual variability can be modu-
lated by decadal variability. Especially, the investigation 
of climate shift and evolution of the monsoon climate state 
in longer timescale are generally included in the predic-
tion for seasonal and interannual variability as background 
conditions. Progress has been made in documenting and 
understanding decadal variations in monsoon precipitation 
in individual monsoon region (Goswami et al. 2006; Lu 
et al. 2006; Kwon et al. 2007; Gu et al. 2009; Ding et al. 
2010; Wu et al. 2012; Wang et al. 2013, 2018; Yim et al. 
2014; Yun et al. 2018; Kim et al. 2018). The contribu-
tion of decadal variation to the total variation is generally 
smaller than that observed in the interannual variation. 
However, the high frequency of intensive rainfall on the 

total variability is potentially linked to the positive dec-
adal phase. The intensity of year-to-year time-series can 
be reinforced (offset) when the decadal phase is identical 
(opposite) to the interannual phase, respectively. There-
fore, it is necessary to improve the understanding of the 
decadal timescale in EASM and WNPSM.

Numerous studies have confirmed the longer period var-
iation in Asian monsoon by examining the notable phase 
transition in the interannual relationship between monsoon 
and some climate phenomena. (Kwon et al. 2007; Ding 
et al. 2010; Wu et al. 2012; Kim et al. 2018; Yun et al. 
2018). However, the approaches used frequently in previ-
ous studies to identify the variability of monsoon are not 
prone to not explore their variabilities in each monsoon. 
Few studies have highlighted monsoon’s robust variabili-
ties by period filtering and suggested to examine which 
factor fluctuates with the same variance and controls each 
variability in monsoon events (Gu et al. 2009; Wang et al. 
2013, 2018). It is difficult to examine the factor modulating 
specific timescale variance by using raw data. It is because 
the raw data is combined with multiple timescales. This 
study involves a decomposition analysis of variabilities 
to isolate the dominant periods. It also explores and com-
pares the spatial rainfall distribution for each monsoon on 
each timescale to connect with the phenomenon having 
the same periodicity. We suggest the factors regulating the 
rainfall intensity with possible mechanisms. The paper is 
organized as follows: Sect. 2 covers methods, and the data 
obtained. Section 3 highlights atmospheric and oceanic 
anomalies associated with EASM and WNPSM on each 
timescale and infers their causes and mechanisms. Sec-
tion 4 covers a summary and the discussion.

2  Data and method

2.1  Data

The monthly datasets analyzed in the present study are 
the atmospheric circulation data obtained from the ERA-
INTERIM for the European Centre for Medium-Range 
Weather Forests (ECMWF; Dee et  al. 2011) and the 
National Centers for Environmental Prediction-National 
Center for Atmospheric Research (NCEP-NCAR; Kalnay 
et al. 1996). Further, monthly precipitation data are derived 
by the Global Precipitation Climatology Project (GPCP; 
Adler et al. 2003) and sea surface temperature (SST) data 
are provided by the Extended Reconstructed SST, version 5 
(ERSST.v5; Huang et al. 2017) from the National Oceanic 
and Atmospheric Administration (NOAA). Dataset details 
are described in Table 1. This study focuses on the boreal 
summer (June–July–August, JJA) from 1979–2016.
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2.2  Definition of East Asian and Western North 
Pacific summer rainfall index

The major variability in the precipitation and circulation 
over East Asia and the WNP has been addressed in previous 
studies (Ding 2007; Ha et al. 2009, 2012; Lee et al. 2014; Oh 
and Ha 2015, 2016). Following Li and Zeng (2002), the JJA 
averaged dynamical index for EASM has been conducted by 
using the area-averaged horizontal wind at 850 hPa over the 
regions encompassing East Asia and the WNP (10°N–40°N, 
110°E–140°E). This EASM dynamical index represents 
anomalous anticyclonic circulation over East Asia and 
cyclonic circulation over the WNP as a meridional dipole 
pattern. This pattern has shifted on the interannual, decadal, 
and interdecadal timescale (Ding et al. 2010; Kim et al. 
2018). Figure 1a shows the regressed precipitation distribu-
tion during boreal summer against the JJA averaged dynami-
cal EASM index for 1979–2016. The spatial precipitation 
pattern significantly delineates a remarkable meridionally 
dipole-like pattern over East Asia and the WNP. The distin-
guished wetness and dryness patterns are zonally elongated 
and these regions are separated into East Asia and the WNP 
marked with red and blue boxes in Fig. 1a, respectively. 
Thus, we formulate the JJA averaged East Asian summer 
rainfall index (EASRI) and Western North Pacific summer 
rainfall index (WNPSRI) by area-averaging precipitation 
amount over East Asia (30° N–40° N, 100° E–150° E) and 
the WNP (10° N–25° N, 115° E–150° E) regions to repre-
sent rainfall distribution across each monsoon. The rainfall 
indices explain the regressed precipitation patterns in each 
region in itself (Fig. 1b and 1c).

2.3  Wavelet analysis and bandpass filtering

To identify the dominant periodicity and factors which 
contribute to EASRI and WNPSRI in each timescale, this 
study applies the Morlet mother wavelet analysis (Tor-
rence and Compo 1998) and the Lanczos bandpass filter. 
In Fig. 2a and b, the shading and line denote the wavelet 
power in each timescale. The EASRI has a manifested 
power spectrum in the 1–7 year period and a lesser power 

spectrum in periods longer than 7  years. In contrast, 
the WNPSRI has a clear power spectrum in periods of 
both 1–7 and 8–15 years. Thus, we decompose EASRI 
and WNPSRI to achieve a strong signal at interannual 
and decadal timescales for the periods of years 1–7 and 
8–15 (Fig. 2c and d). All indices used in this study are 

Table 1  Datasets used in this study

Dataset Variable Analysis output grid

Horizontal Pressure

NCEP Geopotential height, U 
wind, V wind

144 × 73 17 Levels

ERA-Interim 2 m air temperature 240 × 121 1 Level
ERSST.v5 Sea surface temperature 180 × 89 1 Level
GPCP Precipitation 144 × 72 1 Level
APHRODITE Precipitation 360 × 280 (Asia) 1 Level

Fig. 1  a Spatial distribution of regressed precipitation with respect 
to the dynamical EASM index defined by Li and Zeng (2002). The 
red and blue boxes are the regions used to formulate the EASRI and 
WNPSRI by area-averaged precipitation in each region for JJA. The 
regressed rainfall patterns against (b) EASRI and (c) WNPSRI are 
represented. The shading denotes the value of precipitation (shading, 
unit:  mmday−1) and the stippling represents the statistical significance 
above the 90% confidence level based on the Student’s t-test
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averaged for JJA season and then are applied to the Lanc-
zos bandpass filter with both period bands. In all fields, 
we eliminate the annual cycle by subtracting the monthly 
climatology from the monthly field. After that, fields are 
filtered by the Lanczos bandpass filter to contemplate 
the climate phenomenon for the continuous season and 
then the JJA averaging is performed. We compare distinct 
features in circulation distributions against EASRI and 
WNPSRI on each timescale and determine the linkages 
with other climate systems. To obtain the relationship of 
EASRI (WNPSRI) with anomalous seasonal patterns, the 
JJA averaged climate indices are produced and filtered by 
corresponding timescales; then, all indices have been lin-
early detrended and standardized by population standard 
deviations. In this study, the statistical analysis such as 
linear regression and correlation coefficient are operated. 
We mark the significance of the correlation coefficient at 
90, 95, and 99% (0.9, 0.95, and 0.99) confidence level 
with the number of asterisk such as *, **, and ***, respec-
tively. The evaluation of the significance level is assessed 
by Student’s t-test with an effective number of degrees of 
freedom based on the lag 1 autocorrelation (Bretherton 
et al. 1999). Especially, in the decadal timescale, the corre-
sponding effective number of degrees of freedom is greatly 
reduced in all indices and all fields due to the bandpass 
filtering and the equivalent sample sizes of decadal fields 
do not coincide in each grid (not shown).

3  Results

3.1  Impact of East Asian and Western North Pacific 
summer rainfall

The boreal summer rainfall over East Asia and WNP has 
active interaction with the various climate systems in multi-
timescale. Because variabilities in EASM and WNPSM are 
controlled by combined influences from several factors in 
different timescales, it is necessary to examine the factor in 
the extracted periods. To investigate the influence of EASRI 
and WNPSRI on surface temperature and atmospheric cir-
culation anomalies during boreal summer, we describe the 
linear regressed distributions against these monsoon indi-
ces. The filtered and JJA averaged SST, surface air tem-
perature (SAT), and atmospheric circulation anomalies 
related to filtered EASRI and WNPSRI have been assessed 
on the interannual and decadal timescales in Figs. 3 and 
4, respectively. The regressed spatial distributions against 
the interannual EASRI (WNPSRI) bear resemblance to 
those against the unfiltered EASRI (WNPSRI) because the 
interannual variability contributes considerably to total vari-
ability (not shown). The interannual EASRI is significantly 
associated with a warm signal over the WNP expanding into 
India encompassing the northern Indian Ocean (NIO), and 
eastern Pacific. We attribute the warming over WNP and 
NIO to subsidence from surface anticyclonic wind anoma-
lies and increased insolation from the reduced clouds. In 

Fig. 2  Results of wavelet analysis in EASRI and WNPSRI for 1979–
2016. a, b The wavelet power of EASRI and WNPSRI are described 
by shading and the power spectrums in each time peridoicity are 

shown as the line. c, d The normalized time-series of EASRI and 
WNPSRI on the interannual (blue line) and decadal (red line) time-
scales
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the eastern Pacific, the warming SST has been associated 
with the preceding boreal winter warm ENSO. The cooling 
over East Asia may be affected by its rainfall (Fig. 3a). The 
geopotential height anomalies are organized into a meridi-
onal dipole with anticyclone in the tropical WNP expanding 
into the NIO area, and cyclone in East Asia, like dominant 

Pacific-Japan (PJ) pattern (Nitta 1987) (Fig. 3c). The PJ pat-
tern features the circulation dipole centers over the Phil-
ippine Sea and Japan and this teleconnection is a crucial 
signal for both interannual monsoon events. Additionally, 
the wave train-like pattern in the mid-latitude that supports 
wave propagation via teleconnection is shown.

Fig. 3  The regressed sea surface temperature and surface air tempera-
ture (contour, unit: K), geopotential height at 500 hPa (contour, unit: 
gpm), and horizontal wind at 850 hPa (vector, unit:  ms−1) distribution 
against EASRI (a, c) and WNPSRI (b, d) on the interannual time-
scale. The shading from light to dark color in the surface tempera-

ture distribution indicates the statistical significance at the 90, 95, and 
99% (0.9, 0.95, and 0.99) confidence level and that in the geopoten-
tial height distribution show the significance at 90% (0.9) confidence 
level evaluated by the Student’s t-test based on the effective number 
of degrees of freedom

Fig. 4  Same as Fig. 3 except for decadal timescale
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The spatial patterns against interannual WNPSRI are 
nearly reversed to those against interannual EASRI. They 
are represented by a cooling signal over the NIO and WNP, 
a warming signal over East Asia, and a meridional dipole 
geopotential height pattern (Fig. 3b and d). This meridional 
circulation dipole pattern seems to be more definite than 
shown in Fig. 3c, especially the circulation center over WNP. 
The relationship between interannual EASRI and WNPSRI 
is significantly negative, as shown by a correlation coeffi-
cient of − 0.61*** which is significantly above the 99% 
confidence level. To surmise the covariation between inter-
annual EASR and WNPSR, we apply to the first empiri-
cal orthogonal function (EOF) mode of precipitation over 
East Asia and the WNP (10°N–40°N, 100°E–150°E) (not 
shown). A prominent precipitation dipole pattern exhibit 
meridionally and it explains approximately 28.6% of the 
total variation. Therefore, the wet East Asia and dry WNP in 
rainfall distribution (or vice versa) covariate on the interan-
nual timescale. However, inconsistency also exists in spatial 
regressed distributions. Significant warming over the eastern 
Pacific is shown in the regressed distribution upon EASRI 
but not in that upon WNPSRI. In contrast, a cooling signal 
over the tropical Atlantic displays in the regression against 
WNPSRI which does not exist in that against EASRI. Addi-
tionally, tri-pole geopotential height at 500 hPa distribution 
and wave train pattern in the mid-latitude are represented 
in both regressed circulation distributions with differ-
ent significances. In particular, the signals against EASRI 
(WNPSRI) are more prominent in the mid-latitude (tropics), 
respectively.

Surprisingly, the regressed spatial distributions against 
decadal EASRI are distinguished from those against decadal 
WNPSRI (Fig. 4), unlike interannual monsoon indices. The 
La Niña-like SSTA pattern and anomalously enhanced sub-
tropical high over North Pacific at 500 hPa are associated 
with decadal EASRI (Fig. 4a and c). The oceanic signal 
appears over both Pacific and Atlantic and most dominant 
is over the Pacific. In contrast, the regressed surface tem-
perature distribution upon the decadal WNPSRI exhibits a 
significant tri-pole signal over the North Atlantic (Fig. 4b). 
Notably, the surface temperature pattern against the decadal 
WNPSRI appears less significant over the Pacific, unlike in 
the decadal EASRI. The huge cyclonic circulation anomalies 
cover the Eurasian continent, including the North Pacific 
region (Fig. 4d). Finally, the decadal variances in the EASRI 
and WNPSRI do not share a significant relationship with the 
correlation coefficient of 0.02 and do not covariate, unlike 
interannual monsoon indices. This is the reason why we 
decompose both monsoon indices on each interannual and 
decadal timescale to show the matched phenomenon. The 
specific regressed patterns are produced on the interannual 
and decadal timescales, and different factors are expected 
to control each rainfall patterns in itself; this is true for both 

indices. Therefore, the present study proposes to consider 
periodicity as interannual and decadal timescales separately.

3.2  Sources for EASRI and WNPSRI 
on the interannual timescale

3.2.1  EASRI

Which climate system has closely linked to EASRI on the 
interannual timescale? As mentioned above, the regressed 
thermal signals and large circulation against interannual 
EASRI (WNPSRI) are more notable in the mid-latitudes 
(tropics). We focus on the mid-latitude (tropical) climate 
systems to find factor adjusting the East Asia (WNP) region 
rainfall distributions, respectively. Under the regressed 
atmospheric circulation distribution against interannual 
EASRI, the positive phase of EASRI is significantly asso-
ciated with the zonally elongated wave train in the mid-
latitudes. In the boreal summer, the teleconnection wave 
train-like pattern emanates along the subtropical westerly 
jet stream, and the jet stream plays a role of the waveguide 
by trapping the wave (Enomoto et al. 2003; Ding and Wang 
2005). Figure 5a illustrates a boreal summer climatology 
and the first mode of EOF in the zonal wind at 200 hPa 
from 1979–2016 over the area (25° N–55° N, 40° E–150° 
E). The notable westerlies are manifested over the Tibetan 
Plateau in the climatological distribution. We identify the 
variance of the movement and intensity of the subtropical jet 
stream in the major spatiotemporal mode comparing to the 
climatology. The first EOF mode accounts for 26.19% of the 
total variance and the positive and negative signals denote 
meridionally movement of the jet stream near East Asia. The 
positive phase of the principal component (PC) for the first 
EOF mode infers the poleward shift in the subtropical jet 
stream. To quantify the meridional shift of it, we formulated 
the jet stream meridional displacement index (JMDI) by sub-
tracting the JJA averaged and area-averaged zonal wind at 
200 hPa from the north area (40° N–55° N, 40° E–150° E) 
to the south area (25° N–40° N, 40° E–150° E). A positive 
JMDI suggests the northward jet stream shift relative to the 
climatological position, and vice versa. The JMDI represents 
well the PC of the first EOF mode with a correlation coef-
ficient of 0.94*** that is significant at the 99% confidence 
levels based on Student’s t-test. And then, we filter it on the 
interannual timescale to match with interannual EASRI.

The atmospheric circulation pattern against the negative 
phase of JMDI is closely resembling that against EASRI and 
shows the tri-polar geopotential height distribution including 
PJ pattern and wave train-like pattern in the mid-latitudes 
(Fig. 5b). The mid-latitudinal signals stand out more clearly 
than in tropics. We propose a possible mechanism for the 
control of rainfall patterns over East Asia via the meridi-
onal shift of subtropical jet stream. When the subtropical 
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jet stream is located in the south part of the climatological 
jet stream, the anomalous westerlies at 200 hPa overlap the 
south of Korea and Japan. Because the mid-latitudes exhibit 
a quasi-barotropic structure, the anomalous westerly wind is 
also observed at a low level. Subsequently, the anomalous 
cyclonic circulation is performed and it may be related to 
increased rainfall over East Asia. The scatter plot depicts the 
negative relationship between interannual EASRI and JMDI 
with a linearly regressed blue line and their correlation 

coefficient between two indices is − 0.72*** (Fig. 5c). 
Therefore, the displacement of upper-level zonal wind and 
East Asian precipitation distribution are statistically related. 
To confirm the impact of the preceding meridional location 
of the subtropical jet stream for the preceding seasons, we 
describe the lead-lag relationships between JJA(0) averaged 
EASRI and 3-month averaged JMDI, which is preceding and 
following the EASRI in Fig. 7a. Because their relationship is 
significantly negative only for the boreal summer, the only 

Fig. 5  a Climatological 
mean distribution (shading, 
unit:  ms−1) and the first EOF 
mode (contour, unit:  ms−1) of 
zonal wind at 200 hPa from 
1979–2016. b The regressed 
geopotential height at 500 hPa 
(contour, unit: gpm) and 
horizontal wind at 850 hPa 
(vector, unit:  ms−1) distribu-
tion against the negative phase 
of JMDI. c The scatter plot 
between interannual EASRI 
and JMDI and their correlation 
coefficient (CC). The shading 
in the regressed geopotential 
height indicates the statistical 
significance at the 90% (0.9) 
confidence level evaluated by 
the Student’s t-test based on the 
effective number of degrees of 
freedom
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contemporary subtropical jet stream location may modify 
the rainfall distribution over East Asia.

Then, what does modulate the subtropical jet stream dis-
placement? The meridional shift of upper-level zonal wind 
is tied to the local meridional temperature gradient, heating 
over the Tibetan Plateau, and the interaction between the 
mean flow and transient eddies (Park et al. 2015; Chen and 
Bordoni 2016). According to Oh and Ha (2020), they sug-
gest the impact of two boundary conditions for East Asia 
rainfall that is associated with upper-level zonal wind. That 
is snow cover over eastern Eurasia during preceding boreal 
spring and SST tendency over WNP can induce the re-dis-
placement of the thermal condition and the subtropical jet 
stream. Additionally, the phase of preceding Arctic oscilla-
tion (AO) also can be a potential contributor to change the 
subtropical jet stream placement and intensity of East Asia 
rainfall (Gong and Ho 2003; Gong et al. 2011).

3.2.2  WNPSRI

We explore the surface temperature and atmospheric cir-
culation patterns associated with interannual WNPSRI to 
find factors that modify rainfall distribution over the WNP. 
Figure 3b shows significant cooling signals over both the 
South China Sea and the NIO. Although significant signals 
are illustrated in both locations, we focus on the only cool-
ing signal over NIO because a part of the South China Sea 
cooling may result from rainfall over the WNP. We formu-
late the North Indian Ocean index (NIOI) by area-averaged 
SSTA over the NIO region (0°–25° N, 50° E–100° E) dur-
ing the boreal summer. And then, the NIOI is filtered by a 
1–7 year band. Figures 6a and 6b show anomalous surface 
temperature and atmospheric circulation distribution against 
the negative phase of NIOI on the interannual timescale. A 
cooling signal over NIO and the South China Sea, as well 
as the meridional dipole structure in the geopotential height, 
are similar to Fig. 3b and d, respectively. Figure 6a and b 
display the significant La Niña-like pattern in surface tem-
perature and shows a more clear PJ pattern than Fig. 5b. 
The scatter plot certifies the negative relationship between 
interannual WNPSRI and NIOI with a linearly regressed 
blue line and the correlation coefficient between them is 
− 0.51*** (Fig. 6c). The intensity of WNP rainfall during 
boreal summer is affected by not only contemporary but also 
preceding cooling NIO. The relationship between JJA aver-
aged WNPSRI and 3-month averaged NIOI from the preced-
ing boreal winter to concurrent boreal summer is persisted 
and considerably significant above the 99% confidence level 
(Fig. 7b). The cooling NIO may persist for several seasons 
because the cooling NIO is based on SST and has the char-
acteristic of being maintained, unlike the jet stream. When 
the anomalous cold condition sustains until boreal summer, 
it excites a tropospheric cold Kevin wave penetrating the 

western Pacific. Finally, this Kelvin wave induces the surface 
Ekman convergence over the Philippine Sea and supports the 
enhanced rainfall anomalies over WNP (Yang et al. 2007).

The thermal pattern over IO is essential for summer cli-
mate variability in the Indo-western Pacific region and it 
is associated with boreal winter ENSO, but no just passive 
response to ENSO. Most of the cooling (warming) pattern 
over IO follows La Niña (El Niño) events via anomalous 
Walker circulation. When the eastern Pacific SST anoma-
lies are dissipated in the following boreal summer, the 
thermal condition over IO is sustaining as a capacitor and 
the generated wave causes the change in rainfall distribu-
tion over WNP (Xie et al. 2009). The lead-lag relationships 
between boreal summer WNPSRI and 3-month averaged 
NIOI and Niño 3.4 index which are preceding and follow-
ing the WNPSRI are described in Fig. 7 and it is consistent 
with Yang et al. (2007). The Niño 3.4 index is operated and 
derived by NOAA’s Climate Prediction Center (CPC).

Furthermore, we suggest factors for enhancing rainfall 
over East Asia (WNP) in the mid-latitude (tropical) climate 
systems, respectively. However, the southward shift of the 
subtropical jet stream (cooling signal over the NIO) is not 
independent factors and can influence anomalous decreas-
ing rainfall over the WNP (East Asia), respectively. Figure 8 
shows the spatial regressed precipitation against the nega-
tive phase of JMDI and NIOI, and the meridional dipole 
patterns appear in both rainfall distribution. In the negative 
phase of the JMDI, the dry signal over the WNP in dipole 
pattern is significant, but it is less zonally elongated than 
that against EASRI. On the other hand, against the nega-
tive phase of NIOI, the significant dryness over East Asia 
is zonally stretched, similar to WNPSRI. We examine the 
co-variability of rainfall dipole patterns and zonal wind at 
200 hPa (surface temperature over the NIO) by using a sin-
gular value decomposition (SVD) analysis for 1979–2016. 
The first SVD mode represents the meridional shift of jet 
stream (cooling signal over NIO) and meridional dipole 
rainfall patterns over East Asia and the WNP. It explains 
approximately 58.11% (77.73%) of the total squared covari-
ance (not shown). Consequently, JMDI and NIOI may also 
influence the rainfall distribution and large anomalous cir-
culation over both regions.

3.3  Sources for EASRI and WNPSRI on the decadal 
timescale

3.3.1  EASRI

In the decadal timescale, the variances and the response to 
external forcing often occur beyond regional scales, and a 
regional approach is not appropriate to identify overriding 
and planetary-scale controls (Wang et al. 2013; Yim et al. 
2014). Besides, to act as a cause on the decadal timescale, 
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the factor appears to be sustained for a decadal period. 
Here, we focus on the sea surface temperature distribution 
to identify a decadal timescale source. In Fig. 4a, the most 
dominant pattern against decadal EASRI is shown over the 
Pacific. It illustrates the negative phase of the Interdecadal 
Pacific Oscillation pattern (IPO)-like pattern (Henley et al. 
2015). The IPO index is derived from differences in the 
area-averaged SSTA over the regions between the cen-
tral Pacific (10° S–10° N, 170° E–90° W), northwest (25° 
N–45° N, 140° E–145° W), and southwest Pacific (50° 

S–15° S, 150° E–160° W) for 1979–2016. And then it is 
averaged for JJA and is filtered with an 8–15 year band. 
We represent the regressed surface temperature and atmos-
pheric circulation anomalies against EASRI on the decadal 
timescale to deduce the physical mechanism modulating 
the decadal phase of EASRI (Fig. 9a and b). Figure 9 bears 
resemblance to regressed distributions against decadal 
EASRI, especially prominent subtropical anti-cyclonic 
circulation anomalies over North Pacific.

Fig. 6  a Surface temperature 
(contour, unit: K) and (b) 
geopotential height at 500 hPa 
(contour, unit: gpm) and hori-
zontal wind at 850 hPa (vector, 
unit:  ms−1) distribution against 
the negative phase of NIOI. 
c The scatter plot between 
interannual WNPSRI and NIOI 
and their correlation coefficient. 
The shading from light to dark 
color in the surface temperature 
distribution indicates the statis-
tical significance at the 90, 95, 
and 99% (0.9, 0.95, and 0.99) 
confidence level and that in the 
geopotential height distribution 
show the significance at 90% 
(0.9) confidence level evaluated 
by the Student’s t-test based on 
the effective number of degrees 
of freedom
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We propose a possible mechanism for how the negative 
IPO pattern affects the intensity of rainfall over East Asia 
for a decadal period as follows. When the negative IPO pat-
tern persists for a decade due to its longevity, the anoma-
lous trade wind and an easterly wind become overwhelming 
due to a La Niña-like SSTA pattern. These anomalous wind 
flows provide an invigorated North Pacific subtropical high 
(NPSH). The anomalous southeasterly wind over East Asia 
is remarkable along the western flank of the NPSH. The 
precipitation generally depends on not only the monsoonal 
flow but also the adequacy of moisture transported by the 
monsoonal flow. Although the moisture convergence dis-
tribution against decadal EASRI is not consistent with the 
horizontal wind field on a decadal timescale, the southeast-
erly wind flow by the strengthened NPSH is likely to play a 
role in supplying moisture over East Asia. The scatter plot 

exhibits a negative relationship between decadal EASRI and 
IPO index and a correlation coefficient of − 0.65 (Fig. 9c).

In the decadal timescale, an effective number of degrees 
of freedom gets smaller than that on the interannual time-
scale due to long-term bandpass filtering. Because of the 
small equivalent sample size, it is difficult to perform a sta-
tistically significant relationship between decadal EASRI 
and IPO index. The correlation coefficient value of − 0.65 
is below the 90% confidence level in Student’s t-test with 
an effective number of degrees of freedom. Although it 
records insignificant, the regressed distributions against dec-
adal EASRI resemble those against the decadal IPO index 
in Figs. 4 and 9. We explore the pattern correlation coef-
ficients between the spatial regression coefficient over the 
EASR region. It records a high value in surface temperature 
(0.97), horizontal wind at the lower level (Zonal wind: 0.84, 

Fig. 7  The correlation coefficient between 3-month averaged (a) 
JMDI and Niño 3.4 with boreal summer (Jun–Jul–Aug, JJA) EASRI, 
and (b) NIOI and Niño 3.4 with JJA WNPSRI. The blue line indi-
cates the relationship between JMDI (NIOI) and EASRI (WNPSRI) 

and black line means the correlation coefficient of Niño 3.4 with 
EASRI (WNPSRI). The red dotted (dashed dot) line denotes statisti-
cal significance at the 95% (99%) confidence level based on the Stu-
dent’s t-test
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Meridional wind: 0.87), and geopotential height (0.96) at 
500 hPa, respectively. Therefore, we support that the nega-
tive phase of IPO may contribute to increasing the frequency 
of intensive rainfall over East Asia on the decadal timescale.

3.3.2  WNPSRI

Unlike regressed patterns upon the interannual EASRI 
and WNSRI, the decadal regression distributions have less 
resemblance with an insignificant relationship between 
decadal EASRI and WNPSRI. In the decadal EASRI, the 
significant patterns are observed throughout, but the most 

dominant pattern is SSTA over the Pacific (Fig. 4a). In con-
trast, the most notable feature of the regressed distribution of 
WNPSRI comparing to that for EASRI is a less significant 
pattern over the Pacific but dominant SSTA over the Atlantic 
(Fig. 4b). The considerably dominant SSTA pattern has fea-
tures as tripolar centers over the North Atlantic. We design 
the North Atlantic tri-pole index (NATI) based on regions 
that are significantly dominant in the regressed SSTA distri-
bution against the decadal WNPSRI. This index is derived 
from differences in the area-averaged SSTA between sec-
tions over the tropical Atlantic (0°–10° N, 10° W–45° W), 
over the western North Atlantic (35° N–45° N, 60° W–70° 
W), and the North Atlantic (50° N–60° N, 25° W–45° W). 
And then, it is averaged for JJA and filtered by an 8–15 year 
band.

In the regressed anomalous SST and SAT distribution, the 
significant tri-pole anomaly pattern is displayed in Fig. 10a, 
like Fig. 4b. However, a warming signal over the central 
Pacific is also dominant, unlike Fig. 4b. The relationship 
between North Atlantic Oscillation (NAO) associated with 
North Atlantic tri-pole (NAT) mode and SSTA patterns 
over the Pacific has been widely accepted. The Asian sum-
mer monsoon system is controlled by the empirical model 
based on the combination of NAO and ENSO (Gershunov 
and Barnett 1998; Wu et al., 2009). To confirm the atmos-
pheric circulation activity, geopotential height and the super-
posed significant wave activity flux (WAF) at 200 hPa are 
shown, not the horizontal wind at a lower level (Takaya and 
Nakamura 2001). The wave activity flux is a helpful tool 
to capture the propagation of stationary or migratory wave 
disturbances. The anomalous atmospheric circulation dis-
tribution is similar to what appeared in the WNPSRI and 
the originated wave is propagating from North Atlantic to 
west-central Asia. The anomalous cyclonic circulation cov-
ers Eurasian continents and it modifies the surrounding envi-
ronment of the WNP region. Following Zuo et al. (2013), the 
teleconnection pattern that emanates from the North Atlantic 
to Asia may be maintained by anomalous diabatic heating 
in the North Atlantic. However, it is difficult to infer the 
regressed pattern that is independent of ENSO because the 
relationship between Pacific and NAT mode is meaningful. 
The scatter plot is represented with a correlation coefficient 
of 0.81** which is statistically significant above the 95% 
confidence level (Fig. 10c). Therefore, the NAT pattern may 
have an influence on rainfall patterns over the WNP on the 
decadal timescale.

Then, how tripolar SST anomalies over the North Atlantic 
influence can reach over the WNP region? The interaction 
between oceanic-atmospheric systems in the North Atlantic 
region exhibits strong variability from seasonal to long-term 
timescales. Especially, the spring NAO activity is accom-
panied by a meridional shift of the Atlantic jet stream. And 
the positive phase of NAO is tied to a poleward shift of 

Fig. 8  Spatial distribution of regressed precipitation (unit: mm  day−1) 
with respect to the negative phase of a JMDI and b NIOI. The shad-
ing denotes the regression coefficient in precipitation (unit:  mmday−1) 
and the stippling represents the significance at the 90% confidence 
level based on the Student’s t-test
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the Atlantic jet stream. The region, where the wind speed 
is weakening, is within the latitude 30° N–45° N, and the 
enhanced wind speed is observed within areas south of 30° 
N and north of 45° N at the upper level. Due to the quasi-
barotropic structure in the mid-latitudes, the intensity and 
displacement of the upper-level jet stream vary in-phase with 
those in lower level wind distribution. The decreasing wind 

speed often favors anomalous warm SST and vice versa by 
latent heat flux exchange and a tri-polar SSTA occurs over 
the North Atlantic (Marshall et al. 2001; Xie 2004; Pan 
2005; Deser et al. 2010). Finally, the spring NAT pattern 
caused by the spring NAO may be able to span across the 
season, into summer. Zheng et al. (2016) showed that the 
boreal summer NAO phase, which is an in-phase relationship 

Fig. 9  Spatial distribution of 
regressed (a) surface tempera-
ture (contour, unit: K) and (b) 
geopotential height at 500 hPa 
(contour, unit: gpm) and hori-
zontal wind at 850 hPa (vector, 
unit:  ms−1) distribution against 
the negative phase of IPO index. 
c The scatter plot between 
decadal EASRI and IPO index 
and their correlation coefficient. 
The shading from light to dark 
color in the surface temperature 
distribution indicates the statis-
tical significance at the 90, 95, 
and 99% (0.9, 0.95, and 0.99) 
confidence level and that in the 
geopotential height distribution 
show the significance at 90% 
(0.9) confidence level evaluated 
by the Student’s t-test based on 
the effective number of degrees 
of freedom
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with spring NAO, has an instantaneous influence on SSTA 
over the North Atlantic. Several studies have appealed the 
possible influence of the ocean-atmospheric interaction over 
the North Atlantic on global climate and weather including 
Asia (Marshall et al. 2001; Ogi et al. 2003; Ding and Wang 
2005; Lu et al. 2006; Sung et al. 2006). The wave response 

related to the NAO (NAT) is induced with the upper-level 
convergence over the Mediterranean Sea and wave train 
paths represent. Although the wave train path in this study 
deviates from the path which is explained in previous stud-
ies, they suggest the linkage between the North Atlantic and 
affected wave train.

Fig. 10  The regressed (a) 
surface temperature (contour, 
unit: K) and (b) geopotential 
height at 200 hPa (contour, unit: 
gpm) and wave activity flux at 
200 hPa (vector, unit:  m2s−2) 
distribution against the NATI. 
c The scatter plot between 
decadal WNPSRI and NATI 
and their correlation coefficient. 
The shading from light to dark 
color in the surface temperature 
distribution indicates the statis-
tical significance at the 90, 95, 
and 99% (0.9, 0.95, and 0.99) 
confidence level and that in the 
geopotential height distribution 
show the significance at 90% 
(0.9) confidence level evaluated 
by the Student’s t-test based on 
the effective number of degrees 
of freedom
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4  Summary and discussion

Numerous studies have investigated not only interannual 
but also longer timescale variabilities. Especially, they 
have confirmed the longer timescale variation in Asian 
monsoon by examining the notable phase transition and 
shift in the interannual relationship between monsoons 
and several climate patterns. However, in this study, we 
attempt to find the related climate phenomenon coincid-
ing with the periodicity of monsoons. Before comparing 
to monsoon indices and climate distribution, we iden-
tify the periodicity of monsoon via wavelet analysis and 
apply the bandpass filtering to isolate into interannual 
and decadal variabilities. Few studies have performed the 
extracted monsoon time-series via bandpass filtering, but 
not in background fields such as geopotential height, pre-
cipitation, horizontal wind, and surface temperature. We 
employ the bandpass filtering in background fields as well 
as indices.

Following wavelet analysis for EASRI and WNPSRI, 
the present study interprets the major variabilities, which 
are interannual and decadal timescales, and proposes their 
drivers. The interannual variations in both indices are 
significantly dominant. The decadal variation is clear in 
the wavelet analysis of WNPSRI but it is less in EASRI. 
To extract the interannual and decadal variabilities, both 
indices apply the bandpass filtering for 1–7 and 8–15 year 
bands. The interannual EASRI is significantly associated 
with the meridional shift of the subtropical jet stream. 
When a subtropical jet stream shifts equatorward com-
paring to the climatology over the south region of 40° N, 
an anomalous westerly wind at 200 hPa overlaps over the 
southern section of Northeast Asia. The anomalous west-
erly wind may appear at the lower level and induce the 
anomalous cyclonic circulation over East Asia. In terms 
of WNPSRI, the anomalous cooling signal over NIO is 
significantly related to the interannual WNPSRI. The pre-
ceding and simultaneous cooling over NIO produces the 
anomalous precipitation modulated by a Matsuno-Gill 
pattern. The regressed rainfall patterns upon JMDI and 
NIOI are out of phase with each other, and the anomalous 
precipitation reduction is shown in WNP and East Asia, 
respectively. Therefore, meridional displacement of the 
subtropical jet stream and thermal conditions over the NIO 
are not just for adjusting rainfall on East Asia and the 
WNP, but they also contribute to the anomalous meridi-
onal dipole pattern with high covariance.

In the decadal timescale, we mark the large heat capac-
ity and persistence of the oceanic variable as external forc-
ing, not the regional approach. The factor that increases 
the frequency of potential rainfall events over East Asia in 
decadal timescale is the negative phase of the IPO pattern 

with an anomalous anti-cyclonic circulation over the 
North Pacific. The subtropical high over North Pacific is 
enhanced by the La Niña-like pattern and generates anom-
alous southeasterly wind along the western flank of it. This 
southeasterly flow may play a role in supplying moisture 
over East Asia on the decadal timescale. As illustrated in 
Figs. 2 and 9, the EASRI has a small amplitude in decadal 
variability and the correlation coefficient between the dec-
adal EASRI and IPO is below 90% confidence level due 
to the small equivalent sample size in the decadal time-
scale. Besides, the analysis period is too short to identify 
the statistical significance in the relationship between the 
EASRI and IPO. However, the regressed SST and atmos-
pheric circulation distributions against decadal EASRI and 
IPO index resemble greatly. Therefore, we propose the 
negative phase of IPO to increase the frequency of strong 
rainfall over East Asia. Especially, the frequent occurrence 
of equatorial central Pacific (CP) El Niño and enhanced 
mean trade wind have been documented in previous stud-
ies (Yeh et al. 2009; Xiang et al. 2013; Huang et al. 2018). 
The time-series of decadal variability of EASR showed a 
large amplitude of phase change in the late 1990s (Fig. 2c) 
and the CP cooling distribution in boreal summer closely 
bears resemblance to the negative phase of IPO. The IPO 
represents a long-term phase on Pacific with long-lived 
ENSO patterns and may include the CP ENSO mode. 
Therefore, we expect the abrupt occurrence of CP ENSO 
may contribute to the temporal increasing of amplitude in 
decadal EASR.

The possible factor to modulate the rainfall patterns over 
the WNP on the decadal timescale is an anomalous SST 
tri-pole pattern over the North Atlantic. The NAO during 
boreal spring and summer influences the anomalous SST 
distribution over the North Atlantic, as NAT pattern. The 
wave activity flux forced by diabatic heating over the NAT 
pattern originates from the North Atlantic to west-central 
Asia. The centers of cyclonic circulation anomalies against 
the NAT pattern coincide with those observed on the dec-
adal timescale of WNPSRI. The large cyclonic circulation 
which covers most of the area of Eurasian continents may 
modify the surrounding environment for the enhanced WNP 
rainfall in the decadal timescale. Eventually, these decadal 
factors control only each monsoon and they do not record 
significant covariance.

There is still a limitation in this study. It is difficult to 
identify the statistical signature of variability with decadal 
timescale due to the short analyzed period. The variance 
contribution of WNPSRI on the decadal timescale accounts 
for a small contribution than interannual timescale. How-
ever, it is considered crucially enough to influence on total 
variability and is worth investigating. In contrast, in the 
EASRI, the decadal contribution is too small. Thus, we 
attempt to use additional precipitation datasets to elucidate 
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the general characteristics by using Asian Precipitation 
Highly Resolved Observational Data Integration Towards 
Evaluation (APHRODITE) gridded precipitation dataset 
(Yatagai et al. 2012). Although the APHRODITE is a con-
tinental scale dataset, the correlation coefficient between 
EASR indices by GPCP and APHRODITE is significantly 
high (0.72***) for 1979–2007. In the period for 1951–2007, 
the decadal contribution in APHRODITE EASRI becomes 
large in the power spectrum (not shown). Eventually, EASRI 
has prominent decadal variability during a longer period and 
the dominant periodicity in EASRI depends on the analyzed 
period.
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