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ABSTRACT: This study presents reviews of recent research on the structure and the multiscale variability in the East
Asian monsoon. The boreal summer and winter seasons in the East Asian monsoon region exhibit significant intraseasonal,
interannual and interdecadal variabilities. The interannual intensity of the East Asian summer monsoon (EASM) is mainly
associated with the position of the centre of the Bonin High, which may be distinguished from the North Pacific anticyclone.
The frequencies of heavy rainfall events and associated rainfall amounts increase, and extreme heavy rainfall is higher in
August than in July, due to changes that occurred in the August rainfall-El Niño-Southern Oscillation (ENSO) relationship
around the mid-1970s. This intraseasonal variability in EASM plays a more important role in the explanations of the
interannual variability and climate change than does the annual mean. The interannual variability in the East Asian winter
monsoon (EAWM) depends on the behaviour of the Siberian High (SH), Aleutian Low and the subtropical westerly
jet stream. An EAWM index that takes into account the meridional shear of a 300 hPa zonal wind is a good indicator
to represent the intensity of the EAWM. The Arctic Oscillation has a close relationship with the EAWM intensity on
the decadal time scale. Distinct sub-seasonal variability is characterized with northward propagation and is observed
in the interdecadal change in the monsoonal intraseasonal oscillation (ISO)-ENSO relationship. The preceding winter
ENSO influenced the early summer northward propagating ISO (NPISO) activity before the late 1970s, whereas a strong
NPISO–ENSO relationship appeared during the later summer after the late 1970s. The NPISO–ENSO relationship is robust
owing to a tropical atmospheric bridge process involving the Walker Circulation and Rossby Wave propagation. Copyright
 2012 Royal Meteorological Society
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1.

Introduction

The East Asian monsoon is characterized by a distinct seasonal
reversal of monsoon flow driven by temperature differences
between the Pacific Ocean and East Asian continent. Because
of these distinct differences, the annual cycle of the East
Asian monsoon can be divided into warm, wet summer, and
cold, dry winter, monsoons: this division is related to the
seasonal reversal of large-scale atmospheric heating and steady
circulation features (Webster et al., 1998; Chang, 2004; Wang,
2006). Owing to the tropical–extratropical interaction, the
monsoon–El Niño-Southern Oscillation (ENSO) relationship
(Wang et al., 2000; Yun et al., 2010a, 2010b), and global
teleconnections (Chang, 2004; Lau et al., 2005), the East Asian
monsoon strongly influences the global climate system and
prediction. The East Asian monsoon system is much more
complicated than other individual global monsoon systems
because the East Asian monsoon is located in the subtropics,
while the other monsoons are located in the tropics. The East
Asian monsoon is influenced by mid-latitude disturbances and
convective activity to represent the meridional transports of heat
and momentum, in addition to significant land–sea contrast.
Moreover, the East Asian monsoon system is linked to the
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Arctic effect (Gong and Ho, 2003) and some feedbacks to the
other regional tropical monsoons of the global monsoon system
(Kwon et al., 2005; Lee et al., 2005).
The East Asian summer monsoon (EASM) is strongly influenced by a zonal land–sea thermal contrast that induces a zonal
pressure gradient between the Asian continental low (East Asian
subtropical front) and the oceanic western Pacific subtropical
high (Wang and Lin, 2002). In addition, it is widely accepted
that the EASM interacts on a multi time scale with various
climate patterns, including ENSO, tropospheric biennial oscillation, global teleconnections, Arctic Oscillation (AO), western North Pacific summer monsoon, Indian summer monsoon,
spring Eurasian snow cover, thermal forcing of the Tibetan
Plateau, and variability in sea surface temperature (SST) over
adjacent oceans. As multi time scale interactions between the
EASM and the climate systems, the EASM exhibits significant
interdecadal, intraseasonal and interannual variations. Their
interaction, which includes phase locking and in-phase and outof-phase superimposing, can enhance the intensity of the EASM
and often intensifies floods and droughts over East Asia, which
results in great economic and social losses.
Numerous studies have investigated the nature of the monsoon climate in Korea and the circulation changes associated
with the intensity, onset and retreat of the summer monsoon
rainfall. The EASM rainfall, defined as seasonal or intraseasonal mean rainfall and known as Changma (in Korea), Meiyu
(in China) and Baiu (in Japan) exhibits characteristics of
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temporal variation in annual cycle and synoptic activities.
Recent EASM studies, conducted chiefly by Korean meteorologists, have focused on the following aspects: (1) the characteristics of large-scale environments associated with summer
monsoon precipitation; (2) the onset and retreat of the EASM,
particularly Changma; (3) two peaks in subseasonal rainfall
structures such as Changma from late June to mid-July and
post-Changma from mid-August to early September; (4) the
development of mesoscale convective systems in the Changma
front associated with heavy rainfall; (5) the effect of teleconnection patterns on the EASM; (6) the variability in the EASM,
particularly intraseaonal, interannual, and interdecadal variability, and, (7) the predictability of the EASM and the prediction
of the intensity and duration of Changma. In this study, a comprehensive review is provided to highlight major achievements
and findings concerning these aspects throughout the extended
analysis period through 2010.
During the boreal winter, the planetary scale circulation
including the East Asian jet, the Siberian high (SH), 500 hPa
trough, and convection centre near the western Pacific characterizes the three-dimensional winter monsoon circulation dominated by strong baroclinic systems over East Asia. Although
the intensity of the East Asian winter monsoon (EAWM) and its
variations can cause profound economic and social losses, more
studies have focused on its summer counterpart. The EAWM
produces cold surges leading to temperature drops and explosive cyclones over East Asia. These surges not only dominate
the weather over East Asia but also affect convection over the
maritime continent (Chang and Lau, 1980). The presence of
relatively warm water results in the creation of the instability necessary for the formation of snowstorms during the cold
surge over the Yellow Sea: these snowstorms, in turn, result
in heavy snowfall in southwestern Korea (Heo et al., 2010).
Previous studies have identified significant temporal variations
in EAWM strength on intraseasonal to interannual and interdecadal time scales (Chang, 2004). Sakai and Kawamura (2009)
demonstrated that atmospheric teleconnection phenomena such
as the Pacific/North American (PNA), western Pacific (WP)
and Eurasian (EU) patterns may have an important influence
on the interannual variability in the EAWM, whereas the AO
and ENSO may also have an important influence on EAWM
behaviour. Their study provided a more comprehensive understanding of interannual-to-interdecadal variability in the EAWM
and its effect on large-scale circulations.
The purpose of this paper is to provide a synopsis of
studies conducted in the past decade on the East Asian
monsoon, with emphasis on the monsoon in Korea. The main
subjects include the structure of the East Asian monsoon and
its multiscale variability. In Section 3, the intraseasonal and
interannual variabilities of EASM rainfall and their influencing
factors are investigated, in addition to the long-term trends
and characteristics of July and August (JA) rainfall over East
Asia and the Korean Peninsula. In Section 3.2, the temporal
and spatial variations in JA rainfall are analysed separately
for different climate regimes to examine the shifting peak
in rainfall and the increase in August rainfall. In Section 4,
the causes of the interannual-to-interdecadal variability in the
EAWM are investigated. Moreover, the relationship between
its interannual and interdecadal components and teleconnection
patterns are investigated to understand the variability in the
EAWM in greater detail. The interdecadal changes in Changma
and post-Changma are discussed on the basis of long-term
records obtained from synoptic stations. Finally, in Section
5, the relationship between ENSO and the NPISO in the
Copyright  2012 Royal Meteorological Society
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EASM system and its interdecadal change, are investigated.
A summary is provided in Section 6.

2.

Data

This study primarily used the National Centers for Environmental Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis data set (NCEP-1; Kalnay et al.,
1996) covering 53 years from 1958 to 2010 and include data on
the horizontal u–v component of the wind, temperature, geopotential height at standard pressure levels, and surface sensible
and latent heat fluxes. The National Centers for Environmental Prediction/Department of Energy (NCEP-DOE) AMIP-II
Reanalysis data set (NCEP-2; Kanamitsu et al., 2002) is also
used. The reanalysis data set including NCEP-1 may contain
systematic errors in the period before 1980 (Wu et al., 2005).
However, significant changes were made in the observing system around the mid-1970s due to increased aircraft and satellite
observations. Thus, the European Centre for Medium-Range
Weather Forecasts (ECMWF) 40 years reanalysis (ERA-40)
data from 1958 to 2001 were employed to compensate for the
shortcomings of the NCEP-1 data (Uppala et al., 2005). Daily
outgoing long wave radiation (OLR) data from 1979 to 2010
obtained from National Oceanic and Atmospheric Administration (NOAA) were used to represent the ISO in the boreal
summer.
The seasonal cycle was first removed, and anomaly fields
were bandpass filtered to retain 30–60 day variability (Lau
and Chan, 1986; Tsou et al., 2005). For the regressed dynamic
fields, the NCEP–NCAR reanalysis data (Kalnay et al., 1996)
and the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) data set (Rayner et al., 2003) from 1979 to 2010
were used. The monthly NINO SST indices from 1978 to 2005
were acquired from the NOAA Climate Prediction Center.
The precipitation dataset was obtained from the Climate
Prediction Center Merged Analysis of Precipitation (CMAP)
pentad and monthly mean rainfall data, which were compiled
from rain gauge observations and satellite estimates (Xie
and Arkin, 1997). CMAP data for the period 1980–2009
were analysed with pentad precipitation for 2.5° grids. The
daily precipitation data measured by the Korea Meteorological
Administration (KMA) at 60 weather stations across the Korean
Peninsula from 1979 to the present were used in this study and
are hereafter referred to as KMAR. These evenly distributed
weather stations represent an area mean value for Korea (Kwon
et al., 2005). Regional and subseasonal comparisons of KMAR
data and CMAP were conducted, and extreme rainfall events
were identified using the KMAR data.
Various climate indices were used in order to examine the
relationship between variabilities in the East Asian monsoon
and large scale circulation or ocean variability. The monthly
West Pacific (WP), North Atlantic Oscillation (NAO), AO and
Niño 3/3.4 indices were obtained from the Climate Prediction Center (CPC) website (http://www.cpc.ncep.noaa.gov). In
addition, the monthly Pacific Decadal Oscillation (PDO) index
from the Joint Institute for the Study of the Atmosphere and
Ocean (JISAO) website (http://jisao.washington.edu/pdo) was
used. The North Pacific (NP) index was obtained from the
National Center for Atmospheric Research (NCAR) Climate &
Global Dynamics (CGD) website (http://www.cgd.ucar.edu/cas/
jhurrell/npindex.html). Following Nitta (1987), the PacificJapan (PJ) index is identified as the difference in the OLR
anomaly between the regions (16–20° N, 142–150 ° E) and
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202

K.-J. Ha et al.

(32–38° N, 134–142 ° E). The SH index was calculated from
the area-averaged sea level pressure (SLP) anomaly over the
region (40–60° N, 80–120 ° E).

3.
3.1.

Summer monsoon: Changma

in solstitial seasons with a 1–2 month phase delay. The second
EOF reflects a pre-Changma versus post-Changma asymmetric
response, known as the Meiyu–Baiu mode (Chu et al., 2011).
Similarly, this mode can be realistically represented by the
difference between the mean precipitation rates for May to June
and July–August (Figure 1 parts (b) and (d)).

Annual cycle
3.2. Interannual and interdecadal variability

The dominant empirical orthogonal function (EOF) mode
of the annual cycle of monthly precipitation for 31 years
between 1979 and 2009 over East Asia using CMAP data was
investigated first. Figure 1 parts (a) and (b) depict the spatial
patterns of the first two leading EOFs of climatological monthly
mean precipitation in the domain (23–45 ° N, 100–150 ° E).
These EOFs contribute 71 and 15% of the total annual variance
of precipitation, respectively, and are clearly separated from the
other modes. The maxima of the two EOFs occur in June, and
the minima of the leading and second EOFs occur in December
and August, respectively. The spatial pattern of the leading
mode corresponds well with the difference between the mean
precipitation rates for June through August (JJA) and December
through February (DJF) (Figure 1 parts (a) and (c)). Wang and
Ding (2008) termed the leading EOF as the solstice mode of
the annual cycle, which reflects the impact of the solar forcing

To determine the strong and weak EASM years over the Korean
Peninsula, the Changma rainfall index (CRI) was defined on
the basis of a time average from late June to late July, known
as the Changma period, and an area average over the region
(31.25–41.25 ° N, 123.75–131.25 ° E) (Ha et al., 2005). On the
basis of its interannual variability (Figure 2(a)), the strong and
weak EASM years were defined by a deviation of greater than
and less than 0.5 times the standard deviation, respectively. The
CRI shows large interannual variability in which weak years are
mostly observed in the early period and strong years occur in
the late period. Figure 2 parts (b)–(f) show the composite difference between strong-minus-weak Changma years in terms
of SLP,
500 hPa geopotential height and winds at 200 and 850 hPa
levels. Significant positive differences observed in eastern

Figure 1. (a,b) Spatial patterns of the first two empirical orthogonal function (EOF) modes of the climatological monthly mean precipitation
rate (mm day−1 ). (c) Solstice mode of the annual variation as described by the June to August (JJA) minus December to February (DJF) mean
precipitation rates. (d) Meiyu–Baiu modes as described by the May to June minus the July to August mean precipitation rates. (e,f) Corresponding
principal components PC1 and PC2. Here, Climate Prediction Center Merged Analysis of Precipitation (CMAP) data for the period 1979–2009
were used.
Copyright  2012 Royal Meteorological Society
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Figure 2. (a) Interannual variation of the area 31.25–41.25 ° N, 123.75–131.25 ° E and period (late June to late July) of the mean Changma rainfall
anomaly. Years of more than 0.5σ and less than −0.5σ are defined as strong and weak Changma years, respectively. Composite differences are
indicated for (b) sea level pressure, (c) 500 hPa geopotential height, (d) 850 hPa wind, and (e) u and (f) v components of 200 hPa level between
strong and weak Changma years.

Mongolia and south of Japan correspond to differences in SLP
between the strong and weak years (Figure 2(b)). The trough
located between these two positive SLP centres is attributed
to the north Pacific high (NPH) and the migrating high over
northeastern China. At the 500 hPa level, the higher NPH is
situated in the northwest Pacific. Unlike the SLP pattern shown
in Figure 2(b), the 500 hPa high is dominant over southern
Japan but shallow over northern Korea (Figure 2(c)). A strong
Changma is characterized by the strengthening of the NPH
(in SLP and 500 hPa geopotential height) over the northwest
Pacific and by the frequent occurrence of the migrating high
(in SLP) over northeastern China. Enomoto et al. (2003) and
Wakabayashi and Kawamura (2004) showed that the behaviour
of the standing high over the Bonin Islands to the south of
Japan, specifically in the region (25–30 ° N, 140–145 ° E), differs
from that of the Western North Pacific (WNP) high. Ha and
Lee (2007) showed that the Bonin High and CRI had a high
correlation factor of 0.68 in the 23 years from 1979 to 2001,
while the correlation co-efficient between the NPH and CRI
was low, i.e., 0.20. They also reported that the interannual
variabilities in the Bonin High and NPH are independent of
each other and that compared to the centre pressure of the Bonin
Copyright  2012 Royal Meteorological Society

High, the position of the Bonin High has a greater influence
on the interannual intensity of EASM. The August rainfall is
strongly related to the westward expansion of the subtropical
WNP high and the presence of the Bonin High, which has an
equivalent barotropic structure (Ha et al., 2009).
At the 850 hPa level, a significant anomaly of south–southwesterly wind originates from a north–south pattern consisting of an anomalous anticyclone over the northwestern Pacific
and a cyclonic anomaly around Korea (Figure 2(d)). The lowlevel jet is associated with a merged southwest–southeast flow
from lower latitudes. Therefore, a strong low-level convergence
zone is formed by the merging of three streams, southwesterlies,
southeasterlies and northwesterlies, over the Korean Peninsula.
This 850 hPa wind anomaly indicates the low-level transport of
moisture. Advection of moist and warm air by the anomalous
850 hPa winds is fundamental for the generation of convective
instability and the sustenance of convective activity (Ninomiya,
1980). However, the influence of the southwest flow is greater
than that of the southeast flow. Note that the low-level jet
from the southwest flow in the EASM has been associated
with a strong Changma. Figure 2 parts (e) and (f) show, by
means of shading and contour, the composite differences in the
Meteorol. Appl. 19: 200–215 (2012)
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u-component winds and v-component winds, respectively.
These differences indicate that the significant cyclonic circulation anomaly over western Korea enhanced by a strengthening meandering jet is associated with a jet core developing
to the east of Korea. An upper-level Asian jet developing in
the downstream areas can create a strong diffluent flow in the
surface trough. A Changma front appears between the upperand lower-level jet induced by enhanced instability between the
upper-level cold air flow and warm and moist air in the lowerlevel. The CRI significantly correlates with the indices in terms
of SLP, 500 hPa geopotential height, 200 and 850 hPa wind
(Ha et al., 2005).
Ha and Ha (2006) reported that, compared to the annual
mean, the annual structure of the EASM has greater influence on interannual variability and climate change. The total
variance in the rainfall over Korea from 1901 to 2002 was
investigated and the variance in the annual means and that in the
annual standard deviations for the total period compared for the
three separate periods (Table 1). The annual means and annual
standard deviations were calculated using Climatic Research
Unit (CRU) data from April to November because the amount
of Korean rainfall is concentrated in this period. Since areaaveraged precipitation was used, the variances in precipitation
were smaller than those at the synoptic station of Seoul. However, as shown in Ha and Ha (2006), the variance in the annual
standard deviations representing the annual structure is larger
than that in the annual means for all four periods, indicating the
importance of the annual structure in year-to-year variability.
The anomalous components of annual structure are largest during the period 1931–1960. In addition, Goswami and Mohan
(2001) emphasized that the interannual and decadal variabilities
are closely related to the variability in intraseasonal oscillation,
which is an essential part of the Asian monsoon system.
Many previous studies indicated that the EASM exhibits significant interdecadal variability (Zeng et al., 2007; Ding et al.,
2008; Zhou and Huang, 2009). In particular, an increase in
August rainfall and change in seasonal structure of Korean rainfall were reported (Ho et al., 2003; Ha and Ha, 2006; Wang
et al., 2007; Ha et al., 2009; Lee et al., 2010). Figure 3 shows
the climatological annual cycle of Korean rainfall for the periods 1954–1975 (hereafter referred to as PI) and 1976–2010
(hereafter referred to as PII) determined by KMAR data. The
rainfall is high during the 4 month period of June to September, and two peaks in annual cycle can be identified, one each
in July and August. The mean daily rainfall in July during PI
is 8.94 mm day−1 , which is nearly twice that in June. August
rainfall has increased since 1975 from an average value of
6.54–8.48 mm day−1 , which is comparable to the July rainfall
amount of 8.52 mm day−1 . The rainfall does not show significant changes in spring, autumn or winter between the two
periods (Figure 1(c)). However, significant changes occurred
during the June to September period. By using the KMAR
data for 1954–2002, Lee et al. (2010) showed that the maximum rainfall over the Korean Peninsula has shifted from July
to August due to a decrease in July rainfall and an increase
in August rainfall, the latter of which is closely related to the

change in relationship with ENSO. However, in this study the
difference between PI and PII is insignificant because the July
rainfall increases during the period 2003–2010 (not shown).
Furthermore, using the CRU data from 1901 to 2002, the
interdecadal variability in rainfall in July–August (JA) over
Korea was examined. Figure 4 shows the 11 year running mean
of JA rainfall and the differences between these values. Rainfall
was averaged over the same area of CRI. The long-term changes
in July rainfall differ from that in August rainfall. The local and
remote thermodynamic conditions and large-scale circulations
can affect the variability in EASM. Ha et al. (2009) have shown
that the influence of tropospheric cooling and the Asian jet
stream on JA rainfall differs: the influence of these elements
on the July rainfall may be counterbalanced by the outstanding
PJ pattern, whereas the August rainfall is affected by a strong
Eurasian wave-like pattern. Kripalani et al. (2002) showed
that Korean summer monsoon rainfall is negatively related to
winter–spring snow depth over western Eurasia and positively
to the snow depth over eastern Eurasia. This dipole correlation
configuration indicates a mid-latitude long wave pattern with
an anomalous ridge over north Asia during the winter prior to
a weak Korean monsoon and an anomalous trough prior to a
strong monsoon. In addition, the different characteristics of July
and August rainfall changes can be partly related to a difference
in responses to the Eastern Pacific and Indian Ocean warming
between July and August (Yun et al., 2010a). The Indian
Ocean Dipole (IOD) is an additional factor that may affect
EASM variability (Saji et al., 1999) by generating Rossby Wave
patterns that influence circulation changes over East Asia (Guan
and Yamagata, 2003). Kripalani et al. (2010) showed that the
IOD could have a delayed impact on the East Asia–West Pacific
monsoon. They revealed that the positive phase of the dipole
during September to November could suppress the following
EASM rainfall three seasons later over the Korea–Japan sector,
South China and the adjacent West Pacific region. The memory
for the delayed impact could be carried by the surface boundary
conditions of the Eurasian snow cover.
The increase in August rainfall is more remarkable than that
in July: July rainfall was strongest in the 1920s, 1950–1960s,
and mid-1980s to mid-1990s and weakest in the 1910s, mid1930s to mid-1940s, and 1970s. In addition, Wang et al. (2007)
reported that mean summer precipitations were driest during
the 1880–1910s through examination of the 227 year daily
precipitation record compiled for Seoul, South Korea. Since
the 1990s, July rainfall trends have decreased. Conversely, a
notable increase in August rainfall was observed over Korea,
particularly in recent years. Lee et al. (2010) indicated a significant year-to-year variation in August rainfall and an increase in
mean August rainfall after the mid-1970s. They suggested that
a change in the relationship between August rainfall and ENSO
may be responsible for the increase in August rainfall. The difference between JA rainfall is positive generally because July
rainfall is stronger than August rainfall over Korea. Recently,
however, this difference became negative due to a shift of
rainfall peak from July to August (Lee et al., 2010). To investigate the temporal variation of heavy rainfall, KMAR data from

Table 1. Variances of annual means and annual standard deviations of monthly amounts of precipitation over Korea during 1901–2002,
1901–1930, 1931–1960, and 1961–2002.

Variance of annual means
Variance of annual standard deviations

Copyright  2012 Royal Meteorological Society

1901–2002

1901–1930

1931–1960

1961–2002

369.1
438.0

329.9
365.0

350.6
469.8

359.5
404.2
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Figure 3. Climatological annual cycle of daily rainfall (bars) and 17 day running mean (black lines) for the periods (a) 1954–1975 (PI) and
(b) 1976–2010 (PII) and for (c) the difference between the two periods (PII minus PI) using data measured by the Korea Meteorological
Administration at 12 weather stations (KMAR). Thick gray lines in (a) and (b) represent the 17 day running average rainfall during the period
1954–2010.

60 stations for the period 1973–2010 were used to create a
time series of heavy rainfall event frequency for up to 80 mm
(12 h)−1 (P80) and 150 mm (12 h)−1 (P150) as heavy rainfall
warning criteria (Figure 5). An increasing trend is apparent in
the days with P80 and P150 in this period. 29.1 and 28.6%
of P80 are concentrated in July and August, respectively; 33.6
and 34.3% of P150 are concentrated in the same respective
months (Korea Meteorological Administration, 2011). These
results indicate that extreme heavy rainfall event frequency is
higher in August than in July. In particular, increases of 25%
in P80 and 60% in P150 were observed from 1973 to 1990 and
from 1991 to 2010, respectively.

4.
4.1.

Winter monsoon
Definition of the EAWM index

Understanding and predicting the winter monsoon climate over
the East Asian region has been the topic of many research
papers (e.g., Chang et al., 1979; Chang and Lau, 1982; Ding
and Krishnamurti, 1987; Murakami, 1987; Zhang et al., 1997).
It is widely accepted that the climate in the East Asian region is
greatly influenced by monsoon circulation. Many studies have
shown that the SH is important for the formation of monsoon
circulation in the winter. Recently, Gong and Ho (2004) showed
Copyright  2012 Royal Meteorological Society

that intraseasonal variance of SH is also significantly correlated with the winter temperature variance over East Asia. The
climatological mean fields over this region in the winter are
characterized by the SH and the Aleutian low in the SLP system, the significant meridional temperature gradient of surface
temperature, the predominant northwesterlies over northeastern
Asia in the lowest troposphere, the strong trough over northeastern Asia at 500 hPa, and the strong polar jet stream just
south of Japan at 300 hPa.
The EAWM index (EAWMI), which describes the intensity
of the winter monsoon circulation, has been determined through
the specific procedures outlined by Jhun and Lee (2004). The
correlation co-efficient between the SLP averaged over the central area of the SH and the zonal wind speed at the 300 hPa level
shows that the maximum negative correlation was located to the
north of the Korean Peninsula and that the maximum positive
correlation was situated in the region including South Korea
and southern Japan. This correlation pattern implies that upon
SH development, the jet stream in its core region strengthened
and the zonal wind speed in the maximum negative correlation
region weakened. In this case, the anomalous cyclonic vorticity
over the East Asian region is enhanced and leads to the development of a trough in the upper level (Eagleman, 1985; Holton,
1992). Such a development is usually associated with a cold
surge in the East Asian region. Therefore, it is reasonable to use
the zonal wind speeds averaged over the regions of positive and
Meteorol. Appl. 19: 200–215 (2012)
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Figure 4. (a) 11 year running mean of July and August rainfall over Korea and (b) its difference for the period 1901–2002 obtained using
Climatic Research Unit (CRU) data. Units are mm month−1 . Solid and dashed lines in (a) indicate July and August rainfalls, respectively.

Figure 5. Long-term trends of 12 h accumulated precipitation (bars) for
(a) up to 80 mm and (b) 150 mm over the Korean Peninsula. Trends
are analysed on the basis of 60 Korean meteorological stations for
the period 1973–2010. Lines with filled circles represent the 7 year
running average.

negative correlation with SH SLP and to define the EAWMI as:
EAWMI = U 300(27.5–37.5 ° N, 110–170 ° E)
− U 300(50–60 ° N, 80–140 ° E)
Copyright  2012 Royal Meteorological Society

(1)

Here, the region 27.5–37.5 ° N, 110–170 ° E represents a region
of strong positive correlation between SH SLP and zonal
wind speed at 300 hPa, while the region 50–60 ° N, 80–140 ° E
represents a region of strong negative correlation.
Figure 6 shows the time series of the EAWMI normalized by
its mean and standard deviation and the correlation co-efficient
field between the EAWMI and the surface air temperature. The
area corresponding to highly negative correlation at more than
95% confidence level covers the East Asian region, in which
the highest correlation of −0.8 falls on the southern regions of
both the Korean Peninsula and Japan. This result suggests that
the decrease (increase) in surface temperature in the East Asian
region is significant when the EAWMI is high and positive
(negative). These correlation patterns between SH SLP and
zonal wind speed at 300 hPa and between EAWMI and surface
temperature are similar to the zonal wind speed anomaly pattern
at 300 hPa and the surface temperature anomaly pattern of
the first mode from the singular value decomposition (SVD)
analysis, respectively (figure not shown). Jhun and Lee (2004)
explained these results as follows: as the SH develops, the
northwesterly flow, and thus the cold advection, becomes strong
in the East Asian region and leads to the strengthening of
the meridional temperature gradient just south of Korea and
Japan; this gradient is associated with the strong jet stream
in the jet core region. The anomalous cyclonic vorticity north
of the jet stream enhances the anomalous cyclonic circulation
and monsoon trough at 500 hPa over the East Asian region.
The surface temperature in the East Asian region decreases
significantly owing to the strong cold advection by strong
northwesterlies associated with an enhanced monsoon trough
when the EAWMI is large. Therefore, the EAWMI is a good
Meteorol. Appl. 19: 200–215 (2012)
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Figure 6. (a) Time series of the normalized East Asian winter monsoon index (EAWMI) from winter 1958–1959 to winter 2009–2010 and
(b) the correlation co-efficient between the EAWMI and the surface temperature. Shaded areas indicate correlation significance at the 95%
confidence level.

indicator for representing the intensity of the winter monsoon in
East Asia, particularly in Korea, Japan and northeastern China.
4.2.

Interannual and interdecadal variabilities

The time series of the EAWMI from the winter of 1958/1959 to
the winter of 2009/2010 is shown in Figure 6(a); 7 strong and
10 weak winter monsoon years, compiled on the basis of the
0.9 standard deviation of the EAWMI, can be observed. Here,
the winter of 1958, for example, denotes December of 1958
and January and February of 1959. The seven strong monsoon
years are 1967, 1969, 1976, 1980, 1983, 1984 and 1985, and
the 10 weak winter monsoon years are 1958, 1971, 1972, 1978,
1988, 1989, 1991, 1997, 2006 and 2008. Among the 7 strong
monsoon years, 1969 and 1976 are El Niño years; 1984 is a
La Niña year; and the remaining are normal years. Conversely,
among the 10 weak monsoon years, 1971 and 1988 are La Niña
years; 1972, 1991, 1997 and 2006 are El Niño years; and the
remaining are normal years. Thus, the winter monsoon variation
in the East Asian region does not appear to be closely related to
ENSO phenomena. However, the tendency of a weaker winter
monsoon marked by warmer winters occurs in El Niño years.
The composite maps of anomalies of the meteorological
variables for strong and weak monsoon winters indicate that
all anomaly patterns in strong monsoon winters clearly contrast
with those in weak monsoon winters (Jhun and Lee, 2004).
Figure 7 shows anomaly differences in zonal wind speed at
300 hPa and wind vector at 850 hPa between strong and
weak winter monsoon years. The strong winter monsoons are
characterized by a strengthened polar jet stream over its core
region and a weakened zonal wind speed just north of the
Copyright  2012 Royal Meteorological Society

jet core region at the 300 hPa level (Figure 7(a)). This zonal
wind anomaly pattern is similar to the pattern of correlation coefficient between the SLP over SH and the zonal wind speed at
300 hPa, which has been used to define the EAWMI. Moreover,
the strong winter monsoons exhibit features of the strengthened
northerly winds toward the East Asian region at the 850 hPa
level: these winds originate from the SH region of cold
surfaces along the Russian coast from the Aleutian low region
(Figure 7(b)). In addition, the deepened Aleutian low both at
the 500 hPa level and the surface, as well as the significant
drop in surface air temperatures over the East Asian region, are
dominant in the strong winter monsoon years (Jhun and Lee,
2004). Several contrasting features between the strong and weak
winter monsoons are also evident in remote areas, implying
that the East Asian winter monsoon system is linked to the
global circulation. EAWMI power spectrum analysis exhibits
several dominant periods of 3.4, 6.5, and 18 years (not shown).
Thus, the EAWMI period can be characterized by strong
interdecadal and interannual variability. The time series of the
EAWMI for these components, which are marked by periods
of 1–9 years and more than 10 years, respectively, reveals that
the EAWMI is dominant in the interannual component before
1980 and in the interdecadal component from 1980 to 1993. If
the meteorological anomaly fields are projected onto the time
series of either the EAWMI or its interannual–interdecadal
component, the regressed fields can be obtained. Regressed
field patterns of meteorological variables such as the zonal
wind at 300 hPa, geopotential height at 500 hPa (Z500), zonal
and meridional winds at 850 hPa, surface temperature, and
SLP for the original value of the EAWMI and its interannual
component, are similar to their composite patterns for strong
Meteorol. Appl. 19: 200–215 (2012)
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Figure 7. Differences in (a) zonal wind speed at 300 hPa and (b) wind vector at 850 hPa between strong and weak winter monsoon years.
Shadings in (a) indicate a statistically significant 95% confidence level. Wind vectors not statistically significant at the 95% confidence level
were omitted.

Figure 8. Regressed fields of sea level pressure for the (a) interannual component and (b) interdecadal component of the East Asian winter
monsoon index (EAWMI).

monsoons (figure not shown). However, the regressed patterns
of SLP and Z500 differ completely from the interannual and
interdecadal component time series. The patterns for SLP are
shown in Figure 8. In particular, Figure 8(b) illustrates that
the interdecadal component is the negative phase of the AO.
Interestingly, this regressed field of SLP for the interdecadal
component resembles the EOF1 mode of SLP, known as AO,
while that for the interannual component is much similar to
the EOF2 mode of SLP. These results imply that the EAWM
system is associated with the AO on an interdecadal time scale.
Copyright  2012 Royal Meteorological Society

Although no clear evidence of the influence of the interannual
variability in the AO on the EAWM is detected, Gong and
Ho (2004) reported that intraseasonal variability in the AO
has a significant impact on the EAWM, demonstrating that a
stronger positive phase of AO tends to generate a much smaller
intraseasonal variability in the SH. The EAWMI was compared
with other indices including the NP, NAO, AO, Niño 3.4, SH,
and PDO in order to investigate the possibility of a remote
connection. The correlation co-efficients between the EAWMI
and various climate indices for the interannual and interdecadal
Meteorol. Appl. 19: 200–215 (2012)
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components are summarized in Table 2. The correlation coefficients between NP–SH indices and EAWMI for both the
interannual and interdecadal components are high and are
significant at the 95% confidence level. The EAWMI shows a
high negative correlation with the NP index and a high positive
correlation with the SH index, particularly for the interannual
component. However, the Niño 3.4 index shows a weak
negative correlation with the EAWMI, although the correlation
co-efficient is significant at the 95% confidence level. Both the
AO and PDO indices are highly correlated with the EAWMI
for the interdecadal component but are not correlated with
the EAWMI for the interannual component. In addition, the
EAWMI was discovered to correlate negatively with the AO
index and positively with the PDO index. However, the NAO
index appears to have no correlation with the EAWMI for both
the interannual and interdecadal components.
The EAWMI appears to represent well cold surge in the
Korean Peninsula for 52 years as shown in Figure 6(b). However, the EAWMI incorporating recent data does not show a
strong cold surge, particularly over the eastern part of China
(not shown), which most probably can be attributed to a change
in the relationship between the SH and the jet stream. In recent
decades, the positive relationship between these components
is no longer significant in the region including Korea and the
southern part of Japan where the polar jet core is located. The
EAWM weakened after the mid-1980s, which may be related
to weakening of the SH and variability in the AO. In addition,
Table 2. Correlation co-efficients between the East Asian winter
monsoon index (EAWMI) and various indices for interannual and
interdecadal components.

NP
NAO
AO
Nino 3.4
SH
PDO
a

Interannual component

Interdecadal component

−0.47a
0.27
−0.12
−0.28a
0.71a
0.15

−0.59a
−0.22
−0.54a
−0.09
0.47a
0.48a

Significant values at the 95% confidence level.

the low temperature appears to be related to local interaction
among low-level atmospheric and oceanic circulation and environmental changes such as snow cover and depth over the East
Asian region in autumn. These results suggest that further study
on changes in the EAWM is required.

5.
5.1.

Relationship between NPISO and ENSO
Interannual relationship between NPISO and ENSO

The relationships between the ENSO and EASM on multi time
scales have been previously studied (Chang et al., 2000; Wang
et al., 2000; Wu and Wang, 2002). In particular, Yun et al.
(2008) reported a significant relationship between ENSO and
NPISO over East Asia. Because the northward migration of
the East Asian monsoonal front is modulated by a 30–60 day
ISO (Chen and Chen, 1995; Yun et al., 2009), compared to
the total variability in EASM, the ISO is more significantly
related to ENSO. The NPISO is identified as the first two
leading EOF modes of 30–60 day filtered OLR anomalies in
the spatial domain 22.5–45 ° N, 100–150 ° E and temporal range
from May to October in order to investigate the EASM–ENSO
relationship on the intraseasonal timescale. The NPISO activity
is calculated from the variance of the principal component time
series, the details of which have been described by Yun et al.
(2008). On the basis of the NCEP-2 data, this relation was
reviewed by extending the period of 1979–2004 (26 years) to
1979–2010 (32 years).
The NPISO activity showed the highest correlation with
ENSO during JA. Hence, the preceding winter ENSO led
the summertime NPISO in the EASM by approximately
7–11 months. As shown in Figure 9, the JA NPISO activity
is significantly connected with the western North Pacific subtropical high (WNPSH) anomaly during the period 1979–2010.
The low pressure anomaly appears in Northeast Asia, and the
pressure system is highly consistent with the convection structure in that convection is suppressed over the Philippine Sea
and enhanced northward. The close relationship between convection and circulation implies a Rossby Wave response to
the reduced heating over the Philippine Sea. In general, the
WNPSH anomaly is believed to play a key role in inducing

Figure 9. Regressed field for June–July–August 850 hPa geopotential height (contour) and outgoing long wave radiation (OLR) (shading)
anomalies against July to August northward propagating intraseasonal oscillation (NPISO) activity during the period 1979–2010.
Copyright  2012 Royal Meteorological Society
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the EASM–ENSO relationship. However, a controversy exists
over which component is more important for maintaining the
WNPSH. A remote Indian Ocean SST (IOSST) warming has
been suggested as one cause for the WNPSH induction of
the EASM–ENSO relationship (Watanabe and Jin, 2002; Ding
et al., 2010). Recently, Xie et al. (2009) have discovered that
the springtime IOSST warming following El Niño generates
the emanation of a baroclinic Kelvin Wave and northeasterly
wind anomalies into the Pacific, which in turn leads to suppressed convection and the WNPSH anomaly. On the contrary,
local atmosphere–ocean interaction has also been suggested
as a possible mechanism for the anomalous WNPSH (Wang
et al., 2000, 2003). This anticyclonic anomaly cools the ocean
to its east due to enhanced evaporative cooling and turbulent
mixing and warms it to the west. Meanwhile, the cooling suppresses convection and latent heating, which further excites the
descending Rossby Waves from the Philippine anticyclone. This

process provides a positive feedback between the WNPSH and
WNP cooling. As a result, the remote IOSST warming and
local western Pacific SST cooling are key factors in bridging
the ENSO into the WNPSH and, in turn, EASM. The summertime NPISO activity is also strongly related to IOSST warming
and western Pacific cooling that follows a warm ENSO event
(Yun et al., 2008).
As evidence of the significant NPISO–ENSO relationship,
the summertime low-level height anomalies regressed onto the
ENSO phase during November to January (Figure 10(a)) reveal
enhanced WNP anticyclonic and northern cyclonic anomalies
similar to the NPISO-induced three-cell circulation structure
shown in Figure 9. The ENSO-related IOSST warming is considered an essential factor in the ENSO–NPISO relationship
because in situ SST cooling does not exhibit a low-level circulation response. In Figure 10(b), the regressed OLR field
onto the IOSST anomalies over 20 ° S to 20 ° N, 50–100 ° E

Figure 10. (a) Regressed field for June–July–August 850 hPa geopotential height anomalies against November–December–January Niño 3 sea
surface temperature (SST) index. (b) June–July–August outgoing long wave radiation (OLR) anomalies regressed against March–April–May
Indian Ocean SST anomalies averaged over 20 ° S to 20° N, 50–100 ° E. (c) June–July–August 850 hPa geopotential height anomalies regressed
against June–July–August OLR anomalies averaged over 5–20° N, 120–150 ° E. Heavy (light) shading denotes negative (positive) anomalies
significant at the 90 and 95% confidence levels.
Copyright  2012 Royal Meteorological Society
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exhibits suppressed convection over the Philippine Sea and
enhanced convection east of Japan. This suppressed convection, characterized by the OLR anomaly averaged over 5–20 ° N,
120–150 ° E, in turn generates a Rossby Wave train, and consequently, the summertime WNPSH and cyclonic circulation
anomalies around Korea and Japan (Figure 10(c)). The circulation structure remarkably resembles the PJ teleconnection
pattern (Nitta, 1987). The WNPSH occurs to the northwest of
the suppressed convection anomaly; this is consistent with a
Gill-type Rossby Wave response to reduced heating.

Table 3. Correlation co-efficients of May to June and July to August
NPISO activity and Niño 3 SST, PJ, WP indices during 1958–1979
and 1980–2001.
Correlation
(index, NPISO)
Niño3 SST index
PJ index
WP index
a

5.2.

1958–1979

1980–2001

MJ NPISO JA NPISO MJ NPISO JA NPISO
0.53a
−0.17
0.57a

0.16
−0.04
0.25

0.49a
0.29
0.14

0.65a
0.57a
0.19

Significant values at the 95% confidence level.

Interdecadal change in the NPISO–ENSO relationship

The interdecadal change in the EASM–ENSO relationship
since the late 1970s has been previously reported (Wu and
Wang, 2002; Wang et al., 2008; Ding et al., 2010). For example, Wang et al. (2008) explained the change by means of the
following theory of increased ENSO magnitude and strengthened monsoon–ocean interaction. Since the late 1970s, the
overall air–sea interaction between the EASM system and
ENSO has increased in the WNP warm pool, thus strengthening the ENSO–EASM link. As a response to the enhanced
ENSO, the NPISO–ENSO relationship in the EASM has also
shown a significant interdecadal change after the late 1970s
(Yun et al., 2010b). The interdecadal change in the relationships was observed in two sequences: 1958–1979 (first period)
and 1980–2001 (second period), using ERA40 data from 1958
to 2001.
Yun et al. (2010b) suggested that the relationship between
the NPISO and ENSO becomes stronger in the second period,
with its maximum appearing later than that in the first period
with a peak shift from May to June (MJ) to JA. In addition, it
was reported that the teleconnection pattern for modulating the
NPISO–ENSO relationship changes from WP to summertime
PJ. Here, the WP pattern is one such teleconnection affected by
the ENSO winter through spring (Wallace and Gutzler, 1981).
A correlation table summarizing these changes in relationship
is represented in Table 3. Although the temporal correlation
co-efficients between the MJ NPISO activity and the Niño
3 SST index are significant at the 95% confidence level
in both epochs, the correlation is more evident in the first
period. Meanwhile, the JA NPISO activity has a significant
relationship with ENSO only in the second period. Regarding
the PJ and WP indices, the correlation co-efficient between
the PJ index and JA NPISO activity increased from −0.04
to 0.57 from the first to the second period. On the contrary,
the correlation co-efficient between the MJ NPISO and the WP
pattern decreased from 0.57 to 0.14 from the former to the latter
period. The remaining cases showed no statistically significant
relationships. Therefore, these results indicate that in the second
period, the preceding winter ENSO affects the NPISO activity
until later in the summer (i.e., JA) via the summertime PJ
pattern, while in the first period, the ENSO-induced WP pattern
relates to the early summer (i.e., MJ) NPISO activity.
The interdecadal change in this relationship could be due
to the change in ENSO-related signals. Since the late 1970s,
Indian Ocean basin-wide warming has strengthened and tends
to persist until the summer. To investigate the difference in
ENSO-induced signals between the two interdecadal periods, a
composite analysis for 850 hPa geopotential height and OLR
anomalies was performed in reference to the Niño 3 index
(Figure 11). Here, an El Niño (La Niña) year is defined in terms
of a Niño 3 index greater (smaller) than 0.5 (−0.5). The selected
El Niño years in the second period are 1983, 1987, 1988, 1992,
Copyright  2012 Royal Meteorological Society

1995 and 1998; the selected La Niña years are 1985, 1986,
1989, 1996, 1997, 1999 and 2000. The ENSO years selected in
the first period are 1958, 1966, 1969, 1970, 1973 and 1977 for
El Niño and 1963, 1965, 1968, 1971, 1974, 1975 and 1976 for
La Niña. During the winter in the second period (Figure 11(b)),
stronger suppressed (enhanced) convection anomalies appear
to a large extent over the western (eastern/central) Pacific
than those in the first period (Figure 11(a)). The enhanced
ENSO response may be associated with a stronger anomalous
Walker–Hadley circulation due to a warmer mean SST, and the
difference is manifested after the following spring. Of particular
interest is the fact that in the second period, the suppressed
convection anomalies over the WNP survive until the following
summer (Figure 11(f)): this behaviour differs from that of
the convection activity in the first period (Figure 11(e)). This
result may be due to persistent IOSST warming and positive
feedback between the anticyclone and in situ cooling. In detail,
the WNP anticyclone anomalies are revealed northwest of the
suppressed convection during the spring (summer) in the first
(second) period, as shown in Figure 11(c) and (f). The spring
north–south dipole pattern represents the WP pattern, while
the summer three-cell circulation is related to the PJ pattern,
which corresponds strongly to the change in teleconnection
patterns for modulating the NPISO–ENSO relationship. Thus,
the altered relationship between NPISO and ENSO may be
attributed to the following reasons. In the first period, the
IOSST warming is responsible for the spring suppressed
convection over the WNP and central Pacific, which in turn
induces the WP pattern; in the second period, the IOSST
warming leads to the summertime WNP suppressed convection,
thereby inducing the summer PJ pattern.

6.

Summary

Recent progress in East Asian Monsoon research and the relationship between its variabilities and large-scale circulation and
ocean variability are reviewed in this study. Since the variability in EASM and EAWM is influenced by various factors
on different timescales, it is necessary to separately study the
multitime scale variability, i.e., intraseasonal, interannual, and
interdecadal variabilities, as well as their influencing factors.
The results of this study are summarized in Table 4 and are
described in this section.
In the annual cycle of the EASM, the leading mode is solstitial, which is well represented by the contrasts between solstitial
seasons (JJA minus DJF), and reflects the impact of antisymmetric solar forcing with a 1–2 month delay in atmospheric
circulation. The second EOF, known as the Meiyu–Baiu mode,
is well represented by a pre-Changma versus post Changma
asymmetric response and can be realistically represented by MJ
Meteorol. Appl. 19: 200–215 (2012)
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Figure 11. Composite difference in the 850 hPa geopotential height (contour) and outgoing long wave radiation (OLR) (shading) anomalies
from January to February through June–July–August for the November–December–January El Niño and La Niña years during the periods
1958–1979 ((a), (c), and (e)) and 1980–2001 ((b), (d), and (f)). Heavy (light) shading denotes negative (positive) anomalies significant at the
90 and 95% confidence levels.
Table 4. Summary of East Asian monsoon variability and its related components.

Intraseasonal variability
Interannual variability

Interdecadal variability

EASM

EAWM

August rainfall increase
NPISO–ENSO relationship
Position of Bonin High
Low-level jet from southwest flow
Amount of Eurasian snow cover
Phase of IOD
August rainfall increase due to the change in relationship with
ENSO
Change in NPISO–ENSO relationship

Intraseasonal variability of SH and AO

minus JA mean precipitation rates. A strong Changma is characterized by the strengthening of the Bonin High (in SLP and
500 hPa geopotential height) and by the frequent occurrence of
a migrating high (in SLP) over northeastern China. In strong
Changma years, a cyclonic circulation over northwestern Korea
Copyright  2012 Royal Meteorological Society

Development of SH and AL
Meridional shear of upper level jet
Negative correlation with NP
Negative correlation with AO and NP
Positive correlation with SH and PDO

is observed at the 200 hPa level. This cyclonic circulation is
associated with a downstream jet core, which may induce strong
divergence over the surface trough, while the southwesterly
dominates from the Bay of Bengal through the East China Sea
to Japan. Two peaks of Korean rainfall are recorded, one each
Meteorol. Appl. 19: 200–215 (2012)
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in July and August. Changes in annual cycle in recent years
were investigated using KMAR for the period 1954–2010 and
CRU data for the period 1954–2002. Until 1975, the July peak
was higher than that in August. After that year, however, the
rainfall in August approached that in July because August rainfall increased from 6.54 to 8.48 mm day−1 , which is close to
the 8.52 mm day−1 rainfall of July. The changes in the annual
structure of the ISO were found to influence the interannual
variability in monsoon. In addition, the frequencies of heavy
rainfall events and associated rainfall amounts have increased
in recent years; in particular, extreme heavy rainfall is higher
in August than in July.
A unique feature of the strong EASM is the presence of the
Bonin High. The major factor that influences the interannual
intensity of the EASM is the position of the centre of the
Bonin High rather than its centre pressure. In particular, the
change in August rainfall is sensitive to the behaviour of the
Bonin High. The August rainfall is strongly associated with
the westward expansion of the WNP High and position of the
centre of the Bonin High. In addition, a significant interdecadal
cooling was revealed in the East Asian region, followed by an
enhanced north–south thermal gradient that induced a strong
Asian jet stream (Ha et al., 2009). The August rainfall exhibited
an extratropical Eurasian wave-like structure with a steady
response during the summertime (June to August), while the
July rainfall was closely related to the southwesterly monsoon
flow during that month (Ha and Yun, 2010).
The strong winter monsoon is characterized by an enhanced
upper-level jet stream south of Japan, a strengthened midtropospheric East Asian trough, a stronger than normal Aleutian
low and SH, and increased low-level northeasterlies along the
Russian coast. This structure with characteristics on a broad
range and a zonally elongated shape suggests that a cold
EAWM depends critically on processes that control the pressure
gradients between the Aleutian low and the SH, which can
be used as an EAWMI. The atmospheric response for the
interdecadal component of EAWM indicates an AO. However,
it is not similar to the response for the interannual component,
implying that the EAWM system is associated with the AO
index on a decadal time scale. The interannual component of the
EAWMI is negatively correlated with NP index and positively
correlated with that of the SH. Conversely, the interdecadal
component of the EAWMI negatively correlates with NP, NAO
and AO indices and positively correlates with the SH index.
Note that the EAWMI is strongly associated with NAO and
AO indices on the decadal time scale only.
In addition, the relationship among the ENSO and NPISO in
the EASM and its interdecadal changes were investigated using
the first two leading EOF modes of 30–60 day filtered OLR
anomalies. After the late 1970s, the preceding winter ENSO
leads the enhanced summertime (i.e., JA) NPISO activity. The
ENSO-induced IOSST warming induces the summer WNPsuppressed convection and, consequently, the WNP subtropical
high and PJ pattern. On the contrary, before the late 1970s,
IOSST warming is responsible for suppressed spring convection
over the WNP and central Pacific, and in turn induces the WP
pattern and early summer NPISO activity.
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Acronyms
AO
CGD
CMAP

Arctic Oscillation
Climate and Global Dynamics
Climate Prediction Center Merged Analysis
of Precipitation
CPC
Climate Prediction Center
CRI
Changma rainfall index
CRU
Climatic Research Unit
EASM
East Asian summer monsoon
EAWM
East Asian winter monsoon
EAWMI
EAWM index
ECMWF
European Centre for Medium-Range Weather
Forecasts
ENSO
El Niño-Southern Oscillation
EOF
Empirical orthogonal function
ERA-40
ECMWF 40 years reanalysis
EU
Eurasian pattern
HadISST
Hadley Centre Sea Ice and Sea Surface
Temperature
IOD
Indian Ocean Dipole
IOSST
Indian Ocean sea surface temperature
ISO
Intraseasonal oscillation
JISAO
Joint Institute for the Study of the Atmosphere and Ocean
KMA
Korea Meteorological Administration
KMAR
Precipitation measured by KMA
NAO
North Atlantic Oscillation
NCEP-DOE
National Centers for Environmental Prediction/Department of Energy
NCEP–NCAR National Centers for Environmental Prediction–National Center for Atmospheric
Research
NCEP-1
NCEP–NCAR reanalysis data set
NCEP-2
NCEP-DOE AMIP-II Reanalysis data
NOAA
National Oceanic and Atmospheric Administration
NP
North Pacific
NPH
North Pacific high
NPISO
Northward propagating intraseasonal oscillation
OLR
Outgoing long wave radiation
PDO
Pacific Decadal Oscillation
PNA
Pacific–North American pattern
P80
Heavy rainfall event frequency for up to
80 mm (12 h)−1
P150
Heavy rainfall event frequency for up to
150 mm (12 h)−1
SH
Siberian high
SVD
Singular value decomposition
WNP
Western north Pacific
WNPSH
WNP subtropical high
WP
Western Pacific pattern
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Uppala SM, KÅllberg PW, Simmons AJ, Andrae U, Da Costa
Bechtold V, Fiorino M, Gibson JK, Haseler J, Hernandez A,
Kelly GA, Li X, Onogi K, Saarinen S, Sokka N, Allan RP,
Andersson E, Arpe K, Balmaseda MA, Beljaars ACM, Van De
Berg L, Bidlot J, Bormann N, Caires S, Chevallier F, Dethof A,
Dragosavac M, Fisher M, Fuentes M, Hagemann S, Hólm E,
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