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ABSTRACT

This paper analyzes the differences in the characteristics and spatio–temporal variabilities of summertime rainfall and
water vapor transport between the East Asian summer monsoon (EASM) and South Asian summer monsoon (SASM) sys-
tems. The results show obvious differences in summertime rainfall characteristics between these two monsoon systems. The
summertime rainfall cloud systems of the EASM show a mixed stratiform and cumulus cloud system, while cumulus cloud
dominates the SASM. These differences may be caused by differences in the vertical shear of zonal and meridional circu-
lations and the convergence of water vapor transport fluxes. Moreover, the leading modes of the two systems’ summertime
rainfall anomalies also differ in terms of their spatiotemporal features on the interannual and interdecadal timescales. Never-
theless, several close links with respect to the spatiotemporal variabilities of summertime rainfall and water vapor transport
exist between the two monsoon systems. The first modes of summertime rainfall in the SASM and EASM regions reveal a
significant negative correlation on the interannual and the interdecadal timescales. This close relationship may be linked by
a meridional teleconnection in the regressed summertime rainfall anomalies from India to North China through the south-
eastern part over the Tibetan Plateau, which we refer to as the South Asia/East Asia teleconnection pattern of Asian summer
monsoon rainfall. The authors wish to dedicate this paper to Prof. Duzheng YE, and commemorate his 100th anniversary and
his great contributions to the development of atmospheric dynamics.
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1. Introduction
In the 100th anniversary of Prof. Duzheng YE (i.e. Tu-

Cheng YEH), as one of his former students, I (Ronghui
HUANG) and my coauthors wish to dedicate this study to
commemorate this outstanding meteorologist and his sub-
stantial contributions to the development of the atmospheric
sciences and the foundations of the modern era of this disci-
pline in China. Accordingly, we begin with a brief summary
of Prof. YE’s research experience and achievements.

Prof. YE was without doubt one of the world’s most out-
standing meteorologists and, domestically, one of the major
founders of modern-day atmospheric sciences in China. Over
a more than 70-year research career he made many important

∗ Corresponding author: Yong LIU
Email: liuyong@mail.iap.ac.cn

contributions to the development of atmospheric sciences, in-
cluding proposing the theory of energy dispersion of Rossby
waves, establishing a theory of atmospheric general circula-
tion over East Asia, initiating the study of Tibetan Plateau
meteorology, proposing a scale theory regarding the adapta-
tion process of atmospheric motion, and pioneering the new
concept of adaptation to global warming (Yeh, 2008). To de-
velop the atmospheric sciences in his home country, Prof. Ye
left Chicago University for China in 1950. Subsequently, he
invested considerable energy into improving and organizing
the research activities of this discipline within the Chinese re-
search community. Together with his colleagues (e.g. Profs.
Shiyan TAO and Zhenchao GU), Prof. YE dedicated a great
deal of effort into developing the study of atmospheric sci-
ences in China, especially those related to East Asian gen-
eral circulation. From the 1950s to the 1960s, Prof. YE sys-
tematically studied the characteristics and variabilities of East
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Asian general circulation, through observational and theoret-
ical analyses, in cooperation with Profs. Shiyan TAO and
Baozhen ZHU and others (staff members of the Section of
Synoptic and Dynamic Meteorology, Institute of Geophysics
and Meteorology, Academia Sinica, 1957, 1958a, 1958b; Ye
and Zhu, 1958). The studies conducted by Profs. YE, TAO
and colleagues showed that the seasonal variation of the gen-
eral circulation over East Asia from winter to summer is very
distinct and fairly abrupt (Ye et al., 1959). Moreover, they
also pointed out that this abrupt change in planetary-scale
circulation brings about the onset of the East Asian summer
monsoon (EASM). This abrupt change in monsoon circula-
tion was further demonstrated in the 1980s by Krishnamurti
and Ramanathan (1982) and McBride (1987), in studies on
the Indian summer monsoon and Australian monsoon.

Enlightened by the theory of atmospheric general circu-
lation over East Asia proposed by Prof. YE, scientists have
been able to carry out studies on the characteristics, causes
and mechanisms of the spatiotemporal variabilities of the
EASM system. It is known, for instance, that the EASM
system has notable interannual and interdecadal variabili-
ties and, owing to that, climatic disasters such as droughts
and floods occur frequently in summer in China (Huang and
Zhou, 2002; Huang et al., 2004, 2006a, 2007, 2008, 2011a;
Huang, 2006). Indeed, since the 1980s, severe and frequent
climatic disasters over large areas have caused vast amounts
of damage to agricultural and industrial production in China
(Huang et al., 1998a, 1999; Huang and Zhou, 2002; Wang
and Gu, 2016). Therefore, it is of great importance to study
the variability and possible causes of the EASM, as well as
its links to nearby or remote climate systems.

The Asian monsoon region is one of several monsoon cli-
mate regions worldwide and, generally, it is considered to
comprise two subcomponents (Webster et al., 1998; Ding et
al., 2013)—namely, the East Asian and South Asian summer
monsoons (hereafter referred to as the EASM and SASM, re-
spectively). It has been documented by many studies that the
characteristics of the EASM and SASM system are different
(Tao and Chen, 1987; Huang et al., 1998b, 2012; Wang et al.,
2001). For instance, the EASM has both tropical and sub-
tropical characteristics because, not only it is influenced by
the western Pacific subtropical high and the disturbances over
the middle latitudes, but also by tropical circulation systems,
such as Maritime Continent convection; whereas, the SASM
only has tropical properties, such as the Mascarene high, So-
mali jet, and so on. However, the EASM and SASM systems
also show links. For example, strong SASM flow delivers a
large amount of water vapor into the EASM region from the
Bay of Bengal, which can cause strong rainfall and severe
floods in this region. Previous studies have also indicated the
existence of a close relationship between the summer pre-
cipitation of the SASM and EASM (Guo and Wang, 1988;
Guo, 1992; Kripalani and Singh, 1993; Kripalani and Kulka-
rni, 2001; Ding and Wang, 2005; Lin et al., 2016; Wu, 2002,
2017), although Wu (2017) pointed out that this relationship
has become unstable and weakened since the late 1970s.

Because of the complexity of the EASM and SASM sys-

tems, the differences and links between them—in particular,
with respect to the dominant modes of summertime rain-
fall and water vapor transport—are still not clearly under-
stood. Accordingly, using long-term observational and re-
analysis data, the present study aims to systematically inves-
tigate these issues. Specifically, we examine: (1) the differ-
ences in the characteristics of rainfall cloud systems and their
association with the vertical shear of zonal and meridional
circulations and the convergence of water vapor transport; (2)
the differences in the spatiotemporal variabilities of summer-
time rainfall and water vapor transport between the EASM
and SASM systems; and (3) the links between the two sys-
tems in terms of their spatiotemporal variabilities of summer-
time rainfall and water vapor transport.

The remainder of the paper is structured as follows: Sec-
tion 2 details the datasets and methods used in the study.
Section 3 describes the climatological characteristics of the
rainfall and general circulation of the EASM and SASM, and
highlights the differences between them. Sections 4 and 5 an-
alyze the features and differences of the interannual and inter-
decadal variabilities of summer rainfall in the two monsoon
regions. The links in terms of summer rainfall variability be-
tween the EASM and SASM are explained in section 6 and,
finally, a conclusion and further discussion are provided in
section 7.

2. Data and methodology
The data used in the present work are as follows: (1)

NCEP–NCAR reanalysis data, covering the period from
1961 to 2014 (Kalnay et al., 1996); (2) Tropical Rain-
fall Measuring Mission (TRMM) Precipitation Radar Rain-
fall L3 monthly data, version 7, with a 0.5◦ × 0.5◦ mesh
(TRMM 3A25), covering the period from 1998 to 2015
(TRMM, 2011); (3) Precipitation data from the Climate
Research Unit (CRU) TS3.23 precipitation dataset, with
a 0.5◦ × 0.5◦ horizontal resolution in the Asian region
from 1961 to 2014 (Harris et al., 2014); (4) and precip-
itation data from 597 observational stations in China for
the period 1961 to 2014, archived and updated by the
China Meteorological Administration (http://data.cma.cn/
data/cdcdetail/dataCode/SURF CLI CHN MUL DAY V3.0.
html).

The present work employs empirical orthogonal function
(EOF) analysis to investigate the spatiotemporal features of
summer (June–July–August) precipitation in the EASM and
SASM regions, wherein the first two leading modes of sum-
mer rainfall in the two monsoon regions are adopted, respec-
tively. Based on the method of North et al. (1982), the first
two modes of summer rainfall in each monsoon region are
completely separated. The present work also uses correla-
tion analysis and regression analysis and the two-tailed Stu-
dent’s t-test to detect the statistical significance of a signal,
and the effective degrees of freedom is calculated according
to the method of Davis (1976). In addition, to discuss the in-
terdecadal variability of summer rainfall in the two monsoon
regions, we adopt a 9-yr running mean method to obtain the
interdecadal component of the summer precipitation.
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The atmospheric water vapor transport and its conver-
gence are estimated based on the following expressions. The
vertically integrated water vapor transport flux vector, QQQ =
(Qλ,Qϕ), and its zonal and meridional components, Qλ and
Qϕ, are described as follows:

Qλ =
1
g

∫ p0

300
(qu)dp ; (1)

Qϕ =
1
g

∫ p0

300
(qv)dp . (2)

Here, g is the gravitational acceleration; q is the specific hu-
midity; and u and v represent the zonal and meridional winds,
respectively. For the sake of simplicity and to avoid the prob-
lem of data limitation (the top level in the specific humidity
field only reaches up to 300 hPa), thus, the integration is from
the bottom level (p0 = 1000 hPa) and to the top level (300
hPa).

In a spherical coordinate system, the divergence of wa-
ter vapor transport fluxes, ∇ ·QQQ, can be calculated using the
following formula:

∇ ·QQQ = 1
acosϕ

(
∂Qλ
∂λ
+
∂Qϕ cosϕ
∂ϕ

)
, (3)

where (λ,ϕ) represents the longitude and latitude, respec-
tively, and a is the Earth’s radius. Furthermore, if topography
is not considered, ∇·QQQ can be divided into two parts (thermal
and dynamic components), as follows:

∇ ·QQQ = 1
g

∫ p0

300
∇ · (VVVq)dp

=
1
g

∫ p0

300
VVV · ∇qdp+

1
g

∫ p0

300
q(∇ ·VVV)dp. (4)

The first of the two terms on the right-hand side of Eq. (4) is
the quantity due to moisture advection (i.e. the thermal com-
ponent), and the second is the quantity due to divergence of
the wind field (i.e. the dynamic component). Based on the
first part of Eq. (4), moist advection can cause local conver-
gence of the water vapor flux, but dry advection leads to local
divergence of the water vapor flux. As for the second part, lo-
cal wind circulation convergence benefits local convergence
of the water vapor flux, and vice versa.

3. Rainfall and circulations of the EASM and
SASM regions: climatological characteris-
tics and differences

As mentioned, the EASM system is a relatively indepen-
dent subtropical monsoon circulation system and has differ-
ent horizontal circulations from the SASM system (Tao and
Chen, 1987). However, importantly, differences between the
two monsoon systems may also exist in terms of the vertical
structure of the zonal and meridional circulations, which may
further lead to differences in their rainfall cloud systems and
water vapor transport. Therefore, the climatological charac-
teristics of the two regions’ rainfall cloud systems, vertical

structure of horizontal circulations, and water vapor trans-
port, and their differences, are explored in this section.

3.1. Rainfall cloud systems
Using the TRMM 3A25 precipitation data, the distribu-

tion of the ratio of rainfall due to convective and stratiform
cloud systems to total rainfall over the Asian summer mon-
soon region is analyzed. As shown in Fig. 1, the rainfall ra-
tio related to convective cloud systems in the EASM region
decreases with latitude, with the value reaching 50% in the
low latitudes to the south of 25◦N (Fig. 1a). Meanwhile, the
rainfall ratio related to stratiform cloud systems exhibits the
opposite feature, increasing from low to high latitudes, with
the value increasing to 65% to the north of 25◦N (Fig. 1b).
Specifically, the rainfall over South China due to convective
and stratiform cloud systems is comparable, which agrees
with the findings of Fu et al. (2003) and Liu and Fu (2010).
These features suggest that summertime rainfall cloud sys-
tems over the EASM region are a mix of stratiform and con-
vective cloud systems—something that may lead to difficulty
in parameterizing cumulus cloud when numerically modeling
the EASM system (Cheng et al., 1998).

As for the SASM region, the ratio of the rainfall induced
by convective/stratiform cloud systems to total rainfall is uni-
formly spread over continental India. Furthermore, the rain-
fall induced by convective cloud systems contributes more
than 60% of the total rainfall (Fig. 1a), while the ratio of the
rainfall induced by stratiform cloud systems to total rainfall
is about 35% over India (Fig. 1b). This indicates that the
summertime rainfall cloud systems over the SASM region are
dominated by convective cloud, which is different to the situ-
ation over the EASM region.

3.2. Zonal and meridional circulation
As mentioned, the vertical structure of the horizontal cir-

culations over the EASM and SASM regions are different,
which may be responsible for their differences in monsoon
rainfall cloud systems. Thus, the differences in the vertical
shear of zonal and meridional circulations between these two
monsoon regions are investigated in this part of the study.
Figure 2 displays the vertical distribution of the climatolog-
ical mean zonal and meridional wind averaged over the do-
mains (20◦–45◦N, 100◦–140◦E) and (0◦–25◦N, 60◦–100◦E),
representing the EASM and SASM regions, respectively. As
shown in Fig. 2a, during boreal summer, the climatological
mean zonal circulation over the EASM region is character-
ized by westerly wind throughout the troposphere in the ver-
tical direction, showing obvious vertical westerly shear. This
may be unfavorable for the intensification of convective cloud
systems, but favorable for the formation of stratiform cloud
systems. Thus, there is a mix of stratiform and convective
cloud systems in the EASM region. However, the SASM
system belongs purely to the tropical monsoon, with notable
westerly wind prevailing in the lower troposphere below 500
hPa and easterly wind in the mid/upper troposphere (Fig. 2b),
showing strong vertical easterly shear. But, the wind speed is
weaker than that in the EASM region. The low-level west-
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Fig. 1. Climatological-mean distributions of summertime rainfall (%) due to (a)
convective rainfall and (b) stratiform rainfall, for 17 summers during 1998–
2014, based on TRMM data.

Fig. 2. Time–height cross section of climatological (a, b) zonal and (c, d) meridional winds, averaged for 26 summers during
1979–2014 over (a, c) East Asia (20◦–45◦N, 100◦–140◦E) and (b, d) South Asia (0◦–25◦N, 60◦–100◦E). Solid and dashed lines
indicate westerly/southerly and easterly/northerly winds, respectively. Units: m s−1.
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erly wind and vertical easterly shear may be favorable for
the intensification of convective activity in the SASM region,
resulting in the monsoon rainfall mainly triggered by convec-
tive cloud systems in this region (Halverson et al., 2002).

As for the meridional circulation, significant meridional
flow with low-level southerly and high-level northerly pre-
vails in the EASM region (Fig. 2c), featuring strong vertical
northerly shear and suggesting it is composed of tropical and
subtropical summer monsoon characteristics. In contrast, the
meridional circulation in the SASM region is characterized
by low-level southerly flow (below 800 hPa, approximately)
and strong upper-level northerly flow (Fig. 2d). Furthermore,
it is clear that southerly wind prevails over larger ranges in
the EASM region compared with the SASM region—a situ-
ation that is the reverse for the northerly flow. This shows
that the vertical northerly shear of meridional circulation
over the SASM region is stronger than that over the EASM
region.

As indicated above, there are obvious differences in the
vertical shear of horizontal circulation between the EASM
and SASM systems, which may lead to their differences in
monsoon rainfall cloud systems. This suggests that different
ways can be used to measure the strength and variability of
the two monsoon systems and, as such, different monsoon in-
dices have been defined for the two monsoon systems. For

example, Huang (2004) and Zhao et al. (2015) defined East
Asia–Pacific (EAP) indices that measure the strength of the
EASM system using the 500-hPa geopotential height and the
zonal wind at 200 hPa, respectively. Meanwhile, Wang and
Fan (1999) and Webster and Yang (1992) defined the strength
of the SASM system using the zonal wind in the lower tropo-
sphere and the difference in the zonal wind between the upper
and lower troposphere, respectively.

3.3. Water vapor transport
Water vapor transport and its convergence are of great

importance to local rainfall variation. As analyzed above,
the horizontal and vertical features of the circulation over the
EASM and SASM regions show significant differences, and
this may lead to differences in the characteristics of water va-
por transport and its convergence over the two monsoon re-
gions. Therefore, the water vapor transport, its convergence,
and associated thermal and dynamical components, are ana-
lyzed in this subsection.

Figure 3a displays the climatological mean distribution
of summertime water vapor transport fluxes over the EASM
and SASM regions during 1979–2014, calculated based on
Eqs. (1) and (2). Clearly, the distribution of water vapor
transport flux is significantly different in the two monsoon re-
gions. There are three sources for water vapor transport in the

Fig. 3. Climatological mean distribution of vertically integrated summertime
water vapor transport fluxes (a), and its divergence due to (b) wind divergence
and (c) moisture advection, averaged for 26 summers during 1979–2014. The
EASM (right-hand box) and SASM (left-hand box) regions are plotted. The
unit for (a) is kg m−1 s−1, and that for (b) and (c) is kg m −2 s−1.
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EASM region: from the Bay of Bengal, the South China Sea,
and the tropical western Pacific. Owing to the abundant wa-
ter vapor delivered by the summer monsoon flow from these
source regions, the meridional water vapor transport fluxes
are significant over South China and the Yangtze River val-
ley. However, with respect to the SASM region, the zonal
transport fluxes of water vapor are notably larger than the
meridional transport fluxes.

Figures 3b and c show the climatological thermal and
dynamical contributions to the divergence of the water va-
por transport flux, i.e. by moisture advection and wind di-
vergence, respectively. It is clear that, in the EASM region,
the southern part is dominated by the dynamical contribution
of wind divergence, while the northern part is dominated by
moisture advection. As for the SASM region, the contribu-
tion of the wind divergence component is relatively smaller
than that of moisture advection, especially over the northern
India. By contrast, both the dynamical and thermal contribu-
tions are relatively smaller in the EASM region than in the
SASM region.

From the above analyses, we can conclude that there are
remarkable differences in the rainfall cloud systems, vertical
structure of horizontal circulation, and water vapor transport,
of the EASM and SASM regions, and that these are respon-
sible for their differences in monsoon rainfall characteristics
during boreal summer.

4. Interannual variability of summertime
rainfall in the EASM and SASM regions
and their differences

As indicated in the previous section, the climatological
features of the rainfall cloud systems, circulation, and water

vapor transport in the EASM and SASM regions are different
from one another, making it conceivable that the spatiotem-
poral variability of the summer rainfall in the two monsoon
regions may also be different. Therefore, using the obser-
vational station and gridded data and the EOF method, this
section analyzes the spatiotemporal variability of the summer
rainfall in the EASM and SASM regions.

4.1. Characteristics of the interannual variability of sum-
mertime rainfall in the EASM region

Figures 4 and 5 depict the spatial distributions and cor-
responding time-coefficient series and their wavelet analyses
for the two leading modes of summertime rainfall anoma-
lies in eastern China, respectively. As shown in Fig. 4a, the
first leading mode characterizes a meridional tripole pattern
in eastern China, and exhibits an obvious interannual vari-
ability with a period of 2–3 years, i.e. quasi-biennial os-
cillation, before the early 1990s, which may be influenced
by the interannual variability of the thermal states of the
western Pacific warm pool (Huang et al., 2006b, 2006c).
Meanwhile, the interdecadal variability of the first leading
mode is also remarkable from the late 1970s (Figs. 4b and
c). As for the second leading mode, it features a meridional
dipole pattern in eastern China (Fig. 5a); plus, it also ex-
hibits an obvious interannual variability with a period of 2–3
years, especially from the mid-1960s to the late-1970s and
from the early-1990s to the late-1990s, while its variability
shifts and has a period of 3–8 years from the late-1990s on-
wards (Figs. 5b and c). Therefore, the interannual variabil-
ity of summertime rainfall in the EASM region is unstable
and characterized by multiple modes with an interdecadal
change from the late-1990s. Accordingly, climatic disas-
ters have occurred frequently in China (Huang et al., 2008,
2011b).

Fig. 4. Spatial distribution of the first leading mode of summer rainfall anomalies in eastern China (a), and the
(b) corresponding time-coefficient series and (c) wavelet analysis for 1961–2014. Solid and dashed lines in (a)
indicate positive and negative signals, respectively. EOF1 explains 10.9% of the total variance. Shading in (c)
depicts the power significant beyond the 95% confidence level.
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Fig. 5. As in Fig.4 but for the second mode, which explains 8.7% of the variance.

Fig. 6. As in Fig. 4 but for summer rainfall in the SASM (Indian) region. EOF1 explains 23.2% of the variance.

4.2. Characteristics of the interannual variability of sum-
mertime rainfall in the SASM region

For comparison, the spatiotemporal variability of sum-
mertime rainfall in the SASM region is also analyzed. Fig-
ure 6 depicts the spatial distribution, corresponding time-
coefficient series and wavelet analyses of the first mode of
summertime rainfall in the SASM region for 1961–2014. The
first mode of summertime rainfall anomalies in the SASM re-
gion explains about 23.2% of the total variance and exhibits
a uniform pattern in its spatial distribution. Additionally, it
reveals a notable interannual variability with quasi-biennial
oscillation (Figs. 6b and c), which agrees with the findings
of Yasunari and Suppiah (1988). As shown in Fig. 7a, the
second mode of summertime rainfall in the SASM region ac-
counts for about 15.0% of the total variance and displays a
meridional dipole pattern from the south to the north of India.

The interannual variability of the second mode is also signif-
icant, with quasi-biennial oscillation during the periods from
the mid-1970s to the mid-1980s and from the mid-1990s to
the late-2000s, and 4–5 years during the period from the mid-
1980s to the mid-1990s (Figs. 7b and c).

4.3. Differences in the characteristics of the interannual
variability of summertime rainfall in the EASM and
SASM regions

From the above analyses, a quasi-biennial oscillation of
summertime rainfall appears in both the EASM and SASM
region. This is consistent with Ding (2007), who pointed out
that quasi-biennial oscillation may be a leading mode of the
Asian summer monsoon system, including the EASM and
SASM systems. However, comparing Fig. 3a with Fig. 6a,
an obvious difference is apparent in terms of their spatial dis-
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Fig. 7. As in Fig. 6 but for the second mode, which explains 15.0% of the variance.

tributions. The spatial distribution of the first mode of sum-
mertime rainfall anomalies in the EASM region exhibits a
meridional tripole pattern, whereas it exhibits a uniform pat-
tern in the SASM region.

5. Interdecadal variability of summertime
rainfall in the EASM and SASM regions
and their differences

From section 4 we can state that, in addition to signif-
icant interannual variability, the summertime rainfall in the
EASM and SASM regions reveal notable interdecadal vari-
abilities. Huang et al. (1999) pointed out that, during the
late-1970s to early-1990s, summer rainfall in North China
decreased sharply, causing prolonged and severe droughts in
the region, but the opposite situation occurred in the Yangtze
River and Huaihe River valley regions. Recently, several
studies have revealed that EASM rainfall also experienced
a significant interdecadal change in the early-1990s (Kwon et
al., 2007; Ding et al., 2008, 2009; Wu et al., 2010; Zhang,
2015), and in the late-1990s (Liu et al., 2011; Huang et al.,
2011a,b, 2013). To compare the interdecadal variability of
summertime rainfall between the EASM and SASM regions,
9-yr running mean summertime precipitation data for the two
regions, along with the EOF method, are used.

5.1. Characteristics of the interdecadal variability of sum-
mertime rainfall in the EASM region

As shown in Fig. 8a, the first mode of the 9-yr running
mean summertime rainfall in the EASM region, which ex-
plains 26.1% of the total variance, exhibits a notable merid-
ional dipole structure, i.e. a south–north oscillation pattern.
Furthermore, the corresponding time coefficients are posi-
tive during the period from the mid-1960s to the early-1990s
(Fig. 8b) and, in combination with Fig. 8a, the summer-

time rainfall anomalies during this period feature a negative–
positive meridional dipole pattern from the south to the north
of eastern China, with negative anomalies in South China, the
Yangtze River and Huaihe River valleys, and positive anoma-
lies in North China. However, the opposite structure ap-
pears in this region from the early-1990s; the distribution of
summertime rainfall anomalies exhibits a positive–negative
meridional dipole pattern from the south to the north of east-
ern China.

As for the second mode of the interdecadal variability of
the summer rainfall in the EASM region, it explains 19.2%
of the variance and exhibits a meridional tripole pattern in
its spatial distribution (Fig. 8c). The time coefficients shown
in Fig. 8d are negative from the mid-1960s to the late-1970s
and, corresponding to the spatial feature in Fig. 8c, it re-
veals the summertime rainfall anomalies during this period
to be positive in North and South China and negative in the
Yangtze River and Huaihe River valleys. Comparing Figs.
8d and b, we can see that the time coefficients of EOF2 are
much larger than those of EOF1 prior to the 1980s. Thus,
the distribution of summertime rainfall anomalies presents a
positive–negative–positive meridional tripole pattern during
this period. Also, from the late-1970s to early-1990s, the
time coefficients of EOF2 change from negative to positive
and, in combination with its spatial distribution shown in Fig.
8c, it can be seen that the summertime rainfall decreases in
North and South China and increases in the Yangtze River
and Huaihe River valleys, i.e. the distribution of summer-
time rainfall anomalies presents a negative–positive–negative
meridional tripole pattern from the south to the north of east-
ern China, which is opposite to the situation in the previous
period. As for the period from the early- to the late-1990s,
although the time coefficients of EOF2 (Fig. 8d) are still pos-
itive, those of EOF1 become negative and larger than those
of EOF2. In combination with Figs. 8a and c, the distribution
of summertime rainfall anomalies presents an above-normal
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Fig. 8. As in Fig. 4 but for the first two leading modes of summer rainfall in eastern China on the interdecadal
timescale: (a, c) spatial distribution; (b, d) corresponding time-coefficient series. EOF1 and EOF 2 explain
26.1% and 19.2% of the total variance, respectively.

pattern over the whole region, except for the northern area
of North China. Also, since the negative time coefficients of
EOF1 become larger from the late-1990s, the distribution of
summertime rainfall anomalies presents a positive–negative
meridional dipole pattern from the south to the north of east-
ern China—namely, a “south-flood–north-drought” pattern.

Moreover, to display the characteristics of the inter-
decadal variability even more clearly, we explore the features
of the 9-yr running mean summertime rainfall anomalous per-
centages zonally averaged over the domain 100◦–120◦E. As
shown in Fig. 9a, during the period from the mid-1960s to
the late-1970s, the distribution of rainfall anomalies exhibits
a positive–negative–positive meridional tripole pattern from
the south to the north in eastern China. Furthermore, an oppo-
site anomaly distribution, with a negative–positive–negative
meridional tripole pattern, appears in eastern China during
the period from the late-1970s to the early-1990s. As for the
period from the early- to late-1990s, the rainfall anomalies in
eastern China show a uniformly above-normal pattern, except
in the Huaihe River valley. Meanwhile, from the late-1990s,
the distribution of summertime rainfall anomalies presents a
positive–negative meridional dipole pattern from the south to
the north in eastern China. These features are coherent with
the interdecadal variability described by the leading modes
of the 9-yr running mean summertime rainfall in the EASM

region. In addition, the positive and negative anomalies of
summertime rainfall in eastern China indicate an anomalous
signal moving from the north to the south on the interdecadal
timescale (Fig. 9a).

5.2. Characteristics of the interdecadal variability of sum-
mertime rainfall in the SASM region

For comparison, the interdecadal variability of summer-
time rainfall in the SASM region is analyzed using the CRU
precipitation data for 1961–2014. As shown in Fig. 10a, the
first mode of summertime rainfall in the SASM region ex-
plains 28.8% of the total variance and exhibits a meridional
dipole pattern with large anomalies distributed to the flanks
of 20◦N. The related time coefficients reveal an obvious
interdecadal change, with below-normal values before the
early-1990s and above-normal values thereafter (Fig. 10b).
In combination with Fig. 10a, it is apparent that the summer-
time rainfall anomalies during this period are negative over
southern India and positive over northern India, presenting a
negative–positive meridional dipole pattern from the south to
the north of the country. However, from the early-1990s, the
distribution of summertime rainfall anomalies is the oppo-
site, with a positive–negative meridional dipole pattern from
the south to the north of India.

Meanwhile, the second mode of 9-yr running mean sum-
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Fig. 9. Latitude–time cross section of 9-yr running mean summertime rainfall
anomalies (%) averaged for 100◦–120◦E in eastern China (a) and for 75◦–85◦E
in the SASM (Indian) region (b). Solid and dashed lines indicate positive and
negative anomalies, respectively, and positive anomalies are shaded.

mertime rainfall in the SASM region accounts for 21.8% of
the total variance and shows a uniform spatial pattern (Fig.
10c), but with large anomalies to the north of 20◦N, which
represents a slight southward shift compared with the north-
ern anomalous center in Fig. 10a. The time coefficients are
positive prior to the early-1970s and, comparing Figs. 10d
and b, the time coefficients of EOF1 are larger than those
of EOF2 during this period. Thus, the summertime rainfall
anomalies present a negative–positive meridional dipole pat-
tern in India during this period (Fig. 9b). However, from
the early-1970s to early-1980s, the time coefficients shown
in Fig. 10d change from positive to negative and are larger
than those of EOF1 (Fig. 10b); plus, in combination with
Fig. 10c, the summertime rainfall anomalies are positive over
the whole of India. As for the period from the early-1980s
to early-1990s, although the time coefficients of EOF2 are
still negative, they are smaller than those of EOF1, and thus
the summertime rainfall anomalies also present a negative–
positive meridional dipole pattern from the south to the north
of India (Fig. 9b). The time coefficients of EOF2 change from
negative to positive from the early- to late-1990s. Meanwhile,
the time coefficients of EOF1 become positive, and thus
the distribution of summertime rainfall anomalies presents a

positive–negative meridional dipole pattern from the south to
the north of India. As for the period from the late-1990s to
the mid-2000s, since the time coefficients of EOF2 are larger
than those of EOF1, the distribution of summertime rain-
fall anomalies thus presents a positive–negative meridional
dipole pattern from the south to the north of India.

The 9-yr running mean summertime rainfall anomalous
percentages zonally averaged over the domain 75◦–85◦E are
also examined. As shown in Fig. 9b, from the mid-1960s
to the early-1990s, the distribution of summertime monsoon
rainfall anomalies in the SASM region exhibits a negative–
positive meridional dipole pattern from the south to the north
of India, except for a positive pattern over the whole of In-
dia during the period from the mid-1970s to the early-1980s.
From the early- to late-1990s, an opposite anomalous dis-
tribution, with a positive–negative meridional dipole pattern
from the south to the north of India, appears in this region.
Furthermore, during the period from the late-1990s to the
mid-2000s, there are negative anomalies over the whole of
India. Meanwhile, from the mid-2000s, the summertime rain-
fall anomalies shift to a positive–negative meridional dipole
pattern from the south to the north of India. Besides, the pos-
itive and negative anomalies of summertime rainfall in the
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Fig. 10. As in Fig. 8 but for summer rainfall in the SASM (Indian) region. EOF1 and EOF2 explain 28.8% and
21.8% of the total variance, respectively.

SASM region also show a trend of movement from the north
to the south.

5.3. Differences in the characteristics of the interdecadal
variability of summertime rainfall in the EASM and
SASM regions

As indicated above, on the interdecadal timescale, the
summertime rainfall in both the EASM and SASM regions
also show significant differences. The first mode of inter-
decadal variability of summertime rainfall in both the EASM
and SASM regions presents a meridional dipole pattern from
the south to the north in its spatial distribution, and both ex-
perience an interdecadal variation in the early-1990s. Also,
the second mode of the interdecadal variability of summer-
time rainfall in the EASM region exhibits a tripole structure
in spatial pattern and experiences an interdecadal variation
in the late-1970s. Meanwhile, the second mode of the in-
terdecadal variability of summertime rainfall in the SASM
region shows a uniform spatial pattern and has three inter-
decadal variations—in the mid-1970s, the early-1990s, and
the mid-2000s. Therefore, the interdecadal variability of
summertime rainfall in the SASM region may be more com-
plex than that in the EASM region since the early-1990s.

6. Links between the spatiotemporal variabil-
ities of summertime rainfall in the EASM
and SASM systems

Although the spatiotemporal variabilities of the EASM
system are different from those of the SASM system, there

are nevertheless some close links between them. To investi-
gate these links, monsoon indices that measure the strength
and variability of the EASM and SASM systems are used to
analyze their relationship. Specifically, we use the EAP index
to measure the strength of the EASM system, as defined by
Huang (2004), and the Webster and Yang (1992) (WY) and
Wang and Fan (1999) (WF) indices to measure the strength
of the SASM system.

6.1. Interannual and interdecadal variabilities
Figure 11 shows the distributions of the linear regression

of summertime rainfall anomalies in the EASM and SASM
regions with respect to the EAP index, WY index and WF
index, separately. Clearly, the regressed rainfall anomalies
against the EAP index show a meridional tripole pattern, with
negative anomalies in the Yangtze River valley and positive
anomalies in North China and the southeastern coast of China
(Fig. 11a). This resembles the first mode of summer rainfall
in the EASM region and suggests the EAP index describes
the interannual variability of the EASM well. The rainfall
anomalies over India, regressed against the WY and WF in-
dices, show strong similarities, especially in northern India
(Figs. 11b and c); and combining the first mode of summer
rainfall in the SASM region, the WF index may be more suit-
able to measure the variability of the EASM.

There is high correlation between the EAP and WF in-
dices; their correlation coefficient is around 0.32, reaching
the 98% confidence level. This high correlation indicates a
close link between the first mode of summertime rainfall in
the EASM and SASM regions. This link can also be seen
from the correlation between the time coefficient series of the
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Fig. 11. Linear regression of summertime rainfall anomalies in
Eurasia against (a) the EAP index, (b) the WY index and (c) the
WF index. Shaded areas denote anomalies exceeding the 95%
confidence level.

first mode of summertime rainfall in the EASM and SASM
regions. Their correlation coefficient reaches −0.23, which
is significant beyond90% confidence level. This means that,
if the monsoon rainfall anomaly in India in summer is posi-
tive, then it is also positive in South China and North China,
while it is negative in the Yangtze River valley. Further-
more, this relationship is unstable, becoming stronger from
the early-1990s; the correlation coefficient is only −0.19 dur-
ing 1961–93, but reaches −0.33 during 1994–2014, at the
greater than 90% confidence level. There is also a close link
between the interdecadal variability of summertime rainfall
in the EASM and SASM regions. The correlation between
the first mode of summer rainfall in the EASM and SASM
regions reaches −0.58, with statistical significance above the
90% confidence level, suggesting a closer relationship on the
interdecadal timescale.

Previous studies have also pointed out the positive cor-
relation between the summertime monsoon rainfall in India
and that in North China (Kripalani and Kulkarni, 2001; Wu,
2002, 2017), and that it mainly exists in the quasi-biennial
oscillation mode of summertime rainfall in these two mon-
soon regions (Lin et al., 2016). These studies, however, were
based on the correlation between averaged summer monsoon
rainfall anomalies over India and North China, which is dif-
ferent to our study. The relationship in the present study is
between the first mode of summertime rainfall, with a merid-
ional tripole pattern from the south to the north of eastern
China, and the first mode of summertime rainfall, with a uni-
form pattern in India.

Moreover, it is clear that the regressed rainfall anoma-
lies against the three indices show close similarities over the
Eurasian continent. There is a significant meridional telecon-
nection pattern in the anomalous rainfall from South Asia
to North China, showing a positive–negative–positive tripole
structure from the south to the north of the Asian sum-
mer monsoon region. We refer to this teleconnection as the
South Asia/East Asia teleconnection of Asian summer mon-
soon rainfall anomalies. This agrees with previous findings
of a meridional tripole teleconnection existing not only in
the EASM, which is related to the Pacific–Japan oscillation,
or EAP teleconnection pattern (Nitta, 1987; Huang and Li,
1988; Huang and Sun, 1992), but also in the Asian summer
monsoon rainfall anomalies from South Asia to North China
(Liu and Ding, 2008; Ding et al., 2013).

6.2. Spatiotemporal variabilities of summertime water va-
por transport

The close links between the first modes of interannual and
interdecadal variability of summertime rainfall in the EASM
and the SASM systems may be closely related to the links
between the spatiotemporal variabilities of summertime wa-
ter vapor transport. It is clear from the climatological mean
distribution of water vapor transport fluxes over the Asian
summer monsoon shown (Fig. 4) that a large amount of wa-
ter vapor is transported into the EASM region from the Bay
of Bengal in summer. Thus, the spatiotemporal variabilities
of summertime water vapor transport over the EASM region
should be closely associated with those over the SASM re-
gion. The correlations between the time-coefficient series
of the first two leading modes of summertime water vapor
transport fluxes over the EASM and SASM regions are in-
vestigated (figure not shown). The correlation coefficients
between corresponding pairs are 0.35 and 0.38, respectively,
which all reach the 99% confidence level. These correlations
can explain the close link between the spatiotemporal vari-
abilities of summertime water vapor transport in the EASM
and SASM regions.

7. Conclusions and discussion
Using long-term observational and reanalysis data, the

differences and links between the climatological features and
interannual/interdecadal variabilities of summer rainfall in
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the EASM and SASM regions are analyzed. The main re-
sults can be summarized as follows:

The climatological characteristics of summer rainfall in
the EASM and SASM regions show obvious differences in
terms of the rainfall cloud systems. In the EASM region,
there is a mix of stratiform and cumulus rainfall, whereas the
SASM is dominated by cumulus cloud systems. This differ-
ence may be due to the regions’ differences in vertical wind
shear in the zonal and meridional winds and the convergence
of water vapor transport. The contribution of moisture ad-
vection and wind convergence to the convergence of the wa-
ter vapor transport flux are comparable in the EASM region.
However, the contribution of wind convergence is superior to
that of moisture advection in the SASM region.

The first two leading modes of the spatiotemporal vari-
abilities of summertime rainfall in the EASM and SASM re-
gions exhibit remarkable interannual variability, with quasi-
biennial oscillation and interdecadal variability, and obvi-
ously different spatial distributions. In the EASM region,
the first and second modes of the interannual variability of
summertime rainfall present a meridional tripole pattern and
meridional dipole pattern, respectively. Meanwhile, those in
the SASM region present a uniform pattern and meridional
dipole pattern, respectively. Furthermore, on the interdecadal
timescale, the first and second modes of summertime rain-
fall in the two monsoon regions are similar in pattern to the
second and first modes of their interannual variability in their
spatial distributions, respectively.

The variability of the summer rainfall in the EASM and
SASM regions shows close links on both the interannual and
interdecadal timescale. The first mode of interannual vari-
ability of summer rainfall in the two monsoon regions has
a high negative correlation, and this relationship becomes
stronger from the early-1990s. Furthermore, on the inter-
decadal timescale, the first modes of the summer rainfall in
the two monsoon regions also have a high negative correla-
tion. This high correlation of summer rainfall in the EASM
and SASM regions may be linked by a meridional tripole tele-
connection pattern from South Asia to North China, through
the southeast part of the Tibetan Plateau, in the regressed
summertime rainfall anomalies over the Asian summer mon-
soon regions, which agrees with previous studies (Liu and
Ding, 2008; Ding et al., 2013). We refer to this pattern as the
South Asia/East Asia teleconnection of Asian summer mon-
soon rainfall.

Overall, it is clear that there are some close links be-
tween the EASM and SASM systems, but that the summer-
time rainfall cloud systems and the spatiotemporal variabil-
ities of summertime rainfall in the EASM region are differ-
ent from those in the SASM region. Therefore, the EASM
system may be a relatively independent monsoon subsystem
linked closely to the SASM system in the Asian–Australian
monsoon system. Also, it should be pointed out that many
problems remain regarding our understanding of the basic
physical processes involved in the differences and links be-
tween the EASM and SASM systems, and these need to be
urgently studied in future work. In particular, the thermal ef-

fect of the western Pacific warm pool and the tropical Indian
Ocean on the spatiotemporal variabilities of the EASM and
SASM systems and their links should be systematically in-
vestigated.
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