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Abstract Previous studies have revealed inter-decadal
changes in the East Asian summer monsoon (EASM) that
occurred around the late 1970s and early 1990s, respec-
tively. The present study compares characteristics of these
two changes and analyzes plausible influences of the South
Indian Ocean (SIO) sea surface temperature (SST) change.
The two changes share pronounced common features, char-
acterized by an equivalent barotropic circulation anomaly
over northern East Asia and a meridional vertical overturn-
ing circulation over the tropical region. Meanwhile, they
display some distinct characteristics, especially over the
tropics. The circumfluent anomalies are more robust for
the first change than for the second one. Related ampli-
tude asymmetry is partly attributed to a weakening trend in
the EASM. Moreover, SST change in the SIO, featuring a
decadal warming since the 1980s and a cooling after 1993,
may contribute to both of these inter-decadal changes. Cold
SST anomaly induces anomalous mid-tropospheric descent
over the western SIO and ascent extending from the east-
ern SIO to western Australia and over the equatorial Indian
Ocean. The accompanying upper-tropospheric divergent
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flows from western Australia and equatorial Indian Ocean
to the Philippines lead to anomalous descent and an anoma-
lous lower-tropospheric anticyclone over the South China
Sea—Philippines. Warm SST anomaly induces opposite
changes in above regions. The possible influence of SST
anomaly in the SIO is further confirmed by numerical
experiments.
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1 Introduction

As an integral part of the Asian climate system, the East
Asian summer monsoon (EASM) is quite unique and has a
complex spatio-temporal structure that encompasses trop-
ics, subtropics, and mid-latitudes. Climate disasters that
arise from monsoon circulation and precipitation anoma-
lies exert strong impacts on the regional agriculture, water
resources, economy, and society. Of great scientific impor-
tance is the prominent variability of the EASM on intrasea-
sonal to inter-decadal timescales. One dominating mode of
intraseasonal variability of summer circulation and precipi-
tation over East Asia is the 30—60-day oscillation, the other
one is the 10-20-day oscillation (Chen and Xie 1988; Mao
and Chan 2005; Ju et al. 2005; Guan and Johnny 2006).
On the inter-annual time scale, the quasi-2-yr and quasi-
4-yr oscillations are highlighted (Chen et al. 1990; Wu
et al. 2008), which are closely related to the mechanism of
the warm ocean—atmosphere interaction and the El Nifio—
Southern Oscillation (ENSO) impact (Chen et al. 1989;
Meehl and Arblaster 2002; Li et al. 2006).

In recent years, inter-decadal variability of the EASM
has drawn great attention. A significant climate shift

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-016-3131-6&domain=pdf

1126

H. Zhang et al.

occurred around the late 1970s, featuring an increase
in summer rainfall over the Yangtze River region and a
decrease in rainfall over South China and North China
(Nitta and Hu 1996; Wu and Chen 1998; Zhai et al. 2005;
Ding et al. 2008). Coherent changes in atmospheric circu-
lation have been identified, including a significant weak-
ening of the tropical upper-level easterly jet, southward
displacement of the East Asian subtropical westerly jet
(EASWIJ) and westward extension of the western Pacific
subtropical high (WNPSH) (Yu et al. 2004; Ding et al.
2008; Zhou et al. 2009). Intensity of the EASM weakened
abruptly at the same time (Wang 2001; Guo et al. 2003).
The shift in summer monsoon concurred with large-scale
inter-decadal variations in sea and land surface thermal
conditions around the end of 1970s (Nitta and Yamada
1989; Trenberth and Hurrell 1994; Ding et al. 2009). It was
proposed that the sea surface temperature (SST) forcing,
primarily in the tropical regions, was able to induce most
of the observed weakening of the EASM (Li et al. 2010).
Influences of the Pacific decadal oscillation (PDO) or the
Interdecadal Pacific Oscillation (IPO), and Indian Ocean—
western Pacific (IWP) SST warming were emphasized. For
instance, Ding et al. (2009) manifested that inter-decadal
warming of the SST in the tropical central and eastern
Pacific reduced the land—sea thermal contrast in summer in
the Asian monsoon region, which further led to weakening
of monsoon. Zhou et al. (2009) suggested that the observed
IWP warming can partly account for the westward exten-
sion of the WNPSH through analyses of model simulations.
Several studies have also suggested contributions of the
Tibetan Plateau snow and the Arctic sea ice concentration
to the climate change (Ding et al. 2009; Wu et al. 2009).

In addition to the well-known climate change in the
late 1970s, a decadal change in the early 1990s over East
Asia was revealed. On the inter-decadal scale, the pre-
cipitation variability mode changed from a typical tripole
to a dipole structure, which brought a notable increase in
summer rainfall over South China (Ding et al. 2008; Liu
et al. 2011). Kwon et al. (2007) suspected that a remark-
able increase in the number of the typhoon passing through
the southeastern part of China may be partly responsible
for the decadal increase in precipitation over the same area.
Wu et al. (2010) argued that SST warming in the equato-
rial Indian Ocean (IO) and an increase in the Tibetan Pla-
teau snow cover in the preceding winter—spring can induce
two anomalous anticyclones at the lower level: one over the
South China Sea (SCS)-subtropical western North Pacific
(WNP), and the other over north China—Mongolia, which
further lead to anomalous moisture convergence, enhanced
ascent, and increased rainfall over South China. Zhu
et al. (2013) found that Meiyu rainfall over the Yangtze-
Huaihe River valley experienced a decadal change around
the beginning of 1990s with a seesaw-like distribution.
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Coherently, the EASM has undergone a decadal change
around 1993 (Kwon et al. 2007; Zhu et al. 2014). The dec-
adal change was characterized by a distinctive decrease in
the strength of zonal winds near the subtropical jet over
East Asia, which was understood as a barotropic response
to a forcing associated with heating from increased precipi-
tation over South China. Meanwhile, the major modes of
variations of summer precipitation over the East Asia and
the relationships between the EASM and WNP summer
monsoon, ENSO, SST in the North Atlantic have experi-
enced significant decadal changes around the 1990s (Kwon
et al. 2005; Yim et al. 2008, 2014). Besides, a significant
advance in the onset dates of the SCS summer monsoon
around 1993/4 was detected. Related roles of SST anoma-
lies in the tropics have been discussed (Kajikawa and Wang
2012; Yuan and Chen 2013; Xiang and Wang 2013).

Most of the previous studies investigated the climate
changes that occurred in the late 1970s and early 1990s
separately because of their distinct characteristics and
influences. Are there any common features between them?
By a simple comparison, we notice that features of these
inter-decadal changes in the EASM are similar to a great
extent, except that their signs of anomalies are opposite and
that amplitudes of signals over the tropics are asymmetric
(Fig. 3). What may be responsible for the intercommunity?
How to interpret the amplitude asymmetry? SST forc-
ing is thought to be one of the most important factors that
can affect variability of monsoon system on multiple time
scales. Is there any SST forcing that may be responsible
for both the late 1970s change and the early 1990s change?
This study attempts to answer these questions.

The rest of the paper is organized as follows. The data-
sets, analysis methods and model used in the present study
are described in Sect. 2. Section 3 presents variability of
the entire EASM system on longer time scales as a back-
ground. In Sect. 4, we focus on substantial inter-decadal
changes in the EASM that occur in the late 1970s and early
1990s, respectively. Both their common features and differ-
ences will be discussed. Section 5 suggests possible roles
of SST anomalies in the South Indian Ocean (SIO) on these
decadal changes. Finally, the summary and discussion are
given in Sect. 6.

2 Data, methodology and model

The primary data used in the present analysis are derived
from the Japan Meteorological Agency (JMA) 55-year
Reanalysis (JRA-55, Kobayashi et al. 2015) for the period
1958-2012, which includes summer (June—July—August)
monthly mean winds at 850 and 200 hPa, vertical veloc-
ity at 500 hPa, geopotential heights at 850 and 200 hPa,
and velocity potential at 850 and 200 hPa. There may be
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unrealistic inter-decadal variability in the National Centers
for Environmental Prediction-National Center for Atmos-
pheric Research (NCEP-NCAR) reanalysis (Yang et al.
2002; Wu et al. 2005). Thus, the 40-year European Centre
for Medium-Range Weather Forecasts (ECMWF) Reanaly-
sis (ERA-40, Uppala et al. 2005) for the period 1958-2002 is
used to validate primary results based on JRA-55 data. These
two reanalysis use different spatial resolutions: JRA-55 has
1.25° x 1.25° resolution, and ERA-40 has 2.5° x 2.5° reso-
lution. Precipitation data used is the monthly mean precipi-
tation from the Climatic Research Unit (CRU; New et al.
2000), with a spatial resolution of 1° x 1°, covering the
period from January 1958 to December 2012. The present
study uses monthly SST from the Hadley Centre of the UK
Met Office (HadISST, Rayner et al. 2003). The SST is avail-
able on a 1° x 1° grid starting from January 1847.

A multivariate empirical orthogonal function (MV-EOF)
analysis is performed on a set of four meteorological fields
in June—-August (JJA), including 850 and 200-hPa winds
over East China to derive the leading modes of variability
of EASM circulation. The MV-EOF analysis method was
described in detail in Wang (1992). A linear regression anal-
ysis is employed to extract components corresponding to
each leading mode from total fields, to discuss the relative
contributions of MV-EOF2 and MV-EOF3 to the late 1970s
change and the early 1990s change, respectively. In order to
analyze the possible influences of natural decadal variability
of SST on the EASM, the present study applies a harmonic
analysis to SST and wind fields, separating inter-decadal
component from inter-annual component whose period is
shorter than 9 years. By taking into account the effect of the
filtering on the degree of freedom and significance test, the
effective degrees of freedom are evaluated (Chen 1982). A
composite analysis and the Student’s t test are also used.

The present study use the National Center for Atmos-
pheric Research (NCAR) Community Atmospheric Model
version 4.0 (CAM4, Neale et al. 2013) to confirm the pos-
sible influence of SST forcing in the SIO on inter-decadal
variation of the EASM. The model horizontal resolution is
about 2.5° longitude by 1.9° latitude and 26 vertical-levels.
We conduct two experiments using CAM4 model. In the
control experiment, the model is integrated for 20 years
using the climatological mean seasonal cycle of SST. Par-
allel to the control experiment, a sensitivity experiment is
performed with imposed JJA SST anomaly of —0.3 °C in
the region of 20°—40°S and 45°-90°E.

3 Variability of the EASM system on longer time
scales

To illustrate the spatial and temporal structures of the
EASM, a MV-EOF analysis of the 850 and 200-hPa winds

over the East Asian domain (5°—-60°N, 90°-150°E) is con-
ducted because of its distinct three-dimensional structure.
The analysis is suitable for study of inter-decadal varia-
tions due to that circulation data are more reliable and have
longer records than precipitation data. The first three M V-
EOF modes carry about 30.7 % of the total variance, which
account for 12.6, 9.4 and 8.7 %, respectively. According
to the rule by North et al. (1982), the first leading mode is
statistically distinguished from higher modes. The second
mode is not totally separated from the third one. The statis-
tical inseparability of these two modes may depend on the
selected sample size and they might exchange their impor-
tance in terms of their fractional variance when longer time
series or different time periods are examined (Liu et al.
2008). However, both of them pass the prominent test of
Monte-Carlo at the 95 % confidence level. Thus, the first
three modes will be examined.

Figure 1 shows the spatial patterns of the first three M V-
EOF modes and their corresponding time coefficients. As
shown in Fig. 1a, MV-EOF1 displays a remarkable meridi-
onal tripole pattern, seen at the lower and upper level. At
850 hPa, it features an anticyclonic anomaly over the SCS-
WNP and the Okhotsk Sea, respectively, and a cyclonic
anomaly over the Meiyu-Baiu-Changma frontal area. This
wave train pattern exhibits a baroclinic structure over the
tropics and a barotropic structure to the north of 30°N. The
prevailing period of PCI is 2-3 years according to a con-
tinuous power spectrum analysis. The first mode is a mode
with variations predominant on inter-annual time scale.

Apparently, the second mode expresses a distinct spatio-
temporal character (Fig. 1b). It shows an equivalent baro-
tropic anticyclonic anomaly over northern East Asia and
associated weakened EASWIJ. Over low latitudes, an anti-
cyclonic circulation anomaly at 850 hPa which strengthen
the lower-level southerly flow over the SCS, and anomalous
northerly at 200 hPa are observed. These hint a meridional
vertical overturning circulation, with anomalous descend-
ing motion over southern region of the SCS and ascending
motion over South China. The time series of the second
principal component presents remarkable inter-decadal var-
iability with a period of 20-30 years but without a trend,
indicating that MV-EOF?2 represents the dominating mode
of natural inter-decadal variability of the EASM. Two
decadal changing points are identified in 1979 and 1993,
respectively. This mode may capture the common features
between the late 1970s change and the early 1990s change,
which will be discussed later.

The spatial pattern of the third mode is characterized
by enhanced northerly winds at the lower level over East
China, enhanced southerly winds and weakened EASWI at
the upper level. The time series of PC3 displays an increas-
ing trend accompanied by inter-annual variability. It indi-
cates that the summer atmospheric circulation exhibits a
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Fig. 1 The (a) first, (b) second
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Fig. 2 Linear trends in East Asian summer a 850-hPa and b 200-hPa
winds (m s~! year™!) derived from the ensemble average of JRA-55
and ERA-40 reanalysis data from 1958-2002

noteworthy weakening trend from 1958 to 2012. The spa-
tial patterns of linear trends in summer 850 and 200-hPa
winds are tested, as illustrated in Fig. 2. They are akin to
the MV-EOF3 spatial pattern, especially for the features
over low-latitude regions. This confirms that MV-EOF3
depicts the weakening trend in the EASM. This trend could
be a signature of global warming as discussed by Xu et al.
(2006). The PC3 levels off since the late 1990s, which is
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consistent with weak changes in global mean temperature
during the same period (Solomon et al. 2010). One may
notice that spatial patterns of the second and third modes
are similar to some extent, even manifesting antisymmet-
ric structures over the SCS-Philippines. It implies that there
may be some nonnegligible interplay between natural dec-
adal variability and anthropogenic clime change.

4 Inter-decadal changes in the EASM

It has been revealed that the EASM experiences two dis-
tinct inter-decadal changes in the late 1970s and early
1990s, respectively. As indicated by analyses in the above
section, so does the second mode of the EASM which is
governed by natural decadal variability. It means that both
these inter-decadal changes may be dominated by natural
decadal variability. Figure 3 illustrates difference maps
calculated from 1980-1993 mean minus 1958-1975 mean
(Fig. 3a, b) and 1994-2002 mean minus 1980-1993 mean
(Fig. 3c, d) for summer circulations.

For the first change around the end of 1970s, a baro-
tropic cyclonic circulation anomaly over northern East Asia
is observed, accompanied by an enhancement in EASWJ



Inter-decadal changes in the East Asian summer monsoon and associations with sea surface... 1129

f;gg-oilg;gference of the _1980-1993 minus 1958-1975 uv200(b
mean minus . g -
BON 1 oSN ol BON] LT T e e
1958-1975 mean for summer, a o ] A ey 0 :
850-hPa and b 200-hPa winds AN
(m s™1). ¢, d Differences of ] 1IN
the 1994-2002 mean minus 4ON 40N
1980-1993 mean. The dark
wind vectors denote the 90 % 1 | IR TIPS ¢ .
confidence level by Student’s 20N 20N bl s ol ‘;;; 2, )\‘vf N TN </~. !
1 test /#') NN ?‘f;»ﬂ//”f\%)‘w PRI
EQ ) (P
208 T T = — 208 T r r v — ;
60E BOE 100E 120E 140E 160E 60E 80E 100E 120E 140E 160E
C{L{V\BSO 199\)4-;200 minus 1980—1993
| A s e I RN
ot NN e et et BN N DD T
SRS NN TIIALTZN
Kl P =g Al TV
/\f‘/ﬂ[y Sl e % A /] cecr gy
40N ¢ =7 v e 40N ¢ 5 > 7 Cege
! e =
20N 20N - Ny

EQ-

NWTV;‘;’AV' sace
o TaN Crs

SYASEN RR(\\,(;J‘\e(/ e kW< Ar,ﬁig}\ 7 P S 7
KR AN
EQA - r ARNSN KRN~

ce NN K ¢ o

N
AR R “3,.3»‘,;,“
o 8

IR
J

PN

at 200 hPa. Over tropical regions, a prominent anomalous
cyclone at the lower level appears near the Philippines, with
strengthened northerly winds prevailing over the SCS and
strengthened southerly anomalies over eastern Philippines
(Fig. 3a), while an increase in divergence at upper level is
detected around 5°N, accompanied by enhanced southerly
winds over the SCS and northerly cross-equatorial flows
(Fig. 3b). For the second change around the beginning
of 1990s, on the whole, the feature is similar except for a
switch in the sign of anomalies. A barotropic anticyclonic
anomaly over north China and a lower-level anticyclone,
enhanced upper-level convergence over the SCS-Philip-
pines are seen (Fig. 3c, d). By comparison, both the spa-
tial structures of circumfluent changes over the East Asian
domain since the end of 1970s and since 1993 are similar
to the pattern of MV-EOF2 shown in Fig. 1b. MV-EOF2
captures the common features between these inter-decadal
changes in the EASM.

Moreover, antisymmetric structures are widespread
rather than confined to East China. For the former change,
over Eurasia, a zonal wave train of a barotropic structure
controls the mid-latitudes to high latitudes north of 40°N,
extending from the Ural Mountains to the Okhotsk Sea
(Fig. 3a, b). A similar wave train with opposite anomalies
is observed for the early 1990s change (Fig. 3c, d). Large-
scale antisymmetric features indicate that there may be

; T T v— y 20S =
60E BOE 100E 120E 140E 160E 60E

80E 100E 120E 140E 160E

some external forcing factors that may play roles in both of
these inter-decadal changes.

What cannot be ignored is that some distinct character-
istics exist, especially over the tropics. The circumfluent
anomalies are more robust for the first change than for the
second one. These inter-decadal changes may be dominated
by natural decadal variability of the EASM, as discussed
before. Different features imply that they may be modu-
lated by anthropogenic factors, such as global warming.
Could the EASM weakening trend related to global warm-
ing modify inter-decadal changes in the entire EASM sys-
tem? What are the relative contributions of this trend and
natural decadal variability?

Figure 4 shows changes in monsoon circulation from
1958-1975 to 1980-1993 for MVEOF2-related components
(Fig. 4a, b) and MVEOF3-related components (Fig. 4c,
d). MVEOF2-related and MVEOF3-related components
are anomalies that linearly regressed onto PC2 and PC3,
respectively. Apparently, spatial patterns of changes caused
by natural decadal variability (Fig. 4a, b) are akin to those
in Fig. 3a, b, and their magnitudes are equivalent, confirm-
ing that the second mode is most important in determining
features of the first change. The EASM weakening trend
reflected by the third mode results in an anomalous cyclone
at 850 hPa over the Philippines and an increase in 200-hPa
divergence since the 1980s (Fig. 4c, d). Changes related to
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MV-EOF3 are somewhat inconspicuous, with about half
magnitudes of those variables related to MV-EOF2 over
tropical East Asia. However, signals of natural decadal varia-
bility and global warming are overlying. Both of them make
a positive contribution to the tropical circulation change
occurring in the late 1970s. Situations for the early 1990s
change are shown in Fig. 5. Similarly, natural decadal vari-
ability of the EASM makes the most important contribution.
What differs from the former change is that parts of anoma-
lies over the SCS-Philippines caused by MV-EOF2 are oft-
set by anomalies caused by MV-EOF3. Consequently, the
total anomalies are weaker in contrast to the 1970s change
(Fig. 3). This amplitude asymmetry may be partly attributed
to different contributions of the weakening trend associated
with global warming. The contributions of MV-EOF1 mode
to these two changes are negligible, accounting for only
about one-eighth of total changes (figure not shown).
Monsoon circulations are coupled with monsoon precip-
itation. Here, we illustrate relative contributions of natural
decadal variability of monsoon system and its weakening
trend to climate changes occurring around the end of 1970s
and beginning of 1990s. For the change from 1958-1975
to 1980-1993, summer total precipitation anomaly features
an increase in rainfall over central East China and North-
east China, but a decrease in rainfall over North China and
South China (Fig. 6a), which is consistent with Ding et al.
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(2008). As shown in Fig. 6b, precipitation anomaly caused
by natural decadal variability displays a meridional quadru-
pole structure, which is consistent with circumfluent anom-
aly in Fig. 4a, b. The anomalous cyclone over northern East
China is accompanied by an increase in lower-tropospheric
convergence and mid-tropospheric ascent (not shown),
leading to increased precipitation. An enhancement in the
EASWIJ at 200 hPa (Fig. 4b) may increase precipitation
over the Yangtze River Valley, but decrease precipitation
over North China (Shi and Zhang 2008). Precipitation over
South China reduces as a result of the meridional verti-
cal overturning circulation. The late 1970s climate change
mainly arises from natural decadal variability of the EASM
system. In South China and Northeast China, its contribu-
tions can be up to 80 %, while in North China and cen-
tral East China, the contributions are about 50 and 30 %,
respectively (Fig. 6d). On the other hand, the weaken-
ing trend in the EASM brings more precipitation to areas
south of 33°N and less precipitation to northern China
(Fig. 6¢) because of reduced southerly water vapor trans-
port to North China (not shown). The dipole rainfall pat-
tern resembles the linear trend in summer total precipita-
tion (Lei et al. 2011). Contribution of the weakening trend
to the first inter-decadal change is relatively small, but it
can contribute 40-50 % to precipitation change over North
China and central East China (Fig. 6e).
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Fig. 5 Asin Fig. 4, but for the
difference of the 1994-2002
mean minus 1980-1993 mean

Fig. 6 Difference of the 1980-
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mean for summer precipita-
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The black contours in a denote
regions where the difference

is significant at the 90 % con-
fidence level according to the
Student’s # test
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Similarly, precipitation change around 1993 is mainly
associated with the MV-EOF2, and modified by the MV-
EOF3 (Fig. 7). Consistent with monsoon circulation, parts

ON(d)rat'lo(hiOD.Z/totul)so

N(e)rutio(MODS/totcl)

45N

30N 1

& 15N "0y L
e e
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of inter-decadal change of precipitation after 1993 caused
by decadal variability are offset by those related to global
warming. That may explain partly why climate change
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signals are indistinctive over North China and central
China (Fig. 7a). It is noteworthy that contribution of natu-
ral decadal variability drops to about 40 % in South China
(Fig. 7d). For the climate change in the early 1990s, situa-
tion is quite complicated. The intraseasonal oscillation and
synoptic-scale disturbance may have an influence (Kwon
et al. 2007; Chen et al. 2012, 2015).

S Associations with remote SST anomaly
in the SIO

The analyses in the above section indicate that inter-dec-
adal variation of the EASM for the period 1958-2012 is
governed by natural decadal variability, and further modi-
fied by a weakening trend. And the relative linear contribu-
tions of this trend to the late 1970s change and the early
1990s change are totally different. In order to find some
common SST forcing, we focus on natural decadal variabil-
ity of ocean—atmosphere system. Thus, in the analysis here-
inafter, all linear trends in raw data are removed if there is
no extra instruction.

Inter-decadal variability of the EASM is closely corre-
lated with the IPO, as seen from Fig. 8a. Around the late
1970s, the TPO transits from a cold phase to a warm phase
(Wang et al. 2012), manifesting an El-Nifio like decadal
warming (Fig. 8c). It has been revealed that associated
tropical Pacific SST anomaly is one of the key factors caus-
ing a weakening in the Asian summer monsoon (Chang
et al. 2000; Ding et al. 2008, 2009). SST in the Pacific
Ocean undergoes a weak La-Nifa like decadal cooling

@ Springer

from 1980-1993 to 1994-2002 (Fig. 8d). However, in con-
trast to the former change, SST anomaly in the equatorial
eastern Pacific seems insignificant. That is because another
phase transition of the IPO since the 1980s occurs in the
end of the 1990s rather than around the 1993/4 (Wang et al.
2012). Inter-decadal changes in the EASM and the IPO are
asynchronous in the 1990s. The WNP SST anomalies may
result from atmospheric changes as discussed by Wu et al.
(2010), rather than be one of factors contributing to the
monsoon change. Some study indicates the La-Nifia like
decadal cooling may exert impacts on the monsoon and cli-
mate change in the early 1990s (Yuan and Chen 2013; Zhu
et al. 2014). Nevertheless, linear contribution of the IPO to
the second change in the EASM may be relatively small.
On the other hand, the EASM is negatively correlated
with SST anomalies in the IO basin (Fig. 8a). Han et al.
(2014) showed that a basin-wide warming/cooling pattern
dominates IO SST anomalies on the decadal time scale.
The basin-wide pattern displays a decadal warming trend
since the late 1970s, but displays a cooling trend after 1993.
Decadal trends are more significant in the SIO than that in
the equatorial and northern IO where SST shows a distinct
linear trend (Fig. 8c, d). Further studies find that phase
transitions of SST anomaly in the SIO are synchronous
with natural decadal changes in the EASM (Fig. 8b). More-
over, a decadal warming is accompanied by an increase in
mid-tropospheric ascent, and vice versa (not shown). The
correlation between SST anomalies and 500-hPa vertical p
velocity over SIO is —0.71, which is significant at the 99 %
confidence level. That is, on decadal time scale, the SST
could be a factor for the atmospheric circulation change
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Fig. 8 a Correlations of summer SST with PC2. b Time series of
the anomalous summer SST (°C) averaged over SIO (20°-40°S, 45°—
90°E). Difference of the 1980-1993 mean minus 1958-1975 mean
for summer SST (°C) for ¢ inter-decadal component and e total field.

over East Asia. What’s more, change of total SST in the
SIO from 1980-1993 to 1994-2002 features a significant
cooling, which is opposite to change from 1958-1975 to
1980-1993 even under the background of notable global
warming (Fig. 8e, f). Remote SIO SST anomaly may be
responsible for both inter-decadal changes of the EASM
that occurred around 1979 and 1993.

Figure 9 shows the regressed maps with respect to
inter-decadal component of regional mean SST averaged
over 45°-90°E, 20°-40°S. The following descriptions cor-
respond to a cold SST anomaly phase, but also apply to a
warm SST anomaly phase except for a switch in the sign
of anomalies. As expected, a large-scale IO cooling pat-
tern is observed with a large center over the western SIO
(Fig. 9a). A decadal cooling is accompanied by an anoma-
lous mid-tropospheric descent, lower-level divergence, and
upper-level convergence west of 90°E (Fig. 9b—f). Notable
mid-tropospheric ascents are found from the eastern SIO
to western Australia and over the tropical IO, respectively
(Fig. 9b). The anomalous vertical movements concur with
remarkable increase in convergence at 850 hPa and diver-
gence at 200 hPa (Fig. 9c—f). The divergent winds are more
remarkable over the tropical regions than over the sub-
tropics. Atmospheric anomalies could not be explained by

d, f Differences of the 1994-2002 mean minus 1980-1993 mean. The
black contours in a, e and f denote regions where the correlation or
difference is significant at the 90 % confidence level

local SST anomalies as negative SST anomalies are seen
in the eastern SIO and tropical 10 (Fig. 9a). Instead, they
may be induced by cooling in the western SIO through
changes of the east-west temperature gradient in the sub-
tropical regions and south-north SST gradient between the
SIO and equatorial IO (Lindzen and Nigam 1987). At the
upper level, outflows from the eastern SIO and tropical 10
converge over the Philippines, leading to regional enhanced
descent and anomalous lower-level divergence (Fig. 9b—d).
An anomalous anticyclone is observed at 850 hPa over the
SCS-Philippines in Fig. 9e and pronounced cross-equato-
rial flows are present from the subtropics of the Southern
Hemisphere at 200 hPa in Fig. 9f, which is akin to spatial
patterns associated with MV-EOF2 (Figs. 1b, 4a, b, 5a, b).
Above analyses confirm that SST forcing in subtropical 10
could exert an effect on monsoon circulation over tropical
East Asia through anomalous vertical circulation. Besides,
a barotropic zonal wave train is observed along 50°N over
the Eurasian region (Fig. 9e, f), similar to those in Figs. 3,
4 and 5. But the possible connection from the western SIO
SST to the mid-high latitudinal circulation is still unknown.

Figure 10 shows difference maps for summer lower-
level winds, mid-level p-vertical velocity, upper-level
winds and divergence based on inter-decadal components
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for the late 1970s change and early 1990s change, respec-
tively. Since the 1980s, the SIO SST decadal warming
shown in Fig. 8c concurs with an anomalous cyclone at
850 hPa, an increase in ascent at 500 hPa and a divergence
at 200 hPa over the SCS-Philippines. An increase in upper-
level convergence along with anomalous mid-tropospheric
descent over the western Australia and equatorial 10 are
also seen (Fig. 10a, b). The northerly cross-equatorial
flows from tropical East Asia to subtropical SIO in the
upper troposphere are quite clear. Situations for the change
from pre-1993 to post-1993 are nearly opposite (Fig. 10c,
d). The composited results indicate a linkage between the
remote SIO SST and EASM discussed in above for both
these inter-decadal changes.
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dence level

To further demonstrate possible influence of remote SIO
SST forcing on the EASM, two simple numerical experi-
ments with the CAM4.0 described in Sect. 2 are carried
out: one with climatological seasonal cycle of SST and
the other with climatological seasonal cycle of SST plus
idealized JJA SST anomalies of —0.3 ‘C in the region of
45°-90°E and 20°-40°S (Fig. 11a). The model is integrated
for 20 years and only the last 10 years simulation results
are used in the analysis. Chen et al. (2014) showed that the
CAM4 control run can well capture the spatial feature of
the summer climatology over the tropics and extra-tropics
(60°S—60°N) in observations. On this basis, the difference
of atmospheric response between experiments SIO_SST
and CAM4_Control is shown in Fig. 11. In response to
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the SIO cooling (Fig. 11a), the regional descent tends to
intensify, while the developments of ascent are seen over
the western Australia and tropical 1O (Fig. 11c), which are
accompanied by outflows to the Philippines at the upper
level (Fig. 11d, e). The consequent increase in convergence
at 200 hPa over the tropical WNP is accompanied by an
anomalous mid-tropospheric descent and lower-tropo-
spheric divergence (Fig. 11b, c). In particular, an anoma-
lous anticyclone at 850 hPa appears over the SCS-Philip-
pines (Fig. 11c), which bears similarity to the observational
composite in Fig. 10c. However, the location of anomalies
over the SIO displays some differences from observa-
tions. Albeit this discrepancy, the model results support
the impact of remote SIO SST forcing on the tropical East
Asian circulation.

6 Summary and discussion

On the basis of JRA-55 Reanalysis dataset for the period
1958-2012, a study of variability on longer time scales
of the entire EASM system has been undertaken. A
MV-EOF analysis shows that the dominating pattern of

the 1990s change
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Differences of the 1994-2002 mean minus 1980-1993 mean. At the
lower level, vectors are plotted only where their wind speed anoma-
lies are larger than 0.5 m s~!, while the threshold value is 1 m s~ at
the upper level

natural decadal variability of monsoon circulation features
an equivalent barotropic anticyclonic circulation anomaly
over northern East Asia and a meridional vertical overturn-
ing circulation over the tropics, which is represented by the
second mode of variability of the EASM. Its corresponding
time coefficient exhibits two remarkable changing points
that occur in 1979 and 1993, with a period of 20-30 years.
Besides, as indicated by the third mode, a persistent weak-
ening trend in the EASM has been confirmed, which could
be a signature of global warming.

The present study focuses on substantial inter-decadal
changes in the EASM that occur around the late 1970s and
early 1990s, respectively. The observational results indi-
cate that characteristics of these two changes share some
common features due to natural decadal variability. For the
first change in the end of 1970s, it features a zonal wave
train of a barotropic structure extending from the Ural
Mountains to the Okhotsk Sea, an anomalous lower-level
cyclone near the Philippines, and an increase in upper-level
divergence around 5°N. For the second change in the early
1990s, on the whole, the spatial structure is similar except
for a switch in the sign of anomalies. Opposite circulation
anomalies over mid-high latitudes are more significant. On
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Fig. 11 a The SST anomalies specified in the sensitive experiment,
composite differences of b 850-hPa velocity potential and diver-
gent winds (10° m? s7"), ¢ 850-hPa winds (vector, m s~') and 500-
hPa p-vertical velocity (shading, 0.01 Pa s~'), d 200-hPa velocity
potential and divergent winds (10° m? s71), e 200-hPa winds (vector,

the other hand, some distinct characteristics are observed.
In contrast to the 1970s change, tropical atmospheric cir-
culation change signals from 1980-1993 to 1994-2002 are
relatively infirm. This amplitude asymmetry is partly attrib-
uted to different contributions of the weakening trend in the
EASM to these two inter-decadal changes. To summarize,
these changes are mainly regulated by natural decadal vari-
ability, while further modified by a persistent weakening
trend in monsoon system.

The EASM circulation is coupled with precipitation
over East China. Coherently, for two summer climate
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changes in the end of 1970s and beginning of 1990s, nat-
ural decadal variability of monsoon is most important in
determining corresponding change patterns. This conclu-
sion is consistent with Lei et al. (2011), who explored the
interplay between natural decadal variability and anthro-
pogenic climate change in summer rainfall over china,
through analyses of the best available observations over
China. In comparison, the climate change around 1993
featuring an increase in precipitation over South China
is more complicated. Not only variability on longer
time scales but also the intraseasonal oscillation and
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synoptic-scale disturbance may play roles (Kwon et al.
2007; Chen et al. 2012, 2015).

Common characteristics between these inter-decadal
changes implicates that some external forcings may be
responsible for both of them. Here we concern plausi-
ble influence of SST anomaly in the SIO, mainly because
phase transitions of the SST anomaly are synchronous
with natural decadal changes in the EASM and the SST
could be an important factor influencing atmospheric cir-
culation. Regression analysis results indicate that a decadal
cooling in the SIO may induce an anomalous middle-level
descent over the western SIO, while anomalous ascents
extend from the eastern SIO to western Australia and over
the tropical 10. The accompanying upper-level divergent
flows from the eastern SIO and equatorial IO to tropical
East Asia lead to anomalous descent and an anomalous
lower-level anticyclone over the SCS-Philippines. The link-
age between the SIO SST forcing and EASM can apply to
both of the late 1970s change and the early 1990s change,
according to a composite analysis. Moreover, this linkage

(a)MV—EOF1(13.7%)
V850

(b)MV—EOF2(9.4%)

can be basically reproduced by numerical experiments with
the CAM4. Wu et al. (2010) discussed an increase SST in
the equatorial IO since the early 1990s that could enhance
regional lower-level convergence and ascent, further lead-
ing to the development of a lower-level anticyclone over
the SCS—subtropical WNP through anomalous vertical cir-
culation. Both observations and simulations show that the
SIO decadal cooling after 1993 may also promote observed
tropical atmospheric circulation anomalies.

Previous studies have investigated the linkage between
subtropical SIO SST anomalies and the EASM variability.
Especially, the Indian Ocean Subtropical Dipole (Behera
and Yamagata 2001), which is a leading mode of inter-
annual variability of SST, is thought to be one of impor-
tant factors that can affect East Asian circulation and pre-
cipitation (Suzuki et al. 2004; Yang and Ding 2007; Cao
et al. 2014). However, little is known about its impact on
the inter-decadal time scales. Xue (2001) proposed that the
subtropical SIO SST anomaly plays a key role in the long-
term variation of EASM, but with the detailed processes
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Fig. 12 The same as in Fig. 1 except based on ERA-40 data from 1958-2002
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remaining to be unravelled. The present study suggests
possible contributions of the SIO SST anomalies to inter-
decadal changes in the East Asian monsoon, which may
help improve the understanding of physical mechanism
involved with the EASM variability.

It is necessary to discuss the validness of results based on
JRA-55 data on the inter-decadal variations. We performed
a parallel analysis using the ERA-40 Reanalysis dataset that
is available for the period 1958-2002 which contains the
main periods we focus on. By comparison, results derived
from these two datasets are relatively consistent. Due to the
limited space, only the MV-EOF analysis results are pre-
sented in Fig. 12. One can find that patterns of the first three
leading modes based on ERA-40 data are extremely similar
to those based on JRA-55 data shown in Fig. 1, except the
anticyclone at 850 hPa over the Philippines related to MV-
EOF2 is somewhat infirm. Besides, the time series of these
principal components express pronounced inter-annual
variation, natural decadal variation and a persistent linear
trend, respectively. PC2 also reflects two changing points of
natural decadal variability: one in the end of 1970s and the
other in the beginning of 1990s. Overall, both the JRA-55
and ERA-40 dada depict common characteristics between
the late 1970s change and the early 1990s change, and
their amplitude asymmetry over the tropics. In addition, we
examined the precipitation changes based on monthly rain-
fall data at 160 stations in China. The obtained results (fig-
ures not shown) confirm the precipitation change patterns
and relative contributions of the MV-EOF2 and MV-EOF3.
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