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1.  INTRODUCTION 

Eastern China is located in the core area of the East 
Asian monsoon region, and its summer precipitation 
(hereafter referred to as SPEC) accounts for nearly 
40% of the annual total precipitation. This region is 

densely populated and economically developed, and 
the spatiotemporal SPEC patterns can greatly impact 
regional agricultural production, water resource 
management, and sustainable economic and social 
development. Because of this, the multi-timescale 
variations in SPEC patterns and associated driving 
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ABSTRACT: Based on the observational precipitation data and multiple reanalysis datasets, this 
study analyzes the decade-to-decade spatiotemporal evolution of anomalous summer precipita-
tion in eastern China (SPEC) for 1961−2019 and explores the roles of water vapor transport and 
global sea surface temperatures (SSTs). Results show that SPEC patterns in the last 60 yr were 
mainly classified into 3 categories: dipole (the 1960s and 1970s), tripole (the 1990s) and quadru-
pole (the 1980s and 2000s), with marked decade-to-decade variations. In the 2010s, the precipita-
tion pattern exhibited a more complex nature. Obvious differences can be detected in the water 
vapor channels (WVCs) associated with the 3 SPEC patterns. Specifically, the dipole pattern of the 
SPEC was mainly related to the Pacific Ocean WVC (POW) and the westerly WVC (WW). The tri-
pole pattern was mainly associated with the Tibetan Plateau Southern Side WVC (TPW), the 
South China Sea WVC, the POW and the WW. The quadrupole pattern was quite clearly corre-
lated with the Indian Ocean WVC, the Bay of Bengal WVC, the TPW, the POW and the WW. Fur-
thermore, the dipole SPEC pattern was correlated with the Pacific decadal oscillation (PDO), the 
Indian Ocean basin mode (IOBM) and the Atlantic multi-decadal oscillation. The tripole and 
quadrupole patterns were related to the IOBM and PDO, respectively. The PDO has a marked 
influence on the interdecadal shifting of the SPEC pattern in the late 1970s, favoring the formation 
of the quadrupole SPEC pattern. However, the decadal shifting of the SPEC pattern in the early 
1990s is mainly influenced by the IOBM, which favored the formation of the tripole precipitation 
pattern.  
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mechanisms are a particular concern to climatolo-
gists (e.g. Ding et al. 2008, Zhang 2015, Zheng et al. 
2017, Liu et al. 2020, Li et al. 2022). 

Previous studies have shown that the 2 major sum-
mer precipitation patterns in the East China mon-
soon region are the south-to-north meridional tripole 
and dipole patterns. These 2 patterns exhibit not only 
interannual variations, but also pronounced inter-
decadal variations (Huang et al. 2007, Ding et al. 
2008, Huang et al. 2011). Specifically, 2 significant 
interdecadal changes in SPEC patterns occurred in 
the middle and late 1970s and early 1990s. In the 
middle and late 1970s, the southerly flow reaching 
North China in summer weakened markedly, and 
summer precipitation noticeably decreased in North 
China and the Yellow River basin, causing severe 
droughts. In contrast, precipitation in the Yangtze 
River basin increased dramatically. In the early 
1990s, summer precipitation in South China was par-
ticularly high (Wu & Wang 2002, Zhou & Huang 
2003, Kwon et al. 2007, Ding et al. 2008, Deng et al. 
2009). Additionally, these 2 interdecadal changes 
were characterized by a distinct southward shift of 
the East Asian summer monsoon rainbands (Ding et 
al. 2008). Moreover, several studies indicated that 
the late 1990s also marked the turning point of inter-
decadal variability in SPEC, i.e. during this period, 
the summer precipitation increased dramatically in 
the Yellow and Huaihe River basins but decreased 
markedly in the Yangtze River basin (Zhu et al. 2011, 
Huang et al. 2013). 

Variation in SPEC is closely related to spatiotempo-
ral variation in water vapor transport over East Asia 
(Huang et al. 2011, Zhu et al. 2011, Sun & Wang 
2015, Chu et al. 2019), and the 2 decadal changes in 
the precipitation pattern in the middle and late 1970s 
and early 1990s were both associated with inter-
decadal variation in water vapor transport in East 
Asia (X. Z. Li et al. 2012, Sun & Wang 2015). In terms 
of the spatial distribution of water vapor transport, 
the interdecadal variability in the tripole and dipole 
patterns of SPEC is correlated with the summer 
water vapor transport anomalies over East Asia and 
the Northwest Pacific, similar to the East Asia/Pacific 
pattern. Also, such interdecadal variability is closely 
related to summer water vapor transport anomalies 
in the mid-high latitude westerlies over Eurasia, sim-
ilar to the Eurasian teleconnection (Huang et al. 
2011). 

There are many factors affecting the interdecadal 
variation in SPEC, such as Eurasian spring snow 
cover (Zhang et al. 2008, Wu et al. 2009, Cheng et al. 
2022), soil moisture (Ding et al. 2009, Lv et al. 2014), 

atmospheric apparent heat sources over the Tibetan 
Plateau (Zhang et al. 2019), and sea surface temper-
ature (SST) (Si & Ding 2016, Yang et al. 2017, Zheng 
et al. 2017, Wang & Li 2019). The influence of SST 
anomaly patterns is particularly notable. For exam-
ple, there is an apparent interdecadal shifting of the 
Pacific decadal oscillation (PDO), which may have 
caused interdecadal variations in East Asian summer 
climate in the middle and late 1970s and later, thus 
affecting the SPEC distribution pattern (Yang & Lau 
2004, Deng et al. 2009, Zhu et al. 2011, Si & Ding 
2016). Furthermore, the Atlantic multi-decadal oscil-
lation (AMO) is another driving factor of interdecadal 
variability in summer precipitation in East Asia, 
which can not only directly influence climate change 
in East Asia through the teleconnections, but also 
indirectly modulate the interdecadal variations of the 
PDO by regulating its phase changes to impact sum-
mer precipitation in East Asia (Si & Ding 2016, Sun et 
al. 2018, Li et al. 2020, Xie & Wang 2020). 

Among numerous studies on interdecadal varia-
tions in SPEC, the majority focused on the evolution 
of precipitation at multidecadal timescales or the 
characteristics of precipitation variation around the 
turning periods of the precipitation pattern in the 
1970s and 1990s (Ding et al. 2008, X. Z. Li et al. 2012, 
Sun & Wang 2015, Si & Ding 2016, Zhang et al. 2018). 
However, the evolution characteristics and modu -
lating factors of the SPEC patterns have not been 
 thoroughly investigated at the decade-to-decade 
time  scale. This study aims to systematically reveal 
the decade-to-decade evolution of the spatial SPEC 
anomaly pattern in the last 60 yr, especially the char-
acteristics of the phase variation in summertime pre-
cipitation since 2000. In light of this, the relationship 
of decade-to-decade precipitation distribution with 
water vapor transport and SST variation is further 
analyzed. This study can deepen the understanding 
and improve the prediction of SPEC variation at 
decadal timescales, providing an essential reference 
for drought/flood prevention and mitigation in the 
context of of climate change. 

The remainder of this paper is organized as fol-
lows. Section 2 introduces the data and methods 
used in this research. Section 3 analyzes the decade-
to-decade evolution characteristics of the anomalous 
SPEC patterns. Section 4 discusses the decade-to-
decade variation characteristics of summer water 
vapor transport over East Asia. Section 5 investigates 
the correlation of the decade-to-decade SPEC varia-
tions with the global basin-scale SST anomalies. The 
main conclusions and discussion are displayed in 
Section 6. 
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2.  DATA AND METHODS 

2.1.  Data 

The data used in this research span from 1961 to 
2019, including the 0.25° × 0.25° precipitation grid-
ded observation dataset (CN05.1) from the Chinese 
ground-based meteorological stations developed by 
the National Climate Center of the China Meteoro-
logical Administration. The CN05.1 dataset is based 
on observations from more than 2,400 ground-based 
meteorological stations in China and is obtained 
by  superimposing the anomaly fields of each cli-
mate variable on its climatic average. The climatic 
average and anomaly fields of each climate variable 
are obtained by interpolation, based on the anomaly 
approach method (Wu & Gao 2013). Currently, the 
CN05.1 dataset has been widely used in climate 
change-related studies (Kong & Bi 2016, Li et al. 
2019, Wang & Li 2019). In addition, the fifth-genera-
tion European Center for Medium-Range Weather 
Forecasts reanalysis (ERA5) dataset is also used in 
this study (Hersbach et al. 2020), which includes the 
monthly surface pressure, wind and specific humid-
ity fields, with 37 vertical levels. The SST data used  
is monthly global gridded SST reanalysis data, ob -
tained from the National Oceanic and Atmospheric 
Administration (NOAA) Extended Reconstructed 
SST version 5 (Huang et al. 2017). The PDO index is 
calculated based on the first characteristic vector of 
the empirical orthogonal function (EOF) decomposi-
tion of the North Pacific SST anomaly (Mantua & 
Hare 2002), which can be obtained from the monthly 
PDO index data derived from the Joint Institute for 
the Study of the Atmosphere and Ocean (JISAO; 
http://research.jisao.washington.edu/pdo/). The AMO 
index is the annual average of the SST anomalies in 
the Atlantic Ocean of 75°W−7.5°W, 0°−60°N (Enfield 
et al. 2001), which can be obtained from monthly 
AMO index data developed by NOAA (https://www.
esrl.noaa.gov/psd/data/timeseries/AMO/). The Indian 
Ocean Basin Mode (IOBM) index is defined as the 
standardized average of the SST anomalies in the 
tropical Indian Ocean of 40°E−100°E, 20°S−20°N (Xie 
et al. 2009). 

2.2.  Methods 

In this study, we deployed a low-pass filter using 
the 11 yr low-pass filtering to extract the inter-
decadal component with a 10 yr cutoff period for the 
filtered variables (Duchon 1979). The climate diag-

nostic methods, such as the EOF analysis, correlation 
analysis and regression analysis, are also employed, 
and the statistical results are tested for significance 
(Wei 2007). The EOF analysis is mainly used to inves-
tigate the main spatial change characteristics of the 
physical quantity fields, and the significance of their 
results is tested by the North test (North et al. 1982). 

The sliding t-test (Wei 2007) is used to test the sig-
nificance of the interdecadal mutation. For a time 
series x with a sample size of n, the decadal mutation 
test is carried out as follows: 

First, determine the sample numbers n1 and n2 of 
the 2 subseries x1 and x2 before and after the refer-
ence point, generally n1 = n2. 

Then, a sliding approach is taken to set the refer-
ence points consecutively, and the statistics are cal-
culated sequentially according to Eq. (1).⎯x1 and⎯x2  
indicate the average values of the 2 subseries, and  
s1

2 and s2
2 denote the variances of the 2 subseries. The 

2 subseries follow the t-distribution with the degrees 
of freedom ν = n1 + n2 – 2. Due to performing the 
sliding successive calculation, we can obtain a statis-
tic series ti(i = 1,2, …, n – (n1 + n2) + 1) The statistics 
are defined as follows (Eq. 1). 

 
 
                                                                                 

(1)
 

 
                    
 
 
The critical value of the significance test is tα at the 

significance level of α. If |ti|>tα, the 2 subseries are 
determined to have a mutation at this reference 
point, otherwise the 2 subseries before and after this 
reference point are regarded not significantly differ-
ent. 

Since we investigate the relationships among the 
variables on decadal timescales in this study, the 
effective degrees of freedom   (Neff) calculated by 
Eq. (2) can be used for significance tests on decadal 
timescales (Pyper & Peterman 1998, Y. Li et al. 2012). 

                                                                                 
(2)

 
 
                    

where N denotes the number of samples. ρXX( j) and 
ρYY( j) indicate the autocorrelation coefficients of 
series X and Y  lagging  steps, respectively. 

The vertical integrations of the water vapor flux 
(WVT) and its dispersion (WVT_div) are calculated 
by Eqs. (3) & (4), respectively (Sun & Ding 2008). 
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(4)
 

where ∇p · (qV ) denotes the horizontal divergence in 
the pressure coordinate system, g is the acceleration 
of gravity, Ps is the surface pressure, q is the specific 
humidity, and V  is the horizontal wind vector. 

3.  DECADE-TO-DECADE EVOLUTION 
 CHARACTERISTICS OF THE SUMMER 

 PRECIPITATION PATTERN IN EASTERN CHINA 

3.1.  Features of the observed decadal summer 
precipitation patterns 

Fig. 1 shows the decade-to-decade evolution of the 
spatial distribution of the SPEC anomaly percentage 
in the past 60 yr (after 11 yr low-pass filtering). The 
positive precipitation anomalies mainly appeared in 
the area north of the mainstream of the Yellow River 
in the 1960s and 1970s. The precipitation anomaly 
percentage around the Bohai Sea was >20%, while 
the Yangtze River basin was an area with obviously 
less precipitation. Thus, the SPEC distribution 
showed a pattern of flooding in the north and 
drought in the south. In the 1980s, one positive pre-
cipitation anomaly domain was located from North-
east China to the north of North China, and the other 
was located in the Yangtze River basin. In contrast, 
the precipitation in the regions of the Yellow and 
Huaihe River basins and south of the Yangtze River 
showed pronounced negative anomalies. The overall 
anomalous SPEC exhibited a quadrupole distribution 
pattern (‘+ − + −’) from the north to the south. In the 
1990s, the SPEC anomalies showed a tripole pattern 
(‘+ − +’), with the 2 positive precipitation anomaly 
domains being larger in extent and stronger than in 
the 1980s. The precipitation north of the Yellow River 

and the precipitation over Yangtze River and the vast 
area to the south showed consistent positive anom-
alies, whereas the precipitation anomalies were neg-
ative from the downstream area of the Yellow River 
to the Huaihe River basin. In the 2000s, the above-
mentioned 2 positive precipitation anomaly domains 
weakened in intensity, narrowed in scope and 
moved southward. The northern positive precipita-
tion anomaly area moved southward from north of 
the Yellow River to the Huaihe River basin, while the 
southern one was mainly located in South China. The 
vast areas north of the Yellow River and the middle 
and lower reaches of the Yangtze River were con-
trolled by obvious negative precipitation anomalies. 
The overall SPEC in the 2000s showed a quadrupole 
pattern (‘− + − +’), roughly opposite to that in the 
1980s. In the 2010s, there were 3 positive precipita-
tion anomaly areas, which were located in the north-
eastern part of northeast China, the central part of 
North China and the lower reaches of the Yangtze 
River and some areas to the south. Obviously, the 
region between Northeast and North China and the 
Huaihe River basin were the areas with less precipi-
tation. The overall SPEC displays a complex pattern 
(‘+ − + − +’) in the 2010s. The above results reveal 
that the spatial SPEC patterns show marked decade-
to-decade variations in the last 60 yr. In addition, 
there was only one main positive precipitation anom-
aly area before the 1980s. In the following 30 yr, 
there were 2 positive precipitation anomaly areas. 
Meanwhile, the location and range of the positive 
precipitation anomaly showed marked decade-to-
decade differences. Numerous previous studies have 
demonstrated that the main patterns of the SPEC are 
dipole and tripole patterns (Huang et al. 2011, Ding 
et al. 2013, Ren et al. 2016). However, as shown in 
Fig. 1, the SPEC also exhibited more complex pat-
terns in the 1980s, 2000s and 2010s. 

WVT_div = � 1
g Ps

300� �p � qV( )dp
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Fig. 1. The decade-to-decade evolution of the spatial distribution of summer precipitation anomaly percentage in eastern  
China from 1961 to 2019. The values in the dotted areas pass the significance test at the 95% confidence level
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3.2.  Major modes of the observed decadal summer 
precipitation patterns 

To further understand the spatiotemporal charac-
teristics of the decade-to-decade SPEC patterns, we 
first perform decadal filtering and then EOF decom-
position for the SPEC from 1961 to 2019. Fig. 2 pres-
ents the first 4 EOF modes and the corresponding 
time coefficient series. Their explained variances are 
24.3, 19.8, 15.5 and 10.0% (about 70% of the total 
variance). All 4 patterns pass the North test and are 
the most significant. 

As shown in Fig. 2a, the spatial distribution of  
the EOF first mode roughly presents a tripole pattern 
(‘− + −’). That is, the precipitation anomalies from the 
southwest of Northeast China to the north of the Yel-
low River basin and in the area south of the Yangtze 
River mainstream show an opposite phase out of 
those between the Yellow River mainstream and the 
Yangtze River mainstream. Besides, the spatial pat-
tern of precipitation anomalies is most significant in 
the area south of the Yangtze River mainstream. The 
time coefficient series corresponding to the EOF first 
mode indicates the positive phase in the 1960s and 
1980s but the negative phase in the 1990s and mid-
dle and late 2010s. In the other periods, the precipita-
tion anomalies are smaller (Fig. 2b). The EOF second 
mode exhibits a quadrupole pattern (‘+ − + −’) from 
Northeast China to South China, i.e. the north of the 
Yellow River and the middle and lower reaches of the 
Yangtze River are uniformly positive anomalies in 
precipitation, while the lower Yellow and Huaihe 
River basins and South China are uniformly negative 
anomalies in precipitation (Fig. 2c). The time coeffi-
cient series corresponding to the EOF second mode 
are in a positive phase from the middle 1970s to the 
middle 1990s and the 2010s and in a negative phase 
in other periods, with the most significant positive 
and negative phases in the 1980s and the 2000s, 
respectively (Fig. 2d). The spatial distribution of the 
EOF third mode shows a typical north−south anti-
phase pattern (Fig. 2e), i.e. the phase of precipitation 
anomalies in the area north of the Yellow River is 
opposite to that in the Huaihe and Yangtze River 
basins. The time coefficient series of the EOF third 
mode is in a negative phase before the late 1970s and 
in a positive phase in the 1980s and from the late 
1990s to the mid-2010s (Fig. 2f). The spatiotemporal 
distribution characteristics of this mode show a pat-
tern of flooding in the north and drought in the south 
before 1980 and a pattern of flooding in the south 
and drought in the north during the 1980s and from 
the late 1990s to the mid-2010s. In the fourth EOF 

mode, the phase of precipitation anomalies in North 
China is opposite to that in most of eastern China, 
namely more precipitation in North China and less 
precipitation in Northeast China, from the lower Yel-
low River to the lower Yangtze River and in the area 
south of the Yangtze River (Fig. 2g). The time coeffi-
cient series of the fourth EOF mode is in a negative 
phase before the middle 1960s and in the 2010s but 
in a significant positive phase in the 1970s (Fig. 2h). 
The spatiotemporal distribution characteristics of the 
fourth mode indicate that it can explain the phe -
nomena, namely more precipitation in North China 
and less precipitation in most other areas of eastern 
China during the 1970s, as well as the opposite 
 spatial distribution of SPEC anomalies between the 
2010s and the 1970s. 

3.3.  Correlation between major modes and the 
observed decadal summer precipitation patterns 

Furthermore, a statistical method of spatial correla-
tion (Chen et al. 2018) is adopted in this research to 
more objectively reveal the spatial similarity be -
tween the spatial distribution of the SPEC decadal 
evolution and each EOF mode. Table 1 presents the 
spatial correlation coefficients between the decadal 
evolution of the SPEC anomaly percentage and the 
EOF modes. The results show that the spatial distri-
bution of the SPEC in the 1960s is most significantly 
correlated with the EOF third mode, and the correla-
tion coefficient reaches −0.89, indicating that the 
SPEC exhibits an obvious characteristic of flooding in 
the north and drought in the south. Similar to the sit-
uation in the 1960s, the spatial distribution of the 
SPEC in the 1970s is also most significantly corre-
lated with the EOF third mode, and the correlation 
coefficient is −0.74. However, unlike the 1960s, the 
correlation between the SPEC spatial distribution 
and the EOF fourth mode is more obvious, with a cor-
relation coefficient of 0.51, suggesting that the SPEC 
in the 1970s is characterized by the pattern of flood-
ing in the north and drought in the south and the pre-
cipitation in Northeast China is also less. The spatial 
distribution of the SPEC in the 1980s is significantly 
correlated with both the EOF first and second modes, 
and the correlation coefficients are 0.72 (EOF first 
mode) and 0.78 (EOF second mode). Note that the 
correlation coefficient with the EOF second mode is 
the highest. Compared with the distribution charac-
teristics of the EOF first and second modes, the SPEC 
in the 1980s displays a quadrupole pattern, i.e. more 
precipitation appears in most areas north of the Yel-
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Fig. 2. (a,c,e,g) Spatial dis-
tributions and (b,d,f,h) time 
coefficient series of the 
empirical orthogonal func-
tion (EOF) (a,b) first, (c,d) 
second, (e,f) third and (g,h) 
fourth modes of the decadal 
components (11-yr low-pass 
filtering) of the summer 
precipitation anomaly per-
centage in eastern China 
from 1961 to 2019. Values  
in the dotted areas pass the 
significance test at the  

95% confidence level
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low River and in the Yangtze River basin, while less 
precipitation appears in the Yellow and Huaihe River 
basins and the area south of the Yangtze River. In the 
1990s, the spatial distribution of the SPEC is most 
significantly correlated with the EOF first mode, and 
the correlation coefficient is −0.68. That is, the SPEC 
in the 1990s shows a tripole pattern (‘+ − +’). In the 
2000s, the correlation coefficient between the spatial 
distribution of SPEC and the EOF second mode 
reaches −0.95, indicating that the precipitation distri-
bution shows the typical distribution characteristics 
of quadrupole pattern, i.e. the Yellow and Huaihe 
River basins and South China receive more precipi-
tation, while north of the Yellow River and the mid-
dle and lower reaches of the Yangtze River receive 
less precipitation. The spatial distribution of SPEC 
has relatively complex correlations with each EOF 
spatial mode in the 2010s, and the correlation coeffi-
cients with the first, second and fourth modes are 
−0.32, 0.33 and −0.40, respectively. To qualitatively 
validate the results of correlations between SPEC 
and the 4 EOF modes based on EOF analysis, we fur-
ther conducted the running EOF analysis (Fig. A1 in 
the Appendix). The results of these 2 analyses are 
basically identical, namely, the leading EOF is dis-
tinct in different decades. 

4.  CHARACTERISTICS OF DECADE-TO-DECADE 
VARIATIONS IN SUMMER WATER VAPOR 

TRANSPORT OVER EAST ASIA 

4.1.  Decade-to-decade evolution of summer water 
vapor transport 

Regional precipitation is closely related to water 
vapor transport in the context of the large-scale cir-
culation background. Therefore, in this section, we 
discuss whether the decadal variations of the SPEC 
can be reflected by water vapor transport. Fig. 3 
shows the decade-to-decade evolutions of summer 

water vapor transport and its flux divergence anom-
aly field in East Asia. From the 1960s to 1970s, there 
was a cyclonic circulation over the southeast of the 
Mongolian Plateau, while an anticyclonic circulation 
controlled the vicinity of the Yangtze and Huaihe 
River basins. Such anomalous circulations resulted in 
stronger southwest water vapor transport anomalies 
and water vapor convergence in the Yellow River 
basin and areas to the north. In addition, the Yangtze 
River basin was controlled by water vapor diver-
gence, thereby leading to the anomalous precipita-
tion distribution of flooding in the north and drought 
in the south (Figs. 3a and 3b). Note that in the 1970s, 
there was a wave train of anticyclonic-cyclonic-anti-
cyclonic-cyclonic-anticyclonic pattern from the north 
to the south, passing through the northwest and 
southeast of the Mongolian Plateau, the Yangtze and 
Huaihe River basins, south of Japan, and east of the 
Philippine Sea. In the 1980s, the wave train distribu-
tion of the anomalous vectors of water vapor trans-
port over the northwest Pacific Ocean changed 
markedly. Specifically, the cyclonic circulation over 
the Sea of Okhotsk changed into an anticyclonic cir-
culation, the anticyclonic circulation in the southeast 
of Japan changed into a cyclonic circulation, and the 
cyclonic circulation controls the Mongolian Plateau. 
Northeast China was located at the east side of the 
cyclonic circulation and the west of the anticyclonic 
circulation, with stronger southward water vapor 
transport anomalies and water vapor convergence. 
South China and the middle and lower reaches of the 
Yangtze River were located on the south and north 
sides of the anticyclonic circulation, respectively, 
whereas South China was controlled by northeast 
water vapor transport anomalies and water vapor 
divergence. The southwest water vapor transport 
anomalies and water vapor convergence existed in 
the middle and lower reaches of the Yangtze River, 
while parts of North China were located in the water 
vapor divergence zone (Fig. 3c). Correspondingly, 
the SPEC distribution in the 1980s displayed a 
quadrupole pattern of ‘+ − + −’ from the north to the 
south, i.e. more precipitation can be found in North-
east China and the middle and lower reaches of the 
Yangtze River, and the precipitation in North and 
South China was less (Fig. 1). In the 1990s, the 
cyclonic circulation anomaly maintained over the 
Mongolian Plateau. The region north of the Yellow 
River was located on the southeast side of the 
cyclone, and this region therefore had southwest 
water vapor transport anomalies and water vapor 
convergence. Cyclonic circulation appeared in the 
west of the area south of the Yangtze River, with a 

83

               1960s      1970s    1980s   1990s    2000s   2010s 
 
EOF1        0.36*    −0.05       0.72** −0.68**−0.23    −0.32 
EOF2        0.02        0.01       0.78**   0.27    −0.95**  0.33* 
EOF3      −0.89**   −0.74**   0.15    −0.36*    0.07    −0.03 
EOF4      −0.17        0.51**   0.21      0.10    −0.10    −0.40* 

Table 1. Spatial correlation coefficients between the 
decade-to-decade anomaly percentage of summer precipi-
tation in Eastern China and the empirical orthogonal func-
tion (EOF) modes. Asterisks: correlation coefficients passed 
the significance test at *90% and **95% confidence levels
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Fig. 3. The decade-to-decade evolution of summer water vapor transport (vector, kg m–1 s–1) and its flux divergence (color shading) 
anomaly fields in East Asia during 1961−2019. ‘A’ and ‘C’ denote anticyclonic and cyclonic circulation anomalies, respectively
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center located over the northwest of South China. 
The east of the Yangtze River was controlled by an 
abnormally strong anticyclonic circulation, whose 
center was located over the Philippine Sea. We can 
observe strong southwest water vapor transport 
anomalies and water vapor convergence in the area 
south of the Yangtze River. The region between the 
Yellow River and the Yangtze River was located 
between the north and south cyclonic circulations. 
And this region was controlled by pronounced water 
vapor divergence (Fig. 3d). Correspondingly, the 
SPEC in the 1990s showed a tripole pattern of ‘+ − +’, 
i.e. more precipitation appears in the area north of 
the Yellow River and south of the Yangtze River, and 
less precipitation appears in the region between the 
Yellow River and the Yangtze River (Fig. 1). The cir-
culation distribution in the 2000s is roughly opposite 
to that in the 1980s. The cyclonic circulation over the 
Mongolian Plateau changes to an anticyclonic circu-
lation, leading to the northeast water vapor transport 
anomalies in the area north of the Yellow River, 
accompanied by water vapor divergence, resulting 
in less precipitation in the region. The anticyclonic 
circulation center in the area south of Japan was 
located over the East China Sea, in conjunction with 
the cyclonic circulation over the low-latitude western 
Pacific region, resulting in northeast water vapor 
transport anomalies in the Yangtze River basin, 
accompanied by water vapor divergence, leading to 
less precipitation in the region. However, there was 
water vapor convergence in the Yellow and Huaihe 
River basins and South China, leading to more pre-
cipitation in these areas (Fig. 3e). Thus, the SPEC in 
the 2000s was characterized by a quadrupole pattern 
of ‘− + − +’ from the north to the south (Fig. 1). In the 
2010s, the anomalous anticyclonic circulation in the 
Mongolian Plateau and the anomalous cyclonic cir-
culation in the Sea of Okhotsk moved northwestward 
noticeably. Northeast China changed from being 
controlled by the anticyclonic circulation to being 
controlled by a cyclonic circulation, and the precipi-
tation increased in this area. The cyclonic circulation 
over South China and its east moved northward to 
the south of the Yangtze River, and its center was 
located in the East China Sea. This circulation pro-
moted the northward lifting of the southern positive 
precipitation anomaly area of the SPEC (Fig. 3f). Fur-
thermore, the spatial distribution of the SPEC in the 
2010s did not match the corresponding part of water 
vapor transport and its flux divergence, which is 
probably due to the complex processes affecting the 
spatial variation pattern of precipitation in the con-
text of the recent climate warming (Kay 2020). 

4.2.  Variations in water vapor transport associated 
with the major precipitation modes 

In order to further investigate the connection 
between the decade-to-decade evolution of the 
SPEC and the characteristics of summer water vapor 
transport in East Asia, the time coefficient series cor-
responding to the first 4 EOF modes of the SPEC 
from 1961 to 2019 are used to regress onto the water 
vapor transport and its flux divergence of the whole 
vertical integration in East Asia during summer. 
Since the precipitation in periods except the 1980s is 
negatively correlated with its corresponding typical 
EOF mode, the negative time coefficient series 
(−PC1, −PC2, −PC3 and −PC4) corresponding to the 
first 4 EOF modes are taken for regression analysis to 
obtain the corresponding spatial distribution of water 
vapor flux (Fig. 4). Fig. 4a presents the regressed 
results of water vapor transport and its flux diver-
gence based on the first EOF mode (−PC1). The 
results indicate that there is a dipole pattern of 
cyclonic-anticyclonic circulation anomalies over the 
northwest Pacific Ocean. The northwest-southeast 
water vapor transport under the anticyclonic−
cyclonic−anticyclonic circulation pattern controls the 
area from the Mongolian Plateau through the middle 
and lower reaches of the Yangtze River to the Philip-
pine Sea. This distribution of water vapor transport 
results in stronger southwest water vapor transport 
and water vapor convergence in the area south of the 
Yangtze River, and it leads to northeast water vapor 
transport and water vapor divergence in the area 
between the Yangtze River and the Yellow River 
(Fig. 4a). Hence, the precipitation anomalies in the 
area south of the Yangtze River and between the 
Yangtze River and the Yellow River are inversely dis-
tributed (Fig. 2a). The spatial distributions of the 
regressed water vapor flux and its divergence corre-
sponding to −PC2 indicate that the summer water 
vapor transport is characterized by the wave train 
similar to the East Asia/Pacific pattern from South 
China through eastern China and southern Japan to 
the Sea of Okhotsk (Huang et al. 2011). Specifically, 
there is a cyclonic circulation over South China to the 
eastern Philippine Sea and an anticyclonic circula-
tion from the area east of the Yangtze River to the 
subtropical western Pacific Ocean south of Japan. In 
addition, a cyclonic circulation exists near the Sea of 
Okhotsk, and a marked anticyclonic circulation con-
trols the Mongolian Plateau (Fig. 4b). This anom-
alous circulation results in water vapor divergence in 
Northeast China and the middle and lower reaches 
of the Yangtze River and water vapor convergence in 
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the Yellow and Huaihe River basins and South China 
(Fig. 4b). The SPEC shows a quadrupole pattern of  
‘− + − +’ from the north to the south (Fig. 2b). Fig. 4c 
(−PC3) indicates that the spatial distribution of water 
vapor transport shows a northwest−southeast type 
under the anticyclonic−cyclonic−anticyclonic−cy -
clonic circulation pattern from the northwest and 
southeast of the Mongolian Plateau through the area 
east of the Yangtze and Huaihe River basins to the 
area south of Japan. This results in strong southwest 
water vapor transport and water vapor convergence 
in the area north of the Yellow River, and it leads to 
more pronounced water vapor divergence from the 
Yellow River to the Yangtze River basin. Therefore, 
the SPEC presents a spatial pattern of more precipi-
tation in the north and less in the south (Fig. 2c). 
Regarding the spatial distribution of the regressed 
water vapor flux and its divergence corresponding to 
−PC4, there is a cyclonic circulation in the south of 
the lower reaches of the Yangtze River and an anti -
cyclonic circulation in southern Japan, while North-
east China is controlled by a weak cyclonic circula-
tion. Thus, water vapor convergence appears in the 
coastal areas of eastern China and southern Japan, 
and water vapor divergence appears in North China 
(Fig.  4d). It can be concluded that the areas with 
more summer precipitation are mainly concentrated 
in Northeast China and the coastal areas of eastern 
China (Fig. 2d). 

Similar to the results shown in Table 1, because the 
convergence and divergence of water vapor could be 
directly related to precipitation anomalies, we quan-
tify the spatial correlations between the first 4 EOF 
modes of SPEC and the observed decade-to-decade 
summer water vapor flux divergence anomaly pat-
terns by using the PCs-regressed (corresponding to 
EOFs of SPEC) water vapor flux divergence fields 
(Fig. 4) and the observed decade-to-decade summer 
water vapor flux divergence anomaly fields (Fig. 3). 
Table 2 presents the spatial correlation coefficients 
between the decade-to-decade summer water vapor 
flux divergence anomaly field in eastern China (Fig. 
3; shaded areas) and water vapor flux divergence 
regressed onto the negative time coefficient series 
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Fig. 4. The summer water vapor transport (vector, kg m–1 s–1) 
and its flux divergence (color shading) regressed onto the 
negative time coefficient series corresponding to the empir-
ical orthogonal function (EOF) (a) first, (b) second, (c) third 
and (d) fourth mode of summer precipitation in eastern 
China during 1961−2019. The values for the purple vectors 
or in the black crosshatched areas pass the significance test 
at the 95% confidence level. ‘A’ and ‘C’ denote anticyclonic  

and cyclonic circulation anomalies, respectively



Wang et al.: Summer precipitation patterns in eastern China

(−PC1, −PC2, −PC3 and −PC4) corresponding to the 
first 4 EOF modes of precipitation (Fig. 4; shaded 
areas). In the 1960s, the spatial correlation coefficient 
between the summer water vapor flux divergence 
anomaly field and its −PC3 regression series was the 
highest (0.90). In the 1970s, the spatial correlation 
coefficient with the −PC3 regression series was also 
the highest, while the decadal summer water vapor 
flux divergence anomaly field showed a sub-correla-
tion with the −PC4 regression series. In the 1980s, the 
spatial correlation coefficients with both the −PC1 
and −PC2 regression series were relatively high, 
while the highest correlation was with the −PC2 
regression series. In the 1990s and 2000s, the water 
vapor flux divergence anomaly field had the most 
significant correlation with the −PC1 and −PC2 
regression series, while the spatial correlations were 
complex in the 2010s. 

4.3.  Relationship between major modes of the 
SPEC with different water vapor channels 

Here we discuss the water vapor channels (WVCs) 
that affect each distribution pattern of the SPEC. The 
water vapor for the SPEC in the summer monsoon re-
gion mainly originated from the southwest monsoon, 
subtropical southeast monsoon, cross-equatorial flows 
and mid-latitude westerlies, and the water vapor 
transported by these circulations is from the Bengal 
Bay, thetropical western Pacific, the South China Sea 
and the North Atlantic Ocean. These 4 WVCs of the 
Indian monsoon, the South China Sea monsoon, the 
subtropical monsoon and mid-latitude westerlies 
 basically reflect the comprehensive influence on the 
summer water vapor transport and climate in China. 
The westerlies WVC (WW) is much weaker than the 3 

low-latitude WVCs (Zhou et al. 2008, Huang & Chen 
2010, Yang et al. 2018). According to latitudinal and 
longitudinal directions, the 4 WVCs are divided into 6 
types, namely the Indian Ocean WVC (IOW), the Bay 
of Bengal WVC (BOBW), the Tibetan Plateau South-
ern Side WVC (TPW), the South China Sea WVC 
(SCSW), the Pacific Ocean WVC (POW) and the WW. 
The IOW intensity can be expressed by the latitudinal 
flux through the cross-section at 100°E in the range of 
10°−20°N (Zhou et al. 2008, Yang et al. 2018). The 
BOBW intensity can be represented as the longitudi-
nal flux through the cross-section at 20°N in the 
range of 85°−100°E (Zhou et al. 2008, Yang et al. 
2018). The TPW intensity can be indicated as the lati-
tudinal flux through the cross-section at 100°E in the 
range of 22.5°−27.5°N (Li et al. 2010, Yang et al. 
2018). The SCSW intensity can be expressed by the 
longitudinal flux through the cross-section at 20°N in 
the range of 110°−120°E (Zhou et al. 2008, Yang et al. 
2018). The POW intensity can be represented as the 
latitudinal flux through the cross-section at 120°E in 
the range of 25°−30°N (Zhou et al. 2008, Yang et al. 
2018). The WW intensity can be indicated as the lati-
tudinal flux through the cross-section at 110°E in the 
range of 35°−42.5°N (Yang et al. 2018). Previous stud-
ies have demonstrated that these 6 water vapor trans-
port channels are closely related to the SPEC (Tian et 
al. 2002, Zhou et al. 2008, Li et al. 2010, Yang et al. 
2018). 

Table 3 presents the correlation coefficients of the 
negative time coefficient series corresponding to the 
first 4 EOF modes of the SPEC with each WVC index. 
The tripole precipitation pattern of ‘+ − +’ is posi-
tively correlated with the POW and SCSW, but nega-
tively correlated with the TPW and WW, and the 
most significant positive correlation is with the 

87

                       1960s   1970s   1980s   1990s   2000s  2010s 
 
−PC1             −0.39* −0.02    −0.60**  0.60**−0.02    0.29 

−PC2               0.29      0.26    −0.68**−0.17      0.82** 0.04 

−PC3               0.90**  0.50**−0.22      0.21      0.03  −0.23 

−PC4                0.16    −0.44**−0.24    −0.08      0.24    0.33* 

Table 2. The spatial correlation coefficients between the 
decade-to-decade summer water vapor flux divergence 
anomaly and water vapor flux divergence anomaly 
regressed onto the negative time coefficient series (−PCs) 
associated with the first 4 empirical orthogonal function 
modes of summer precipitation in Eastern China. Asterisks: 
correlation coefficients passed the significance test at *90%  

and **95% confidence levels

                IOW      BOBW    TPW    SCSW   POW     WW 
 
−PC1      −0.04       0.31     −0.59**  0.88**   0.51**−0.52** 
−PC2      −0.42*   −0.38*   −0.42*  −0.04    −0.40*  –0.56** 
−PC3      −0.07       0.20       0.16      0.10    −0.46**  0.37* 
−PC4        0.16       0.50**  −0.37*  −0.07       0.07    −0.40* 

Table 3. The correlation coefficients between each water 
vapor channel index and the negative time coefficient series 
(−PCs) corresponding to the first 4 empirical orthogonal 
function modes of the decadal component of summer pre-
cipitation in Eastern China. IOW: Indian Ocean water vapor 
channel; BOBW: Bay of Bengal water vapor channel; TPW: 
Tibetan Plateau Southern Side water vapor channel; SCSW: 
South China Sea water vapor channel; POW: Pacific Ocean 
water vapor channel; WW: westerly water vapor channel. 
Asterisks: correlation coefficients passed the significance  

test at *90% and **95% confidence levels
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SCSW. The quadrupole precipitation pattern of  
‘− + − +’ shows significant negative correlations with 
the IOW, BOBW, TPW, POW and WW. The dipole 
pattern of ‘+ −’ from the north to the south displays a 
significant negative correlation with the POW and a 
significant positive correlation with the WW. The 
negative phase of the EOF fourth mode mainly shows 
a significant positive correlation with the BOBW and 
a negative correlation with the TPW and WW. 

5.  ROLE OF SST ANOMALIES ON DECADE-TO-
DECADE VARIATIONS IN SPEC 

Here we discuss what external forcing factors may 
regulate the decade-to-decade variations of the 
SPEC. The decadal evolution of the summer SST 
anomalies during 1961−2019 (Fig. 5) indicates that 
from the 1960s to the 1970s, there were consistent 
cold SST anomalies in the Indian Ocean, i.e. the neg-
ative phase of the IOBM (Xie et al. 2009). The SSTs in 
the tropical central and eastern Pacific showed sig-
nificant negative anomalies from the 1960s to the 
1970s. Meanwhile, the tropical region with cold SST 
anomalies extended northward along the west coast 
of the Americas into the temperate zone of the North 
Pacific, and the SSTs in the mid-latitude North 
Pacific showed distinct positive anomalies, similar to 
the negative phase of the PDO (Mantua & Hare 
2002). Compared with the situation in the 1960s, the 
SST anomalies in the 1970s weakened in the mid-lat-
itude North Pacific, and the cold SST anomalies in 
the North Atlantic Ocean were stronger and more 
extensive, namely the negative phase of the AMO 
(Enfield et al. 2001), as shown in Figs. 5a-b. In the 
1980s, the Indian Ocean was controlled by weaker 
cold SST anomalies. The SST anomalies in the Pacific 
Ocean changed into the positive phase of the PDO, 
i.e. the mid-latitude North Pacific is controlled by 
negative SST anomalies, while its southeastern SST 
anomalies were positive. In addition, the North 
Atlantic region exhibited consistent cold SST anom-
alies in the 1980s (Fig. 5c). Different from the 1980s, 
the SSTs in parts of the Indian Ocean showed weak 
positive anomalies in the 1990s, the SST in the tropi-
cal central and eastern Pacific increased markedly, 
and the cold SST anomalies in the northern Pacific 
weakened (Fig. 5d). In the 2000s, the SSTs in most of 
the Indian Ocean exhibited positive anomalies, 
namely the positive phase of the IOBM. The Pacific 
SST anomalies changed into the negative phase of 
the PDO, i.e. the range with cold SST anomalies in 
the tropical central and eastern Pacific extended 

northward along the west coast of the Americas to 
the temperate zone of the North Pacific, and the pos-
itive SST anomalies prevailed in the mid-latitude 
North Pacific. In addition, the North Atlantic SST 
anomalies were consistently positive (Fig. 5e). The 
spatial distribution of SST anomalies in the 2000s 
was generally opposite to that in the 1980s. In the 
2010s, positive SST anomalies controlled the entire 
oceanic region except for a few parts in the Pacific 
and Atlantic Oceans (Fig. 5f). 

To reveal the relationship between the SPEC and 
decadal variations of SSTs in different oceans, the 
negative time coefficients series corresponding to the 
4 modes of EOF of SPEC respectively regressed onto 
the global SST are shown in Fig. 6. When the SPEC 
exhibits EOF1 with ‘+ − +’ tripole pattern, the Indian 
Ocean SST and the North Atlantic Ocean SST show 
consistent warm anomalies, and the North Pacific 
Ocean SST shows weak positive PDO-related anom-
alies (Fig. 6a). When the SPEC exhibits the EOF2 
with ‘− + − +’ quadrupole pattern, the Pacific Ocean 
SST shows significant negative-phase PDO feature, 
whereas the SST anomalies in the Indian Ocean and 
North Atlantic Ocean are not obvious (Fig. 6b). When 
the SPEC exhibits the EOF3 north−south reversed 
pattern, the Indian Ocean SST and the Atlantic Ocean 
SST show significant consistent cold anomalies, and 
the North Pacific SST shows weak negative-phase 
PDO features (Fig. 6c). When the SPEC exhibits the 
EOF4 mode, the Pacific Ocean, the North Atlantic 
Ocean, and central portion of the Indian Ocean 
regions all show warm SST anomalies (Fig. 6d). 

The correlations of the decadal components of the 
PDO, IOBM and AMO indexes with the negative 
time coefficient series associated with the first 4 EOF 
modes are further analyzed, as shown in Table 4. The 
EOF first mode, i.e. the tripole pattern mainly charac-
terized by more summer precipitation in the area 
south of the Yangtze River, correlates well with the 
IOBM, and the correlation coefficient is 0.41, passing 
the significance test at the 90% confidence level. 
That is, at the IOBM positive phase, the precipitation 
is more in the areas north of the Yellow River and 
south of the Yangtze River and less between the Yel-
low River and the Yangtze River, and vice versa. The 
EOF second mode (the quadrupole pattern) is mainly 
correlated with the PDO, and the correlation coeffi-
cient is −0.55, passing the significance test at the 
95% confidence level. That is, at the PDO positive 
phase, the precipitation is more in the area north of 
the Yellow River and the middle and lower reaches of 
the Yangtze River and less in the Yellow and Huaihe 
River basins and South China, and vice versa. The 
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EOF third mode (north−south 
anti-phase pattern) has signifi-
cant correlations with the PDO, 
IOBM and AMO, and all corre-
lation coefficients pass the sig-
nificance test at the 90% con -
fidence level. Among them, the 
correlation is the most signifi-
cant with the IOBM (−0.70), fol-
lowed by the AMO (−0.59), and 
the weakest with the PDO 
(−0.39). When the PDO, IOBM 
and AMO are in a positive 
phase, the SPEC is character-
ized by a distribution pattern 
of  flooding in the south and 
drought in the north, and vice 
versa. All the results of the 
analyses on the effects of the 
SST on the second and third 
EOF precipitation modes are 
consistent with the findings of 
Zhang et al. (2018). The EOF 
fourth mode mainly shows the 
correlation with the AMO, and 
the correlation coefficient is 0.52. 
In summary, the PDO has a 
marked influence on the de -
cadal shifting of the SPEC pat-
tern in the late 1970s, and the 
influencing oceanic areas are 
concentrated in middle latitudes. 
The spatial distribution of sum-
mer precipitation is similar to 
that of the EOF second mode. 
This result is also consistent with 
the findings of previous studies 
(Qian & Zhou 2014, Wang & 
Li 2019). However, the decadal 
shifting of the SPEC pattern in 
the early 1990s is mainly influ-
enced by the IOBM, and the 
influencing oceanic areas are 
concentrated at low latitudes. 

6.  DISCUSSION AND  
CONCLUSIONS 

In this study, we investigated 
the decade-to-decade spatio tem -
poral evolution characteristics of 
the SPEC patterns from 1961 to 
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2019 based on the CN05.1 precipitation observa-
tions, ERA5 reanalysis data and Extended Recon-
structed SST data. In addition, we looked at the pos-
sible roles of water vapor transport and the global 
basin-scale SSTs in critical areas on precipitation 
patterns. The main conclusions are as follows. 

The spatial distribution of the SPEC in the last 60 yr 
showed significant decade-to-decade variations. 
Before the 1980s, there was a single main positive 
precipitation anomaly domain. After that, 2 positive 
precipitation anomaly domains, persisted for 30 yr. 
The SPEC is mainly classified into 3 patterns: dipole, 
tripole and quadrupole. The EOF first mode indicates 
that the SPEC presents a spatial distribution of ‘− + −’ 
from the north to the south, namely negative anom-
alies in the areas north of the Yellow River and south 
of the Yangtze River, and positive anomalies 
between the Yellow and Yangtze Rivers. The EOF 
second mode suggests that the SPEC displays a spa-
tial distribution of ‘+ − + −’ from the north to the 
south, i.e. the precipitation anomalies are all positive 
in the area north of the Yellow River and the middle 
and lower reaches of the Yangtze River but negative 
in the Yellow and Huaihe River basins and South 
China. The EOF third mode demonstrates that the 
SPEC shows a spatial distribution of ‘− +’ anti-phase 
from the north to the south, namely negative anom-
alies in the area north of the Yellow River and posi-
tive anomalies from the area south of the Yellow 
River to the south of the Yangtze River. 

The spatial distribution of the SPEC is closely 
related to the spatiotemporal variations of summer 
water vapor transport and its flux divergence over 
East Asia. When the dipole pattern of cyclonic-anti-
cyclonic circulation dominates over the northwestern 
Pacific, and the northwest−southeast water vapor 
transport under the anticyclonic-cyclonic-anticyclonic 
circulation pattern dominates in the area from the 
Mongolian Plateau through the middle and lower 

reaches of the Yangtze River to the Philippine Sea, 
the SPEC is mainly characterized by a tripolar pat-
tern. The decade-to-decade variations of summer 
water vapor transport from South China through 
eastern China and southern Japan to the Sea of 
Okhotsk are similar to the East Asia/Pacific wave-
train type, and they are associated with the formation 
of the SPEC quadrupole pattern. The northwest−
southeast water vapor transport under the anticy-
clonic-cyclonic-anticyclonic circulation pattern over 
the region from the northwest to southeast of the 
Mongolian Plateau through the east of the Yangtze 
and Huaihe River basins to southern Japan is related 
to the SPEC dipole pattern of flooding in the north 
and drought in the south. 

There are noticeable differences in the WVCs 
associated with the 3 precipitation patterns for the 
SPEC interdecadal evolution. The dipole precipita-
tion pattern is mainly related to the POW and WW. 
The tripole pattern is mainly associated with the 
TPW, SCSW, POW and WW. The quadrupole pattern 
is more markedly correlated with the IOW, BOBW, 
TPW, POW and WW. 

Analyses of basin-scale SST anomaly patterns indi-
cate that the north−south anti-phase dipole pattern 
of the SPEC is markedly correlated with the PDO, 
IOBM and AMO. The tripole precipitation pattern is 
mainly related to the IOBM, while the quadrupole 
precipitation pattern is mainly associated with the 
PDO. In the late 1970s, the PDO had a significant 
impact on the decadal change of the SPEC pattern, 
and the influencing oceanic areas were concentrated 
in middle latitudes. In this period, the spatial distri-
bution of the SPEC is similar to that of the EOF sec-
ond mode. However, the decadal shifting of the 
SPEC pattern was mainly influenced by the IOBM in 
the early 1990s, and the influencing oceanic areas 
were concentrated at low latitudes. In this period, the 
spatial distribution of summer precipitation is similar 
to that of the EOF first mode. 

The results of this study indicate that the decade-
to-decade evolution of the spatial distribution of 
summer water vapor transport and its flux diver-
gence in East Asia significantly impact the decadal 
variation in SPEC. These are mainly regulated by the 
decadal variation in SST in the Indian, Pacific and 
Atlantic Oceans. However, the physical mechanisms 
of how the anomalous SSTs affect the decade-to-
decade variations in SPEC spatial distribution needs 
to be further explored, especially the synergistic 
effects of the different SST patterns. This research 
should be conducted through sensitive numerical 
model experiments. Moreover, global SSTs after the 
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           −EOF_PC1   −EOF_PC2   −EOF_PC3  −EOF_PC4 
 
PDO            0.30          −0.55**           −0.39*        −0.19 
IOBM          0.41*            0.02              −0.70**         0.28 
AMO           0.31              0.27              −0.59**         0.52** 

Table 4. The correlation coefficients of the Pacific Decadal 
Oscillation (PDO), Indian Ocean Basin Mode (IOBM) and 
Atlantic Multi-decadal Oscillation (AMO) indexes with the 
negative time series corresponding to the first 4 empirical 
orthogonal function (EOF) modes of the decadal component 
of summer precipitation in Eastern China. Asterisks: corre-
lation coefficients passed the significance test at *90% and  

**95% confidence levels
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2010s showed a wide range of consistently positive 
anomalies. Meanwhile, SPEC since the 2010s also 
exhibited more complex spatial distribution patterns, 
which is partially inconsistent with the water vapor 
flux and its divergence. Therefore, the causes of 
SPEC spatial distribution since the 2010s needs to be 
further explored. For example, the combined effects 
of global warming and natural variability should be 
considered, and a comprehensive analysis should be 
carried out on external forcing factors such as sea ice 
and snow cover. 
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Appendix. 

Fig. A1. The time-latitude profile for 
the 10-yr running empirical orthogonal 
function (EOF) mode on the zonal 
(105°−135°E) averaged summer precip-
itation in eastern China (color shading)
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