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ABSTRACT: This article presents a comprehensive analysis of interannual and interdecadal variations of summer precipitation and precipitation-related extreme events in East China associated with variations of the East Asian summer monsoon
(EASM) from 1979 to 2012. A high-quality daily precipitation data set covering 2076 observational stations in China is analysed. Based on the precipitation pattern analysis using empirical orthogonal functions and the regime shift detection method,
three sub-periods of 1979–1992 (period I), 1993–1999 (period II) and 2000–2012 (period III) are identified to be representative of the precipitation variability. Similar significant variability of the extreme precipitation indices is found across four
sub-regions in eastern China. The spatial patterns of summer mean precipitation, the number of days with daily rainfall exceeding 95th percentile precipitation (R95p) and the maximum number of consecutive wet days (CWD) anomalies are consistent,
but opposite to that of maximum consecutive dry days (CDD) anomalies to some extent during the three sub-periods. However,
the spatial patterns of hydroclimatic intensity (HY-INT) are notably different from that of the other three extreme indices, but
highly correlated to the dry events. The changes of precipitation anomaly patterns are accompanied by the change of the EASM
regime and the abrupt shift of the position of the west Pacific subtropical high around 1992/1993 and 1999/2000, respectively,
which influence the moisture transport and contributes to the precipitation anomalies. In addition, the EASM intensity is linked
to sea surface temperature anomaly over the tropical Indian and Pacific Ocean through its effects on convective activity over
the west Pacific that induces the cyclonic or anticyclonic anomaly over the South China and northwest Pacific.
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1.

Introduction

Extreme precipitation, with the potential for serious consequences to the economy and life (e.g. Kunkel et al., 1999;
Changnon, 2003), has attracted increasing attention from
the public and scientific community around the world (e.g.
Alexander et al., 2006; Moberg et al., 2006; Piao et al.,
2010). Through changes in the atmospheric circulation and
moisture content, climate change can lead to changes in
both the mean and extreme precipitation (Trenberth et al.,
2003). Understanding the changing feature and formation
mechanism of extreme precipitation, as well as its relationship with the atmospheric circulations, is critical for
increasing confidence in projections of future changes in
extreme precipitation by climate models.
As shown in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR5),
the changes in heavy (or ‘extreme’) precipitation events
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since 1951 exhibit strong regional differences. East China,
located in East Asian monsoon region, is vulnerable to
heavy precipitation (Huang et al., 2007) that exhibits complex temporal and spatial variations (e.g. Qian and Lin,
2005; Zhai et al., 2005; Qian and Leung, 2007; Yao et al.,
2008). This complicates investigations on the occurrence,
changing characteristics and underlying mechanisms of
extreme precipitation. Previous studies found important
differences in the historical trends of extreme events over
different time periods and regions in East China (e.g.
Wang and Zhou, 2005; Zhai et al., 2005; Qian et al.,
2009; Zhang et al., 2011). For instance, Zhai et al. (2005)
showed an increasing trend of annual extreme precipitation days in the middle Yangtze River valley during
1951–2000, while Qian and Lin (2005) found decreasing
trends of annual maximum number of consecutive wet
days (CWD) in the same region between 1961–1980 and
1981–2000. Wang and Zhou (2005) demonstrated that
increasing trend of summer extreme precipitation days
occurred mainly over the mid-lower Yangtze River Basin
during 1961–2001, while a decreasing trend was found in
North China and Sichuan Basin.
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Overall, the long-term trend of extreme precipitation in
East China is not significant due to the large interannual
and interdecadal variability (Li et al., 2012). In Northeast
China, more annual heavy rainfall days are observed in
the 1960s, 1980s and 1990s, but fewer in the 1970s and
2000s (Chen et al., 2012). The significant decadal transitions in the frequency and intensity of annual heavy rainfall events (HRE) can also be detected in other regions of
East China in the past 50 years. The annual heavy rainfall days over the Huai River basin experience significant decrease since 1960s, and increase after 1990s (Chen
et al., 2010). Other large river basins show their individual
decadal characteristics during 1956–2008. The studies to
date investigated the interannual and interdecadal variability of extreme precipitation changes in intensity, frequency
and duration (Zhai et al., 1999; Zhang et al., 2008; Chen
et al., 2010, 2012). However, interannual and interdecadal
variability of summer extreme events in East China associated with the variations of the East Asian summer monsoon
(EASM) was not fully explored yet.
In this article, we focused on the interannual and interdecadal variations of summer extreme events associated
with variations of the EASM. On a broader scale, East Asia
has experienced four abrupt summer climate shifts in the
mid-1960s, the late 1970s, and the early and late 1990s,
respectively (e.g. Wang, 2001; Xue, 2001; Kwon et al.,
2007). The summer precipitation in East China responds
differently to these abrupt changes in different regions.
The first abrupt change is reflected by the decreased precipitation over North China after 1965. The second is the
so-called ‘flood in the south and drought in the north’ trend
that begins in the late 1970s in East China, i.e. flood near
the Yangtze-Huai River Basin and drought in North China
as well as South China (Hu, 1997; Lu, 1999, 2003; Wu
and Wang, 2002; Yu et al., 2004). The third climate shift
is detected in South China with more precipitation in the
early 1990s (Kwon et al., 2007; Ding et al., 2008). Following the fourth shift, more precipitation occurs in the
Huang-Huai River Basin and less occurs in the Yangtze
River valley after the late 1990s (Zhu et al., 2010; Huang
et al., 2011a, 2011b). In addition, both annual and seasonal
precipitation has high correlation with extreme precipitation in China (Wang and Yan, 2009; You et al., 2011;
Chen et al., 2012). Therefore, based on the interannual
and interdecadal variations of summer precipitation since
1970s and the relationship between mean and extreme precipitation, the systematical analysis of the variation characteristics of summer extreme events associated with the
variations of the EASM is therefore important for understanding the regularity of extreme events. Moreover, a new
measure of hydroclimatic intensity (HY-INT) proposed by
Giorgi et al. (2011), describing the risk of extreme events,
is adopted in East China for the first time. The analysis
of HY-INT may give us some new understandings of the
extreme events in East China. In addition, we attempt to
provide the possible mechanisms for the interannual and
interdecadal variations of mean and extreme precipitation
changes. In this article, first we examine the interannual
and interdecadal variations of summer precipitation in East
© 2015 Royal Meteorological Society
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China associated with the change of the EASM (Section
3.1). In Section 3.2, we investigate the extreme precipitation in different time periods and regions. We discuss the
possible mechanisms of precipitation change in Section
3.3. Finally, the conclusions and discussion are presented
in Section 4.

2.
2.1.

Data and methods
Data

The daily precipitation data at 2474 observational stations
over China during 1979–2012 are used in this study. With
the strict quality control by China Meteorological Information Center, this higher quality data set is more appropriate
for detecting local changes of extreme events and generally
shows higher precipitation intensity compared with former
studies. We focus on analysis of summer precipitation and
extreme events in June, July and August (JJA). To ensure
accuracy of the statistics, data from stations with more than
5% missing days of observations in the summer of each
year are not used. As a result, data from 2076 stations
(Figure 2(a)) are used to provide precipitation observations
for analysis.
We also employ the National Centers for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data set of monthly mean
surface pressure, geopotential height, horizontal and
vertical winds and specific humidity at a horizontal resolution of 2.5∘ × 2.5∘ (Kalnay et al., 1996). In order to
get robust conclusion, other two reanalysis data sets are
used in this study, including monthly 850 hPa winds from
Modern Era Retrospective Analysis for Research and
Applications (MERRA), with a horizontal resolution of
1/2∘ × 2/3∘ (Rienecker et al., 2011), and European Centre
for Medium-Range Weather Forecasts (ECMWF) Interim
Reanalysis (ERA-interim), with a horizontal resolution of
1.5∘ × 1.5∘ (Dee et al., 2011). Monthly mean sea surface
temperature (SST) from Hadley Centre Sea Ice and Sea
Surface Temperature (HadISST) (Rayner et al., 2003) data
set with a grid mesh of 1∘ × 1∘ and outgoing longwave
radiation (OLR) data obtained from National Oceanic and
Atmospheric Administration (NOAA) (Liebmann and
Smith, 1996) with 2.5∘ × 2.5∘ horizontal resolution are
also used.
2.2.

Methods

To analyse extreme events quantitatively, four extreme
indices are used in this study: number of days with daily
rainfall exceeding 95th percentile precipitation (R95p),
maximum number of CWD, maximum number of consecutive dry days (CDD) and HY-INT. We adopt the first
three indices used by the CCl/CLIVAR Working Group
on Climate Change Detection (Peterson et al., 2001) to
characterize summer extreme precipitation. The last index
HY-INT defined by Giorgi et al. (2011) is a new measure of HY-INT, which integrates the extreme dry and/or
wet events. From the definitions listed in Table 1, these
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 1. Spatial distribution (a, b) and PC time series (c, d) of the two leading EOFs of summer total precipitation in East China for the period
1979–2012. The solid line in (c) and (d) is the 9-year running mean.

four indices are divided into three categories: percentile,
duration and ensemble index, which assess extreme events
from the perspectives of occurrence frequency, persistent
and risk of occurrence, respectively.
We follow the definition of seasonal percentile index
in Sánchez et al. (2004). The percentile thresholds
are calculated from the full time period, 1979–2012
(34 × 92 = 3128 data samples at each station), and the
climatological annual mean is produced for the same base
period.
3.

Results

3.1. Precipitation patterns in East China and the
weakening EASM
The interdecadal variation of EASM has been examined by
numerous previous studies with the conclusion that EASM
has experienced two apparent interdecadal weakening in
mid-1960s and late 1970s (Wang, 2001; Xue, 2001; Guo
et al., 2003; Huang et al., 2004; Jiang and Wang, 2005).
Accompanying the two interdecadal shifts of EASM, the
climate in East China changes with drier in North China
after 1965 and wetter in the Yangtze River Basin after the
late 1970s (e.g. Hu, 1997; Wu and Wang, 2002; Lu, 2003;
© 2015 Royal Meteorological Society

Yu et al., 2004). These change patterns motivate a question
of how the precipitation patterns and extreme events in
East China change associated with the variations of EASM
after 1979.
Sun and Wang (2014) suggested that the leading empirical orthogonal function (EOF) mode of precipitation in
East China represents the dominating pattern of the interannual variability of precipitation. Xu et al. (2015) also
used EOF analysis of the summer precipitation to confirm the representative years for the decadal variations
of summer precipitation over China. So we address the
question mentioned above using EOF to analyse the summer total precipitation in East China from 1979 to 2012.
Figure 1 shows the spatial modes and time series of the
first two leading EOF modes (EOF-1 and EOF-2). These
two EOF modes together account for 27.4% of the total
variance. Although the percentage variances explained by
them are close, they are well separated from each other
according to the criteria of North et al. (1982). The spatial mode of EOF-1 shows a meridional distribution with
a ‘negative–positive-negative’ pattern; i.e. major positive
precipitation anomalies are located in Central China and
negative anomalies occur over South and North China.
This pattern is quite similar to the EOF-1 described by
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 2. Location of 2076 weather stations (a), the regime shift detection method for shift years around 1992/1993 (b) and 1999/2000 (c). The
shift stations with an increase (decrease) in precipitation shown with coloured dots (crosses). The regions with light blue lines in (a) indicate five
sub-regions: NEC, NC, HHR, MLYR, SC used in this study.

Table 1. Summer extreme precipitation indices.
Index
category

Precipitation
indices

Definitions

Units

Percentile

R95p

Days

Duration

CWD

Summer number of days when daily rainfall
(≥0.1 mm day−1 ) > 95th percentile precipitation
Summer maximum number of consecutive wet days
(≥1 mm day−1 )
Summer maximum number of consecutive dry days
(<1 mm day−1 )
HY-INT = INT × DSL

CDD
Ensemble

HY-INT

Days
Days

Wet days, daily precipitation ≥ 1 mm (You et al., 2011); dry days, daily precipitation < 1 mm; INT (wet event), the summer mean precipitation
intensity during wet days; DSL (dry event), the summer mean number of consecutive dry days during each dry spell. Both INT and DSL are
normalized by their minimum and maximum values, respectively.

Li and Leung (2013) and EOF-2 by Zhou and Yu (2005).
The time series, or principle component (PC), of EOF-1
is also the same as those found in these previous studies,
with marked interdecadal transition in 1992/1993 that indicates the occurrence of heavy precipitation over Central
China during 1979–1992 and shift to South China during 1993–2012. The EOF-2 spatial pattern shows large
precipitation anomaly over middle-lower Yangtze River
Basin (MLYRB). Like EOF-PC1, EOF-PC2 also shows
obvious interdecadal transition in 1999/2000. During the
period of 1993–1999, heavy precipitation is mainly over
the MLYRB, while it jumps to Huang-huai River Basin
during the period of 2000–2012.
To confirm further the interannual and interdecadal transition of precipitation in East China, the sequential T-test
analysis of regime shifts (Rodionov, 2004) is adopted. In
this article, the cut-off regime length is set to 7 years, and
the property level to 0.1. We detect the regime shift at individual stations. The location of the regime shift detection
method for shift years around 1992/1993 and 1999/2000
is illustrated in Figure 2. Many stations over East China,
including South China, Southwest China and North China,
experience significant regime shifts towards increased
precipitation around 1992/1993, while the shift stations
© 2015 Royal Meteorological Society

with a decrease in precipitation are mainly over Sichuan
Basin (Figure 2(b)). This significant anti-phase precipitation change around 1992/1993 between Sichuan Basin and
South China is consistent with the spatial distribution of
the first EOF mode. The regime shifts associated with the
decreased precipitation around 1999/2000 could be found
over Northeast China, North China, part of MLYRB and
South China (Figure 2(c)), implying an abrupt change of
precipitation in East China during these years.
Based on the two time series of EOF and analysis of
regime shifts, we divide the entire time period into three
sub-periods: 1979–1992 (period I), 1993–1999 (period II)
and 2000–2012 (period III), which is similar to previous
studies (Zhu et al., 2010; Huang et al., 2011a, 2011b,
2013). In the next section, the analysis will focus on the
changes in precipitation anomaly patterns and extreme
events during these three sub-periods.
3.2. Anomalies in precipitation patterns and extreme
events
Figure 3 depicts the spatial anomalies of summer precipitation for the three sub-periods relative to the summer mean
of 1979–2012. In period I (Figure 3(a)), the major rainbelt
is oriented from Northeast China to Sichuan Basin in the
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 3. Anomalies of summer mean precipitation (mm day−1 ) averaged for the three sub-periods: (a) 1979–1992, (b) 1993–1999 and (c)
2000–2012, relative to the 1979–2012 average. The black crosses indicate the mean precipitation exceeding the 90% significance level based
on the Student’s t-test.

Figure 4. Anomalies of number of days with daily precipitation exceeding 95th percentile (R95p, days year−1 ) during summer for the three
sub-periods: (a) 1979–1992, (b) 1993–1999 and (c) 2000–2012, relative to the 1979–2012 average. The black crosses indicate the R95p exceeding
the 90% significance level based on the Student’s t-test.

northeast-southwest direction. Meanwhile, precipitation is
enhanced over the Yangtze-Huai River Basin and reduced
over the Huang-huai River Basin, South and most parts
of Southwest China, respectively. The precipitation pattern in period I is consistent with the EOF results, showing
wet conditions in the Sichuan Basin and dry conditions in
South China. The pattern correlation coefficient between
the precipitation pattern in period I and the mode of EOF-1
is up to −0.84.
In period II (Figure 3(b)), the distribution of the precipitation anomaly pattern is more meridional. Negative
precipitation anomalies mainly occur in the central meridional belt of East China, sandwiched between significant
positive anomalies to the north and south of the belt, i.e.
precipitation increases since 1992 north of Yellow River
and south of Yangtze River. This pattern is similar to the
EOF-1 mode (pattern correlation coefficient = 0.69).
© 2015 Royal Meteorological Society

In period III (Figure 3(c)), a reverse pattern to period I
is shown (pattern correlation coefficient = −0.64). Regions
east of 103∘ E (i.e. Northeast China, Southwest China and
the MLYRB) are relatively dry after 1999, while more
precipitation occurs over Huang-huai River Basin and
South China. The negative precipitation anomalies around
MLYRB and Northeast China are associated with the large
variation amplitude of PC2 during period III.
Figure 4 shows the spatial distributions of the R95p
anomalies in the three sub-periods. Despite the larger
spatial variability, the R95p anomaly pattern is consistent
with the mean precipitation anomaly patterns shown in
Figure 3. During the three sub-periods, high frequency of
extreme precipitation is concentrated mostly in the same
regions with positive precipitation anomalies. The pattern
correlation coefficients between R95p and precipitation
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 5. Anomalies of maximum number of consecutive wet days (CWD, top panel) (days year−1 ) and consecutive dry days (CDD, bottom panel)
(days year−1 ) during summer for the three sub-periods: (a) 1979–1992, (b) 1993–1999 and (c) 2000–2012, relative to the 1979–2012 average. The
black crosses indicate the CWD or CDD exceeding the 90% significance level based on the Student’s t-test.

anomalies are high with values of 0.78, 0.76 and 0.77 in
the three sub-periods, respectively.
In order to reveal further the feature of extreme precipitation, Figure 5 shows the anomalies of CWD and CDD
for the three sub-periods as an indication of persistent precipitation and drought in China. Compared to Figure 3,
the patterns of CWD and precipitation anomalies are similar for all three sub-periods, with pattern correlation coefficients above 0.5 in each sub-period. In period I, both
CWD and precipitation show positive anomalies in Northeast China and Sichuan Basin. During period II, positive
precipitation and CWD anomalies almost occur over the
entire East China except the central part and part of Northeast China (Figure 5(b)). In the last period, both positive
precipitation anomalies and CWD anomalies are located
in Huang-Huai River and South China (Figure 5(c)). As
expected, the CDD anomalies are almost negatively correlated (RI = −0.52 and RII = −0.49) with the precipitation
anomalies in the first two sub-periods, with a few exceptions. For example, the positive CDD anomaly occupies a
smaller coverage than the negative precipitation anomalies
over Huang-huai River in period I (Figure 5(d)), and the
negative CDD anomaly does not cover the whole Central
China in period II (Figure 5(e)). In period III, CDD anomalies over MLYRB and Southwest China where negative
precipitation anomalies occur are negative (Figure 5(f)).
© 2015 Royal Meteorological Society

The spatial distributions of HY-INT, dry spell (DSL)
and INT averaged for the three sub-periods are presented
in Figure 6. The spatial correlation coefficients between
HY-INT and DSL are higher than that between HY-INT
and INT in three sub-periods, more than 0.6, shown in top
right of Figure 6(d)–(f). In period I, high HY-INT values
mainly occur in and to the south of the Yangtze River
Basin, which indicate a high risk of intense precipitation
and/or long drought events there. This may be due to some
dry events in South China during this period (Figure 6(d)).
In period II, the high risk of extreme events in North China
may be associated with the increase of wet events. In
period III, except for the middle-lower Yellow River Basin,
most regions suffer a high risk of extreme events. The high
HY-INT over Northeast China may be caused mainly by
dry events, while the HY-INT over South China may be
due to relatively wet conditions.
To reveal the interannual and interdecadal variations
of regional precipitation and extreme events, the region
of eastern China is divided into five climatic sub-regions
(as shown in Figure 2(a)): Northeast China (NEC), North
China (NC), Huang-huai River (HHR), middle-lower
Yangtze River (MLYR) and South China (SC), based on
the location of the regime shift detection method for shift
years around 1992/1993 (Figure 2(b)) and 1999/2000
(Figure 2(c)). The annual variations of mean precipitation
and extreme indices averaged over the five sub-regions
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 6. Summer hydroclimatic intensity (HY-INT, a–c), the mean number of consecutive dry days during each dry spell (DSL, d–f) and the mean
precipitation intensity during wet days (INT, g–i) averaged for the three sub-periods, respectively. The stations with the black cross are statistically
significant exceeding 90% significance level based on the Student’s t-test. The spatial correlation coefficients between HY-INT and DSL (INT) are
shown at the top right of each panel (d–i).

are shown in Figure 7. In general, the annual variations
of mean precipitation and R95p (or CWD) are consistent
with each other and negatively correlated with that of
CDD (except in MLYR) to some extent in all five regions,
indicating a coherent relationship among mean precipitation, R95p, CWD and CDD. In particular, the correlation
coefficients between mean precipitation and R95p (or
CWD) in each sub-region is higher than 0.89 (0.74).
In addition, interannual and interdecadal variations of
mean precipitation and the extreme indices are obvious in
these sub-regions, but the shift years are different, which
result in different precipitation and extreme precipitation
patterns in China. In NEC (HHR), the abrupt decrease
(increase) in mean precipitation, R95p and CWD all
© 2015 Royal Meteorological Society

occur around 1999/2000, while the significant increase
(decrease) in CDD is found around 1999. In NC, the variation amplitudes of mean precipitation, R95p and CWD
increase during 1993–1999. In MLYR, mean precipitation, R95p and CWD exhibit weak interannual upward
trend after 1993 and significant decrease after 1999.
Although the relationship between mean precipitation and
CDD is poor, the shift years of CDD are consistent with
that of other three extreme indices. And in region SC,
mean precipitation, R95p and CWD increase substantially
after 1993, while CDD decreases. The time series of mean
precipitation and these three indices in NEC, HHR and
MLYR reflect the second shift year, and in SC, they reflect
the first shift year. In region NC, both the first and the
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 7. The standardized time series (with 7-year low-pass-filtered) of the mean precipitation, the number of days with daily rainfall exceeding
95th percentile precipitation (R95p), the maximum number of consecutive wet days (CWD) and the maximum number of consecutive dry days
(CDD) averaged over NEC (a), NC (b), HHR (c), MLYR (d) and SC (e), respectively, during summer. The correlation coefficients between mean
precipitation and three extreme indices are shown at each panel with the colours corresponding to the line colours of the three indices.

second shift years could be detected there. The analysis of
regional precipitation and extreme events further confirms
the division of the sub-periods adopted above.
To attribute the variations of HY-INT and investigate
whether HY-INT has the same shift years as the precipitation anomaly patterns, we calculate the regional averaged
number of consecutive dry days during each dry spell
(DSL) and the precipitation intensity during wet days
(INT) (Figure 8). The result shows that the time series of
HY-INT and DSL are correlated to each other, especially
in the sub-regions of NEC (R = 0.96), NC (R = 0.93) and
HHR (R = 0.89), which means that DSL dominates the
changes of HY-INT in eastern China. Although the spatial
patterns of HY-INT in the three sub-periods are different
from that of precipitation and extreme events, the shift
years of them are close to each other in individual regions.
As shown in Figure 8(a), NEC experiences a weak rising
© 2015 Royal Meteorological Society

trend, especially after 1999. In HHR, just the second shift
(the shift year around 1999/2000) could be found. In the
other three regions, both the first (the shift year around
1992/1993) and the second shifts could be detected.
Figure 9 illustrates the four extreme indices over the five
sub-regions of East China during the three sub-periods.
The north-to-south variations of R95p over the area north
(south) to Huai River in the first and third periods are similar to that of CWD, both showing a decline (increase)
in R95p and CWD from NEC to HHR in the first period
and from MLYR to SC in the third period. Both CDD and
HY-INT show anti-phase variations with the R95p and
CWD mentioned above except for the CDD over HHR
in period I. In period II, the north-to-south variations of
HY-INT over East China are similar to that of CDD, indicating that the risk of extreme event during this period is
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 8. The standardized time series (with 7-year low-pass-filtered) of the hydroclimatic intensity (HY-INT), and the mean number of consecutive
dry days during each dry spell (DSL), and the mean precipitation intensity during wet days (INT) averaged over NEC (a), NC (b), HHR (c), MLYR
(d) and SC (e), respectively, during summer. The correlation coefficients between HY-INT and DSL (INT) are shown at the top middle (right) of
each panel.

mostly related to drought. From NEC to HHR, the variations of R95p are consistent with that of CWD. However,
the disagreement in variations between R95p and CWD is
detected from MLYR to SC.
3.3. Possible reasons of precipitation anomaly
variations
The EASM index proposed by Wu and Ni (1997) is used
for the analysis of interdecadal variation. This index is
defined as the meridional wind anomaly at 850 hPa averaged over East Asia (20∘ –30∘ N, 110∘ –130∘ E). Figure 10
shows the time series of EASM index based on three
reanalysis data sets for 1979–2012. The time series,
showing good agreement among the three reanalysis data
sets, have two robust shifts in 1992/1993 and 1999/2000.
These two shifts notably coincide with the changes in
precipitation patterns, suggesting that the interannual
© 2015 Royal Meteorological Society

and interdecadal variation of precipitation anomalies and
extreme events in China are highly correlated with that of
EASM. In addition, the strength of EASM also influences
the position of the rainband. In period I, the strength
of EASM is weak, resulting in more precipitation over
the northern MLYR. In period II, the stronger EASM
is accompanied by a northward shift of the rainband to
North China, as the Meiyu front propagates further north.
In period III, the rainband retreats to Huang-huai River
as the strength of EASM becomes weaker initially, but
strengthens in the middle of this period.
In general, precipitation is driven by the convergence
of moisture fluxes (e.g. Lu and Kim, 2004; Huang et al.,
2013). Figure 11 depicts the climatological JJA mean
moisture flux for the whole time period, the anomalies
of moisture flux and divergence averaged in the three
sub-periods. The anomalies of moisture transport and
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 9. The regional averaged values of four indices: the number of days with daily precipitation exceeding 95th percentile precipitation (R95p), the
maximum number of consecutive wet days (CWD), the maximum number of consecutive dry days (CDD) and the hydroclimatic intensity (HY-INT)
in three sub-periods during summer.

Figure 10. The 34-year (1979–2012) time series of EASM index based
on three reanalysis data sets. The three grey lines are the 7-year running
mean corresponding to the black lines, respectively.

divergence are spatially consistent with the precipitation
anomalies shown in Figure 3(a), especially to the south
of the Huai River. In the low-latitudes monsoon region,
Indian monsoon transports the strong moisture from Bay
of Bengal to Southeast China (Figure 11(a)), which is the
main source of summer monsoon precipitation in China.
Another moisture source is the moisture transport by the
East Asian monsoon circulation from Western Pacific to
Southeast China (Simmonds et al., 1999; Ding and Chan,
2005; Zhou and Yu, 2005). In period I, there is an absence
of moisture transport from West Pacific to East China.
Moreover, the cyclonic circulation anomaly over South
© 2015 Royal Meteorological Society

China Sea suppresses southwesterly moisture transport
(Figure 11(a)) to South China, which results in less precipitation over there (Figure 11(b)). In period II, significant southwesterly moisture flux anomalies transport more
moisture from the tropical western Pacific to East Asia,
resulting in persistent higher moisture content over South
China (Figure 11(c)). In period III, moisture transport that
originates from the subtropical western Pacific forms a
cyclonic anomaly over Southeast China, bringing positive moisture transport flux divergence anomalies in the
MLYRB and Southwest China but negative anomalies in
South China (Figure 11(d)).
In the mid-latitudes, the moisture transport flux is
dominated by the westerlies and is weaker than the
low-latitudes. In period II, the Central China is covered by moisture transport flux divergence anomalies
(Figure 11(c)). In period I, a large cyclonic southwesterly convergence anomaly over Northeast China brings
more moisture there (Figure 11(b)), while an anticyclonic
anomaly below the Lake Baikal leads to less moisture over
Northeast China in period III (Figure 11(d)). In addition,
the spatial distribution of moisture transport flux in period
III is nearly reversed compared to that of period I, which
may generate the reversed precipitation anomaly pattern.
Therefore, more analysis of the moisture transport is
important to understand the underlying mechanisms that
govern precipitation anomaly patterns.
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Figure 11. (a) Vertically integrated (1000–300 hPa) JJA mean moisture flux (vectors in 100 kg m−1 s−1 ) for 1979–2012. The shading indicates the
magnitude of the moisture flux vector. Anomalies of vertically integrated (1000–300 hPa) JJA moisture flux (vectors in kg m−1 s−1 ) and divergence
(shading in 10−5 kg m−2 s−1 ) averaged for the three sub-periods: (b) 1979–1992, (c) 1993–1999 and (d) 2000–2012, relative to 1979–2012. The
green dots indicate the moisture flux divergence exceeding the 90% significance level based on the Student’s t-test.

As a key component of the EASM system, the West
Pacific Subtropical High (WPSH) has a great influence
on the climate of China, with its intensity and location
closely associated with summer precipitation (Tao and
Chen, 1987; Huang and Wu, 1989; Hu, 1997; He et al.,
2001). To analyse the characteristics of WPSH, two
indices including intensity and western ridge point are
adopted following the definition given by Beijing Climate
Center. The intensity index is defined as the accumulated
value of the 500 hPa geopotential height anomaly (relative
to 587 geopotential decameter) in the grids with the height
larger than 588 gpdm in region (10∘ –the North Pole,
110∘ –180∘ E). The western ridge point index is the most
west longitude of the contour 588 gpdm from 90∘ to 180∘ E.
After comparing the time series of two indices, we find
that both the intensity and the western ridge point show
remarkable interannual and interdecadal variations during
the entire period as shown in Figure 12(a) and (b). The
interannual and interdecadal variation of the western ridge
point index is consistent with that of precipitation patterns
showing the shift years in 1992/1993 and 1998/1999. The
interannual and interdecadal regime shifts of the intensity
index are generally similar with that of precipitation
patterns in China, although its shift years are a little
different from those of precipitation. The disagreements
are observed in the early 1990s, mid-1990s and early
2000s. From the perspective of large-scale atmospheric
circulation, WPSH influences on the precipitation patterns
in East China through its effect on the anomalies of moisture transport path. The WPSH is relatively stronger and
extends more westward after 1992/1993. In the meantime,
© 2015 Royal Meteorological Society

Figure 12. The standardized intensity, western ridge point index of the
500 hPa geopotential height, with the black lines indicating the 5-year
running mean.

the circulation along the edge of WPSH transports more
moisture from tropical West Pacific to the edge of East
China, which increases southwesterly moisture transport
to MLYRB and Southeast China. Since 1999/2000, the
WPSH becomes weaker and moves towards eastward, and
the southwesterly moisture transport is suppressed. Similar result was proposed by Gong and Ho (2002) and Hu
(1997), who showed that the abrupt change of summer
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 13. Anomalies of summer (a–c) SST (∘ C) and (d–f) OLR (W m−2 ) averaged for the three sub-periods relative to 1979–2012. The black grids
indicate the SST or OLR exceeding the 80% significance level based on the Student’s t-test.

climate over East Asia and the change in summer precipitation over Yangtze River Basin in the late 1970s were both
related to the intensification and southwestward extension
of the WPSH. Our analysis confirms that the changes in
precipitation anomaly patterns in China are closely related
to the WPSH’s intensity and position.
Having demonstrated that the summer precipitation
in China is largely controlled by EASM through moisture transport by large-scale circulation features, it is
important to understand factors that influence EASM on
interannual and interdecadal time scales. Wu and Wang
(2002) showed that the significant transition of the EASM
in the late 1970s is correlated strongly with the climate
change in the tropical Pacific. The warming in the tropical
Indian Ocean also plays an important role in inducing
the anticyclone anomaly over the West Pacific (Wu et al.,
2009). The changes in the intensity and location of convection anomaly over the West Pacific contribute most
to the change in the ENSO-related East Asian summer
circulation anomaly, through the teleconnection pattern,
i.e. ‘Pacific–Japan (PJ) pattern’ (Nitta, 1987; Kosaka and
Nakamura, 2006) or ‘East Asia-Pacific pattern’ (Huang,
1992). Sun and Wang (2014) systematically analysed
the climate in tropical Pacific and Indian Ocean and its
linkage with the moisture transport anomaly over the East
Asian. They suggested that the warming in the SST over
the Maritime Continent would strengthen the convective
anomaly there, which may induce a meridional wave train
causing the descending and anticyclonic anomaly over the
West Pacific and South China. Moreover, the anomalous
© 2015 Royal Meteorological Society

ascending near the Maritime Continent and the anomalous
descending over central-eastern tropical Pacific, with
easterly anomaly at low level and westerly anomaly at
upper level over western-central Pacific, may strengthen
the Walker circulation.
This article mainly focuses on the relationship between
the moisture transport anomaly over the East Asian and
convection anomaly causing by the tropical Pacific and
Indian Ocean. As shown in Figure 13(a)–(c), the changes
in SST over some regions of tropical Pacific and Indian
Ocean are significant in different sub-periods. The SST
there is divided into three regimes: the tropical Indian,
West Pacific and East Pacific, consistent with previous
studies (e.g. Hu, 1997; Chang et al., 2000). In period I,
only the East Pacific is warming, while the other two
regions are cooling. In period II, the tropical Indian and
Pacific are all warming. In period III, the Indian and West
Pacific are warming but the other region is cooling. The
possible mechanism for the SST-EASM (moisture transport) relationship is the presence or absence of the deep
convection associated with the SST anomaly (SSTA) that
can lead to an anomaly of the Northwest Pacific anticyclone or cyclone, which is well recognized as the dominant
mode of interannual variability of EASM (Wang et al.,
2008; Fan et al., 2013). The deep convection inferred by
the OLR anomaly shown in Figure 13(d)–(f) shows some
clear correspondence with the SSTA in Figure 13(a)–(c),
although large-scale circulation pattern has often been
invoked to account for the relationship between deep
convection and SST (Lau et al., 1997). The enhanced
Int. J. Climatol. 36: 2942–2957 (2016)
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Figure 14. Anomalies of summer wind (vector), and its divergence (shading) at 850 hPa (a–c) and 200 hPa (d–f) for the three sub-periods relative
to 1979–2012. The shading illustrates the areas of convergence anomalies. The dots indicate the wind divergence at 850 and 200 hPa exceeding the
90% significance level based on the Student’s t-test.

convective activities with warm SST over East Pacific and
Indian Ocean in period II produces low level convergence
(Figure 14(b)) and upper level divergence (Figure 14(e))
over these two regions, which may cause the westerly
(easterly) anomaly at low level and easterly (westerly)
anomaly at upper level over the tropic Pacific (East Indian
Ocean). With strong warm SSTAs over the East Pacific
and the Indian Ocean (Figure 13(b)), deep convection
induces an anomalous circulation with a subsiding branch
over Northwest Pacific where an anticyclone forms
(Figures 11(c) and 14(b)). In period III, the significant
difference of SST between tropical West and East Pacific
leads to the deep convection enhanced over the Northwest
Pacific, which may induce the positive PJ pattern, i.e. the
cyclonic anomaly over South China and Northwest Pacific
and the anticyclonic anomaly to the south-east of Japan
(Figures 11(d) and 14(c)). Compared to period III, the
distribution of SSTA over tropical Ocean in period I shows
the nearly reversed pattern. The suppressed convective
activity with cold SST over West Pacific may induce the
negative PJ pattern, corresponding to the anticyclonic
anomaly over South China and Northwest Pacific and the
cyclonic anomaly to the south-east of Japan (Figures 11(b)
and 14(a)). The underlying mechanisms in this article,
associated with the relationship between the anomalous
convective activity over West Pacific and the circulation
anomaly over the regions to its north, are consistent with
previous findings (e.g. Nitta, 1989; Kosaka and Nakamura,
2006; Sun and Wang, 2014).
© 2015 Royal Meteorological Society

4. Discussion
We only investigate the mechanism associated with the
mean precipitation anomalies, because R95p and CWD
share the similar pattern to that of mean precipitation in
many regions. However, in some regions, the variations of
CDD are low correlated with that of mean precipitation,
such as MLYR. The mechanism for it needs to be further
studied in our future work.

5. Conclusions
In this study, the interannual and interdecadal variations of
extreme precipitation are investigated using four extreme
indices, from the perspective of occurrence frequency,
persistence and the risk of occurrence, based on daily
precipitation data at 2076 observational stations over East
China from 1979 to 2012. The mechanisms associated
with the changes in precipitation anomalies and extreme
events were further studied using NCEP/NCAR reanalysis data sets. During the period 1979–2012, EOF-PC1
and -PC2 of summer total precipitation in East China
show significant interdecadal variations and notable shifts
around 1992/1993 and 1999/2000, respectively. The
analysis of precipitation regime at individual stations
confirms the variations of precipitation in East China
given by EOF analysis. The whole period from 1979 to
2012 is then divided into three sub-periods for analysis
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of interannual variations of precipitation anomalies and
extreme events.
Generally, the spatial patterns of summer mean precipitation, R95p and CWD anomalies are consistent, but
opposite to that of CDD anomalies to some extent during the three sub-periods. In period I, positive precipitation, R95p and CWD anomaly and negative CDD anomaly
are observed over Northeast China, Sichuan Basin with
a northeast to southwest orientation and northern part of
MLYR, while the spatial patterns of precipitation anomalies and extreme events in period III are nearly opposite to
that of period I. In period II, the precipitation and extreme
indices exhibit a meridional structure and belt-like distribution with positive anomalies occurring over the area
north to Yellow River and south of Yangtze River. The shift
years of these three indices in East China are also the same
as that of the EOF time series, indicating that the changes
in extreme precipitation occurrence frequency and persistence in East China are consistent with the interannual and
interdecadal variations of precipitation over East China. In
addition, the opposite spatial patterns between CWD and
CDD, as well as the opposite time series between them,
complement the conclusion from the IPCC 5th Assessment
Report (IPCC, 2013), i.e. an increase in the frequency of
one extreme can be accompanied by a decline in the opposite extreme, such as the numbers of hot and cold days.
Using HY-INT as a combined index of precipitation
intensity and DSL length, its spatial patterns is found to be
different from the anomalies of precipitation patterns, but
its time series have a positive correlation (R > 0.67) with
DSL in East China. This suggests that dry events are the
main contributor to the variation of HY-INT in East China
in the past few decades.
Large-scale atmospheric features, especially the
anomaly of East Asian monsoon system, play a key
role in affecting precipitation and extreme events over
East China. The 7-year running mean time series of
EASM index show significant shifts in 1992/1993 and
1999/2000, with weak, strong and neutral intensity in the
three sub-periods, respectively. Both the shift years and
the intensity variations of EASM are consistent with the
interannual and interdecadal variations of the precipitation
patterns. Moreover, the spatial distributions of the precipitation and moisture convergence anomalies are consistent
with each other in East China. Most notably, precipitation
anomalies and extreme events in East China generally
vary with the intensity and western ridge point of WPSH,
which appear to be the two key factors affecting EASM
precipitation in East China.
Lastly, the SST-EASM relationships were analysed for
the three sub-periods. In periods I and III, the possible
mechanism is that the convective activity over the West
Pacific influences the circulation over South China and
Northwest Pacific in the form of teleconnection. In period
II, convective activity over the West Pacific forced by
the SST in tropical Pacific and Indian Ocean plays an
important role in the circulation anomaly over South China
and Northwest Pacific.
© 2015 Royal Meteorological Society
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