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Abstract

Based on the high-resolution observed daily precipitation data, three characteristic regions
over eastern China are ﬁrst deﬁned through the rotated empirical orthogonal function. Then, the
relationship between summer (June-July-August) extreme precipitation across the three characteristic
regions of eastern China and the South Asian High (SAH) is examined to determine how the
northwest-southeast movement and area (magnitude) of SAH inﬂuence the summer extreme precipitation
across eastern China. When the South Asian High is located anomalously northwest, there is more extreme
precipitation over the northern part of eastern China but less extreme precipitation over the Jiang-Huai
River Basin. When the SAH intensiﬁes, there is more extreme precipitation over the Jiang-Huai River Basin.
The mechanisms are that under the conditions of anomalously northwestward displacements, the positive
geopotential anomalies over central Asia induce a deep barotropic Korean High through a Rossby wave
train, resulting in more water vapor transportation to eastern China with more convergence over the
northern part of eastern China located at the northwestern edge of the Korean High but with a divergence
over the Jiang-Huai River Basin. When the SAH intensiﬁes, accompanied by an enhanced and westward
extended western Paciﬁc subtropical High, the convergence over the Jiang-Huai River Basin increases with
enhanced water vapor transportation due to the conﬂuence of warm and cold advections. These
mechanisms are achieved through shifts toward the high tail (low tail) of the daily precipitation cumulative
distributions of these two regions and ﬁnally increases (decreases) in the occurrence of
extreme precipitation.

1. Introduction
Because of the large impacts on the society and ecosystems, climate extremes have attracted increasing
attention in recent climate studies [Easterling et al., 2000a, 2000b; Meehl and Tebaldi, 2004; Li et al., 2013;
Coffel and Horton, 2015]. The Intergovernmental Panel on Climate Change Fifth Assessment Report indicates
that the globally averaged surface air temperature shows a warming of 0.85°C over the period of 1880–2012,
with signiﬁcant increases in different climate extremes over different regions [Frich et al., 2002; Alexander
et al., 2006; Hartmann et al., 2013; Donat et al., 2013; Sillmann et al., 2013a]. Since these increases will probably
continue under the background of future warming [Meehl et al., 2007; Sillmann et al., 2013b; Horton et al.,
2015; Ning et al., 2015], a better understanding on the mechanisms inﬂuencing regional climate extremes
is needed to improve the predictions of future climate extremes.
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To analyze the mechanisms behind the variations of regional climate extremes, one major aspect is to
investigate the inﬂuences from prominent large-scale circulation modes, such as the North Atlantic
Oscillation [Wallace and Gutzler, 1981; Barnston and Livezey, 1987], Paciﬁc-North American pattern (PNA)
[Wallace and Gutzler, 1981; Leathers et al., 1991], and El Niño–Southern Oscillation (ENSO) [Trenberth, 1997].
Previous studies have revealed that both the regional mean climate [e.g., Rasmusson and Wallace, 1983;
Ropelewski and Halpert, 1986; Hartley and Keables, 1998; Kunkel and Angel, 1999; Bradbury et al., 2003; Ning
et al., 2012a, 2012b; Ning and Bradley, 2014, 2016] and climate extremes [e.g., Wettestein and Mearns, 2002;
Brown et al., 2008; Loikith and Broccoli, 2014a, 2014b; Ning and Bradley, 2015a] are inﬂuenced by these
large-scale circulation modes. For example, Griffths and Bradley [2007]observed increases in both
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temperature and precipitation extremes in 1926–2000 in the northeast U.S., and some of the variability
associated with changes in these extremes can be explained by variations in the Arctic Oscillation (AO),
ENSO, and PNA. Ning and Bradley [2015b] indicated that two types of El Niño, i.e., the eastern Paciﬁc
El Niño and central Paciﬁc El Niño [Yu et al., 2012; Liang et al., 2014], have signiﬁcantly different inﬂuences
on winter climate extremes over the eastern U.S. because of the different circulation anomalies resulting from
different wave train patterns at the 500 hPa level. Over eastern China, the AO and ENSO were found to be
related to the winter extreme warm and cold days through the application of the generalized extreme value
distribution theory [Chen et al., 2013]. When examining the relationship of the ENSO and the frequency of
extreme precipitation events in China, Li et al. [2011] found that during winter and spring, extreme precipitation events occur more often during El Niño events than during La Niña events, while the opposite was found
during summer and autumn. Mao et al. [2011] also showed that a positive AO usually induces signiﬁcant
winter extreme precipitation over central southern China through a stronger Middle East jet stream and
deepened southern branch trough over the Bay of Bengal.
Eastern China is located in the East Asian summer monsoon (EASM), and the summer (June-July-August) precipitation over eastern China is directly inﬂuenced by the EASM. Usually, a stronger EASM corresponds to more
precipitation over northern China, whereas a weaker EASM leads to more precipitation over the Yangtze-Huai
River valley [Zhang, 2015]. Therefore, the summer precipitation over eastern China can be used to reﬂect the
intensity of the EASM [Wang et al., 2008]. The EASM is also inﬂuenced by other circulation systems, such as
the western Paciﬁc subtropical high (WPSH) [Wang et al., 2013]. Zhou et al. [2009] found that the westward
extension of the WPSH is a possible reason for changes in the EASM and summer precipitation in the late
1970s when the EASM weakened and more rainfall occurred over the lower reach of the Yangtze River valley.
In addition to the EASM and WPSH, another large-scale circulation pattern exerting signiﬁcant inﬂuence
the summer precipitation over eastern China is the Silk Road pattern [Enomoto et al., 2003]. This pattern is
a propagation of a Rossby wave train along the Asian jet in the upper troposphere over the Eurasia continent,
and it was found to signiﬁcantly impact precipitation over North China and the Yangtze River valley [Chen and
Huang, 2012; Zhang and Zhou, 2015].Huang et al. [2013] also indicated that the interdecadal change of summer precipitation over eastern China during the late 1990s was induced by the weakening and poleward shift
of the East Asia subtropical westerly jet through the changes of the Silk Road pattern over the Eurasia continent.
These three systems also show combined effects on the summer precipitation over eastern China. For example,
Wang and He [2015] demonstrated that the intensiﬁed Silk Road pattern was responsible for the strongly positive precipitation anomaly over the Yangtze River valley and negative precipitation anomaly over northeastern
China in 2014 through a southward shift of the WPSH and a weakening of the EASM.
Eastern China has a large human population and encompasses an enormous diversity of geography, climate,
ecological resources, and human land use. During the last several decades, eastern China has experienced
signiﬁcantly increasing trend in extreme precipitation events [Zhai et al., 1999; Ren et al., 2000]. These
increases have brought large inﬂuences to the regional society and economy. Consequently, eastern China
poses many unique challenges for understanding, adapting to and mitigating the effects of extreme precipitation. Previous studies have shown that the modes of large-scale circulations, such as the ENSO, can cause different impacts to the amount and frequency of extreme precipitation over eastern China [e.g., Li et al., 2011].
These increases in extreme precipitation during recent decades have also been found to be potentially caused
by the trends of circulation over East Asia, e.g., the strengthening trend of the continental high over Eurasia and
the weakening trend of the western Paciﬁc subtropical High [Wang and Zhou, 2005]. Ning and Qian [2009] also
indicated that the signiﬁcant increase of summer extreme precipitation events over south China during the
early 1990s were caused by the interdecadal variations of the latent heat over the South China Sea and sensible
heat over Indochina. When investigating the variations of extreme precipitation over China, Wang et al. [2014]
found that the annual extreme precipitation was associated with the sea surface temperature around the
Indian Ocean and the South and East China Seas. You et al. [2011] also demonstrated that the decline of the
Asian monsoon circulation strength has contribution to severe rainfall anomalies including ﬂoods in southern
China and droughts in the north over recent decades.
In addition to the above circulation patterns, the South Asian High (SAH), which is an important semipermanent anticyclonic circulation pattern in the upper troposphere over the Asian continent in the boreal summer
[Mason and Anderson, 1958], also shows strong inﬂuences on the different aspects of climate over Asia and
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China, such as the Asian summer monsoon onset and rainfall [Liu et al., 2013; Wei et al., 2014] and the summer
rainfall variation overall of China [Wei et al., 2015]. Previous studies suggested that the SAH is a regulator of
the EASM [Zhang et al., 2016]. A strong and eastward expanding upstream SAH is ordinarily accompanied by
a downstream intensiﬁed WPSH stretching westward and a correspondingly weaker EASM, resulting in
positive precipitation anomalies over the Yangtze River Valley [Jiang et al., 2011]. While most of the previous
studies of the SAH mainly focused on the seasonal mean climate, in this study, we investigate how the lowfrequency SAH inﬂuences the summer extreme precipitation events deﬁned on daily scale over eastern China
and the corresponding mechanisms. Moreover, since the location and magnitude of the SAH can be
predicted in advance [Qian et al., 2002], these ﬁndings can be helpful to improve the seasonal prediction
of extreme precipitation over eastern China. This analysis improves our understanding of the dynamics of
extreme precipitation over eastern China and helps reduce the uncertainties of predictions of regional
climate extremes, which are highly relevant to a wide range of interdisciplinary interests, such as regional
water resources, ecosystems, and the environment.

2. Data and Methodology
2.1. Data
The study area covers the mainland area of China (15°–55°N, 70°–140°E). The high-resolution (0.25° × 0.25°)
observed daily precipitation data for the period of 1961–2014 from the China Meteorological
Administration, known as the CN05.1 data set, were used in this study. As previously conducted by Xu
et al. [2009], the CN05.1 data set was constructed from an interpolation (using the “anomaly approach”) of
2416 observation stations in China with quality control [Wu and Gao, 2013]. In the anomaly approach, a
gridded climatology is ﬁrst calculated, and then a gridded daily anomaly is added to the climatology to
obtain the ﬁnal data set.
In the mechanism analysis section, the monthly gridded 1000 hPa to 500 hPa geopotential height, u and v
components of the wind, speciﬁc humidity, and omega data with a resolution of 2.5° × 2.5° for the period
of 1961–2014 were from the National Center for Environmental Prediction (NCEP) reanalysis data [Kalnay
et al., 1996]. Among the circulation variables, the vertically integrated low-level average moisture ﬂux
components were calculated using the following equations [Coleman and Rogers, 2003; Dominguez and
Kumar, 2005]:
qu ¼

1 500hPa
∫
q udp;
g 1000hPa

(1)

qv ¼

1 500hPa
∫
q vdp;
g 1000hPa

(2)

where qu and qv are the zonal and meridional moisture ﬂux components and q, ū, and v are the seasonal
mean speciﬁc humidity and the zonal and meridional wind components at each pressure level. The twodimensional moisture ﬂux ﬁeld was calculated by
q ¼ qui þ qvj;

(3)

where the q is the low-level horizontal moisture ﬂux and i and j are the unit zonal and meridional vectors.
2.2. Deﬁnition of Extreme Precipitation
The deﬁnition of a summer extreme precipitation event is taken from the dictionary of the European Climate
Assessment and Dataset as a daily precipitation larger than the 95th percentile of the summer daily precipitation amount. This deﬁnition has been commonly used in previous studies of extreme precipitation [e.g.,
Frich et al., 2002; Meehl and Tebaldi, 2004; Alexander et al., 2006; Ning & Bradley, 2015a, 2015b]. The summer
extreme precipitation is represented by the following two indices: total number of extreme precipitation
events and total amount of extreme precipitation over the entire season. The total number of extreme precipitation events is deﬁned as the total number of days with precipitation above the threshold. The summer
extreme precipitation contributes to approximately 40%–70% of the total summer rainfall over eastern China
[Wang and Zhou, 2005].
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2.3. Rotated Empirical Orthogonal Function
Empirical orthogonal function (EOF) analysis is a widely used statistical technique to reduce a complex data
set into linear combinations of fewer new variables [Wilks, 2006]; therefore, EOF analyses have been extensively used to characterize the dominant spatial patterns and the corresponding temporal variability of
three-dimensional data sets in atmospheric research [e.g., Joyce, 2002; Ning and Bradley, 2014]. Although
the orthogonality of EOF analysis has the great advantage of isolating principal patterns from complex data,
it can also induce artiﬁcial structures and difﬁculty in physical interpretations [Hannachi, 2007]. Thus, the
rotated EOF (REOF) analysis was introduced to alleviate these problems of traditional EOF analysis [Lian
and Chen, 2012]. The major advantage of REOF is that REOF linearly transforms the spatial patterns
derived by EOF analysis into a rotated basis based on the variance and updates the alignment of the
eigenfunctions with the actual data so that it can improve the description of the relationship between
their spatiotemporal patterns and physical mechanisms [Lian and Chen, 2012]. Previous studies have
shown that REOF analysis can avoid the unphysical dipole-like patterns generated from traditional EOF
analysis [Dommenget and Latif, 2002].
2.4. Deﬁnitions of SAH Indices
Figure 1 shows the summer climatological 200 hPa geopotential height ﬁeld for the period of 1961–2014, and
the SAH is the major circulation feature over the subtropical region of the Northern Hemisphere with its
center located at (22.5–32.5°N, 50–100°E). Previous studies have found that the SAH has the following four
characteristics: zonal variation (i.e., bimodality) [Zhang et al., 2002], meridional variation [Wei et al., 2012],
intensity variation, and extension variation [Zhang and Qian, 2000]. To quantitatively depict the variability
of locations and magnitudes of SAH, four SAH indices have been calculated herein following the previous studies [Zhang and Qian, 2000; Wei et al., 2012], i.e., the north-south shift index, the west-east shift index, the area
index, and the magnitude index. The north-south shift index (SAHI-NS) is deﬁned as the difference of regional
averaged geopotential height between the northern part (27.5–32.5°N, 50–100°E) and the southern part
(22.5–27.5°N, 50–100°E) of the SAH center (Figure 2a). The west-east shift index (SAHI-WE) is deﬁned as the
difference of regional averaged geopotential height between the western part (22.5–32.5°N, 50–75°E) and
the eastern part (22.5–32.5°N, 75–100°E) of the SAH center (Figure 1b). The area index (SAHI-area) is deﬁned
as the number of grid points within the isoline of 12,500 geopotential meters (gpm) that was thickened in
Figure 1. The magnitude index (SAHI-mag) is deﬁned as the averaged magnitude of grid points within the
isoline of 12,500 gpm.
The correlations among the four indices are given in Table 1. From the table, it can be concluded that the SAHINS and SAHI-WE are signiﬁcantly correlated with each other (p < 0.05), indicating that when the SAH shifts to
the north, it may also shift to the west, but they are not correlated with the SAHI-area or SAHI-mag. Thus, we
have combined the SAHI-NS and SAHI-WE together through deﬁning a new index, SAHI-NW, as the difference
of regional averaged geopotential height between the northwestern part (27.5–32.5°N, 50–75°E) and the
southeastern part (22.5–27.5°N, 75–100°E) of the SAH center. The SAHI-area and SAHI-mag are highly
correlated with each other (r = 0.95), indicating that when SAH intensiﬁes, it also extends to a larger area.
Therefore, in the following analysis, the results based on SAHI-mag are not shown since they are almost the
same as the results based on SAHI-area.

3. Results
3.1. Characteristics of Summer Extreme Precipitation Over Eastern China
In this study, REOF analysis was ﬁrst applied to the total amount of summer extreme precipitation over eastern China with the linear trend removed, and the ﬁrst 10 principal components of the original EOF analysis
with the covariance matrix were retained during the rotation. The ﬁrst three REOF patterns explain nearly
25% of the total variance. This percentage is low but still reasonable considering the explained variance in
the EOF analysis applied to precipitation is typically low due to the nonlinear component of the precipitation
variance [e.g., Joyce, 2002; Wu et al., 2005; Ge et al., 2009] and the fact that extreme precipitation has even
stronger nonlinear characteristics. When applying North’s rule of thumb [Wilks, 2006; Hannachi et al., 2007],
the ﬁrst two modes can be statistically separable, so the following discussion mainly focuses on these
two modes.
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Figure 1. The climatological mean of the 200 hPa geopotential height ﬁeld and the regions used to deﬁne the (a) SAHI-NS
index and (b) SAHI-WE index (unit: gpm).

The ﬁrst principal component of summer extreme precipitation (Figure 2a) is characterized by a tripolar pattern with the major variability locating over the Jiang-Huai River Basin (27.5–33°N, 105–122.5°E) and opposite
variability over the northern part (34–40°N, 105–122.5°E) and southern part (20–27.5°N, 105–120°E) of eastern
China [Zhai et al., 2005]. The years with large extreme precipitation identiﬁed in this mode (Figure 2d), i.e.,
1980, 1983, 1991, 1996, and 1998, comprise all the years when severe ﬂoods occurred over the Jiang-Huai
River Basin [Chang et al., 2002; Wang and Zhou, 2005].
The second principal component (Figures 2b and 2e) shows the interdecadal variability of the summer
extreme precipitation over the southern part of eastern China. The results show that there is an interdecadal
increase of extreme precipitation over southern China occurring around 1992, which is consistent with
previous studies [Ning and Qian, 2009; Chen et al., 2012; Li et al., 2015].
Therefore, three major regions over eastern China (shown as rectangles in Figures 2a–2c) with obvious
extreme precipitation variations have been identiﬁed through the REOF analysis based on their physical
characteristics. The physical boundary between the northern part of eastern China and the Jiang-Huai
River Basin is the Huai River, and the physical boundary between the Jiang-Huai River Basin and the
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Figure 2. The (a–c) ﬁrst three REOF spatial patterns and (d–f) corresponding principal components of the summer extreme
precipitation over eastern China for the period of 1961–2014. The black rectangles indicate the regions of the northern part
of eastern China, Jiang-Huai River Basin, and the southern part of eastern China.

southern part of eastern China is the southern boundary of the Jiang-Huai River basin. These three regions
have been used to analyze the inﬂuences of SAH on the extreme precipitation over eastern China in the
following sections.

Table 1. Correlations Between the SAHI-NS Index, SAHI-WE Index, SAHIa
Area Index, and SAHI-mag Index

SAHI-NS
SAHI-WE
SAHI-area
SAHI-mag

SAHI-NS

SAHI-WE

SAHI-area

SAHI-mag

1.00

0.48
1.00

0.09
0.05
1.00

0.05
0.09
0.95
1.00

a

Bold type indicates correlations that are signiﬁcant at the 5% conﬁdence level.
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The correlations between the SAHINW and the number and amount of
the extreme precipitation over the
northern part of eastern China are
shown in Figures 3a and 3b. Both the
number (r = 0.40) and amount
(r = 0.37) of the extreme precipitation
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Figure 3. The time series of the SAHI-NW index (black lines) and the (a) number and (b) amount of extreme precipitation
over the northern part of eastern China (blue lines), the SAHI-NW index (black lines) and the (c) number and (d) amount
of extreme precipitation over the Jiang-Huai River Basin (blue lines), and the detrended SAHI-area index (black lines)
and the (e) number and (f) amount of extreme precipitation over the Jiang-Huai River Basin (blue lines). The black dash
lines indicate the ±1 standard deviations of the SAH index.

are signiﬁcantly correlated with SAHI-NW (p < 0.01), indicating that when the SAH is located more
northwestwardly, there are more extreme precipitation events over the northern part of eastern China. The
number (r = 0.35) and amount (r = 0.35) of the extreme precipitation over the Jiang-Huai River Basin are
negatively correlated with the SAHI-NW (p < 0.05) (Figures 3c and 3d), indicating that when the SAH is located
more northwestwardly, there are fewer extreme precipitation events over the Jiang-Huai River Basin. The
number (r = 0.11) and amount (r = 0.16) of the extreme precipitation over the southern part of eastern
China are not signiﬁcantly correlated with the SAHI-NS (p > 0.25), indicating that the northwest movement
of the SAH does not inﬂuence
extreme precipitation over the southTable 2. Correlations Between the SAHI-NW, Detrended SAHI-Area Index, ern part of eastern China.
and the Numbers/Amounts of Extreme Precipitation Over the Southern
Part of Eastern China, Jiang-Huai River Basin, and the Northern Part of
a
Eastern China

Northern part
Jiang-Huai River Basin
Southern part

SAHI-NW

SAHI-area

0.40/0.37
0.35/0.35
0.11/0.16

0.12/0.01
0.27/0.29
0.13/0.13

a

In each cell, the ﬁrst correlation coefﬁcient indicates the correlation with
the number of extreme precipitation events, and the second correlation
coefﬁcient indicates correlation with the amount of extreme precipitation.
Bold type indicates correlations are signiﬁcant at the 5% conﬁdence level.
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The SAHI-area index is only signiﬁcantly correlated with the number
(r = 0.27) and amount (r = 0.29) of
the extreme precipitation over the
Jiang-Huai River Basin (p < 0.05)
(Figures 3e and 3f), indicating that
when the SAH intensiﬁes and
extends to a larger area, it induces
more extreme precipitation over the
Jiang-Huai River Basin. For here and
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Figure 4. The differences in the (a) 200 hPa geopotential height, (b) 500 hPa geopotential height, (c) 850 hPa geopotential height, (d) 850–500 hPa omega, and
(e) low-level moisture ﬂux and corresponding divergence between positive and negative SAHI-NW indices. The stippled areas indicate differences that are
signiﬁcant at the 95% conﬁdence level based on Student’s t test. The rectangles show the locations of the three characteristic regions of eastern China. Only
those moisture ﬂux vectors that are signiﬁcant at the 90% conﬁdence level are plotted.

the following analysis, since the SAHI-area shows a signiﬁcant increasing trend, the linear trends of the
SAHI-area index and extreme precipitation are removed before the calculation because this study mainly
focuses on the interannual inﬂuences of the SAH on the extreme precipitation over eastern China.
Meanwhile, the number and amount of the extreme precipitation over the northern part (r = 0.12/0.01)
and the southern part (r = 0.13/0.13) of eastern China are not signiﬁcantly correlated with the SAHI-area
NING ET AL.
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Figure 4. (continued)

index (p > 0.1), indicating that the extension and intensiﬁcation of the SAH does not inﬂuence the extreme
precipitation over the northern and southern parts of eastern China. The relationships between the two
SAH indices and extreme precipitation over the three regions of eastern China are summarized in
Table 2.
3.3. Physical Mechanisms Behind the Relationships
Previous studies have shown that because of the nonlinear relationships between the mean climate states
and climate extremes, small changes in the mean climate variables (e.g., precipitation) can result in large
changes in the frequency and intensity of climate extremes [Wigley, 1985; Wettestein and Mearns, 2002].
The inﬂuences of the SAH on the extreme precipitation over eastern China found in previous sections were
also achieved through the changes of the seasonal mean precipitation. Therefore, in this section, the differences of seasonal mean circulation patterns between the years with high and low SAH indices are ﬁrst compared. Then, the responses of daily precipitation to the mean circulation differences are examined through
the changes in the cumulative distribution functions (CDFs).
3.3.1. Differences of the Large-Scale Circulations
To analyze the inﬂuence of the SAH on the large-scale circulation patterns, the years with the standardized
SAH indices higher than 1 and lower than 1 (cf. Figure 3) were chosen to investigate the differences of
the large-scale circulation between years when the SAH is located northwestward and southeastward as well
as extends and shrinks.
Between the high and low SAHI-NW years, a difference of 200 hPa geopotential height ﬁeld over Eurasia
shows two positive centers located at (37.5°N, 65°E) and (40°N, 125°E) with magnitudes larger than 50 gpm
(Figure 4a), which are north of the climatological location of the SAH (cf. Figure 2). The SAH northwestward
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Figure 5. The comparison of (a and b) 200 hPa geopotential height, (c and d) 500 hPa geopotential height, and (e and f) 850 hPa geopotential height and the
(g) differences in the 850–500 hPa omega and (h) low-level moisture ﬂux and corresponding divergence between positive and negative SAHI-area indices. The
stippled areas indicate differences that are signiﬁcant at the 95% conﬁdence level based on Student’s t test. Only those moisture ﬂux vectors that are signiﬁcant at
the 90% conﬁdence level are plotted.
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Figure 5. (continued)
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Figure 6. The moisture divergence between the years with moisture supply increases and above average ratios between
extreme precipitation and total rainfall and the years with moisture supply increases and below average ratios between
2
extreme precipitation and total rainfall (unit: kg/m S).

shift directly induces the anomalous central Asian high, which then forms the anomalous anticyclonic
circulation pattern over northeastern Asia through the propagation of a Rossby wave train along the East
Asian jet, as suggested in the mechanism of the Silk Road teleconnection pattern [Enomoto et al., 2003;
Ding and Wang, 2005].
The difference patterns of the middle-level (500 hPa) and low-level (850 hPa) geopotential height ﬁelds also
show similar patterns with two anticyclones, with the anticyclone over northeastern Asia being more signiﬁcant (Figures 4b and 4c). This deep barotropic system over northeastern Asia, deﬁned as the Korean High in
this study, induces a convergence at its northwestern edge that is located over the northern part of eastern
China due to the conﬂuence of the enhanced southerly warm advection and the northerly cold air and a
divergence over the region within the system [Horton, 2004]. This mechanism is conﬁrmed by the low-level
(850–500 hPa) omega difference ﬁeld, which shows signiﬁcant negative omega values over the northern part
of eastern China and positive omega values over the region extending from Japan to the Jiang-Huai River Basin
(Figure 4d). The Korean High also induces an anomalous southeasterly wind, which enhances the water vapor
transportation and convergence to the northern part of eastern China (Figure 4e). The combined effect of
these aspects induces an increase of precipitation over the northern part of eastern China. Meanwhile,
anomalous downward motions (positive omega values) over the Jiang-Huai River Basin (Figure 4d) induce a
decrease in precipitation over this region. The magnitudes of the downward velocity over the Jiang-Huai
River Basin are lower than the magnitudes of the upward velocity over the northern part of eastern China.
Therefore, the correlation coefﬁcients between the SAHI-NW and the extreme precipitation over the northern
part of eastern China are higher than those between the SAHI-NS and the extreme precipitation over the JiangHuai River Basin (Table 2). The locations of these circulation anomalies also explain why the extreme precipitation over the southern part of eastern China is not signiﬁcantly inﬂuenced by the SAH northwestward shift.
When the SAH extend to larger area, the isoline of 12,500 m extends from 25°E to 135°E (Figure 5a), which is
much wider than the negative SAHI-area years (35°E to 110°E) (Figure 5b). The SAH also intensiﬁes with
signiﬁcant positive geopotential height anomalies over almost the entire region at the 200 hPa level. The
corresponding positive geopotential height anomalies over the 500 hPa and 850 hPa levels (Figures 5c–5f)
indicate the intensiﬁcation and westward shift of the western Paciﬁc subtropical High (WPSH), shown as
the isoline of 5880 m (Figure 5c). As found in previous studies, a stronger SAH is accompanied by a stronger
and more extensive WPSH [Zhang et al., 2005]. This stronger WPSH suppresses the East Asian Summer
Monsoon (EASM) and induces a southward shift of the rain belt to the Jiang-Huai River Basin [Wang et al.,
2013]. The increasing trend of the SAHI-area (not shown) is also consistent with the westward extension
and intensiﬁcation of the WPSH in recent decades [Zhou et al., 2009; Wang et al., 2013; Yun et al., 2015].
Under this circulation pattern, the Jiang-Huai River Basin is located at the northwestern edge of the WPSH
and then experiences the conﬂuence of the southerly moisture transportation due to the WPSH and the
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Figure 7. The comparisons of cumulative distributions of the daily precipitation over the typical location of the northern
part of eastern China between positive and negative SAHI-NW index values (a), over the typical location of Jiang-Huai
River Basin between positive and negative SAHI-NW index values (b), and between positive and negative SAHI-area index
values (c).

northerly cold air due to the trough over eastern China (Figures 5e and 5f). The convergence over the JiangHuai River Basin is then enhanced (Figure 5g), and more moisture is transported to the Jiang-Huai River Basin
(Figure 5h). Therefore, more precipitation, especially convective precipitation, is induced over the Jiang-Huai
River Basin [Wang et al., 2008] when the SAH intensiﬁes.
To verify the inﬂuences of the enhanced moisture supply on the increases of extreme precipitation, the years
with a high moisture supply to the Jiang-Huai River Basin (27.5–33°N, 105–122.5°E) (standardized moisture
divergence lower than 0.5) and an above average ratio between extreme precipitation and total rainfall
and the years with a high moisture supply to the Jiang-Huai River Basin (standardized moisture divergence
lower than 0.5) and a below average ratio between extreme precipitation and total rainfall were ﬁrst
selected. Then, the differences of moisture divergence between these two conditions were compared. The
results (Figure 6) showed that when the ratio between extreme precipitation and total rainfall is above average, the increase of moisture supply is larger, which is similar to the pattern with high SAHI-area index
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Figure 8. A schematic diagram of the mechanisms that (a) SAH northwestward shift and the (b) intensiﬁcation and extension inﬂuence extreme precipitation over eastern China.

(Figure 5h), indicating that the increase of extreme precipitation is more sensitive to increases of the moisture
supply than to the total rainfall.
3.3.2. Responses of the Daily Precipitation
The CDFs of the daily precipitation during the years with high and low SAH indices have been compared to
examine the responses of the daily precipitation to the differences of circulation patterns found in the
previous section. Because the spatial characteristics of the extreme precipitation over the northern part of
eastern China and Jiang-Huai River Basin are fairly homogeneous (Figure 1), two typical locations in the
center of the study regions, i.e., (36°N, 120°E) and (30°N, 115°E), were selected to calculate the CDFs of the
daily precipitation.
Over the northern part of eastern China, the CDF during high SAHI-NW years shifts to the right side with larger average values (Figure 7a), indicating that there is a greater possibility of extreme precipitation events.
Over the Jiang-Huai River Basin, the CDF during high SAHI-NW years shifts to the left side with smaller average values (Figure 7b), indicating a lesser possibility of extreme precipitation events. The inﬂuence of the
SAHI-area on the CDF over Jiang-Huai River Basin is opposite, with a rightward shift and a larger average value
(Figure 7c), indicating a greater possibility of extreme precipitation events. These differences in the CDF
values show that the responses of the daily precipitation values to the large-scale circulation patterns lead
to a correspondingly greater or lesser possibility of extreme precipitation over eastern China.

4. Conclusions
The different inﬂuences of the SAH north-south movement, west-east movement, and area (magnitude)
changes in summer extreme precipitation over eastern China, and their corresponding physical
mechanisms were systemically investigated after identifying three characteristic regions over eastern
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Table 3. Correlations Between the SAHI-NS Index, SAHI-WE Index, Detrended SAHI-Area Index, and the Numbers/
Amounts of Extreme Precipitation Over the Northern Part of Eastern China and the Jiang-Huai River Basin With the
a
Niño3.4 Index, AMO Index, and PDO Index

SAHI-NS
SAHI-WE
SAHI-area
SAHI-NW
Northern part
Jiang-Huai River Basin
a

Niño3.4

AMO

PDO

0.63
0.30
0.10
0.50
0.32/0.30
0.16/0.15

0.02
0.09
0.34
0.05
0.11/0.08
0.33/0.35

0.44
0.05
0.22
0.25
0.08/0.21
0.25/0.20

Bold type indicates correlations are signiﬁcant at the 5% conﬁdence level.

China using REOF analysis. The correlations between two SAH indices and extreme precipitation over the
three characteristic regions of eastern China show that when the SAH shifts northwestward, there is more
extreme precipitation over the northern part of eastern China but less extreme precipitation over the
Jiang-Huai River Basin. When the SAH extends to a larger area (and also intensiﬁes), there is more
extreme precipitation over the Jiang-Huai River Basin. Meanwhile, the movements and magnitude
changes of the SAH have no signiﬁcant inﬂuence on extreme precipitation over the southern part of
eastern China.
The analyses of the physical mechanisms reveal that when the SAH shifts northwestward (Figure 8a,
feature number 1), it directly causes positive geopotential anomalies over central Asia (Figure 8a, feature
number 2). This anomalous central Asian High induces a deep barotropic Korean High (Figure 8a, feature number 4) through the propagation of a Rossby wave train along the East Asian jet (Figure 8a, feature number 3),
resulting in two anticyclonic circulations over Eurasia. In a manner that is similar to that of the WPSH, this anomalous Korean High induces an upward movement over the northern part of eastern China that is located at its
northwestern edge and a downward movement over the Jiang-Huai River Basin that is located at its southwestern edge. Accompanied by anomalous southeasterly moisture transportation, this circulation pattern induces
more extreme precipitation over the northern part of eastern China and less extreme precipitation over the
Jiang-Huai River Basin (Figure 8a, feature number 5). When the SAH intensiﬁes and extends to a larger area
(Figure 8b, feature number 1), the WPSH also intensiﬁes and stretches westward (Figure 8b, feature number 2),
so that the EASM is suppressed and the rain belt shifts southward. The Jiang-Huai River Basin located at the
northwestern edge of the WPSH experiences more convergence (Figure 8b, feature number 4) resulting from
the conﬂuence of moist warm advection due the WPSH and cold dry advection due to the trough (Figure 8b,
feature number 3) and then more extreme precipitation. The daily precipitation responds to the changes of
the seasonal mean circulation that favors more extreme precipitation with CDF shifts toward the right side,
resulting in a greater probability of extreme precipitation deﬁned at the tails of the CDFs and vice versa.
These mechanisms are summarized in Figure 8.
These inﬂuences and the corresponding physical mechanisms found in this study contribute to a better
understanding of the variability of extreme precipitation over eastern China. These ﬁndings can also help
improve future projections of regional extreme precipitation and help decision makers prepare adaptations
with respect to future climate changes and corresponding mitigation strategies.
In addition to the relationships between extreme precipitation over eastern China and the SAH found in this
study, both the extreme precipitation over eastern China and the SAH have signiﬁcant correlations with the
Atlantic Multidecadal Oscillation (AMO), Niño3.4, and Paciﬁc Decadal Oscillation (PDO) indices (Table 3), indicating that large-scale modes of climate variability may drive the changes of both the SAH and regional
extreme precipitation. Therefore, the SAH may be a bridge that transfers the inﬂuences of large-scale modes
of climate variability to the regional extreme precipitation. The potential mechanisms that the large-scale
modes of climate variability impact the movements and intensity of the SAH may be achieved through the
South Asian Monsoon intensity changes and precipitation changes over northern India, which inﬂuence
the intensity of the central Asian high. The corresponding mechanisms behind these relationships will be
investigated in a future study.
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