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This study focuses on the interdecadal increase of summertime extreme
precipitation over East China in the late 1990s and physical mechanisms
behind. The results show that summer extreme precipitation over East China
during 1979-2020 demonstrates an upward trend and a significant interdecadal
increase occurs around 1997/1998. Since 1997, extreme precipitation
anomalies turn from less than normal to more than normal, corresponding
to a strong upward movement in the lower troposphere over East China. A
cyclonic circulation with positive vorticity controlled by a strong southeasterly
flow appears in the lower level over South China. The reasons for the
interdecadal increase of summer extreme precipitation over East China are
analyzed from the perspective of the abnormally strong South Asian subtropical
high (SAH) and the atmospheric circulation anomalies caused by zonal sea
surface temperature (SST) gradient in the tropical oceans. After 1997, positive
sensible heat anomalies appear over the Tibetan Plateau in spring, which is the
major factor that maintains the intensity of the SAH. Besides, the SST of the
tropical oceans presents an obvious “high-low-high” zonal gradient distribution
with positive sea surface temperature anomaly (SSTA) in the Indian Ocean and
western Pacific, and negative SSTA over the Maritime Continent. The zonal SST
gradient results in an anomalous downdraft and boundary layer divergence over
the Maritime Continent. The tropical zonal SST gradient triggers a local Hadley
circulation, and its ascending branch is located in East China. This is a circulation
condition favorable for the development of extreme precipitation. In addition,
since the late 1990s, the SAH has strengthened in the upper troposphere above
the southeastern China. The anomalous divergence at the upper level
effectively maintains the upward movement, which in turn facilitates the
occurrence of extreme precipitation. As a result, the sensible heat changes
in the Tibetan Plateau in spring and the tropical SST zonal gradient jointly affect
summer extreme precipitation over East China, leading to the interdecadal
increase of extreme precipitation in the late 1990s.

KEYWORDS

extreme precipitation, interdecadal change, southern asian subtropical high, western
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1 Introduction

Extreme precipitation events are difficult to predict and often
occur abruptly. They can lead to serious natural disasters, cause
great property losses and casualties, and impose a huge impact on
many aspects of human life such as economy, society, life safety
and ecological environment system. Therefore, extreme
precipitation events have been widely studied worldwide.
Many previous studies (e.g., Groisman et al., 1999; Alexander
et al., 2006; Goswami et al., 2006) have shown that extreme
precipitation events are increasing in many countries and regions
around the world as global warming intensifies. It is particularly
noted that the frequency and intensity of extreme precipitation
are significantly increasing in the middle and high latitudes of the
northern hemisphere, even in areas where average precipitation
is decreasing. The IPCC Fourth Assessment Report also points
out that extreme precipitation events will become more frequent
in the 21st century. Groisman analyzed the precipitation data
collected in countries in the temperate region (the study area
covers 80% of the global temperate region). The results show that
in the middle-latitude countries considered, the average summer
precipitation in the last century has increased by at least 5%, yet
the precipitation days do not change significantly. This implies
an increasing trend of heavy summer precipitation. Some other
studies (e.g., Karl and Knight, 1998) also indicate that the
percentage of total annual precipitation accounted for by
extreme precipitation in the United States is increasing, and
the increase in total precipitation is largely attributed to the
increase in extreme precipitation intensity and frequency. Studies
over Australia, Canada, and Japan (e.g., Suppiah and Hennessy,
1996, 1998; Yamamoto and Sakurai, 1999; Stone et al., 2000) have
come to a similar conclusion, that is, areas where precipitation
increases tend to be characterized by a decrease in precipitation
days and an increase in extreme precipitation events as well as an
increase in precipitation intensity, leading to a more pronounced
trend towards extreme precipitation. In addition, a study over
Europe (Beniston, 1994) concluded that under the background of
global warming, precipitation in the Alps generally decreases, but
extreme precipitation events have increased significantly.

Studies on the interdecadal change of extreme precipitation
have also attracted extensive attention in China. Most of the
annual total precipitation in eastern China occurs in summer,
and precipitation in summer is highly correlated with extreme
precipitation (e.g., Mei and Yang, 2005; Su et al., 2006). A large
number of studies on extreme precipitation events in China show
that in the past 40 years, the average annual precipitation
intensity in eastern China has been significantly increasing,
especially after the 1990’s, when the frequency and intensity
of precipitation both demonstrate a trend of increasing with
expanding scope of influence. Extreme precipitation events occur
more frequently to the south of 35°N, especially in the middle and
lower reaches of the Yangtze River and southern China. Among
those areas that experience more frequent extreme precipitation
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events, southern Anhui province and the coastal region of
southern China are the areas with the most frequent extreme
precipitation events, and the duration of extreme precipitation
events in these regions is also longer. More extreme precipitation
events have become the main reason for precipitation increase in
these regions (e.g., Ren and Zhai, 1998; Zhai and Pan, 2003a; Zhai
et al,, 2005; Zhai and Zou, 2005; Wang and Qian., 2009; Yang
et al., 2011; Chen and Zhai, 2013; Zhu et al., 2014; Shi and Wen,
2015; Zhu and Li, 2016; Zhu and Li, 2018). Extreme precipitation
events with higher occurrence frequency and stronger intensity
are very likely to cause disasters. In eastern China, extreme
precipitation is a high impact weather event, which occurs
frequently in summer and often causes floods and urban
waterlogging. For example, in the summer of 1998, the
extremely heavy rainfall in the Yangtze River Basin lasted for
more than 40 days, resulting in multiple catastrophic floods in
the entire basin and huge economic losses and casualties (e.g.,
Huang et al., 1998; Lu et al., 2014; Qi et al., 2016). In July 2012,
Beijing was struck by extreme precipitation. Floods caused by the
extreme rainfall affected 1.602 million people, and the economic
loss reached 11.64 billion yuan (Zhang et al., 2013).

Physical mechanisms for precipitation formation have been
explored in many studies. The formation of rain belts in eastern
China is closely related to the East Asian summer monsoon
activities and their anomalies (Chen et al., 1991) as well as other
that
precipitation in the Yangtze River Basin is under strong

external forcing factors. Several studies proposed
influence of SST in the equatorial eastern Pacific (e.g., Yang
etal., 1992; Huang et al., 1999; Li and Shao., 2000; Wei., 2005). A
few other studies (e.g., Guan and Yamagata., 2003; Park and
Schubert., 1997) argued that the occurrence of droughts and
floods in East Asia are related to SST in the Indian Ocean and the
Pacific Ocean. It is also found that convective activities around
the Philippines are closely related to droughts and floods in the
Jianghuai Basin (e.g., Kurihara and Kawahara, 1986; Nitta, 1987;
Huang., 1990). Zhang and Tao (1998), 2003 pointed out that
precipitation anomalies during the flood season in eastern China
are associated with variation of the western Pacific subtropical
high (WPSH). The above factors are also very likely to be factors
affecting extreme precipitation in these areas. In addition, some
studies indicated that the occurrence of summer extreme
precipitation in eastern China is affected by typhoons. In
highly urbanized areas, the urban heat island effect is also one
of the factors affecting extreme precipitation events (e.g., Pan
et al., 2018; Sun et al., 2021).

Although many studies have discussed the interannual and
interdecadal changes of precipitation in eastern China, few
studies have focused on the interdecadal change of extreme
precipitation in eastern China and possible physical
mechanisms behind. The eastern China is located in the
monsoon region, where the weather and climate are greatly
affected by the East Asian monsoon. Furthermore, eastern

China is a region of developed economy with large population
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density. Therefore, this region is particularly sensitive to natural
disasters such as extreme precipitation. Any change in the
frequency and intensity of extreme precipitation will have a
significantly impact on the society and the natural
environment. With increasing concerns on extreme
precipitation and the accumulation and development of data,
it is imperative and feasible to explore the spatiotemporal
characteristics and  physical mechanism of extreme
precipitation that occurred in eastern China in recent years.
Such studies are expected to effectively increase the lead time of
extreme precipitation forecast and improve the ability for early
warning of and timely response to possible disasters induced by
extreme precipitation. The present study will focus on this issue.

The paper is organized as follows. Section 1 introduces the
data and methods, including the thresholds used to determine
extreme precipitation and the algorithms to calculate water vapor
flux and water vapor flux divergence. Section 2 analyzes the
spatial distribution and interdecadal change characteristics of
extreme precipitation in eastern China. Section 3 starts from
analysis of atmospheric circulation anomalies and focuses on
analyzing interdecadal changes of water vapor transport and
ascending motions. The climate background for the interdecadal
change in extreme precipitation is also explored. Section 4
discusses possible physical mechanisms for the interdecadal
change of extreme precipitation. Section 5 provides the

summary and discussion.

2 Data and methods
2.1 Data

In this paper, daily precipitation data for the period 1979 to
2020 are obtained from the Climate Prediction Center Merged
Analysis of Precipitation (CMAP; Xie and Arkin, 1997) (https://
www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.
cmap.shtml). The CMAP has the resolution of 0.5° x 0.5
(latitude x longitude). Meteorological variables including
geopotential height, wind, vertical velocity, sea level pressure,
temperature and specific humidity for the period 1979-2020 are
extracted from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/
NCAR; Kanamitsu, et al., 2002) reanalysis product (https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis2.html), which is a
global dataset on 2.5° x 2.5° (latitude x longitude) grids. The
SST dataset (COBE SST) is provided by the National Oceanic and
Atmospheric  Administration Climate Diagnostic Center
(NOAA; Folland and Parker, 2002) (https://psl.noaa.gov/data/
gridded/data.cobe.html). It has a horizontal resolution of 1° x 1°
(latitude x longitude). The average condition over 1981-2010 is
taken as the climatic average. In this paper, winter is from current
December to February in the subsequent year, spring is from
March to May, summer is from June to August.
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2.2 Methods

In the studies of extreme precipitation, the definition of
extreme precipitation index mostly adopts the threshold
method, and a precipitation event exceeding the threshold
is determined to be an extreme precipitation event. There are
mainly two types of threshold: fixed threshold and percentile
threshold. The study area in this paper is eastern China and
the geographical area is relatively broad. If fixed thresholds
are adopted, then the extreme precipitation signals in some
regions and some seasons (such as the precipitation signals of
ten days and five days) will be undistinguished. Therefore, the
percentile threshold method is adopted in this paper. To
define the threshold of extreme precipitation index,
precipitation of the same day at each grid point from
1979 to 2020 is sorted in ascending order. Those days
without precipitation (precipitation <0.1 mm/d) are
excluded. The 95th percentile of daily precipitation is then
defined as the extreme precipitation threshold, and the
extreme precipitation event is considered to occur when
the threshold is exceeded. The three extreme precipitation
indices are extreme precipitation amount,
extreme precipitation frequency and extreme precipitation
intensity.

Sufficient water vapor is an important condition for the
occurrence of extreme precipitation event, and the water
vapor transport in the middle and lower troposphere plays a
crucial role in the maintenance of extreme precipitation event.
Divergence is a physical quantity that measures the horizontal
inflow of air. Positive and negative values of water vapor flux
divergence can intuitively indicate the convergence and
divergence of water vapor in the study area. The methods to
calculate water vapor flux and water vapor flux divergence are as
follows.

The calculation formula of water vapor transport flux (unit:

kg/(ms)) in the whole atmosphere layer is:
Q=Q.i+Qj (1)

In the above algorithm, the zonal component is Q, =
é fﬁ‘ qudp , and the
= é _[::s qvdp. In the formula, u and v are the zonal and

meridional ~ component  is
meridional wind speed components at individual levels of the
atmosphere in each unit of air column, q is the specific humidity
of the atmosphere, and p are atmospheric lower boundary
pressure (ground pressure) and upper boundary pressure
(500 hPa), g is the acceleration of gravity. Between and p, six
levels, i.e., 1000 hPa, 925 hPa, 850 hPa, 700 hPa, 600 hPa, and
500 hPa, are considered.

The formula for calculating the water vapor flux divergence
D (unit: kg/(m™s)) is:

Q, | 9Q,

D=——4_ =% 2
acos yof " aoy @
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Where a is the radius of the Earth, y means latitude, f means
longitude.

In this paper, moving ¢ test (MTT) and Yamamoto test are
used to comprehensively determine the abrupt interdecadal
change year of extreme precipitation index. The linear
propensity estimation method is used to determine the long-
term trend of extreme precipitation.

The Moving t-test technique is often used to test the
significance of difference between the means of two random
samples. To this end, we divide a continuous climate series x into
two sub-sample sets x; and xy, let g;» S7 and n; represent the
mean, variance and sample length (i=1,2).

Null hypothesis: Ho: p; — u, = 0, define a statistic as:

X1 — X
th=—— 3
T 3)

P\n, ny
5 - (n, - DS + (n, - 1)S? @

n +mn,—2

to obeys the distribution ¢ (n; + n, — 2). Given the reliability o,
the critical value t, can be obtained. Comparing ¢, and ¢, , if
[to| > ta, the null hypothesis Hy is rejected, which means that
the
climate sequences; if [ty| <ty, the null hypothesis H, is

there is a significant difference between two
accepted.

The Yamamoto method is similar to the MMT method but
relatively simple and clear. In this method, a signal-to-noise ratio

is defined as:

s F-®m
g 5
N SI+SZ ()

Where the meanings of the symbols are the same as that in the
MMT. If § > 1, then a climate change point can be determined.

The significance test is to make a hypothesis on the
parameters or the overall distribution form of the population
(random variable) in advance, and then use the sample
information to determine whether this hypothesis (alternative
hypothesis) is reasonable, that is, to determine whether there is a
significant difference between the actual situation of the
population and the original hypothesis. In this paper, T test
and F test are used, and the formulas are expressed by (6) and (7),
respectively.

X -%
(-8t (- 1S (L_L)
(m+ny-2) moom
X; $? and n; represent the mean, variance and sample numbers.
Y

F= m
Q/(n—m—l)

t= (6)

™)

U represents the regression sum of squares, Q represents
the residual sum of squares. If it is a univariate regression,
then m =1.
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3 Interde_cadal increase in S
summertime extreme precipitation

3.1 Characteristics of spatial distribution of
summer extreme precipitation in eastern
China

Figure 1 displays spatial distribution characteristics of summer

extreme precipitation amount, precipitation intensity, and
precipitation frequency in eastern China from 1979 to 2020. In
general, the distribution characteristics of extreme precipitation
1A)

(Figure 1B) are very similar. Both of them show higher values in

amount  (Figure and extreme precipitation intensity
the south than in the north, and both show a decreasing trend from
southeast to northwest, that is, they decrease from coastal to inland
regions. The areas with larger extreme precipitation amount and
higher extreme precipitation intensity are located in the southeastern
coastal areas, southern Anhui Province and western Hubei Province.
The southeastern coastal area is frequently affected by typhoons in
summer, where a large amount of extreme precipitation with high
intensity occurs; southern Anhui and western Hubei are
mountainous areas, where the southerly airflow and accompanied
water vapor transport tend to form mesoscale water vapor
convergence, which is conducive to the occurrence of extreme
precipitation events. Therefore, the probability of extreme
precipitation in southern Anhui and western Hubei is also high
(Wang et al,, 2015). In addition, southern Anhui is adjacent to the
Poyang Lake and the Yangtze River is located to its north. Frequent
extreme precipitation events greatly increase the risk of flood
disasters. The regions with high occurrence frequency of extreme
precipitation are mainly located in south and southwest China. High
occurrence frequency of extreme precipitation can also be found in
Beijing and western Hebei (Figure 1C). The occurrence frequency of
extreme precipitation in the lower Yellow River Basin is low. Figures
1D-F shows the long-term variation trends of extreme precipitation
amount, extreme precipitation intensity, and extreme precipitation
frequency. The trend characteristics show that extreme precipitation
amount (Figure 1D) and extreme precipitation intensity (Figure 1E)
are relatively consistent, both of which display a linear increasing
feature in Southeast China, East China and northern Guangxi. And
the change trends are significant at the 95% confidence level by F test.
On the whole, the frequency of extreme precipitation in most areas of
eastern China (Figure 1F) increases linearly and the most obvious

increase occurs in northern Guangxi and southeastern coastal region.

3.2 Interdecadal change in summer
extreme precipitation in eastern China

Figure 2 shows the time series of extreme precipitation

amount, extreme precipitation intensity and extreme

precipitation frequency in eastern China in the summers of
1979-2020. The solid lines in Figure 2 display the time series
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Eastern China in the summers from 1979 to 2020: extreme precipitation amount (A) (units: mm); extreme precipitation intensity (B) (units: mm/

d); extreme precipitation frequency (C) (units: (D); linear trend of extreme precipitation amount (D) (units: mm (10a)™); linear trend of extreme

precipitation intensity (E) (units: mm/d (10a)™%); linear trend of extreme precipitation frequency (F) (units: d (10a)™}). Dotted areas indicate values
exceeding the 95% confidence level determined by using F test. Red star represents Beijing, A-T represent individual provinces: Hebei (A), Shanxi

(B), Shaanxi (C), Shandong (D), Henan (E), Hubei (F), Jiangsu (G), Anhui (H), Jiangxi (1), Hunan (J), Zhejiang (K), Fujian (L), Guangdong (M), Guangxi (N),

Taiwan (T).

of the above three indices, and the bars represent the anomaly
series. It can be seen that the extreme precipitation indexes before
the mid-to late 1990’s are mostly characterized by negative
anomalies. After the mid-to late 1990’s, however, the extreme
precipitation indexes are mostly characterized by positive
anomalies and show an upward trend, which is consistent
with their linear trends shown in Figure 1. The dotted lines in
Figure 2 are the 9-years moving averages of individual extreme
precipitation indexes. It can be found that these three indices of
extreme precipitation all present an upward trend, and the
upward trend is much more obvious in the late 1990’s,
indicating that there may exist an abrupt interdecadal change
in extreme precipitation in the late 1990s.

The moving ¢ test Eqs 3,4 and the Yamamoto method Eq. 5
are applied to detect the abrupt change of extreme precipitation
characteristics on the interdecadal scale. Results of the two
methods both indicate that 1997 is the year of abrupt change
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for extreme precipitation in eastern China (Figure 3). After 1997,
the amount of extreme precipitation, the intensity of extreme
precipitation and the frequency of extreme precipitation all
increase significantly compared with those before 1997. It can
be seen from the time series of extreme precipitation in Figure 2
that, the extreme precipitation showed an obvious linear increase
in the past 40 years. In order to better extract and test the abrupt
features of precipitation series, we recalculated the linear trends
of extreme precipitation amount, intensity and frequency, and
subtract the linear trend from the original time series. It is found
that, after eliminating the linear trend, the interdecadal increase
of extreme precipitation in East China still occurs in late 1990’s.
The results are consistent with the conclusions showed in the
Figure 3. In this paper, we select the sliding window of 9-years,
which is conducive to studying the interdecadal variation
characteristics of rainfall change. We also test the different
sliding windows (e.g, 5-,7- and 1l-years) to verify the
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FIGURE 2

Eastern China: time series of extreme precipitation amount (A); time series of extreme precipitation intensity (B); time series of extreme
precipitation frequency (C). The dotted line in each panel represents the 9-years moving average, and the bars represent the anomalies.

interdecadal abrupt change points are independence of the
selected sliding window. It is find that when the sliding
window is 5years, due to the short time series, it is
impossible to obtain the accurate abrupt point. When the
sliding window is 7- to 1l-years, the results are consistent
with the results of this paper. Based on this, we believe that
the sliding window selected in this paper is appropriate and does
not affect the judgment of the abrupt point. Therefore, 1997 is
taken as the time line to separate the study period into two sub-
periods: 1979-1997 (P1) and 1998-2020 (P2). The purpose of
using two different methods to test the abrupt change of extreme
precipitation is to avoid possible errors caused by individual
methods.

Figure 4 shows the interdecadal differences in extreme
precipitation amount, extreme precipitation intensity and
extreme precipitation frequency between P2 and P1 periods (P2-
P1) in eastern China. It can be seen that the interdecadal differences
of these three indices are positive in most regions, especially in
Fujian, Jiangxi, Guangdong, Guangxi and other regions in the
southeastern coastal area. This result indicates that extreme
precipitation in P2 period is more than that in P1 period. And
the frequency and intensity of extreme precipitation also increase
significantly, which is consistent with the linear increasing trend
(Figures 1D-F). It is worth noting that the interdecadal difference of
extreme precipitation in northern Hebei and Beijing is negative,
indicating  that the of
precipitation in this area is contrary to the trend in other areas

interdecadal  variation extreme

of eastern China.
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3.3 Atmospheric circulation anomalies

The
background for the occurrence of extreme precipitation events

atmospheric circulation provides a large-scale
(Ding and Chan., 2005). Usually, sufficient water vapor supply
and strong upward movement are necessary conditions for the
occurrence and maintenance of large-scale extreme precipitation.
In order to study the characteristics of the atmospheric
circulation anomalies in P2 period with high occurrence of
extreme precipitation events, we calculate interdecadal
differences (P2-P1) in various elements involved in the
atmospheric circulation between P1 and P2 periods (Figure 5).
Figure 5A is the 500 hPa vertical velocity field, which shows an
upward movement in eastern China and the Indo-China
Peninsula. The high value area is located in the northeast of
Taiwan Island as well as Vietnam and Thailand in the Indo-
China Peninsula, while descending motions prevail in the low
latitude area (0°-10°N) during P2. Figure 5B presents the
interdecadal difference in sea level pressure. Negative values
appear in eastern China, indicating that the sea-level pressure
in P2 period is lower than that in P1 period over this region. And
the central area of negative values is basically the same as the
center of upward motion shown in Figure 5A, indicating that the
upward motion at 500 hPa to a certain extent is driven by the
convergence in lower levels close to the ground. However, there is
no obvious correlation between the interdecadal differences of
sea level pressure and 500 hPa vertical motion in the low

latitudes. Figure 5C shows the interdecadal differences in
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850 hPa wind and relative vorticity. Positive vorticity circulation
appears in eastern part of China, and upward movement appears
in the lower levels, which is controlled by the southerly wind
originated from the ocean. Looking at water vapor flux and its
divergence in the whole layer (Figure 5D), it is found that the
divergence of water vapor flux in most areas of eastern China is
negative, indicating that these areas experience strong water
vapor convergence. At the same time, warm and moist air
with has
continuously transported to eastern China. In summary, the

mass abundant water vapor content been
upward movement in the middle and lower levels is stronger
in the P2 period than in the P1 period. Meanwhile, more warm
moist air mass is transport to eastern China in P2 period than in
P1 period. The above changes in the atmospheric circulation all
are favorable for the increase in extreme precipitation in eastern

China.

Frontiers in Earth Science

Some studies have shown that when the SAH and the WPSH
are abnormally overlapped zonally, that is, when the east ridge of
the SAH is abnormally close to the west ridge of the WPSH
(compared with the multi-year average state), abnormal upward
movements and water vapor convergence anomalies would
develop above eastern China, resulting in more precipitation
in the region (Zhang and Zhi., 2010).

Figure 6 shows the geopotential heights of 500 hPa (A)
and 200 hPa (B), and the contours of 5,880, 5,870 and
12,500 gpm are used to represent typical ranges of the
WPSH and the SAH respectively. It can be seen that
during the P2 period, the WPSH and the SAH both are
stronger than that in the P1 period, and ranges of their
influence are also larger than before. The WPSH anomaly
extends westward, and the SAH anomaly moves eastward. In
other words, along the zonal direction, the two highs show the
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P1 period (red line) and P2 period (blue line): 500 hPa (A) geopotential height; 200 hPa (B) geopotential height.

characteristics of opposite moving directions (zonal overlap).
When the two high pressure systems overlap in the zonal
direction, the warm moist air mass from the western Pacific
ocean will be transported to eastern China by the
southwesterly winds on the northwest side of the WPSH.
A large value belt of southerly wind and water vapor transport
can form over eastern China. Water vapor is transported
from the Pacific ocean to eastern China, which, combined
with the low-level convergence and upward movement, is
conducive to the development of extreme precipitation. At
the same time, in the P2 period, it is found that the divergence
of water vapor flux in most areas of eastern China is negative,
indicating that these areas experience strong water vapor
convergence. And the anomalous enhancement of the SAH
(Figure 6B) is favorable for divergence in the upper layer and
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upward movement in the middle layer. In general, the
circulation pattern in the upper and lower levels is
conducive to the formation of extreme precipitation in
eastern China during the P2 period.

The interdecadal difference in atmospheric circulation between
P1 and P2 periods in most parts of eastern China is statistically
significant at the 95% confidence level by ¢ test, indicating that the
large-scale atmospheric circulation that affects extreme precipitation
in eastern China also experiences an interdecadal change in the late
1990’s. The atmospheric circulation change is favorable for the
interdecadal transformation of extreme climate event in eastern
China. It is also consistent with the abrupt interdecadal changes
shown in the time series of extreme precipitation indexes obtained by
moving ¢-test and Yamamoto methods (Figure 3). It can be seen that
the anomaly of atmospheric circulation is an important factor that
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Interdecadal differences in spring sensible heat flux over the
Tibetan Plateau (P2-P1). The red box indicates the Tibetan Plateau
region. Dotted areas indicate values exceeding the 95%
confidence level by t test.

contributes to the interdecadal change of extreme precipitation over
eastern China.

3.4 Impacts of sensible heat flux changes
over the Tibetan Plateau

Sensible heat flux plays an important role in the
occurrence of extreme precipitation. Figure 7 shows the
interdecadal differences (P2-P1) in spring sensible heat
flux over the Tibetan Plateau. It can be found that the
Tibetan Plateau is an area of positive difference of sensible
heat flux, indicating that the sensible heat flux during the
P2 period is larger than that during the P1. Larger sensible
heat fluxes can lead to higher temperature in the lower
troposphere and thus increase water vapor content in the
air, which is favorable for the increase in regional
precipitation and extreme precipitation. Therefore, sensible
heat flux is closely related to the occurrence of extreme
precipitation.

In addition, sensible heat flux over the Tibetan Plateau in spring
is the main factor that maintains the intensity of the SAH. The
correlation analysis between the time series of regional average
sensible heat flux in spring over the Tibetan Plateau from 1979 to
2020 and 500 hPa geopotential height in summer during the same
period (Figure 8) reveals that the area of high correlation coefficient is
consistent with the range of the SAH shown in Figure 6B. This result
indicates that the springtime sensible heat flux over the Tibetan
Plateau has a significant positive correlation with the SAH. In other
words, the sensible heat flux in spring over the Tibetan Plateau is the
dominant factor that contributes to the strengthening of SAH during
the P2 period (Figure 6B).
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FIGURE 8

Correlation between interdecadal differences in spring
sensible heat flux over the Tibetan Plateau and differences in
geopotential height at 200 hPa (P2-P1). Dotted areas indicate
values exceeding the 95% confidence level by t test.

3.5 Impacts of zonal sea surface
temperatureT gradient in the tropical
oceans

The Pacific SST is one of the main factors affecting the
atmospheric circulation (Zhang and Ding, 2004; Yang et al,
2008). By studying the interdecadal difference in SST between
P1 and P2 (Figure 9), it can be found that the SST differences in
the tropical oceans in winter, spring and summer shows positive
values in the western Pacific and the Indian Ocean, but there is an
area of relatively small SST difference in the Maritime
Continental region (100°-120°E). And the surface temperature
of the Indian Ocean and the Western Pacific continue to increase,
forming “warm pools.“ This result indicates that SST in the
tropical oceans show a more significant zonal gradient during P2.
The positive SST difference in the western Pacific in winter is the
most obvious, and positive SST differences significant at the 95%
confidence level occur over the entire area over 120°~160°E. This
“high-low-high” SST distribution is conducive to descending
In addition, the
continuous warming of the Indian Ocean and the Western
Pacific also affects the intensity of the SAH and the WPSH,
that is, the Indian Ocean and the Western Pacific warm pools
force the SAH and the WPSH to be strengthened, which leads to
the adjustment of the atmospheric circulation. As a result, more

motion over the Maritime Continent.

warm moist air mass above the ocean in the northwest side of the
WPSH is transported to eastern China (Figure 5D), leading to
abnormally intense summer extreme precipitation events there.

The ascending and descending branches of the Walker
Circulation (Figure 10A) in low-latitude regions (0°-10°N
average) are significantly stronger during P2 compared to that
during P1. Large interdecadal differences can be found in the
Walker Circulation (P2-P1). That is, after 1997, driven by the
warm pool in the equatorial Indian Ocean and the Western
Pacific, the Walker circulation during the P2 period is
significantly stronger than that in the previous period of P1.
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Interdecadal differences in SST between P1 and P2 periods (P2-P1): winter (A); spring (B); summer (C). Dotted areas indicate values exceeding

the 95% confidence level by t test.

The ascending branches of the Walker Circulation are located at
60-80°E and 160-180°E, respectively, and the descending branch
is located at 80-160°E. The strongest descending motion is
In addition,

ascending motion above 700 hPa that occurs near 140°E is

concentrated over 90-120°E. the anomalous
also favorable for abnormal intensification of the WPSH at
500 hPa.

At the same time, the ascending branch of the Walker
Circulation in the equatorial western Pacific leads to the
formation of a meridional Hadley circulation on its north side
(Figure 10B) and a counterclockwise circulation anomaly center
in the middle and upper troposphere (400-200 hPa) along the
vertical direction. The Hadley circulation links the wind fields in
the low and middle to high latitudes and thus plays a crucial role
in the exchanges of heat, momentum and water vapor between
different latitudes. In the P2 period, the local Hadley circulation
in East Asia is abnormally strong with upward movements at
around 20-28°N and 32-40°N and downward movements at
around 0-10°N and 30°N. This circulation pattern is consistent
with the ascending motion shown in Figure 5A and the area of
negative sea level pressure anomalies shown in Figure 5B. The
strongest upward movement occurs near 25°N, which is more
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favorable for the intensification of WPSH than that in the
P1 period. The descending branch near 10°N tilts to the north
near the ground, which further strengthens the southerly winds
over eastern China. On the one hand, it is conducive to the
northward movement of warm moist air mass from the
northwestern Pacific; on the other hand, it strengthens
upward movement in this region. The above analysis reveals
that the joint impacts of the latitudinal and longitudinal
circulations promote the occurrence and development of
extreme precipitation in eastern China in summer.

4 Discussion

The major conclusions of the present study about extreme
precipitation in eastern China are based on analysis of the
average state over the entire region. However, it is worth
noting that with the increases in both rainfall amount and
occurrence frequency of extreme precipitation in most regions
of eastern China, the variation trend of extreme precipitation in
Beijing-Tianjin-Hebei region and parts of the Pearl River Delta is
actually opposite to that in other regions of eastern China.
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Despite the fact that large-scale weather and climate background
is becoming more conducive to the occurrence of extreme
precipitation events, extreme precipitation events in the above
two regions are decreasing rather than increasing. This indicates
that in addition to large-scale weather and climate background,
there are some other factors that can affect the occurrence and
development of extreme precipitation events in these two
regions. Considering the fact that these two regions are highly
urbanized, it is reasonable to hypothesize that urbanization could
be a key factor that affects extreme precipitation. It is worth
further exploring this research topic in the future.

The SAH is a planetary-scale vortex center in the upper
troposphere above the Tibetan Plateau in summer. It is also the
most powerful and stable atmospheric activity center in the
upper troposphere in the northern hemisphere summer. The
activities of SAH have important impacts on Asian weather and
climate, especially on precipitation in eastern China (Qian et al.,
2002; Wu et al.,, 2004; Liu et al., 2013; Peng et al., 2016). The
WPSH is a large-scale subtropical high-pressure system in the
middle troposphere over the western Pacific, and it is also an
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important circulation system in the middle and low latitudes. The
peak period of the WPSH activities appears in summer, when its
scope and intensity both reach the maximum. The WPSH is one
of the main atmospheric activity centers that affect the weather
and climate in eastern China, and the east-west oscillation of the
WPSH has an important impact on precipitation in Eastern
China (Yao et al., 2005; Liu and Ding., 2009; Wang and Qian.,
2009; Wang et al., 2011; Ren et al., 2013; Ye et al., 2014; Zhang
etal., 2014, Zhang et al,, 2015; Lin et al., 2016; Huang et al., 2015;
He et al., 2018). This study shows that the contribution of the
SAH is the most obvious in the interdecadal change of extreme
precipitation that occurred around 1997. Note that although the
WPSH intensity has increased during the P2, it does not directly
modulate the interdecadal change of extreme precipitation in
South China.

In addition, the strength of the East Asian summer monsoon
and the location change in the upper-and lower-level jets are also
factors that can affect extreme precipitation in eastern China.
Many studies have analyzed the influence of a single or two factor
on extreme precipitation in Eastern China, but few studies have
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focused on the physical mechanism study for extreme
precipitation and interaction between various factors. In order
to comprehensively understand the causes for the interdecadal
change in extreme precipitation in Eastern China, more work

needs to be done.

5 Conclusions

This paper analyzes the interdecadal change in summer
extreme precipitation over East China that occurred in the
late 1990’s. The influence mechanism of summer extreme
precipitation over East China is explored based on analysis of
atmospheric circulation anomalies on the interdecadal time scale.
Major conclusions are as follows.

From 1979 to 2020 (P2), summer extreme precipitation in
East China overall shows an upward trend, and there is a
significant interdecadal increase that occurred around 1997.
After 1997, the extreme precipitation changes from less than
normal to higher than normal. Spatial distributions of extreme
precipitation amount and intensity are similar, ie., larger
extreme precipitation amount and higher precipitation
intensity are more concentrated in the south than in the
north. The extreme precipitation events decrease from
southeast to northwest and the coastal areas experience more
extreme precipitation than inland areas. The areas with more
extreme precipitation and extreme precipitation intensity are
located in the southeastern coastal region as well as southern
Anhui Province and western Hubei Province.

In the P2 period, there is a strong upward movement in the
lower troposphere above eastern China and a positive vorticity
circulation develops at 850 hPa, which is controlled by strong
southeasterly winds. From the perspective of water vapor
transport in the whole atmosphere, convergence of warm and
moist air originated from the northwestern Pacific Ocean can be
found in eastern China, and convective activities are obviously
strong in this region. These atmospheric conditions are favorable
for the increase of extreme precipitation in eastern China.

Sensible heat flux in the Tibetan Plateau in spring is the main
factor that helps to maintain the intensity of the SAH. After 1997,
positive anomalies of sensible heat flux develop over the Tibetan
Plateau in spring. According to the significant positive
correlation between the plateau sensible heat in spring and
the SAH intensity, the intensification of the SAH strengthens
the upper-level divergence over South China, providing a
favorable background condition for the development of
updrafts and convection activities there.

Besides, the interdecadal difference in SSTA in the tropical
oceans presents an obvious “high-low-high” pattern with larger
zonal SST gradient during P2. Positive SST anomalies occur in
the Indian Ocean and western Pacific, and negative SST
anomalies appear over the Maritime Continent. The tropical

zonal SST gradient triggers a secondary Hadley circulation with
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its ascending branch located in eastern China. This is a
circulation condition favorable for the occurrence of extreme
precipitation. In addition, since the late 1990’s, the South Asian
High has strengthened in the upper troposphere over
southeastern China. The anomalous divergence at the upper
levels effectively maintains the upward movement there, which in
turn facilitates the occurrence of extreme precipitation. The
sensible heat flux changes in the Tibetan Plateau in spring
and the increased zonal tropical SST gradient jointly affect
summer extreme precipitation over East China, leading to the
interdecadal increase in extreme precipitation.
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