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Abstract: Monitoring extreme climate events is of great importance, mainly due to increasingly
severe impacts of extreme climate on nature and humanity. However, the characteristics of extreme
climate events, especially extreme precipitation, frequently show complex variations in the context of
climate change. Taking the middle and lower reaches of the Yangtze River (MLR-YR) in China
as a case study, extreme daily precipitation during 19612012 was analyzed from the aspects
of frequency and intensity. The changes in extreme daily precipitation in the MLR-YR were
further attributed to several factors, including large-scale circulation, hydrologic engineering and
local topography. Our analyses indicate that both frequency and intensity of the extreme daily
precipitation in the MLR-YR showed overall increasing trends from 1961 to 2012. The increase
could be associated with weakened East Asian summer monsoon in past decades. In addition,
inverse trends could also be found locally between the frequency and the intensity. For instance,
extreme precipitation intensity revealed an enhanced trend in the western part of the middle reach of
the Yangtze River, while extreme precipitation frequency showed decreasing trends in this region.
These phenomena could be associated with the effects of some local factors (e.g., lake regulation,
hydropower engineering, topography). Our study highlights the important role of local factors on
extreme precipitation changes.

Keywords: extreme daily precipitation; peaks over threshold; poisson regression; change-point
detection; middle and lower reaches of the Yangtze River

1. Introduction

The global surface temperature has increased rapidly, at a rate of 0.74 & 0.18 °C from 1906
to 2005 [1]. Moreover, this warming trend is projected to rise in future decades, and will likely
be accompanied by more extreme weather (or climate) events (e.g., extreme precipitation and
drought) [2-4]. An extreme weather (or climate) event refers to the occurrence of a meteorological
variable above (or below) a given threshold near the upper (or lower) ends of a sequence of observed
values [5]. In comparison with the changes in average climate condition, extreme weather (or climate)
events exert more serious effects on humans due to probable flooding, agricultural crop damage and
even loss of life [6-8]. Consequently, one of the urgent tasks in the study of global changes is to better
understand the behavior of various extreme events, such as extreme precipitation [9-12].

The changes in extreme precipitation events have attracted increasing attention in recent
decades [13,14]. For instance, Kunkel and Frankson [15] analyzed the trends in extreme precipitation
events at the global scale. They pointed out that recent regional studies of extreme precipitation events
do not cover a sufficiently large area to make any general statements outside the mid and high latitudes
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of the Northern Hemisphere. Singh et al. [16] quantified the transient changes in seasonal extreme
precipitation events at the daily scale over the continental United States. They found fewer but heavier
precipitation events in most of the study area. Rajczak et al. [17] found an increase in mean amounts
and wet-day frequency in northern Europe, but a decrease in southern Europe in the 21st century.
Ghosh et al. [18] argued that there is a lack of uniform trends but increasing spatial variability of
rainfall extremes in India. Wu et al. [19] performed an evaluation and projection of summer extreme
precipitation over East Asia. Extreme precipitation events showed high complexity in different places
from regional to global scales.

The Yangtze River, being the longest river in China and the third longest river in the world,
is also a storm-flood river with frequent occurrence of floods. For instance, disastrous floods in
1954, 1998 and 2010 occurred in the Yangtze River basin with large losses in terms of the economy
and human life [20,21]. Particularly, the middle and lower reaches of the Yangtze River (MLR-YR)
cover many of the economically developed areas in China. Thus, it is crucial to understand the
variations of extreme precipitation events in the MLR-YR to mitigate the losses induced by flooding
disasters. Su et al. [22] analyzed extreme precipitation events in the Yangtze River Basin using a rotated
empirical orthogonal function. They showed an increase in extreme precipitation events from 1960
to 2004. Chen et al. [23] analyzed the spatial-temporal patterns of precipitation extremes during
1960-2009 using the L-moments method together with some statistical tests. They pointed out that
it shows a high risk of floods in the MLR-YR. Guo et al. [24] analyzed the regional characteristics of
several extreme precipitation indices during the period of 1961-2010 in the Yangtze River basin by
using the non-parametric M-K trend test. However, they argued that there is no general significant
increasing or decreasing trend in the Yangtze River basin from analysis of extreme precipitation indices.
Past studies show that extreme precipitation events are still uncertain in the MLR-YR according to
both observed records and model simulations. Furthermore, trend detection is frequently performed
under the assumption of a monotonic trend. However, climatic variables may not conform to this
assumption [25]. It is necessary to project, compare and attribute the temporal-spatial variations of
extreme precipitation events in the MLR-YR.

This paper conducted a simultaneous analysis of gradual and abrupt changes of the extreme daily
precipitation in the MLR-YR in China from 1961 to 2012. We considered two measures of extreme
daily precipitation events from the aspects of frequency (the number of extreme daily precipitation
events) and intensity (average precipitation of extreme daily precipitation events) [26,27], respectively.
The changes in the frequency and the intensity were analyzed using Poisson regression, linear
regression and Pettitt’s test. Temporal-spatial changes of the extreme daily precipitation were further
attributed to several factors from aspects of East Asian summer monsoon, hydrologic engineering,
topography, and so on.

2. Study Area and Data Preprocessing

2.1. Study Area

The Yangtze River, also called “Changjiang”, is prone to flash-floods as well as having an uneven
distribution of precipitation and frequent floods. As one of the most developed regions in China,
the middle and lower reaches of the Yangtze River (MLR-YR) were selected as the study area for
the analysis (Figure 1). The MLR-YR lies between 102°~122° E and 24°~34° N, with a total area of
1,157,057 km?. The region belongs to a typical subtropical monsoon climate, with an average annual
temperature of 14~18°C, and average annual precipitation of 1000~1500 mm. Due to the East Asian
subtropical monsoon, high temperature and abundant precipitation are concentrated in the summer.
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Figure 1. Location of the middle and lower reaches of the Yangtze River (MLR-YR).

Since the economic reforms in the mid-1980s, China has witnessed unprecedented urbanization
and economic growth. The MLR-YR, which covers five urban agglomerations (i.e., the Yangtze River
Delta urban agglomeration, the middle reach of the Yangtze River urban agglomeration,
the Chengdu-Chongging urban agglomeration, the middle Guizhou urban agglomeration and the
middle Yunnan urban agglomeration), has become one of the most developed regions across the
country. In particular, numerous big- and medium-sized cities, including Shanghai, Chongqing,
Nanjing, Hangzhou, Hefei, Nanchang, Wuhan, Chengdu in the MLR-YR, comprise one of the most
important economic zones: the Yangtze River Economic Belt.

A total of 97 stations with almost even-distribution in the MLR-YR were selected to detect
temporal-spatial changes of extreme daily precipitation. Among these stations, 27 of them are located
in the lower reach of the Yangtze River, and the rest of them in the middle reach of the Yangtze River
(Figure 1).

2.2. Data and Preprocessing

The observed daily precipitation data, which cover the period of 1961-2012, were obtained for
the MLR-YR from the Chinese Meteorological Data Service Center (CMDC), China Meteorological
Administration (CMA). The quality control of the data was conducted by CMDC through manual
inspection of the time consistency and extremum validation [28]. To assure the continuity and
consistency, we further validated these data by screening and eliminating the suspicious and missing
records. We limited our analyses to the stations with records of at least 50 years. Consequently, a total
of 97 stations, which are nearly evenly distributed in the MLR-YR, were selected and processed to
elucidate changes in extreme daily precipitation (Figure 1). In addition, East Asian summer monsoon
index (EASMI) data were obtained from the College of Global Change and Earth System Science
(GCESS) [29]. The EASMI was averaged from June to August to reflect the effects of the monsoon
season in the MLR-YR.

3. Methods

3.1. Peaks-Over-Threshold Approach with Poisson Arrival Rate to Examine the Occurrence of Extreme Daily
Precipitation Events

3.1.1. Peaks-Over-Threshold Approach

The Peaks-Over-Threshold (POT) approach, which is described by the generalized Pareto
distribution (GPD), is widely used to estimate extreme values, including extreme precipitation, extreme
temperature and wind velocity [30-32]. The POT approach utilizes threshold excesses above a given
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threshold to determine whether an extreme precipitation event occurs [33,34]. In general, if the
threshold is too low, it is likely to violate the asymptotic basis of the GPD. However, if the threshold is
too high, few excesses will be generated with which the GPD can be estimated [35]. The threshold in
the POT is therefore critical because it determines the occurrence of extreme daily precipitation events,
and further controls the sample size of the events.

The GPD, which was introduced by Pickands [36], has been widely used in dealing with extreme
events [31,37]. For a random variable x (x > u), the cumulative probability function of the GPD is
given by:

F(x) = { 1—(1+ (xa—u))fl/gl E£0 )

1—exp(— %), £ =0

where u is the location parameter, frequently equaling the threshold of extreme precipitation events at
a given period [38]; o and ¢ denote scale and shape parameters, respectively.

In this paper, different thresholds were examined by assuming a generalized Pareto distribution
with the Poisson arrival rate of the corresponding extreme daily precipitation events [37,39]. That is,
daily precipitation at different percentiles (i.e., the 90th, 95th and 99th) was tested for the generalized
Pareto distribution by using the Chi-square test. The dispersion coefficient was then analyzed to
examine whether the number of extreme daily precipitation events follows a Poisson distribution.

3.1.2. Poisson Distribution Validation

Because of the discrete nature of the number of extreme daily precipitation events, a Poisson
distribution provides the appropriate statistical framework to simulate the number of extreme
precipitation days [35,40]. A regular Poisson distribution of a random variable can be characterized as
an equality of its variance and mean. To evaluate whether the numbers of extreme daily precipitation
events in the MLR-YR follow a Poisson distribution, the dispersion coefficient (®) was calculated to
check the differences between the variance and the mean of the number of extreme daily precipitation
events. Assuming that the number of extreme daily precipitation event (Ny) in the year y follow
a conditional Poisson distribution with the rate of occurrence A, the dispersion coefficient (®) is
defined as the ratio between the variance Var(A) and the mean E(A) of the occurrence rate of the

extreme event (A) [41].
~ Var(A)
= E0 @

Therefore, a regular Poisson distribution is characterized by equidispersion (i.e., equality of
variance and mean, ¢ = 1). More frequently, overdispersion occurs in the observed count data
when the variance is larger than the mean (¢ > 1). Inversely, so-called underdispersion occurs when
® < 1. Both overdispersion and underdispersion may violate the assumptions of independence and
stationarity underlying the Poisson processes [42,43]. The dispersion coefficient (Equation (2)) was
calculated to examine whether the extreme daily precipitation events follow a Poisson process.

After determining the threshold, occurrence of extreme daily precipitation events per year was
then counted for each station separately [22,44]. The intensity and frequency of extreme daily

precipitation events were then analyzed using a simple index of extreme precipitation frequency
for a year (SEPF, days) and a simple index of extreme daily precipitation intensity for a year (SDPI,
mm/day) according to the selected thresholds.

3.2. The SEPF to Analyze Extreme Precipitation Frequency and Its Trends

When performing an analysis of extreme precipitation frequency, a simple index of extreme
precipitation frequency for a year (SEPF), which is defined as the number of extreme daily precipitation
events in a given period (i.e., one year), was calculated based on the selected threshold. Let Py, P, ..., P;
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be independent random observations of a random variable, such as daily precipitation observation in
a given period (e.g., one year). The SEPF was then calculated as:

365
SEPF =Y Ty 3)
j=1
1 P;>=u
= 4
Ty { 0 Pi<u @

where T, is a conditional function that takes the value 1 if daily precipitation observation P; on the
day d in the year y exceeds the extreme precipitation threshold u. Otherwise, 7, takes zero, indicating
the non-occurrence of an extreme daily precipitation event in the period.

To analyze trends in the extreme precipitation frequency, a count regression model was employed
due to the condition that the response is a count (a positive integer) [41]. Given the discrete
characteristics of the extreme daily precipitation events in a specific period, we assumed a Poisson
distribution of extreme precipitation occurrences. Moreover, the dispersion coefficient was calculated to
examine the reliability of the Poisson distribution on extreme daily precipitation events. Furthermore,
a Poisson regression model could be employed to detect trends in the occurrence of extreme daily
precipitation events [42,45,46]. That is, the number of extreme daily precipitation events in the year y
(Ny, equals SEPF at a given year y) has a conditional Poisson distribution with the rate of occurrence

(Ay). It is expressed as:
e’/\y)\';
P(Ny :kMy) = Kl [k:0,1,2,...] (5)

The rate of occurrence is potentially a non-negative random variable. To assess the temporal

trends in extreme daily precipitation, the rate of occurrence A in the given year y was fitted as a linear
function of ¥ (by means of a logarithmic link function) as:

Ay =exp(a+b-y) (6)

where a and b are the regression coefficients. If the estimated coefficient b in the time (y, year) is larger
(or smaller) than zero at the 5% significance level from the Wald-test (p < 0.05), then there is statistical
evidence to support the presence of increased (or decreased) trends in the occurrence of extreme daily
precipitation events [42,46].

3.3. The SDPI to Analyze Extreme Precipitation Intensity and Trend Analysis

When performing an intensity analysis of extreme daily precipitation, a simple daily precipitation
intensity index was frequently employed by stations [26,27]. In this paper, we first calculated the
annual cumulative precipitation of rainy days at a given year when daily precipitation amounts
exceeded a specific extreme precipitation threshold. To analyze changes in extreme precipitation
intensity, a simple index of extreme daily precipitation intensity for a year (SDPI, mm/day) was then
calculated as the ratio between the cumulative precipitation (P,;, mm) and the number of extreme
daily precipitation events in one year (Ny, days):

365
SDPI = () Pyq)/NyPyg > u )
d=1

where P, ;(mm) is the precipitation amount on the day 4 in the year y, u is the threshold to identify the
extreme daily precipitation event, Ny, is the number of extreme daily precipitation events that occurred
in the year y.

In order to detect and attribute the trend of extreme daily precipitation intensity, two experiments
were performed by assuming gradual and abrupt changes of precipitation records. Firstly, monotonic
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trend in the intensity of extreme daily precipitation was tested in the MLR-YR over the past
decades [42,47]. When examining the temporal dynamics of extreme precipitation intensity (SDPI),
a linear regression model was employed to assess whether any statistically significant strengthening or
decreasing trends exist. We assumed that the SDPI depends linearly on the time Ty:

SDPI=a+B-Ty, ®)

where « and 8 are regression coefficients. If § is different from zero at the 5% significance level from
t-test (p < 0.05), then statistical evidence is found in favor of the presence of trends in the intensity of
extreme daily precipitation.

In the other experiment, change-point detection analyses were conducted to detect the abrupt
changes of extreme daily precipitation. When performing change-point detection analyses, Pettitt’s test
was conducted to examine a shift in the central tendency of extreme daily precipitation [48]. That is,
a statistic U; 1 was employed to test whether two samples of extreme precipitation events (e.g., X1,
Xy, ... Xt and Xy, ... X7) come from the same population.

t T
Z Z sgn(X; — X 9)
i=1j=t+1
where
1 ifx >0
sgn=4¢ 0 ifx=0 (10)
-1 ifx <0

The change-point of the series is located at Kr, which is defined as:
K7 = max|U; | (11)

Details of the Pettitt’s test can be found in the studies by Pettitt [48]. By using Pettitt’s test, extreme
daily precipitation was analyzed to examine whether a change-point exists over the period 1961-2012.

After conducting the change-point detection, change rate was also analyzed to further examine
the changes before and after mutation of extreme daily precipitation events. The change rate of the
intensity of extreme daily precipitation (EPCR) was calculated as:

SDPI, — SDPI;

EPCR =
¢ SDPI,

(12)
where SDPI; and SDPI, represent the average intensity of extreme daily precipitation before and after
the change point, respectively.

In this study, the Poisson regression, linear regression and Pettitt’s test were performed in the
R software [49].

3.4. Attribution of Changes in Extreme Daily Precipitation Events

To attribute changes in extreme daily precipitation events in past decades in the MLR-YR,
we analyzed the relationships among extreme precipitation variation, East Asian summer monsoon
and some local factors (e.g., hydrologic engineering, topography). The spatial interpolation technique
was also applied on the SDPI and the SEPF to reveal regional patterns of extreme daily precipitation.
The regional averages SDPI and SEPF were further calculated by taking the MLR-YR as a whole
to reflect changes in extreme daily precipitation. The East Asian summer monsoon index (EASMI),
which was developed by Li and Zeng [29], was employed as an indicator of the variations of East
Asian summer monsoon. The EASMI is defined as an area-averaged seasonally dynamical normalized
seasonality at 850 hPa within the East Asian monsoon domain (10°~40° N, 110°~140° E) [29]. This index
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was widely employed to measure the East Asian summer monsoon in past studies [50,51]. Correlation
analyses were further performed among SDPI, SEPF and the EASMI in the MLR-YR over the
period 1961-2012.

In addition, empirical relationships were found between the construction of large dams and
extreme precipitation events [52]. For instance, a past study found that the three Gorges Dam played
crucial roles in flood control, irrigation and river flow [53], and even affected regional precipitation [54].
Thus, we attributed the changes in extreme daily precipitation in the MLR-YR to some local factors,
such as the effects of hydrologic engineering and topography.

4. Results

4.1. Long-Time Average Annual Precipitation in the MLR-YR from 1961 to 2012

As shown in Figure 2, multi-year average precipitation shows large spatial heterogeneity in the
MLR-YR from 1961 to 2012. The average annual precipitation varied by stations, from 466 mm at the
Whudu station in Gansu Province to 2316 mm at the Huangshan station in Anhui Province. A decreasing
gradient of precipitation could be found from southeastern to northwestern regions of the MLR-YR.
This phenomenon could be associated with the northwestward attenuation of monsoon flows in China,
accompanied by decreasing atmospheric moisture transferred by the East Asia Summer monsoon from
southeastern coast to northwestern inland of China (Figure 1) [55].

105|“ E 110‘“ E 115]“ E 120|" E
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Figure 2. Average annual precipitation in the MLR-YR over the period 1961-2012.

4.2. Threshold Selection of Extreme Daily Precipitation in the MLR-YR

Different thresholds (i.e., the 90th, 95th and 99th percentiles) of daily precipitation were first
examined using the chi-square test to check whether the threshold excesses of daily precipitation in
the MLR-YR come from the generalized Pareto distribution. According to the chi-square test for the
precipitation amount above different thresholds, we cannot reject the hypothesis that the threshold
excesses of extreme daily precipitation come from the generalized Pareto distribution in 96 of all the
97 meteorological stations in the MLR-YR.

The frequency of extreme daily precipitation events at different thresholds (i.e., the 90th, 95th and
99th percentiles) was then analyzed to examine whether they follow a Poisson distribution. Table 1
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shows the thresholds that were calculated from different percentiles, the number of average annual
occurrences, as well as dispersion coefficients in this region. The threshold of daily precipitation
at the 95th percentile on rainy days is 36.43 £ 6.10 mm/day over the MLR-YR in past decades,
with an occurrence rate of 5.96 £ 1.01 days per year (Table 1). In addition, the average dispersion
coefficient shows a near-equidispersion (0.91 & 0.19). To retain enough data records and satisfy the
Poisson distribution, the 95th percentile of the precipitation amount in the rainy days is proved to be
more suitable for selection as the optimal threshold for most stations in this study area.

Table 1. Precipitation features at different percentiles in the MLR-YR from 1961 to 2012.

Precipitation Features 90th 95th 99th
Threshold (mm/day) 23.97 £ 4.41 36.43 £6.10 7214 £ 1222
Occurrence rate (days) 11.05 £ 1.76 5.96 +1.01 1.31 £0.22
Dispersion coefficients 0.78 £0.18 091 £0.19 0.96 £ 0.18

Furthermore, the threshold of the daily precipitation amount at the 95th percentile showed large
heterogeneity in the MLR-YR (Figure 3). The precipitation amount reached up to 50 mm/day at
the Huangshan station in Anhui Province in the southeastern region of the lower reaches of the
Yangtze River. However, it was only 18 mm/day at the Wudu station in Gansu Province in the middle
reach of the Yangtze River. In addition, the threshold of the precipitation amount shows an overall
decreasing trend from the southeastern to the northwestern region of the MLR-YR. This threshold
pattern of extreme daily precipitation is in agreement with the spatial distribution of average annual
precipitation in this region (Figure 2).
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Figure 3. Precipitation amount at the 95th percentile over the period of 1961-2012 in the MLY-YR.

4.3. Average Intensity of Extreme Daily Precipitation

By using the SDPI as an indicator, we derived the average intensity of extreme daily precipitation
in the MLR-YR over the period 1961-2012. Taking this region as a whole, the average intensity of
extreme daily precipitation is 58 = 9 mm/day over the past 52 years. Spatially, the average intensity
of daily extreme precipitation varied between 26 mm/day and 80 mm/day (Figure 4). The highest
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intensity of extreme daily precipitation was distributed in the eastern parts of the study area, including
the area around Poyang Lake, southern Anhui Province and eastern Hubei Province. Despite the low
precipitation in the northeastern Sichuan Province, the average intensity in this region was very high:
about 75 mm/day. In addition, the average intensity of extreme daily precipitation was relatively low
in the southwestern and northwestern region of the MLR-YR. These phenomena were in agreement
with the spatial pattern of decreasing atmospheric moisture, which was transferred by the East Asia
Summer monsoon [55].

105:‘ E 11()I“ E 115I° E 120l° E

Average precipitation
intensity (mm/day)

[ 126.53-44.82 -
[ ]44.82-52.91
[ 52.91-59.93
0 150 [ 59.93 - 67.38
L I 67.38 - 80.78

Figure 4. Average intensity of extreme daily precipitation over the period of 1961-2012 in the MLY-YR.

4.4. Trends in Extreme Daily Precipitation in the MLR-YR from 1961-2012

4.4.1. Frequency of Extreme Daily Precipitation Events

The frequency of extreme daily precipitation events shows statistically significant trends in
most of the stations in the MLR-YR from 1961 to 2012. Spatially, a total of 63 stations revealed
significant increasing trends (Wald-test, p < 0.05) in the occurrence of extreme daily precipitation
events, with an average increase of 0.002 £+ 0.003 day per year during 1961-2012. A decreasing
gradient could also be found from northeastern to the southwestern parts of the MLR-YR (Figure 5).
In detail, increasing trends mainly occurred in the northeastern part of the region (except Liyang and
Changzhou stations in Jiangsu Province; Ganzhou and Xiushui stations in Jiangxi Province; Zaoyang
station, Wufeng and Yingshan stations in Hubei Province). On the contrary, a decreasing trend is found
in most of the southwestern regions in the MLR-YR (except Bijie, Guiyang, Sinan and Tongdao stations
in Guizhou Province, and Meitan station in Hunan Province).
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Figure 5. Trends in extreme precipitation frequency over the period of 1961-2012.

4.4.2. Intensity of Extreme Daily Precipitation

As for the intensity of extreme daily precipitation, an overall enhanced trend of
0.05 £ 0.07 mm/day (t-test, p = 0.014) is also shown from 1961 to 2012 in the MLR-YR. Furthermore,
a total of 67 stations show spatially increasing trends from 1961 to 2012 in the MLR-YR, albeit not
statistically significant. These results indicate the overall strengthened intensity in the MLR-YR over
the past decades. Spatially, the intensity of extreme daily precipitation shows large differences among
stations. As shown in Figure 6, a high value of the positive trend (approximately 0.31 mm/day)
appeared at the Shapingba station in Chongqing City and the Wanyuan station in Sichuan Province,
even though the annual precipitation was relatively low in these regions (Figure 2). This increase could
also be found at the Tongren station and the Zhijiang station. This phenomenon could be associated
with the large-scale circulation around the Tibetan Plateau and local topography [56,57].

On the contrary, the lowest value of negative trends in the MLR-YR (approximately
—0.18 mm/day) appeared at the Zhongxiang and the Jiayu stations in Hubei Province. The stations
with weakened precipitation intensity are mainly distributed around the Poyang-Ganjiang and
Dongting-Changjiang regions. Besides these two areas, a weakened intensity of the extreme daily
precipitation could also be found in the northern Hubei Province (e.g., Zhongxiang, Yichang, Fangxian
and Zaoyang stations in Hubei Province; Nanyang and Xixia stations in Henan Province) (Figure 6).
Figure 7 shows the changing rate of extreme daily precipitation intensity before and after the mutation
of extreme daily precipitation events over the period of 1961-2012 in the MLR-YR. We found that the
pattern is in agreement with the analysis on the gradual trends (Figure 6).
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Figure 6. Trends in extreme precipitation intensity over the period of 1961-2012.
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Figure 7. Change rates of the SDPI in the MLR-YR from 1961 to 2012.
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As shown in Figures 5-7, trends in extreme daily precipitation show weakened intensity,
but increased occurrence in the northeastern MLR-YR in past decades. This is especially the case in
the regions around the Danjiangkou-Hanjiang, the Poyang-Ganjiang and the Dongting-Changjiang
area. The phenomena were reversed in the southwestern parts of the MLR-YR. For instance, extreme
precipitation frequency showed an increase of 0.26 day and 0.16 day per year at the Tongren station in
Guizhou Province and the Zhijiang station in Hunan Province, respectively. However, the extreme
precipitation intensity revealed a decreasing trend in the two stations. In addition, we found that the
frequency of extreme daily precipitation events in the northeastern Sichuan Province is weakened,
while the intensity of precipitation becomes enhanced in this region.

5. Discussions

5.1. Impacts of East Asian Summer Monsoon on Extreme Daily Precipitation Events

The East Asian summer monsoon is an important circulation system that affects the change
in the summer precipitation in the MLR-YR [58]. Thus, the relationship between extreme daily
precipitation events and the East Asian summer monsoon index was examined to explore probable
causes of the extreme precipitation variations in the MLR-YR during 1961-2012. In terms of the extreme
precipitation intensity, the correlation coefficient between SDPI and the EASMI is —0.389 and the
P value calculated by the t-test is 0.004 (Figure 8). For the extreme precipitation frequency, a significant
negative correlation (r = —0.292; n = 52; p = 0.036) is also found between the number of extreme daily
precipitation events and the EASMI over the period 1961-2012 in the MLR-YR (Figure 9). The intensity
and frequency of extreme daily precipitation events showed an overall enhancement in past decades
(Fgures 8 and 9), while the East Asian summer monsoon experienced obvious weakening in past
decades [58] (Figures 8 and 9).

1960 1970 1980 1990 2000 2010
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1960 1970 1980 1990 2000 2010
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Figure 8. Interannual variations of SDPI and EASMI in the MLR-YR from 1961 to 2012
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Figure 9. Interannual variations of SEPF and EASMI in the MLR-YR from 1961 to 2012

In addition, according to the Pettitt’s test, the East Asian summer monsoon experienced a mutation
in 1986, which was close to that of the extreme daily precipitation events in 1988 in the whole region.
These results indicate the probable effects of the variations in large-scale circulation on extreme daily

precipitation events.

5.2. Relationships between Extreme Daily Precipitation and Several Local Factors

Further analyses have also been conducted to understand the local anomaly of extreme daily

precipitation around the Dongting-Changjiang, the Poyang-Ganjiang and the middle and lower reach
of the Hanjiang area (Figures 2 and 10-12). Time series of extreme daily precipitation records from

1961 to 2012 were analyzed by using Zhongxiang, Yueyang and Nanchang as typical stations with

anomalous extreme daily precipitation (Figures 10-12).
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Figure 10. Interannual variations of SDPI and SEPF at the Zhongxiang station in the low reach of

Hanjiang River from 1961 to 2012.
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Figure 11. Interannual variations of SDPI and SEPF at the Yueyang station in Poyang-Changjiang
area from 1961 to 2012.
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Figure 12. Interannual variations of SDPI and SEPF at the Nanchang station in Dongting-Changjiang
area from 1961 to 2012.

As shown in Figure 10, extreme precipitation intensity at the Zhongxiang station has revealed
smaller fluctuation since 1979. The SDPI changed from 62.1 £ 13.7 mm/day during 1961-2012 to
59.9 + 10.2 mm/day during 1979-2012, indicating a more even distribution of extreme precipitation
intensity. The phenomena could be associated with the hydrological change in this area due to
the regulation of Danjiangkou reservoir. Construction of the Danjiangkou reservoir started in
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1958, and finished in 1973. It may exert large influences on the flow regime in the middle and
lower reaches of the Hanjiang River [59]. Particularly, according to our change-point detection,
the SDPI at the Zhongxiang station showed a mutation in 1980, indicating the probable impacts of
hydropower engineering.

In addition, the SDPI at the Yueyang station in the middle reach of the Yangtze River also became
more even, varying from 65.28 & 13.94 mm/day during 1961-1999 to 59.52 £+ 6.8 mm/day during
2000-2012 (Figure 11). However, the extreme precipitation frequency of the Yueyang station showed
an increasing trend in past decades (Figures 5 and 11). The phenomena could be associated with
the impacts of lake regulation [60], as well as hydrologic engineering (i.e., three Gorges Dam) in the
upper reach of the Yangtze River (Figure 2). Particularly, the three Gorges Dam in China, the world’s
biggest hydroelectric construction, was built along the middle reach of the Yangtze River from 1994.
The river closure during the three Gorges Project was completed in 1997. The impoundment reached
175 m in the Three Gorges reservoir area in 2010. In addition, according to the Pettitt’s test, extreme
precipitation intensity shows a mutation at the Yueyang station in 1999. Past studies also found that
the three Gorges Dam exerted large climatic effects on the regional scale (~100 km) rather than on the
local scale (~10 km) [54]. This result indicates the probable effects of the three Gorges Dam on extreme
precipitation. In comparison with the Yueyang station, the SDPI at the Nanchang station in the lower
reach of the Yangtze River revealed fluctuations before and after the construction of the three Gorges
Dam (Figure 12). The fluctuations could be associated with being relatively far away from the three
Gorges Dam.

In addition, as mentioned in Section 4.4.2, extreme precipitation intensity showed opposite trends
at the stations of Tongren, Shapingba, Zhijiang and several others in the northeastern Sichuan Province
(Figure 5). The heterogeneity is in agreement with the variations of nocturnal precipitation in the
northeastern Sichuan Province [57]. This phenomenon could be associated with large-scale circulation
and local topography in the eastern Tibetan Plateau according to the simulation of the Weather Research
and Forecasting Model (WRF) [61,62].

6. Conclusions

In this paper, a simultaneous analysis of gradual and abrupt changes of extreme daily precipitation
was conducted from 1961 to 2012 by using the MLR-YR in China as an instanace. The extreme daily
precipitation events were first identified according to the POT approach by assuming a generalized
Pareto distribution with a Poisson arrival rate. On this basis, the intensity and frequency of extreme
daily precipitation were then calculated across the MLR-YR. Changes in extreme daily precipitation
were further analyzed using regression analysis and the change-point detection.

Taking the MLR-YR as a whole, we found an overall increasing trend from both aspects of
frequency and intensity under global climate change, albeit not significant in the case of extreme
precipitation intensity. The result indicates overall increasing extreme daily precipitation in the
MLR-YR. However, an inverse relationship between the intensity and the frequency of extreme daily
precipitation events could also be found locally, including in most parts of the western MLR-YR,
around the Poyang-Ganjiang and Dongting-Changjiang area. The results indicate an overall enhanced
risk of extreme daily precipitation events in the MLR-YR, but there is a lack of a uniform trend in in
different aspects, such as frequency and intensity. The changes in extreme daily precipitation could be
attributed to the changes in large-scale circulation such as the East Asian summer monsoon, and some
local factors (e.g., lake regulation, hydrologic engineering and topography).

In addition, changes in extreme precipitation over time can occur due to both climate change and
natural climate variability [63]. In future studies, causes of extreme daily precipitation will be analyzed
in depth by considering the teleconnection with El Nifio-Southern Oscillation, local topography;,
and so on.
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