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Abstract

Understanding the changing characteristics and related mechanisms behind precipitation extremes is crucial for developing
adaptive measures of water resource management as well as flood risk management. Based on daily precipitation measurement
taken at 57 meteorological stations from 1960 to 2016, the variability of precipitation extremes over the Yangtze River Delta
(YRD) is analyzed utilizing a Mann-Kendall trend test as well as a Hurst exponent analysis. Moreover, the climatic
teleconnection that occurs from large-scale atmospheric circulation and such precipitation extremes is also investigated with
the help of a wavelet coherence analysis. Results indicate that most extreme precipitation indices predominantly exhibit signif-
icant positive trends, indicating a wetting trend in the YRD over the past 61 years. Meanwhile, the contribution of precipitation of
very wet days to annual total wet-day precipitation increased significantly. Furthermore, the increasing trend of precipitation
extremes in the YRD is found to be attributable to the frequency and intensity, rather than to the duration of extreme precipitation
events. The patterns of variation in these precipitation extremes reveal dramatic spatial heterogeneity, with extreme events
concentrated primarily along the coastal plains. Overall, the YRD will likely face more severe flood risks in the foreseeable
future. This is especially the case for the southern and central-western regions of the YRD. In contrast, the northern region of the
YRD is forecast to become drier over time. The increasing trends in precipitation extremes for the YRD observed in this study are
found to be linked closely with the positive anomalies of the El Nifio-Southern Oscillation as well as the negative anomalies of the
East Asian summer monsoon.

1 Introduction

Precipitation is not only a chief element in the Earth’s hydro-
logical cycle, but is also a crucial regulating factor in atmo-
spheric circulation (Limsakul and Singhruck 2016; Tapiador
et al. 2017). Variabilities in precipitation generally, and ex-
treme precipitation specifically, have already placed severe
pressure on water safety, societal infrastructure, and social
economy, provoking large-scale outbreaks of waterborne dis-
ease as well as an increasing body count from related natural
disasters worldwide (Curriero et al. 2001; Hossain et al. 2010;
Shimizu et al. 2017). Quantitatively investigating the changes
in extreme weather and climate events of the past (e.g., floods,
flash-floods, rainstorm, droughts, and heat waves) is a critical
prerequisite for the understanding of the response that the
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hydrological cycle as well as water resource variability will
have to change in climate at the local, regional, and even
global scale (IPCC 2013; Zhang et al. 2014; Xiao et al.
2017). Consequently, there is an urgent need for adequate
monitoring and prediction when it comes to the variation of
frequency, intensity, and duration in precipitation extremes.
This is essential for developing the appropriate tools, tech-
niques, and infrastructure in hydraulic engineering that is
needed to reduce the adverse impacts associated with extreme
precipitation events. Moreover, the findings of studied therein
offer excellent opportunities for exploring the possible physi-
cal mechanisms behind climate change, contributing to great
understanding in the research community.

The extreme meteorological and hydrological events seen
over the last few decades, commonly attributed to climate
change, have generated extensive concern among the world’s
government, scientific community, and the general public.
Generally speaking, both a widespread and significant in-
creasing trend in precipitation extremes are identified in more
land areas around the world (Alexander et al. 2006; Donat
et al. 2013; Asadieh and Krakauer 2015). Nevertheless, the
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observed patterns of change therein are oftentimes complex
and spatially heterogeneous when scaled regionally. Simply
put, different regions will exhibit contradictory trends. For
example, negative trends in extreme precipitation events have
been discovered in Northeast China, Northern China, the
Yellow River basin, as well as the northwest and southeast
regions of the Loess Plateau. Contrary to these findings, pos-
itive trends in extreme precipitation events have been ob-
served in south-eastern Chinese coast, Northwest China, the
Tibetan Plateau, as well as the middle and lower reaches of the
Yangtze River (Fu et al. 2013; Wan et al. 2014; Gao and Wang
2017). In the research of Duan et al. (2015), it was found that
despite the fact that the annual and seasonal precipitation ob-
servations taken throughout Japan from 1901 to 2012 exhib-
ited a downward trend, most of sample’s indices for precipi-
tation extremes exhibited a contradicting but synchronized
trend toward increase. Additionally, observational evidence
paired with multi-model simulations has indicated that precip-
itation extremes are likely to continue to intensify in many
regions around the world in the context of global warming
well into the future (Kao and Ganguly 2011; IPCC 2013;
Qin and Xie 2016). It has been found that the world’s dry
regions are similarly projected to suffer from an increased risk
of flooding under such conditions (Donat et al. 2016).

In addition to global warming, large-scale atmospheric cir-
culation also has a dramatic impact on precipitation extremes
(Liu et al. 2017). The El Nino-Southern Oscillation (ENSO)
affects changes in the atmospheric-oceanic system of the trop-
ical regions of the Pacific Ocean, forcing significant influence
on changes in climate worldwide; however, the effects of the
ENSO are asymmetric (Ward et al. 2014; Sun et al. 2015;
Tedeschi et al. 2015). In fact, the research of Grimm and
Tedeschi (2009) revealed that the ENSO brings about more
spatial coherence changes in frequency of extreme events
when compared with the changes in the intensity of extreme
events, and that changes in daily extreme precipitation in
South America are more sensitive to the influence of the
ENSO than they are to the region’s changes in total monthly
precipitation. Shimizu et al. (2017) found that most extreme
dry events in the Amazon Basin and Northeast Brazil will
occur during El Nifio periods, while extreme precipitation
events are more common during La Nifia period or neutral
years.

Depending on the different peaks in sea surface tempera-
ture that occur in a given year, extreme meteorological events
during El Nifio can be assorted into two different categories,
namely the Eastern-Pacific El Nifio and the Central-Pacific El
Nifio (Kug et al. 2009). These two types of El Nifio have a
correspondingly different influence on the climate of the Asia-
Pacific region. Specifically, an Eastern-Pacific El Nifio can
lead to heavy rainfall in northern Peru whereas a Central-
Pacific El Nifio will be associated with decreased rainfall over
the upstream regions along the Pacific Slope (Bourrel et al.
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2015; Rau et al. 2017). Additionally, Curtis (2008) found that
precipitation intensity in Florida specifically, and the
Southeast coast of the USA generally, will be enhanced during
the warm phase of the Atlantic Multidecadal Oscillation while
extreme precipitation will correspondingly be decreased in the
Northwest Mexico.

As one of the most rapidly urbanized, densely populated
metropolitan agglomerations in the world, the Yangtze River
Delta (YRD) has played and continues to play a crucial role in
the economic development in China as a whole.
Simultaneously, the YRD is also an area that is remarkably
susceptible to changes in climate due to its characteristically
large variation in precipitation levels. Past research has dem-
onstrated that flood disaster risk in the central and southern
areas of the YRD has increased dramatically over the past half
century, and that the intensity of precipitation therein has like-
wise intensified considerably (Han et al. 2015; Wang et al.
2016). Unfortunately, it must be noted that this past researcher
focused primarily on spatiotemporal variation in extreme pre-
cipitation. The questions of how extremes in precipitation
across the YRD can be affected by large-scale atmospheric
circulation remain unaddressed.

This study investigates the changes in observed across the
YRD from 1960 to 2016 in order to explore the relationship
between variability in regional precipitation extremes and
large-scale atmospheric circulation. The remainder of this pa-
per is organized as follows. The study’s datasets and method-
ology are introduced in Sect. 2. Descriptive and inferential
results of variability are described in Sect. 3. The potential
relationship between regional precipitation extremes and
large-scale atmospheric circulation are discussed in Sect. 4.
Conclusions are presented last, in Sect. 5. The study’s results
are expected to provide useful information for developing
adaptive measures in water resource management as well as
flood risk prevention and control.

2 Data and methodology
2.1 Study area

What constitutes the total area of the YRD will vary from pro-
fession to profession. For this study, the term YRD specifically
refers to the economic definition of the area, rather than the area
commonly denoted in geomorphology. To be exact, the YRD
(27°01" N~35°20" N; 114°54" E~123°08" E) is located on the
lower reaches of the Yangtze River in Eastern China and in-
cludes three provinces and one municipality, with a total area
approximately of 344,300 km”. Jiangsu Province (JSP),
Zhejiang Province (ZJP), and Anhui Province (AHP) are dis-
tributed in the north, south, and west, respectively. The densely
populated Shanghai municipality is centrally located along the
region’s coastline (Fig. 1). The region is characterized by high
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elevation in the southern as well as western areas and charac-
terized by low elevation in its central, eastern, and northern
areas. Covered by the East Asian monsoon climate, annual
precipitation in the study area exhibited a high degree of spatial
heterogeneity that is consistent over time, with a predictable and
abundant level of precipitation during the region’s flood season
(specifically, from May to September). Moreover, the region’s
coastal areas are particularly vulnerable to typhoons and tides
owing to the area’s flat and low topography.

Covering approximately 3.59% of the total area of China,
the YRD supports 16.1% of the Chinese population regard-
less, contributing to 23.82% of the nation’s gross domestic
product. The rate of urbanization (that is, the urbanization of
population) for the YRD was nearly 68.65% in 2016, exceed-
ing the national average by 11.3% (National Bureau of statis-
tics of the People’s Republic of China 2017).

2.2 Data
2.2.1 Data sources

The daily precipitation observation data utilized for this study
were acquired from the National Meteorological Information

Center of the China Meteorological Administration (http://data.
cma.cn). After carefully considering various criteria for
continuity, the largest time interval over the largest geographic
coverage was found in 59 representative meteorological stations,
all located within the YRD (Fig. 1). With the sole exception for
the data taken from the “Dinghai” station (specifically spanning
from 1963 to 2016), the data taken from all other stations span
from 1960 to 2016. Note that the percentage of missing data
herein accounted for less than 1% of the study’s total data.
Specifically, the procedure for substituting any missing data
was as follows. If any data were missing for 1 or 2 days, they
were replaced by the average values of the days directly preced-
ing and following each block of missing data. Otherwise, the
missing data were replaced by the averages for the same days
of all other years in the study’s sample pool (Zhang et al. 2011a).

In addition, in order to evaluate the relationship between
large-scale atmospheric circulation and variation in precipita-
tion extremes, this study adopted the Multivariate ENSO in-
dex (MEI) as well as the Pacific Decadal Oscillation (PDO)
sea surface temperature dataset, both provided by the National
Oceanic and Atmospheric Administration’s Earth System
Research Laboratory (http://www.esrl.noaa.gov/psd/ens-o/
mei/index.html). The East Asian summer monsoon index
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Fig. 1 The geographical location and distribution of the meteorological stations in the YRD used in this study. The red circle denotes the stations whose
measurements were invalid, and thus excluded for consideration. The green circle denotes the stations whose measurements were included
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(EASMI) (http:/ljp.gcess.cn/dct/page/1) as defined by Li and
Zeng (2002, 2005) was also adopted for this study to these
ends.

2.2.2 Quality control and homogeneity testing for the study’s
data

Quality control for the data in weather and climate studies is
crucial. Proper parsing can detect errors in meteorological
data, such as negative values for daily precipitation or values
that are greater than the maximum possible (Llabrés-
Brustenga et al. 2019). For this study, the RClimDex software
(http://etcedi.pacificclimate.org/software.shtml) developed by
the Climate Research Branch of the Meteorological Service of
Canada was utilized to conduct quality control checks for the
study’s sample data. Any identified potential outliers were
manually checked and then either, validated, adjusted, or deleted.
Likewise, utilizing homogeneous and long-term climate
records is instrumental in conducting robust analyses regard-
ing climate events. Unfortunately, due to a plethora of logisti-
cal concerns (e.g., change in station location, instrument or
observational practice, and environment), the long-term data
series for climatic measures will invariably exhibit some
shortcoming in homogeneous or continuity that make obser-
vational data a somewhat inaccurate reflection of the reality of
alocale’s climate situation (Peterson and Manton 2008; Zhang
et al. 2011b). To check for such shortcomings, the
RHtests _dlyPrcp software package (http://etccdi.
pacificclimate.org/software.shtml) was employed to assess
homogeneity in the study’s sample data. After examining the
observational data for all59 stations, the precipitation series for
the “Qimen” and “Sihong” stations (highlighted with a red
circle in Fig. 1) were found to have unacceptable change points
in 1996 and 1980, respectively. Thus, these two stations were
excluded entirely in the study’s analyses, and the remaining 57
homogeneous stations (highlighted with a green circle in Fig. 1)
exhibited no such problems and were thus utilized in full.

2.3 Methods
2.3.1 Extreme precipitation indices

A specific set of indices are advocated by the Expert Team on
Climate Change Detection and Indices (ETCCDI) in their
ability to effectively describe and assess variability in extreme
weather events in terms of intensity, frequency, and duration
(WMO 2009). These indices can provide clear definitions, as
well as a uniform calculation standard, for extreme climate
events. Furthermore, the ETCCDI has also developed a cor-
responding software packages (notably including RClimDex
and FClimDex) to calculate these indices. Thus, by using
these uniform indices and the corresponding software suite
suggested by the ETCCDI, analyses that are carried out in
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any part of the world can fit together seamlessly for pragmatic
comparison (Alexander et al. 2006; Peterson and Manton
2008). It must be noted that these tools have helped to make
great contribution in the technical capacity as well as theoret-
ical development for researcher in the field of climate change
conducting their studies on the global scale. As represented in
Table 1, this study adopted nine of these indices in order to
analyze the variability of precipitation extremes over the
YRD. Detailed descriptions for each of these indices can be
found in relevant reports or papers (Klein Tank et al. 2009;
Zhang et al. 2011b). Specifically, the software program
RClimDex was used to calculate the indices for this study.

2.3.2 Trend analysis

A frequently used method for detecting trend in variation for
hydrometeorological data series is the nonparametric Mann-
Kendall test (Kendall 1955; Dietz and Killeen 1981; Hirsch
et al. 1982). In fact, this test is specifically recommended by
the World Meteorological Organization. When compared with
other meteorological methodologies, the Mann-Kendall test
does not require samples to comply with certain distributions
or variance homogeneity and is resistant to the effects of out-
liers as well (Gan 1998; Duhan and Pandey 2013). A positive
value for the statistical eigenvalue Zg will denote an increasing
trend, while a negative value will denote a decreasing trend (Xu
et al. 2018). For this study, a trend was considered statistically
significant so long as it was found to be statistically significant
at 0.05 level. In addition, the least squares method was adopted
for this study as well, in order to estimate the rate of the change
for the statistical trends found on the decade scale.

2.3.3 Hurst exponent analysis

The Hurst exponent, as estimated via a classical rescaled range
analysis, is a practical method for detecting the long-term
processes that occur in time series (Sanchez Granero et al.
2008). It must be noted that this method does in fact have a
few assumptions required of the object of study, but that the
method has become widely adopted and has been shown to be
a robust statistical method regardless. To clarify, the central
calculation processes for the Hurst exponent are as follows
(Sanchez Granero et al. 2008):

1. To define the time series {£(9)} (¢=1, 2, ..., n) and divide
the time series into T sub series x(7).

2. To define the arithmetic mean sequence of the time series,
such that:

1

T

Yrx(t) T=12,..,n (1)
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Table 1 The definitions for the nine precipitation indices used in this study

Index Descriptive name Definition Units
PRCPTOT Annual total wet-day precipitation Annual total PRCP in wet days (RR >=1 mm) mm

R95p Very wet days Annual total PRCP when RR > 95th percentile mm

R10 Number of heavy precipitation days Annual count of days when PRCP> 10 mm Days

R20 Number of very heavy precipitation days Annual count of days when PRCP>20 mm Days
RXlday Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
Rx5day Max 5-day precipitation amount Monthly maximum consecutive 5-day precipitation mm

CDD Consecutive dry days Maximum number of consecutive days with RR <1 mm Days
CWD Consecutive wet days Maximum number of consecutive days with RR>1 mm Days
SDII Simple daily intensity index Annual total precipitation divided by the number of wet mm day '

days (defined as PRCP >1 .0 mm) in the year

RR denotes daily rainfall; a wet day is defined specifically as when RR>1 mm. A dry day is defined specifically as when RR <1 mm

3. To calculate cumulative deviation, such that:
X(t, 1) = Yo (E(w)=(8),) 1sts7T (2)

4. To calculate the range sequence, such that:

R(T) = max; << X(t, T)—min; < < X(t,7) 7=1,2,...,n

(3)

5. To calculate the sequence of standard deviation, such that:

S0 = |23 €09, T=12000 @)

6. To calculate the Hurst exponent, such that:
= (en)” (5)

Specifically, the variable H denotes the Hurst exponent
itself, which can be acquired by using least-squares fitting
within a double logarithmic coordinate system. The value of
H will lie between 0 and 1, and it can be split into three cases
(Hurst 1951; Mandelbrot and Wallis 1969). First, a value of
H=0.5 indicates that the time series is simply a random walk,
without sustainability. This means that the trend for future
change for the time series will be unrelated to any historical
trends. Second, a value of 0.5 < H < 1 will imply sustainability
in the series, indicating how the trend of future change for the
time series will be similar to historical trends. A greater value
will indicate greater sustainability therein. Third, a value of 0

< H<0.5 indicates a trend of anti-sustainability for the time
series into the future. Here, the lower the value, the greater the
anti-sustainability.

2.3.4 The wavelet coherence analysis

The continuous wavelet transform has been widely utilized in
research to analyze the dominant modes of variability in hy-
drometeorological time series (Torrence and Compo 1998;
Wang et al. 2016). However, a notable limitation to this meth-
od must be noted in that it cannot reflect correlations between
two time series. A useful technique, commonly referred to as
wavelet coherence, can fortunately resolve this limitation in its
capacity to reveal the intensity of covariance as well as
coupled oscillations in various domains of both time and fre-
quency between two time series (Torrence and Compo 1998;
Zhang et al. 2007). Wavelet coherence can work to treat as a
localized correlation coefficient in time and frequency space.
Additionally, Monte Carlo models were employed in this
study to test significance levels against red noise using
autoregressive processes (Grinsted et al. 2004; Yin et al.
2016). Given the advantages presented in the utilization of a
wavelet coherence methodology, the method was adopted for
this study specifically in order to illustrate the cross-
correlation that occurs between extreme precipitation and
large-scale atmospheric circulation. The MATLAB coding
used in this study was acquired from http://www.glaciology.
net/wavelet-coherence.

3 Results
3.1 General situation of precipitation

A brief introduction to the general situation regarding
precipitation in the study’s area will be helpful for
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better understanding variability in precipitation ex-
tremes. A contour map of the mean annual precipitation
(MAP) in the YRD, as observed from1960 to 2016, is
presented in Fig. 2. Generally speaking, the MAP pre-
sents an increasing trend in precipitation from north to
south, characterized by a high level of spatial variabili-
ty. It is found that the higher and lower values in the
MAP were generally distributed along its south-western
and north-western areas, with the highest and lowest
values recorded in 2016 and 1978, respectively.

Figure 3 illustrates the patterns of change in precipita-
tion that occurred, at both monthly and decadal intervals,
from 1960 to 2016. In Fig. 3a specifically, the YRD re-
ceived the highest levels of precipitation from June to
July and lowest levels of precipitation from December to
January. Moreover, significant increasing trend in precip-
itation is found to occur from January to February, while
an insignificant decreasing trend was detected from April
to May and September to October. These finding indicate
that the region’s spring and autumn periods have become
increasingly drier over the sample period, whereas its
winters have become increasingly wetter. Additionally, it
can be seen in Fig. 3b that the volume of precipitation
exhibited an upward on the decadal scale. Herein, the
highest and lowest values were recorded in the 2010s
and 1960s, respectively.
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Fig. 2 The spatial distribution pattern for annual total precipitation over

the YRD from 1960 to 2016
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3.2 Variation in precipitation extremes over time

The regionally averaged annual variation in the study’s pre-
cipitation indices covering the YRD from 1960 to 2016 are
depicted in Fig. 4. It can be seen that, with the exception of
consecutive wet days (CWD) and consecutive dry days
(CDD) indices, positive trends dominate all of the study’s
other. As seen in Fig. 4a, the mean annual total wet-day pre-
cipitation (PRCPTOT) reveals a significant increasing trend
with a linear tendency toward a 26.9 mm increase per decade.
As seen in Fig. 4b, the precipitation in very wet day (R95p)
similarly exhibited a significant positive trend, increasing at
18.3 mm per decade. For all observation stations, the largest
recorded value of R95p was found at the Huangshan station,
with 1810.4 mm of rainfall measured in 2016. Furthermore, it
can be seen in Fig. 4c, d that a subtle variability is present over
all max 1-day precipitation amount (Rx1day) and max 1-day
precipitation amount (Rx5day) measurement, though this
merely represents an insignificant uptrend, at 1.8 mm and
3.3 mm per decade, respectively. At the station scale, the
highest values for Rx1day and Rx5day were observed at the
Baoshan station in 1987 and Tongcheng station in 1969, at
394.5 mm and 705.8 mm, respectively. On the contrary, it can
be seen in Fig. 4e, f that the mean annual number of heavy
precipitation days (R10 mm) and number of very heavy pre-
cipitation days (R20 mm) all showed significant increasing
trends and that a rapid rise is also present in both during the
sample period’s final decade. In considering each individual
station, the highest values for R10 mm and R20 mm were
found to all occur at the Huangshan station, located in the
south-western area of the YRD, in 1973.

An exception from all the study’s other indices can be
found in Fig. 4g, h, in that an insignificant falling trend is
prevalent in the CWD and CDD indices. Specifically, it was
found that the mean annual CWD and CDD were 7.91 days
and 33.34 days, respectively. The highest values for CWD and
CDD were found in 1992 and 1974, being 10.21 days and
69 days, respectively. The variation in CWD exhibited an
uptrend in fluctuation from 1960 to 1990, with a noticeably
rapid decline thereafter. The greatest values for CWD and
CDD were measured at the Ningguo station and Mengcheng
stations, in 1977 and 1974, at 24 days and 113 days, respec-
tively. Additionally, annual simple daily intensity index (SDII)
was found to exhibit a significant upward trend, with a ten-
dency for 2.4 mm day ' per decade (Fig. 4i). Notably, it was
also found that SDII was significantly larger over the last few
decades than it was earlier periods of measurement.

Furthermore, it was found that contribution of R95p to
PRCPTOT was between 16.12 and 37.11%. These ratios rose
dramatically by the decade, namely from 22.8% in the 1960s
and then upward to 35.23% in the 2010s, with a tendency of
2.36% growth per decade. Considering how the frequency and
intensity of the observed precipitation extremes was an
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Fig. 3 The patterns of
precipitation across the YRD
from 1960 to 2016 at the monthly
(a) and decadal scale (b). The top
and bottom sections of the boxes
are the first and third quartiles,
while the bands inside said boxes
denote the second quartiles (i.e.,
medians)
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3.3 Spatial distribution of precipitation extremes

The spatial distribution patterns as well as the variability ten-
dencies for the study’s precipitation indices covering the YRD
from 1960 through 2016 are presented in Fig. 5. The catego-
ries and degree of change trends (i.e., significant increase,
insignificant increase and decrease, and significant decrease)
are presented in Fig. 6. As seen in Fig. 5a, b, PRCPTOT and
R95p exhibited similar trends in both variation as well as
spatial distribution. For PRCPTOT, about 82% of all sample
measurement stations revealed a positive trend. Furthermore,
significant uptrends were reported in 26.3% of stations (Fig.
6). By contrast, the stations in the northern areas of AHP and
JSP displayed slightly downward. However, it must be noted
that only one station’s measurements were found to be signif-
icant in this last case of downward trend. With respect to

R95p, the proportion of stations with positive trends was
found to be 84%. It was found that the stations that exhibited
negative trends were concentrated primarily in the region’s
northern and western areas (Fig. 6b). Of all measuring sta-
tions, 12.2% exhibited significant positive trends. No stations
indicated a negative trend that was significant.

Asillustrated in Fig. 6, 72% and 75% of the study’s stations
exhibited a rising trend in Rx1day and Rx5day, respectively.
Of them, 12.2% and 5.3% were found to be significant,
exhibiting a scattered and sporadic distribution. The measur-
ing stations that presented positive trends in Rx1day and
Rx5day were principally located in the western, south-west-
ern, and south-eastern areas of the YRD. From Fig. 5S¢, d, it
can be seen that the magnitude of increase in the western areas
is considerably larger than that of south-eastern area. On the
other hand, the negative trends for Rx1day and Rx5day were
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from 1960 to 2016 for a PRCPTOT, b R95p, ¢ Rxlday, d Rx5day, e
R10 mm, f R20 mm, g CWD, h CDD, and i SDII. The triangles are
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scaled by the magnitude of the trend. Red denotes increasing trends,
blue denotes no trend, while green denotes decreasing trends. The
trends that are significant at 0.05 level are highlighted with black dots
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distributed primarily around the north-eastern area of the
study region. Notably, this last finding is in accordance with
the spatial distribution of the trends found for PRCPTOT. For
R10 mm, 21.05% of stations exhibited significant rising
trends (Fig. 6). Moving on, it can be seen from Fig. Se that
the regions that exhibited the largest rates of increase were
predominantly located in the central and south-western areas
of'the YRD. The stations that observed decreases were located
primarily around the north-eastern area. The measurements for
one of these latter stations were found to be significant. In
addition, approximately 73% of all stations exhibited an in-
creasing trend for R20 mm. These stations were principally
situated over the southern area of the study region. From Fig.
51, it can be seen that the magnitude of this rising trend gener-
ally grows as one moves from west to east. Conversely, falling
trends were generally observed in the YRD’s northern areas.
However, it must be noted that the spatial distribution for
CWD was found to be rather complex. Approximately 58% of
stations that exhibited decreasing trends. It was found that the
magnitude of these trends was greater in the northern and
southern areas of the YRD than they were in its central areas.
Nevertheless, these findings were only significant in a minor-
ity of cases which were found to be distributed sporadically
throughout the study region (Fig. 5g). These results are still in
general agreement with past studies on the subject though (Fu
et al. 2013). By contrast, only 33% of stations exhibited in-
creasing trends, and none of them were found to be signifi-
cant. Additionally, it is worth to noting that CDD displayed
downtrends trends over the entire study region, and about
34% of them were found to be significant. The stations that
observed the latter were concentrated in the north-western,
south-western, and eastern areas of the YRD. As can be seen

Indices

in Fig. 5h, the stations situated in northern AHP and southern
JSP demonstrated the largest of these changes. For SDII,
about 91% of stations exhibited an increasing trend, and the
magnitude of this increase was considerably larger in the
study region’s eastern and south-eastern areas than elsewhere.
This was especially apparent in southern JSP, central AHP, the
coastal regions of the YRD, and western ZJP. The significant
declining trends were found to be spread sporadically around
the northern reaches of AHP and JSP (Fig. 5i).

Overall, the increasing and decreasing trends in precipita-
tion extremes revealed a dramatic spatial heterogeneity over
the region. The significant trends in positive variation were
located primarily along the study region’s coastal plains. This
demonstrates that coastal regions of the YRD are generally
more sensitive to changes in climate and are at a higher risk
of increased flooding than the region’s inland areas.

3.4 Future variation trend of precipitation extremes

In order to explore the changes that are likely to occur in the
trends for extreme precipitation in the future, the Hurst expo-
nent was calculated using a rescaled range analysis. Generally
speaking, the Hurst exponent for all extreme precipitation in-
dices was found to be greater than 0.5, on average. The spatial
distribution patterns were found to be like those for the study’s
historical sample period, namely from 1960 to 2016. A high
level of sustainability for trends in the variation of extreme
precipitation was found to be most likely in the YRD going
into the future (Fig. 7). Looking at the study’s indices individ-
ually, the highest value for the Hurst exponent was found in
the result for SDII, while the lowest value was found in the
result for R10 mm. In terms of specific stations, it can be seen
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in Fig. 8 that the most obvious trends in sustained extreme
precipitation were observed in SDII and CDD, with 84.21% of
stations exhibited a sustained increasing trend and 91.23% of
stations exhibited a sustained decreasing trend, respectively.
In terms of the specific areas affected, eastern JSP, south-
eastern ZJP, and the central-north area of AHP exhibited a
considerable increase in SDII, whereas the decreasing trend
are located primarily in the northern area of the study region.
Furthermore, for R95p, R10 mm, and R20 mm, it was found
that the stations located in the central area of the YRD’s east-
ern coast exhibited stronger increasing trends than for the
region’s western and southern areas.
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Additionally, the most evident unsustained trend can be
seen for CDD and Rx5day in Fig. 8, with 8.8% of stations
exhibiting a move from decrease to increase, and 14% of
stations exhibiting a move from increase to decrease, respec-
tively. The unsustained trend for CDD was found to be con-
centrated in southern ZJP, whereas the unsustained trend for
Rx5day was generally distributed sporadically around south-
ern JSP and AHP, just north of ZJP (Fig. 7d, h). It worth is
noting that the stations that exhibited uncertain trends were
located primarily in JSP and AHP, indicating that the changes
in extreme precipitation for these regions are more complex
than those for ZHP.
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Overall, it is reasonable to speculate that the YRD will face
a flood risk of increasing severity in the foreseeable future.
This can be concluded when considering that the amounts,
frequency, as well as intensity of extreme precipitation in the
regions were all found to exhibit trends toward increase in this
study’s inferential analyses. Regionally, the southern and
central-western areas of the YRD will likely become wetter,
which will generate greater pressure on local flood control
infrastructure. Conversely, the regions located in the north of
the YRD will likely become drier, which may well exacerbate
local water supply problems.

4 Discussion

It is known that changes in precipitation extremes will be
influenced by multiple factors. Example therein includes glob-
al warming, atmospheric circulation, urbanization, deforesta-
tion, the distance to coastline, and topography (IPCC 2013;
Wang et al. 2014; Xu et al. 2018). A study conducted by Min
et al. (2011) found that heavy precipitation events intensified
in approximately two-thirds of their study’s observation sta-
tions, all located throughout the Northern Hemisphere, over
the latter half of the twentieth century. In that study, it was
concluded that this intensification was attributable to the hu-
man activities that induce increases in global greenhouse gas-
es. The changes in the physical properties of land surface as a
result of urbanization generate a considerable effect on local
heat and water vapor. Therefore, a regional climate will be
affected in many adverse ways in turn from such
urbanization processes. Wang et al. (2014) indicated that, gen-
erally, urbanization works to induce an increasing rate of
heavy precipitation events, and that urbanization in the Pearl
River Delta region specifically has brought about diminished
rates of light precipitation. However, the physical mechanisms
behind how these factors impact changes in precipitation
extremes are very complicated on more comprehensive
scales (O’Gorman and Schneider 2009). To have a better un-
derstanding therein, more research is needed. Unfortunately, it

Indices

must point out here that this last goal is not within the scope of
this study. Rather, this study focused primarily on the relation-
ship between precipitation extremes and large-scale atmo-
spheric circulation.

In this study, the PDO and MEI indices showed an insig-
nificant and slightly upward trend from 1960 to 2016
(Fig. 9a, b). When compared with PDO, MEI indicated high
rates of fluctuation, so that the duration of positive and
negative phases was shorter. Before 1976, phases in PDO
were primarily negative. Thereafter, PDO phases were pri-
marily positive, up until 2006. Subsequently, an oscillation
between negative and positive phases occurred, respective-
ly, from 2007 to 2013 and from 2014 to 2016. Additionally,
the study’s The EASMI revealed an insignificant downward
trend. The intensity of this EASMI trend was found to ex-
hibit strong interannual-to-decadal fluctuations. This was,
especially the case in the final decade of the study period.
As seen in Fig. 9c, the strength of the indices reaches its
weakest point during the study period. It is likely that this
situation was caused by a positive pressure anomaly origi-
nating from the regions around Northern China and
Mongolia (Liu and Guo 2005).

The results of the study’s wavelet coherence analysis be-
tween large-scale atmospheric circulation and R95p are pre-
sented in Fig. 10. The thick black contours depict the 0.05
confidence level relative to red noise, while the black line
denotes the cone of influence where edge effects may end
up distorting results. The relative phase relationship is repre-
sented by the direction of the figure’s arrows. An in-phase
correlation points to the right, while an anti-phase correlation
points to the left (Grinsted et al. 2004; Zhang et al. 2007). The
R95p index indicates that there is a statistically significant
positive correlation between PDO and MEI during 1980s at
scale of 2—4 years as well as 2—5 years, respectively (Fig. 10a,
b). This implies that rainfall in the YRD became more plenti-
ful when PDO and MEI were in a positive phase and vice
versa. These findings are consistent with the results of
Zhang et al. (2007), who reported that the annual maximum
streamflow in the lower Yangtze Basin is in-phase with ENSO
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Fig. 9 The trend of the averaged anomaly series over time for a POD, b MEIL and ¢ E ASMI. The thick black curves were obtained by using locally

weighted smoothing (Cleveland and Devlin 1988)

events. In addition, more regions exhibited an insignificant
positive correlation with MEI than with PDO, and it was
found that the coefficients between MEI and R95p were larger
than those between PDO and R95p. Thus, it can be concluded
that the ENSO has more significant influence on R95p than
PDO.

16 1

The study’s wavelet coherence analysis conducted between
R95p and EASMI showed a significant negative correlation
from 1980 to 1985 at 2—5-year intervals (Fig. 10c). This indi-
cates that a weak EASMI possibly contributes to the increas-
ing R95 observed in recent decades. This finding is in line
with past researches conducted by Li and Zeng (2002,

(b) WTC: MEI-R95p
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Fig. 10 The wavelet coherence found between a PDO and R95p, b MEI
and R95p, and ¢ EASMI and R95p. Red denotes high spectral power,
which indicates periods characterized by high levels of extreme
precipitation variance. Dark blue denotes low spectral power, which
indicates periods characterized by low levels of extreme precipitation

@ Springer

2000 2010

variance. The thick black contours denote findings at the 5%
confidence level of local power against red noise. The black line
denotes the cone of influence. The right-pointing arrows indicate when
the two signals will be in phase, while the left-pointing arrows denote
antiphase signals
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2005), who demonstrated that drought years and flood years
over the middle and lower reaches of the Yangtze River are
related to the annual intensity of the East Asian summer mon-
soon (EASM), respectively. On the other hand, some scien-
tist’s other researcher has further pointed out that, due to the
weakening EASM intensity observed in recent years, the
northward extension of the summer monsoon to northern
China was limited, resulting in a southward movement of
the region’s major rain belts (Zhang et al. 2008).
Consequently, the East Asian rainy season has become longer
in the Yangtze River basin, and the number of the region’s
extreme precipitation events that occur in summer has subse-
quently increased, especially in the geographic middle and
lower reaches of the Yangtze River (Wang and Zhou 2005;
Liu and Guo 2005). Similar situations have also been ob-
served in Korea as well as Japan (Li et al. 2010). More recent-
ly, Chen et al. (2018) simulated the changes that occur in
monsoon-related rainfall generally, and the EASM specifical-
ly, under experiments that measured the effects that 1.5 °C and
2.0 °C warming will have over the twenty-first century. It was
demonstrated that the location of EASM rain belt would not
change significantly under such conditions, but that monsoon-
related rainfall increases over most parts of East Asia under
different warming scenarios.

Overall, these findings suggest that the changes in magni-
tude for extreme precipitation events in the YRD are linked to
the observations found for MEI and EASMI. Moreover, the
correlations found between PDO and R95p in the YRD from
1960 to 2016 are relatively weak compared with those of MEI.

5 Conclusions

In this study, the variability of precipitation extremes and their
climatic teleconnection with large-scale atmospheric circula-
tions were analyzed over the China’s YRD from 1960 to 2016.
The study’s primary conclusions can be summarized as
follows:

(1) Seven of the study’s nine extreme precipitation indices
were generally dominated by positive trends. Significant
increasing trends were found in the PRCPTOT, R95p,
R10mm, R20mm, and SDII indices, indicating that the
YRD became wetter overall during the study period. On
the other hand, negative trends were observed in the
CWD and CWDD indices, but none of them were found
to be statistically significant. Furthermore, the contribu-
tion of R95p to PRCPTOT was found to increase
significantly.

(2) The patterns of distribution for precipitation extremes
exhibited noticeable spatial heterogeneity. It was found
that the indices’ significant positive trend was located
predominantly along the region’s coastal plains. Thus,

these regions are at the highest risk of increased flooding.
Additionally, calculating the Hurst exponent revealed
that all extreme precipitation indices exhibited consis-
tently high rates of variation in their extreme precipita-
tion trends going into the foreseeable future. Thus, it can
be also be concluded that the YRD will likely face in-
creasingly severe flooding risk moving forward.
Through the study’s inferential analyses, it was found
that the southern and central-western areas of the YRD
will likely become wetter in the foreseeable future and
that pressure on regional flood control infrastructure will
increase over time, more so than with the YRD’s other
areas. Conversely, the northern areas of the YRD will
likely become drier, and as such local problems of re-
garding water supply will likely be exacerbated.

(3) Findings for the study’s R95p index indicated that rain-
fall in the YRD will increase when PDO and MET in their
positive phase. A weak EASMI therein potentially con-
tributes to the increasing trend found in recent decades
for R95p. The trend toward increasing rates of precipita-
tion extremes in the YRD was found to be closely linked
to the positive anomalies of the ENSO and correspond-
ingly linked with the negative anomalies of the EASM.

The variability of precipitation extremes that were ob-
served over the study period will have important conse-
quences for water resource management authorities operating
in the YRD. Nevertheless, obtaining accurate precipitation
data is not only a prerequisite for exploring the mechanisms
behind changes in precipitation extremes, but also critical for
developing effective water resource management strategies.
Thus, it is important to evaluate and optimize existing gauges
so they are better able to measure the extreme rainfall process-
es that occur in short periods of time. Furthermore, it is im-
portant to combine multiple data sources as well as model
simulation results in studies on specific regions that face a
high risk of future flooding in order to develop regional flood
risk maps under various return periods, to better guide urban
development, and to set strict but fair limits on land use as well
as urban development in identified high-risk areas.
Additionally, it is also crucial that improvements be made in
real-time forecasting as well as floods warning capabilities
with increased investments in innovative radar and microwave
technology. In addition, it will be necessary to dredge and
widen the main flood channel in the YRD to increase the
region’s flooding capacity. Furthermore, low impact develop-
ment strategies can implement in both urban and wetland
areas to increase vegetation coverage as well as to prolong
rainfall concentration time and reduce peak flow. Moreover,
the impact of climate change as well as human activity on the
water cycles and flooding processes should also be considered
in a more comprehensive fashion. Non-stationarity extreme
value analysis can be used to assess possible deficiencies in
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the existing hydraulic structures built for flood regulation in
order to guide future engineering designs in changing
environments.

For the regions where precipitation extremes exhibited a
decline, however, it is critical to local authorities better devel-
op the region’s capacity to store water, distribute water, and
conserve water, in order to ensure water accessibility for
sustained living standards as well as agriculture output.
Measures include rainfall harvesting and water pollution pre-
vention can be implemented to increasing water availability to
these ends. However, it must be acknowledged that water
resource management is a complex process that involves the
close coordination in engineering, environmental science,
public health, and sociological fields (Fletcher et al. 2013).
More effort is needed in both work as well as research to
ensure the safety of the people living in China’s YRD.
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