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Abstract Based on daily precipitation data from 24 stations
over the Yangtze River Delta (YRD) region, the long-term
trends of daily precipitation are analyzed during the period
1960-2012 using 12 precipitation indices. The results indicate
that the following. (1) For the regional average trends of pre-
cipitation, nine indices [i.e., RR, SDII, PCI(day), R25mm,
R50mm, R25mmT, R50mmT, R25mmTOT, and
R50mmTOT] show the increasing trends, while three indices
[i.e., RX1day, RR1 and PCI(month)] display the decreasing
trends. Furthermore, the annual total precipitation (RR) is cor-
related strongly with most of the other precipitation indices,
especially indices represent the heavy precipitation which is
responsible for more than 90 % of the total increase of precip-
itation. (2) The central and southern parts of the study area
become more humid than the northern parts, although the
daily precipitation undergo a consistent concentrated trend
over almost all of the study area. Moreover, the frequency
and contribution of the heavy precipitation also arise dramat-
ically in almost the entire study area, and the precipitation
events show the significant trend of extremeness. (3) The
abrupt changes for RR, RX1day, SDII, R50mm, R50mmT,
and R50mmTOT are detected in 1984, 1988, 1987, 1984,
1988, and 1988, respectively, which indicate the abrupt
change of precipitation occurred consistently in the mid-
1980s. Three major cycles of precipitation detected are 5—6-
year cycle, 13-year cycle, and 20-year cycle, with a nonsig-
nificant 2-year cycle coexisted. In addition, a significant
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change of cycles occurred in the 1980s, when the short cycle
was set to overtake the long cycle, resulting in high-frequency
and instability of precipitation changes over the YRD region
in recent decades. (4) There are three factors (the global
warming, the East Asian summer monsoon change, and the
urbanization development) might potentially impact on the
frequency and volume of precipitation. The variation of East
Asian summer monsoon is the key factor that influences the
increase of precipitation, while the global warming and the
urbanization development perform the background factor
and the local factor, respectively.

1 Introduction

Climate change has been the topic of many research studies
over the world during the twentieth century (Alexander et al.
2006; IPCC 2007). For the environmental and economic con-
ditions, the precipitation is an important driver of the dynam-
ics of climate and the biosphere, and is of great practical im-
portance to society, with multiple impacts on the environment
and human life (Mishra and Singh 2010). However, changes
in precipitation parameters are not well understood presently
because it is commonly accepted that the factors influencing
precipitation are complex and vary regionally (Lopez-Moreno
et al. 2010). Therefore, changes in precipitation have attracted
many attentions of the researchers in different regions over the
world, and most studies have addressed the changes in precip-
itation across different regions and timescales, i.e., Europe
(Zolina et al. 2010; Altava-Ortiz et al. 2011; de Lima et al.
2013; Altin and Barak 2014), America (Shepherd 2006;
Carrera-Hernandez and Gaskin 2007; Martinez et al. 2012;
Petrie et al. 2014), Asia (Zhang et al. 2009; Xu et al. 2010;
Wang 2012; Pathirana et al. 2014), and Africa (Gaughan and
Waylen 2012; Roy and Rouault 2013; Sarr et al. 2013;
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Weldeab et al. 2014). The previous studies showed that the
anthropic activities are one of the important factors promoting
the complexity of changes in precipitation with exception of
natural factors, especially in the area of rapid urbanization.
The Yangtze River Delta (YRD) region is one of the most
economically developed regions in China, and still maintains a
rapid growth momentum presently. The importance of selecting
the YRD region as the study area is due to the dramatic eco-
nomic growth, high-density population, rapid urbanization, and
the increasing flood disasters in this region (Xu et al. 2010).
Many studies have been conducted in or near the YRD region
on the changes of precipitation. For instance, Zhai et al. (2005)
pointed out that significant increases in extreme precipitation
and annual total precipitation had been found in the mid-lower
reaches of Yangtze River for the period 1951-2000. Mei and
Yang (2005) revealed that the trend for precipitation amount in
spring and summer was significantly negative and positive,
respectively, while the obvious trend for annual precipitation
amount was not found. Lv et al. (2009) indicated that the pre-
cipitation over the middle-lower reaches of Yangtze River had
experienced five interdecadal regime shifts during 1900-2006,
and the precipitation underwent an interdecadal increase in the
early 1980s. Zhang et al. (2009) suggested that the middle and
the lower sections of Yangtze River were dominated by
increasing annual, summer, and winter precipitation in
generally. Xu et al. (2010) investigated the impacts of urbani-
zation on precipitation, hydrological process, and water
environment in some typical cities. The results showed that
the annual precipitation and the flood season precipitation in
the urban areas exhibited a striking increase, with the rapid
development of urbanization. Zhao et al. (2011) also analyzed
the urbanization effects on precipitation in the YRD region
using the satellite data and explored that the urbanization
might be a critical impact factor of increasing precipitation.
Pan et al. (2011) examined the trend of precipitation variation
in the YRD region from 1961 to 2006 with the help of the
meteorological data of 84 stations and found that the annual
precipitation did not show any significant trend, while the
seasonal distribution of the precipitation exhibited significant
changes. Jiang et al. (2012) discussed climate changes and pos-
sible reasons in the YRD region from 1960 to 2010 and sug-
gested that the climate changes in the YRD region significantly
related to urbanization, air-sea interaction, and the main
synoptic system. Sang et al. (2013) investigated into the daily
precipitation variability in the YRD region, based on 58 stations
from 1958 to 2007, and also discussed the effects of
urbanization on precipitation. He et al. (2013) found that all
of precipitation indices presented increasing tendency except
the precipitation intensity in past 50 years, and both of the
number of heavy precipitation days and maximum 1-day pre-
cipitation increased obviously over the middle and lower
reaches of Yangtze River. Zhang et al. (2013) found that distinct
decreases in rainfall days were observed over most parts of the
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Yangtze River Basin, but precipitation intensity increased over
most parts of the Yangtze River Basin, particularly in the Lower
Yangtze River Basin. Wang et al. (2013) analyzed the spatial
and temporal patterns of the precipitation concentration in the
Yangtze River Basin for the period 19602008 and revealed
that the lower value of precipitation concentration index was
located in the lower region of the Yangtze River Basin.

As mentioned above, the previous studies in the YRD re-
gion mainly focus on the variability of monthly, seasonal, and
annual precipitation, while there is a lack of study on the
variability of daily precipitation, which is very important for
studying precipitation regime and heavy precipitation.
Moreover, the previous studies are less involved in researches
on the abrupt changes and periodicity features of precipitation,
which are very helpful to interpret the shift of precipitation
patterns and predict the future states of precipitation.
Therefore, based on 12 precipitation indices, this study uses
the daily precipitation data as of 2012 and measured from 24
meteorological stations, mainly to investigate long-term
trends of daily precipitation in detail over the YRD region
during 1960-2012. The purposes of this study are (1) to in-
vestigate the variability of daily precipitation, (2) to explore
the abrupt changes and periodicity features of the precipita-
tion, and (3) to discuss the causes of the precipitation changes.

2 Study area and data
2.1 Study area

The YRD region, which is one of the most development re-
gions in China with a population of about 156 million, locates
between 27.16-35.13° N latitude and 116.36—122.13° E longi-
tude and covers an area of about 207,300 km?. The study area
consists of Shanghai, Jiangsu, and Zhejiang provinces (Fig. 1),
known as the economy Yangtze River Delta. The YRD region
is a delta with typical plain river network in China, which
dotted crisscrossed rivers and dense water system (Xu et al.
2010). The low and flat terrain of the YRD region has an
average elevation of <10 m, with some mountains in the south.
The study area is a typical monsoonal climate region controlled
by the East Asian monsoon, and the southern YRD region is
warmer and wetter than the north (Svensson 1999). However,
with the dramatic economic growth, densest population, and
rapid urbanization in recent decades, the YRD region is facing
serious problems of heavy precipitation, flood risk, water qual-
ity deterioration, water shortage, etc., which seriously threaten
the living environment of the area.

2.2 Data

Daily precipitation data are collected from 24 national standard
meteorological stations (Fig. 1). The data of daily precipitation
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are provided by the National Climate Center of China
Meteorological Administration (CMA). The meteorological
stations are identified according to their world Meteorological
Organization numbers, names, latitudes, longitudes, and alti-
tudes (Table 1). The data quality is strictly controlled before
its release. The period of records of most stations used in this
study is 19602012, except the Huaiyin, Xujiahui, Wenzhou,
and Longquan station, which is available in 1960-2008.
Therefore, the missing values of these four stations are further
interpolated using the nearest stations (i.c., Huaian, Baoshan,
Ruian, and Yunhe) for the period 2009-2012.

3 Methodology
3.1 Precipitation indices

The study of precipitation trends is done by analyzing the time
series of precipitation indices. The precipitation indices select-
ed for the study are described in Table 2. Those selected indi-
ces were widely employed to estimate the changes in daily
precipitation in different areas during the past decade
(Alexander et al. 2006; Fatichi and Caporali 2009; Cao and

Pan 2014). The indices are calculated for the precipitation of
each individual station and also for the areal mean precipita-
tion in the study area (i.e., the YRD region). The selected
indices are classified into two categories in this study. The first
category is indices of the general precipitation (i.e., RR,
RX1d, RR1, SDII, and PCI). The other category is indices
of the heavy precipitation (i.e., R25mm, R50mm, R25mmT,
R50mmT, R25mmTOT, and RSOmmTOT). In this study, the
heavy precipitation, which is defined as the precipitation
events with precipitation amount >25 mm/day, is divided into
two types, the heavy rain (50 mm/day>preicipitation>25 mm/
day) and the torrential rain (or storm) (precipitation>50 mm/
day), respectively (Domrds and Peng 1988; Wu et al. 2008).

3.2 Mann—Kendall test

3.2.1 Mann—Kendall test of trends

The Mann—Kendall trend test is based on the correlation be-
tween the ranks of a time series (i.e., X={x, xp, ..., X,,}) and

their order (Mann 1945; Kendall 1975). The Mann—Kendall
test statistic is given as:
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Table 1 Information on the

meteorological stations analyzed No. of station Name Latitude (°N) Longitude (°E) Altitude (m)

in this study
58027 Xuzhou 34.28 117.15 41.2
58040 Ganyu 34.83 119.12 33
58138 Xuyi 32.98 118.52 40.8
58144 Huaiyin 33.60 119.03 17.5
58150 Sheyang 33.77 120.25 2.0
58238 Nanjing 32.00 118.80 7.1
58241 Gaoyou 32.80 119.45 54
58251 Dongtai 32.87 120.32 43
58259 Nantong 31.98 120.88 6.1
58265 Lvsi 32.07 121.60 5.5
58343 Changzhou 31.88 119.98 44
58345 Liyang 31.43 119.48 7.7
58358 Dongshan 31.07 120.43 17.5
58367 Xujiahui 31.17 121.43 2.6
58457 Hangzhou 30.23 120.17 41.7
58464 Pinghu 30.62 121.08 54
58549 Jinhua 29.12 119.65 62.6
58556 Shengzhou 29.60 120.82 104.3
58562 Yinxian 29.87 121.57 48
58633 Quzhou 29.00 118.90 82.4
58646 Lishui 28.45 119.92 59.7
58647 Longquan 28.07 119.13 195.5
58659 Wenzhou 28.03 120.65 283
58665 Hongjia 28.62 121.42 4.6

1, X > X _ _ m (i )
S=sgn(x;x) =14 0, x;=x (1)  Vvar(S) = nr)en +9) zl:giotl(tl DEe+3) (2)
-1, X; < X

It has been documented that when n>8, the statistic S is
approximately normally distributed with the mean, and E(S)=
0 (Mann 1945; Kendall 1975). The variance statistic is
expressed as:

Table 2  Definitions of precipitation indices used in this study

where m is the number of tied groups, each with ¢; tied
observations.

The significance of trends can be tested by comparing the
standardized variable # in Eq. (3) with the standard normal
variate at the desired significance level o (Kendall 1975).

Indices Definitions Units
RR Annual total precipitation amount mm
RXl1day Annual maximum precipitation amount for 1-day intervals mm
R25mmT Annual total precipitation amount with 50 mm/day>precipitation>25 mm/day mm
R50mmT Annual total precipitation amount with precipitation>50 mm/day mm
RR1 Annual number of days with precipitation>1 mm/day days
R25mm Annual number of days with 50 mm/day>precipitation>25 mm/day days
R50mm Annual number of days with precipitation>50 mm/day days
SDII Annual simple precipitation intensity (RR/RR1) mm/d
PCI Annual precipitation centralization index calculated by day and month [i.e., PCI(day), PCI(month)], respectively None
R25mmTOT Percentage of R25mmT to RR %
R50mmTOT Percentage of RSOmmT to RR %
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S5—-1
2 §>0
Var(s)
u(s) =14 0, S=0 (3)
S+1
2 s<o
Var(s)

A positive (negative) value of u(S) signifies upward
(downward) trend. The significance level « is normally set
quite low at values of 0.1, 0.05, or 0.01. In this study, trends
of precipitation are estimated by the linear regression, while
the Mann—Kendall test is employed to determine whether the
slope of the regression line is significant. The significance
level (o) of 0.05 and 0.01, i.e., confidence level (1—«) of 95
and 99 % is used for trend analysis over the YRD region.

3.2.2 Mann—Kendall test of abrupt changes

Time series data points are presumed to be steady, and ele-
ments in the series are random and independent from each
other. Time series of variables (i.e., X={x1, x», ..., X,,} ) expe-
rience no change due to the null hypothesis assuming no trend
in data exists. For each data point x;, n; is computed by the
number of data points that occur later in the series and whose
values exceed x;. The Mann—Kendall statistic »; is calculated
as (Wei 2008; Liang et al. 2011; Jones et al. 2015):

k
dy = Zi:l n;, 2<k<n 4)

Under the null hypothesis where no trend is assumed, the
statistic d is distributed as a Gaussian distribution with an
expected value of £(d)) and a variance of Var(d}) as follows:

E(dk)zk(’:l), 2<k<n (5)
Var(dy) = W, 2<k<n (6)

The standard value of dj, is computed by:

di—E(dy)
Var(d;)’

u(dy) = 2<k<n (7)

This is the forward sequence. Given that u(d)=0, all u(dj)
will result in a curve UF. In order to search an abrupt change, it
is necessary to perform a similar analysis on the reverse time
series. A retrograde u (d) is expressed in Eq. (8).

u'(dy) =—u(dy) kK =n+1-k, 2<k<n (8)

Given that u (d1)=0, all u (d}) will establish a curve UB.
The intersection point of UF and UB located between the
confidence lines is the time when climate jump occurs. A
typical confidence level of 95 % is used in the detection of

the precipitation series (Liang et al. 2011).

3.3 Morlet wavelet analysis

The Morlet wavelet analysis is employed to analyze the peri-
odicity of precipitation. The wavelet analysis results in a series
of wavelet coefficients, which indicate how close the signal is
to the particular wavelet. The corresponding wavelet family
consists of a series of sub-wavelets, which is generated by
dilation and translation operations from the basic wavelet
function () shown as follows (Zhang et al. 2008; Zhu et al.
2009; Liu and Tang 2011):

aalt) = 40 (7 Jabe a0 o)

where 1, ,(?) is the sub-wavelet, and parameters a and b de-
note the scale factor and the horizontal shift, respectively.
For any function f(f)e L*(R), its WT is expressed as:

+o0

t=b

Wi =lal* | tow (7 )a (10)

—00
where Wr(a,b) is wavelet coefficient, and asterisk denotes the
conjugate.

Based on the wavelet coefficient, the wavelet variance,
which is used to determine the main cycles and its signal
strength, is computed according to the following Eq. (11).

+o0

Var(a) = LO W ¢(a,b)|*db (11)

Using the Morlet wavelet analysis, the original signal or
series is decomposed on a time-scale plane. Therefore, the
local character in the time—frequency field can be clearly stud-
ied, and significant periodicity in the signal or series can be
distinguished.

4 Results and discussion
4.1 Changes of the general precipitation

Figure 2 shows the spatial distribution of annual average
values of the general precipitation indices over the YRD re-
gion during 1960-2012. The mean magnitude of the precipi-
tation indices vary markedly throughout the YRD region, as a
consequence of the climatic heterogeneity of the study area.
There is a marked decreasing gradient in RR, from more than
1600 mm in the southeastern mountains and coasts to
<850 mm in the northern plains of the study area (Fig. 2a).
The spatial distribution of RX1day shows that the lowest
values (RX1day<80 mm) occur in the central parts of the
study area, whereas the highest values (RX1day>130 mm)
are found along the southeastern coasts and in the north corner
of the study area (Fig. 2b). RR1 ranges from about 60 days to
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Fig. 2 Spatial distribution of annual average values of the general precipitation indices over the YRD region during 1960-2012

more than 120 days, and an obvious increasing trend in
this index is apparent along the northwest—southeast sec-
tion (Fig. 2¢). The spatial distribution of SDII is similar to
those observed for RX1day, with the lowest intensities
(SDII<12 mm/day) in the central units of the study area
(Fig. 2d). However, unlike RX1day values, the highest
intensities of SDII (SDII>14 mm/day) appear only in
the northern part of the study area. The PCI values, cal-
culated using the daily and monthly precipitation accord-
ing to the method of Xu (2006), gradually reduces from
0.931 to 0.840 [PCI(day)] and from 0.617 to 0.380
[PCI(month)] (Fig. 2e, f), respectively. Meanwhile, clear
negative trend can be detected both in PCI(day) and
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PCI(month) values along the northwest—southeast section,
which coincided with that of RR in the opposite.

Consequently, it can be concluded that there is more pre-
cipitation in the southeast area than that in the northwest area,
and the daily and monthly distributions of the precipitation in
the southeast area are more homogeneous than that of the
precipitation in the northwest area.

Figure 3 shows the annual evolution (normalized and
smoothed series) and temporal trends for the general precipi-
tation over the YRD region during 1960-2012. Table 3 shows
the trends per decade and number of stations with positive/
negative trends for areal mean precipitation over the YRD
region during 1960-2012. Figure 4 shows the spatial patterns
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Fig.3 Annual evolution (normalized and smoothed series) and temporal trends for the general precipitation indices over the YRD region

during 1960-2012

of trends per decade for the general precipitation indices over
the YRD region during 1960-2012. The RR exhibits a slight
increasing trend of 14.78 mm/decade over the period 1960—
2012, with a range from —25.61 to 49.79 mm/decade (Fig. 3a,
Table 3), which increases significantly throughout most parts
of the study area with the north being an exception (Fig. 4a).
Nineteen stations show insignificant rising trends, distributed
mainly in the central and southern parts of the study area
(Table 3, Fig. 4a). The other five stations exhibit insignificant
declining trends, which are mainly located in the north of the
study area (Table 3, Fig. 4a). The RX1day shows a decreasing
trend, and the regional trend at the mean rate of —1.26 mm/
decade with a range from —5.37 to 11.79 mm/decade (Table 3,
Fig. 3b). Ten stations have negative trends, while 14 stations

show obvious positive trends, among which only two stations
(i.e., Jinhua and Hongjia) are statistically significant under
5 % level (Fig. 4b). Unlike RR, the spatial distribution of
RXlday is very scattered (Fig. 4b), and the RX1day in the
mid-south of the study area has stronger trends than that in the
north. For RR1, there is no obvious decreasing tendency with
the slope of the regression line being —0.12 days/decade
(Table 3, Fig. 3c). Fourteen stations show decreasing trends,
distributed in the north and south of the study area. However,
ten stations exhibit increasing trends, locating in the central
parts of the study area (Table 3, Fig. 4c), and the RR1 of the
central parts is apparently more than that of the southern and
northern parts. Meanwhile, none of these stations is significant
at the 95 % confidence level.

Table3  Trends per decade and number of stations with positive or negative trends for regional precipitation over the YRD region during 1960-2012

Indices Regional trends Range Units Number of stations showing Number of stations showing
positive trend negative trend

RR 14.78 —25.61 10 49.79 mm/decade 19 (0) 5(0)
RX1day -1.26 —5.37t0 11.79 mm/decade 14 (2) 10 (0)

RR1 —0.12 -1.75t0 1.51 days/decade 10 (0) 14 (0)

SDII 0.17 —0.21 to 0.46 mm/day/decade 21 (1) 3(0)
PCI(day) 0.0006 —0.0009 to 0.003 None 18 (1) 6(0)
PCI(month) —0.002 —0.011 to 0.009 None 10 (0) 14 (0)
R25mm 0.17 —0.52 t0 0.80 days/decade 18 (2) 6(1)

R50mm 0.10 —0.29 t0 0.38 days/decade 20 (1) 4(0)
R25mmT 6.14 —16.83 t0 27.67 mm/decade 19 (1) 5(1)
R50mmT 7.31 —22.46 10 27.09 mmy/decade 20 (0) 4 (0)
R25mmTOT 0.16 —1.90 to 1.20 %/decade 13 (0) 11 (1)
R50mmTOT 0.44 —1.40to 1.87 Y%/decade 18 (0) 6 (0)

The number in brackets represents the counts of stations with statistically significant trends at the 5 % level
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Fig. 4 Spatial patterns of trends per decade for the general precipitation indices over the YRD region during 1960-2012. Black triangles denote
increasing trends, white triangles denote decreasing trends, and triangles with circles show significant trends at the 95 % confidence level

Increasing RR and decreasing RR1 result in increasing
SDII. Consequently, a remarkable increasing trend of
SDII can be seen across most of the stations, and with a
regional rate of 0.17 mm/decade ranging from —0.21 to
0.46 mm/decade, although only the Hongjia station has
statistically significant positive trend. The other three sta-
tions (i.e., Sheyang, Dongtai, and Liyang) show negative
trends (Table 3, Fig. 3d). The highest positive trends ap-
pear in the southern coastal regions, while the lowest neg-
ative trends appear in the northern coastal regions
(Fig. 4d). As shown in Table 3 and Fig. 3e and f, the
indexes of PCI(day) and PCI(month) have the opposite
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trends. As for PCI(day), 18 stations show positive trends,
while 6 stations show negative trends. Ganyu station ex-
hibits statistically significant positive trend among the 24
stations. But for PCI(month), 14 stations show increasing
trends, while 10 stations show decreasing trends. Except
for the southeastern coastal regions, the mean rates of
PCI(day) trend and PCI(month) trend gradually increase
from the southeast to the northwest of the study area
(Fig. 4e, 1).

In summary, the central and southern parts of the study
area have become more humid than the northern part of
the study area, and the monthly precipitation tends to be
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more homogeneous in the YRD region since 1960 with
exception of the north parts. However, the daily precipi-
tation has undergone a consistent concentrated trend over
almost all of the study area since 1960, implying the en-
hanced possibility of extreme precipitation (i.e., heavy
precipitation or drought). A strengthening in the precipi-
tation intensity and a reduction in the rainfall frequency
are found over the urban areas, especially in the central
regions. Meanwhile, the increment of RX1day is more
obvious in the rapid urbanization area to a certain degree
in the YRD region than that in the slow urbanization,
implying that RX1day is likely to be related to the urban-
ization produces.

4.2 Changes of the heavy precipitation

Figure 5 shows the spatial distribution of annual average
values of the heavy precipitation indices over the YRD region
during 1960-2012. R25mm ranges from 6.23 to 13.94 days.
There is a marked increasing gradient from the northwest to
southeast, and the maximum value appears in the western
mountain area of Zhejiang province, whereas the minimum
value is located at the northernmost corner (Fig. Sa). The
spatial distributions of R2SmmT and R25mmTOT are similar
to that of R25mm, and with a range from 212.79 to
478.51 mm and from 22.89 to 28.99 %, respectively
(Fig. 5b, ¢). As for RS0mm, R50mmT, and RSOmmTOT, there
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Fig. 5 Spatial distribution of annual average values for the heavy precipitation indices over the YRD region during 19602012
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are nearly consistent features of spatial distributions, with the
high values in the north or south, while the low values are
observed in the middle of the study area (Fig. Sd—f). Among
the three indices, RS0mm ranges from 2.53 to 5.15 days, with
extreme located in the western mountain area of Zhejiang
province (Fig. 5d); R50mmT ranges from 207.82 to
392.84 mm, with extreme values along the southeastern coast-
al region (Fig. 5¢); RSO0mmTOT ranges from 13.41 to
36.47 %, which extreme values are detected in the northern
coastal region of the study area (Fig. 5f).

Based on the above analysis, it is found that though the
frequency of heavy precipitation in the northwest is lower than
that of the southeast of the study area, the contribution of the
torrential rain to total precipitation in the northwest of the
study area is higher than that of the southeast, which tends
to produce the extreme events, especially the droughts and
floods.

Figure 6 shows the annual evolution (normalized and
smoothed series) and temporal trends for the heavy precip-
itation indices over the YRD region during 1960-2012.
Figure 7 shows the spatial patterns of trends per decade
for the heavy precipitation indices over the YRD region
during 1960-2012. The R25mm indicates an increasing
trend in the past decades, at the average rate of 0.17 day/
decade (Table 3, Fig. 6a). Increasing R25mm can be found
at 18 stations over the study area, and these stations are
located mainly in the mid-south YRD region (Fig. 7a).
Among these stations, the increasing trends of two stations
(i.e., Hongjia and Yinxian) are statistically significant at
the 95 % confidence level, which are concentrated in the
southeast coastal region of the study area. However, there

are six stations with decreasing trends, and only one Ganyu
station shows a statistically significant trend (Fig. 7a). The
R25mmT also exhibits an increasing trend, and the region-
al trend is at the rate of 6.14 mm/decade with a range from
—16.83 to 27.67 mm/decade (Table 3, Fig. 6b). Meanwhile,
19 stations show positive trends, while 5 stations exhibit
negative trends. Furthermore, two stations (i.e., Hongjia
and Ganyu) are statistically significant. The spatial distri-
bution of R25mmT trends is similar to that of R25mm
(Fig. 7b). As for R25SmmTOT, there is a weak increasing
trend with the mean rate of 0.16 %/decade (Table 3,
Fig. 6¢). Increasing R25mmTOT and decreasing
R25mmTOT can be observed at 13 and 11 stations, respec-
tively (Fig. 7c). Among all of these stations, only one sta-
tion (Ganyu) has statistically significant negative trend.
The spatial distribution of R25mmTOT trends is likewise
similar to that of R25mm (Fig. 7c¢).

But for R50mm, there is a positive tendency with re-
markable fluctuations during the study period (Fig. 6d). It
can be seen from Fig. 7d that there are 20 stations being
characterized by increasing R50mm at the mean rate of
0.1 day/decade, and these stations are distributed mainly
in the middle and southern parts of the study area, espe-
cially the Gulf of Hangzhou (Table 3, Fig. 7d). Among
these stations, the Pinghu station is statistically significant
with increasing R50mm, which is located in the north of
the Gulf of Hangzhou (Fig. 7d). Accordingly, there are
only four stations with the decreasing RSOmm (Fig. 7d).
In this sense, the YRD region is dominated by increasing
R50mm in general. As for RSOmmT, there is a positive
trend during the study period 1960-2012 (Fig. 6e), with a
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Fig. 6 Annual evolution (normalized and smoothed series) and temporal trends for the heavy precipitation indices over the YRD region

during 1960-2012
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Fig. 7 Spatial patterns of trends per decade for the heavy precipitation indices over the YRD region during 1960-2012. Black triangles denote
increasing trends, white triangles denote decreasing trends, and triangles with circles show significant trends at the 95 % confidence level

regional rate of 7.31 mm/decade (Table 3). Increasing
R50mmT and decreasing R50mmT can also be detected
at 20 stations and 4 stations, respectively (Table 3). The
spatial distribution of RSOmmT trends is similar to that of
R50mm, which indicates that a large proportion of in-
creasing stations are located in the central and southern
YRD region (Fig. 7¢). As for RSOmmTOT, a slight posi-
tive trend can be found for RSOmmTOT with the average
rate of 0.44 %/decade (Table 3, Fig. 6f). However, in-
creasing RSOmmTOT and decreasing RSOmmTOT are
shown in 18 and 6 stations, respectively (Fig. 7f). The
spatial distribution of RSOmmTOT trends is also similar
to that of RS0mm, while the north corner of the study area

has highest increasing trends, although the mid-south of
the study area still increase strikingly.

As a consequence, the above analysis suggests that the
frequency and contribution of the heavy precipitation (es-
pecially the torrential rain) have arisen dramatically in
almost all of the study area since 1960, and the precipita-
tion event has showed an obvious trend of extremeness,
agreeing with the studies in Beijing (Song et al. 2014;
Zhang et al. 2014) and the value of PCI. If the precipita-
tion trend occurred remains unchanged, the future of the
YRD region might have to face with more storms and
floods, and the damage caused by the heavy precipitation
might be more serious.

@ Springer



142

C. Hu et al.

4.3 Correlation coefficients of precipitation indices

The correlations between the precipitation indices are shown
in Fig. 8 and tested under the 99 % confidence level, which is
in accordance with the previous study (Cao and Pan 2014).
The results indicate that the heavy precipitation indices (i.e.,
R25mm, R50mm, R25mmT, R50mmT, and R50mmTOT)
have high correlations with the annual total precipitation
(RR), and increases/decreases in the heavy precipitation can
result in the increase/decrease in the annual total precipitation
to some extent. The correlation coefficients among them are
0.83, 0.81, 0.84, 0.81, and 0.59, respectively (Fig. 8¢—i), and
also statistically significant at the 0.01 significance level,
which show that RR is well correlated with the heavy precip-
itation. Actually, the heavy precipitation contributes more than
90 % of the increase in precipitation over the YRD region
during 19602012 (Table 3). Meanwhile, the correlations co-
efficients between RR and RR1, SDII, and PCI(day) are like-
wise significant at the 99 % confidence level(Fig. 8b—d), in-
dicating that the rainfall has been much concentrated and ex-
treme in the YRD region during the study period. However,
the correlation coefficients between RR and RX1day
(Fig. 8a), PCI(month), and R25mmTOT are <0.30 and like-
wise statistically nonsignificant at the 0.01 level, which show
that the correlations between them are not obvious, and chang-
es in RX1day, PCI(month), and R25mmTOT have little or

indirect impacts on RR over the YRD region during the study
period.

4.4 Abrupt changes of precipitation

Figure 9 shows the sequential Mann—Kendall analysis results
for RR, RX1day, SDII, R5S0mm, RS0mmT, and RSOmmTOT
over the YRD region during 1960-2012. The UF curve of RR
indicates a decreasing trend from 1960 to 1988 except the
middle 1970s, while an increasing trend is found during
1989-2012. The increasing variation in RR is obvious before
2002, and after that, RR decreases gradually (Fig. 9a). For
RXlday, the UF curve is under zero for most of the period,
and it intersects with the critical value lines for a short period,
which confirms a decreasing trend especially before 1990
(Fig. 9b). The UF curve of SDII shows a decreasing trend
from 1960 to 1989, while opposite trend is found during the
period 1990-2012. There is an obvious increasing tendency in
SDII since 1990, which is significant during the period 2009—
2012 as the values of UF exceeds the critical limit (Fig. 9¢c). As
shown in Fig. 8d and f, the UF curves of RSOmm, R50mmT,
and R50mmTOT present the synchronous trends to a certain
extent, and these UF curves exhibit decreasing trends before
1990, and after that, there are marked increasing trends

(Fig. 9d-1).
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As for these indices, only one main abrupt change point (at
5 % significance level) is detected as the intersection point of
the two curves (i.e., UF and UB curves) located with the con-
fidence interval during the study period 1960-2012, and the
abrupt increasing step changes occur in 1984, 1988, 1987,
1984, 1988, and 1988, respectively (Fig. 9). Consequently,
the results of change point analysis indicate that almost all of
these changes have similar start time, and the abrupt change of
precipitation occurred consistently in the mid-1980s over the
YRD region, and after then, the precipitation increased signif-
icantly, which is similar with the previous studies in other areas
(Shiand Xu 2008; Lv et al. 2009; Chi et al. 2013). Furthermore,
it is worth mentioning that the torrential rain develops and
changes with the synchronization of the annual total precipita-
tion over the YRD region during the study period.

4.5 Periodicity analysis of precipitation

Figure 10 shows the real part of the wavelet transform and the
wavelet variances of RR, RR1, SDII, R50mm, and
R50mmTOT over the YRD region during 1960-2012.
Figure 10a and b shows that there are three main cycles of
RR: 4-6-year cycle, 12—14-year cycle, and 19-21-year cycle.
The 4—6-year cycle appears mainly in the mid-1960s, 1980s,
and the early twenty-first century, while the 12—14-year cycle
dominates the period from 1980 to 2000. Interdecadal cycle of
19-21 years exists notably before the 1980s. Figure 10c and d
indicates that there are also three main cycles of RR1: 4-7-year
cycle, 12—14-year cycle, and 19-21-year cycle. Among these
cycles, the 4—7-year cycle almost arises throughout the time
sequence, and the 12—14-year cycle exists in the period from
the late 1970s to the early 1990s. Unlike RR, the 19-21-year

cycle of RR1 dominates the entire study period. As shown in
Fig. 10e and f, there are two main change cycles and one unre-
markable cycle in index SDII: 5-6-year cycle, 19-21-year cy-
cle, and 13-year cycle. The 5-6-year cycle appears in the 1960s
and the period from 1980 to 2005, while the 19-21-year cycle is
also observed steadily in the period 1960—1980. The unremark-
able 13-year cycle appears after the mid-1980s. It can be dis-
covered that three main cycles of 5-6 years, 11-13 years, and
20-23 years exist in the index R50mm over the study period
(Fig. 10g, h). The 5-6-year cycle exists in the 1960s and the
early 1980s, but the 11-13-year cycle is evident after the late
1970s, and that, the 20-23-year cycle is likewise detected in the
period 1960-1980. As shown in Fig. 10i and j, the change
period of RSOmmTOT have 5—6-year cycle, 9—13-year cycle,
and 18-20-year cycle. The 5—6-year cycle exists in the early
1960s and the early 1980s, while the 11-13-year cycle and 18—
22-year cycle are visible during the period 1970-2012 and
1960-1980, respectively. In addition, there is still a nonsignif-
icant 2-year cycle in these indices throughout the entire study
period, though the signal is very weak (Fig. 10), which might
represent the quasi-biennial oscillation of summer monsoon
rainfall in Eastern China (Huang et al. 2006; Jia et al. 2009).

Based on the foregoing periodicity analysis, it is concluded
that three main change cycles and one weak cycle are
coexisted over the YRD region in the study period 1960—
2012, namely, 5-6-year cycle, 13-, 20-, and 2-year cycle.
Furthermore, it is clear that the significant change of cycles
occurred in the 1980s when the short cycle was set to overtake
the long cycle, which is almost concordant with the above
studies of abrupt change of precipitation, leading to high fre-
quency and instability of precipitation changes over the YRD
region in recent decades.
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4.6 Cause of precipitation changes

In the background of global warming, the climate has changed
obviously in the Yangtze River Delta (Jiang et al. 2009), es-
pecially the precipitation increasing significantly. There might
be three main factors that have effects on the precipitation in
the YRD region, namely, global warming, change of East
Asian summer monsoon, and urbanization development.

First is global warming: Over the twentieth century, espe-
cially since the 1990s, continuously increasing concentration
of atmospheric carbon dioxide is resulting in global warming.
Global warming is likely to have significant effects on the
hydrological cycle (IPCC 2007), which speeds up global wa-
ter cycle and strengthens evaporation, moisture, and rainfall.
Furthermore, an important consequence of global warming is
an increase in the magnitude and frequency of extreme pre-
cipitation events generated by increased atmospheric moisture
levels, thunderstorm activity, and/or large-scale storm activity
(Roy and Balling 2004). Most climate models also project
increases in precipitation extremes as the climate warms
(Tebaldi et al. 2006; O’Gorman and Schneider 2009).
Therefore, global warming is the background factor that influ-
ences the frequency and volume of the precipitation in the
YRD region during 1960-2012.

Second is the change of East Asian summer monsoon: The
YRD region is controlled by the East Asian monsoon
(Svensson 1999), the advance and retreat of East Asian sum-
mer monsoon determine to a large extent the timing of the
rainy season and the amount of rainfall, and the position of
the summer belt is southward (northward) of its mean when
East Asian summer monsoon is weak (strong). As for the
middle and lower reaches of the Yangtze River, the East
Asian summer monsoon is negatively (positively) correlated
with summer rainfall (Yang et al. 2013), and the flooding
(drought) years are related to the weak (strong) monsoon
(Shi et al. 1996). At the end of the 1970s, a jump of the
monsoon intensity occurred, and simultaneously, the mon-
soon in summer weakened significantly. Meanwhile, the pre-
cipitation mainly concentrated in the Yangtze River Valley
from then on (Jiang et al. 2006), which is in line with the
changes of precipitation in the YRD region during the study
period. Therefore, change of East Asian summer monsoon is
the key factor that influences the frequency and volume of the
precipitation in the YRD region during 1960-2012.

Third is urbanization process: The urban water cycle and the
local climatic environment are invariably affected by the urban
growth (Foley et al. 2005). The urbanization not only modifies
the exchange of heat, water, and momentum between the land
surface and overlying atmosphere (Crutzen 2004) but also
changes the composition of the atmosphere over urban areas
(Pataki et al. 2003). Urbanization-driven land use change influ-
ences the local hydrometeorological processes, changes the
urban micro-climate, and sometimes affects the precipitation
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Fig. 10 Real part of the wavelet transform (a, ¢, e, g, i) and the wavelet P>
variances (b, d, f, h, j) of RR, RR1, SDII, RS0mm, and RS0mmTOT over
the YRD region during 19602012

significantly (Pathirana et al. 2014). Controlled experiments
verify that there is a significant impact of urban heat island
on cumulative rainfall quantities resulting in increases of 10—
13 % (Shem and Shepherd 2009). Sensitivity studies, however,
show that there is a significant increase in local extreme rainfall
when the urban area is increased (Pathirana et al. 2014). In
addition, the urbanization signatures in strong precipitation
are significantly different from those in weak precipitation over
the urban areas (Li et al. 2011). Due to the increasing concen-
tration of businesses and infrastructure, the urbanization pro-
cess continued at a phenomenal rate over the YRD region in the
last decades. With the rapid development of urbanization, the
annual precipitation and the flood season precipitation in the
urban areas showed a striking increase, and the rapid urbaniza-
tion has greatly influenced the regional laws of hydrology in
the YRD region (Xu et al. 2010). This suggests a possible
impact of urbanization on variability of rainfall for the region.
Therefore, the urbanization process is the local factor that in-
fluences the frequency and volume of the precipitation in the
YRD region during 1960-2012.

5 Conclusions

In this study, the long-term trends of daily precipitation of 24
stations are analyzed over the YRD region during the period
1960-2012, using 12 precipitation indices. According to the
above analysis, the main conclusions are summarized as
follows:

1. For the regional average trends of precipitation over the
YRD region during the study period, with PCI(day) aris-
ing weakly, the indices of RR, R25mmT, R50mmT,
R25mm, R50mm, SDII, R25SmmTOT, and R50mmTOT
increase at the rates of 14.78, 6.14, 7.31 mm/decade, 0.17,
0.10 days/decade, 0.17 mm/day/decade, 0.16, and
0.44 %/decade, respectively. On the contrary, with
PCI(month) decreasing indistinctively, RX1day and
TWD display decreasing trends, and at the rates of
—1.26 mm/decade and —0.12 days/decade, respectively.

2. The central and southern parts of the study area have
become more humid than the northern part of the study
area during 1960-2012, and the monthly precipitation
tends to be more homogeneous with exception of the
north area. The daily precipitation has undergone a con-
sistent concentrated trend over almost all of the study area
since 1960, implying the enhanced possibility of extreme
precipitation (i.e., heavy precipitation or drought). What
is more, the frequency and contribution of the heavy
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precipitation have also arisen dramatically in almost the
entire YRD region since 1960, and the precipitation event
has showed an obvious trend of extremeness.

3. The annual total precipitation is correlated strongly with
most of the other precipitation indices, especially the
heavy precipitation indices, which are responsible for
more than 90 % of the increment of precipitation.
Moreover, the correlations between the precipitation indi-
ces indicate that the rainfall has been much concentrated
and extreme over YRD region during the study period.

4. Abrupt changes for RR, RX1day, SDII, R50mm,
R50mmT, and R50mmTOT are detected in 1984, 1988,
1987, 1984, 1988, and 1988, respectively. The results of
change point analysis indicate that almost all these chang-
es have a similar start time, and the abrupt change of
precipitation occurred consistently in the mid-1980s over
the YRD region during the study period.

5. Three major cycles of precipitation are 5-6-year cycle,
13-year cycle, and 20-year cycle with apparent periodic
oscillation characteristics over the YRD region during the
study period, together with a coexisting 2-year nonsignif-
icant cycle. In addition, a significant change of cycles
occurred in the 1980s over the YRD region, when the
short cycle was set to overtake the long cycle, resulting
in high frequency and instability of precipitation changes
over the YRD region in recent decades.

6. Three factors, which are the global warming, the East
Asian summer monsoon change, and the urbanization de-
velopment, might have impacts on the precipitation, pro-
moting the increase in precipitation over the YRD region
during 1960-2012. Among these factors, the variation of
East Asian summer monsoon is the key factor that con-
trols mainly the increase in the precipitation, while the
global warming and the urbanization development are
the background factor and the local factor, respectively.
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