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Abstract: Increases in climate extremes and their impacts have attracted global attention recently.
In this study, the change-point years of precipitation extremes (PEs) and drought extremes (DEs) were
investigated by Moving t-Test at 500 stations across the six regions in China. The detailed temporal
change processes of them were demonstrated by the cumulative deviation method based on the
data from nine typical stations. The results showed that: 1) DEs were more significantly and widely
increased than PEs, the stations with increasing trends of PEs and DEs accounted for greater than
52.6% and 61.6% of the total, respectively; 2) increasing trends of DEs were mainly distributed in the
east of Hu Huanyong Line. In this area, the increasing change-point years of DEs often occurred in
the early 1980s in the south of the Yangzi River, while occurred in the 1990s in the north of the Yangzi
River; 3) increasing trends of PEs were mainly distributed in Qing-Tibet Platen, Northwest China,
and the southeastern area of Hu Huanyong Line. In these areas, the increasing change-point years of
PEs often occurred around 1990 in the southeast of Hu Huanyong Line, while often occurred in the
early 1980s in Qing-Tibet Platen. The results indicated that the area in the southeast of Hu Huanyong
Line was under the threats of both PEs and DEs, this may produce severe impacts on agriculture,
environment, water resources management, human society, etc.

Keywords: change-point; precipitation extreme; drought extreme; cumulative deviation; moving
t-Test

1. Introduction

The increase in frequency, intensity, and duration of extreme climate events is one of the important
features of global change, and one of the most serious challenges facing human society [1]. The fifth
Intergovernmental Panel on Climate Change assessment report (IPCC AR5) documented that the
frequency of global extreme climate events would increase rapidly and the scope of their impacts
would be enlarged in the 21st century [2]. This has aroused widespread concern of the scientific
community, the government, and the public globally.

Extreme climate event is defined as the occurrence of an extreme weather or climate event with
a weather or climate variable having a value above (or below) a threshold near the upper (or lower)
end of the range of observed values of the variable [3]. In the last couple of decades, studies on
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climate extremes under climate changes increased sharply all over the world [3-14], especially in the
researches concentrated on the precipitation extremes (PEs) [8-10,12,14-23] and drought extremes
(DEs) [9,13,24-27], most of which were focused on the definition, related indices, change trends,
attribution, and their impacts. Frich et al. (2002) [7] found that under the background of global
warming, the range of increasing precipitation in the middle and high latitudes of the Northern
Hemisphere was widened, and extreme precipitation events may be more frequent. Overall, though
precipitation extremes varied in different regions of the world, the frequency of precipitation extremes
increased in more than half of the global land area [2,28,29]. For example, precipitation extremes were
found to occurred more in many areas of USA [10,18], China [30-36], Argentina [37], South Africa [15],
Romania [22], New Zealand [38], etc. In the meantime, a series of drought extremes were reported
all over the world, which have attracted wide attention. For example, the severe drought in the
Amazon in 2005 and 2010 [39,40], the worst droughts in Australia in the last 200 years [25,26] and the
Mediterranean basin [9,13,41,42]. The increases in extreme precipitation and drought events produced
severe impacts on agriculture, environment, water resources management, and so on.

Precipitation in China is uneven in spatial and temporal scales, high variability in precipitation
increased not only precipitation extremes but also drought extremes. Among all the extreme climate
events, precipitation and drought extremes may be the first two that have severe and lasting
disastrous impacts on the agriculture, ecological environment, and human society. In the past
two decades, there have been more and more studies [14,24,27,30-35,43-48] in this field, in China since
1999, the researcher Zhai et al. [6] published their article about the changes of climate extremes in
China. Regionally in precipitation extremes, in Southeast China, an increasing frequency trend was
detected [30,32,34,36,45,46], especially in the middle and lower reaches of the Yangtze River [14,30,45]
and in the coastal areas [34]. While PEs in Northeast China was also detected a decreasing trend [45,49].
However, the PE trends in some regions were in dispute, in Northwest China, Wang et al. (2009) [32]
found the frequency of precipitation extreme increased, while Yang et al. (2008) [45] concluded that
PEs increased in western part of Northwest China but decreased in eastern part of Northwest China.
In Southwest China, a decreasing trend in PEs was reported by Wang et al. (2009) [32], while in
Hengduan Mountains of this region, Li et al. (2011) [46] found a nonsignificant increasing trend for
1960-2008. In North China, PE was identified as a decreasing trend by many researchers [32,36,45],
while Li et al. (2010) [33] found a not significant increasing trend in Loess Plateau of China. In studies
concentrated on DE trends, increasing tendency was reported in North China, Southwest China,
and Southeast China, by indices of short or long dry days [44], daily precipitation [24], and consecutive
dry days [36]. However, the DE trend in Northeast China was in dispute, Wang et al. (2013) [48] found
the consecutive dry days decreased while Liang et al. (2016) [49] reported an increase in consecutive
dry days. In summary, there were more studies focus on PEs, while fewer ones focused on DEs,
especially in Southeastern part of China, and in some regions the trends were still in dispute due to
high regional variability of precipitation and drought extremes and the complex and diverse climatic
types in China. More, there were more contributions in regional while less in the whole China. Besides,
most of studies were focused on the changing trend while few were focused on the change-point
analysis and the concrete change process of the PE and DE series.

The objective of this study is: 1) to calculate the accurate change-point years of PEs and DEs at
each meteorological station across China, based on the time series of the frequency and intensity of PEs
and DEs in our previous paper [36]; 2) to then investigate the spatial distribution of their increasing
change-point years of PEs and DEs by dividing the whole China into six climatic regions; and 3) in the
end, nine typical stations were selected based on the regions and the spatial distribution pattern of
the change-point years to demonstrate the concrete temporal change processes of the frequency and
intensity of PEs and DEs by the cumulative deviation. The expected results would provide data for
risk management of climate changes.
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2. Data and Methods

2.1. Study Area and Data

Located on the west coast of the Pacific Ocean and in the eastern part of Eurasia, China has a
total land area of about 9.6 million square kilometers. The terrain is high in the west, and low in
the east. China has a complex and diverse topography. The mountains, highlands and hills account
for about 67% of the land area, while the basins and plains account for about 33%. Influenced by
the special geographical location, topography and other factors, a variety of climate types have
been formed, such as the tropical and subtropical monsoon climate, the temperate monsoon climate,
the temperate continental climate, the plateau mountain climate and so on. Annual precipitation
increases from northwest to southeast, with the minimum less than 50 mm in the desert region
of northwest, and the maximum greater than 1600 mm in the southeast coastal region (Figure 1).
Regionally, annual precipitation showed increasing trends in Southeast China, Southwest China,
Qing-Tibet Platen, and Northwest China while decreasing trends in the areas around the Hu Huanyong
Line, i.e., the line of Northeast China, North China and the border area between Qing-Tibet Platen
and Southwest China [50,51]. Based on the hydrogeographic and climatic characteristics, China was
divided into six regions for change-point analysis in this study, i.e., Northeast China, North China,
Southeast China, Southwest China, Qing-Tibet Platen, and Northwest China (Figure 1).
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Figure 1. Meteorological station distribution (a) and annual precipitation spatial distribution from 1971
t0 2000 (b). 1-6 represent Northeast China, North China, Southeast China, Southwest China, Qing-Tibet
Platen, and Northwest China, respectively, in Figure 1b. The six regions, with their corresponding
typical meteorological stations, were for change-point analysis of PEs and DEs.

Data for this study were provided by the China Meteorological Administration from 680 stations
across China from 1 January 1961 to 31 January 2008. Observations mainly include daily precipitation,
Observation type, data quality control, and data processing were the same as our previous paper [36].
After data quality control, 500 stations were adopted in this study (Figure 1a).

2.2. Methods

2.2.1. Thresholds of Precipitation and Drought Extremes

In this study, the 95th percentile was chosen as the PE threshold grade. This is a fraction of
total daily precipitation that exceeds the 95th percentile of the distribution for daily amounts (daily
precipitation greater than or equal to 0.1 mm) from 1971 to 2000, and the corresponding precipitation
value is the PE threshold value. Using this method, PE thresholds at each meteorological station can
be determined.

In the threshold determination of DEs [36], a supposed level of consecutive dry days (CDD) was
determined as the DE threshold for each meteorological station. That is, if an observed CDD is longer
than the supposed CDD, it can be called a DE event. CDD in this study refers to consecutive days with
daily rainfall less than 0.1 mm, which are climatically nonprecipitation days. We put the daily datain a
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time-consecutive order so that the CDD would not be split by the end of the year when counting the
length of the CDD. The threshold value was obtained in the following ways. The CDD series were
obtained by arithmetic progression, i.e., 2,5, 8, ... , and the corresponding times of occurrence of each
CDD element during 1971 to 2000 were computed based on the relationship between the CDD series
and its frequency occurrence series, the probability density function of CDD could be established,
and then the cumulated distribution function be established. The 95th percentile was also chosen as
the DE threshold, i.e., if an observed CDD was longer than the corresponding 95th percentile CDD
value, it could be called a DE event.

The number of PE occurrences per year and the annual maximum daily precipitation (MDP)
were selected as the frequency and intensity indices of the precipitation extremes respectively, and the
number of DE occurrences per year and the annual maximum consecutive dry days (MCDD) were
chosen as the frequency and intensity indices of the drought extreme respectively. Based on these
indices, the series of frequencies of PEs and DEs were obtained by the annual number of threshold
exceedance respectively, and the series of intensities of them were obtained by annual MDP and
MCDD respectively.

2.2.2. Change-Point Analysis

Moving t-Test was employed to detect the trends and change-point years of PEs and DEs in this
study. It is one of the most commonly used methods for testing a hypothesis based on a difference
between sample means [52]. The formula for calculation is as follows:

Pt M)

’
1 1
S _1+n_2

2 2
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in which,

@

n+np-2’

where X;, s; and n; are the mean, standard deviation and length of two sub-samples. The numerator of
equation (1) is the difference between the two subsequences, the denominator of Equation (1) is the
estimate of the dispersion, 11 + np — 2 is the degrees of freedom.

Moving t-Test is done by selecting two adjacent sub-samples of fixed length, then slide backwards
in turn, finally take the best change-point [53]. Compared to the Student’s t-Test, Moving ¢-Test could
estimate multiple change-points, and estimate the main trend of the series according to the property
(positive or negative) of the maximum change-point ||, i.e., when the t value of the maximum
change-point is negative, it indicates an increasing change-point, while positive indicates a decreasing
one. Let the length of the sub-sample series be 10, for a fixed significance level & = 0.1 in the present
paper, the corresponding critical value ¢, = 1.73. If the calculated value |f| > t,, it indicates a significant
trend, while |t| < t, describes a nonsignificant trend.

2.2.3. Cumulative Deviation Analysis

Cumulative deviation method is highly recommended for intuitively judging the trend of a series
from the changing curve [54]. For a series x, the cumulative deviation of £; at a given time t could be
expressed as:

f=Y (=% (t=12...,n), ®)

in which, x = % Z?:l x;. When the cumulative deviation values are all calculated, the cumulative
deviation curve could be obtained. The cumulative deviation curve is more intuitive than the original
series, from the obvious ups and downs of the curve, we can judge its changing trend of the long-term
evolution process, and even diagnose the approximate time of change-points.
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3. Results

It is reported that large-scale climate background had changed greatly in the early 1980s, and PEs
occurred more and more since the 1980s in China [43]. The changing trends of precipitation and drought
extremes were analyzed with relative changes rate method by dividing the whole period into two
sub-periods, taking 1984 as the point in our previous paper [36]. In this study, the accurate change-point
years of the precipitation and drought extremes were detected by Moving t-Test, their trends (increase
or decrease) and significance were determined by the positive or negative sign of the maximum
change-point and the value of ||,;,,,, respectively. The analysis focused on the areas where precipitation
extremes (PEs) and drought extremes (DEs) increased because of the potential threats of disasters it
may produce. For the convenience of comparison with the previous results [36], the stations were
divided into four types: 1) significant change-point year after 1984, 2) significant change-point year
before 1985, 3) nonsignificant change-point year before 1985, and 4) nonsignificant change-point year
after 1984. Based on the spatial distribution pattern of their increasing change-point year, typical
stations were selected from each typical area, and the concrete change process was analyzed.

3.1. Spatial Distribution of Change-Point Years of Increasing Precipitation Extremes

The stations with increasing change-point of frequency of PEs accounted for 59.8% of the total
stations (Table 1). This is in accordance to the result of the trend analysis in Liu et al. (2019) [36],
and the distributions of them (Figure 2) were similar to that with relative change rate greater than 1%
in Liu et al. (2019) [36]. It manifested that positive or negative sign of the maximum change-point
could indicate the general trend of a time series.

changing point year (CPY)
® Sig. CPY after 1984

® Sig. CPY before 1985
® Insig. CPY before 1985
® Insig. CPY after 1984

changing point year (CPY)

® Sig. CPY after 1984

@ Sig. CPY before 1985
Insig. CPY before 1985
Insig. CPY after 1984

Figure 2. Spatial distribution of increasing change-point years of extreme precipitation frequency (a)
and intensity (b).
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Table 1. Change-point analysis (CPY) of precipitation extremes based on station statistics.

Frequency of Intensity of
Regions  No. of Stations Precipitation Extreme Precipitation Extreme
Increase Sig. Increase Increase Sig. Increase

CPY (%) CPY (%) CPY (%) CPY (%)
NE 98 49.0 68.8 49.0 64.6
NC 97 433 54.8 43.3 52.4
SE 154 70.8 63.3 60.4 51.6
SW 56 60.7 58.8 58.9 66.7
QT 43 69.8 53.3 60.5 61.5
NW 52 69.2 55.6 38.5 65.0
China 500 59.8 60.5 52.6 58.0

NE—Northeast China; NC—North China; SE—Southeast China; SW—Southwest China; QT—Qing-Tibet Plateau;
NW—Northwest China; CPY—change-point year, Sig.—significant, No.—number.

Regionally, the stations with increasing change-point of frequency of precipitation extremes (FPEs)
were distributed in most of Southeast China, Southwest China, Qing-Tibet Plateau and Northwest China
(Figure 2a), the stations of them accounted for 70.8%, 60.7%, 69.8%, and 69.2% of the total, respectively.
And the significant tests of them were all exceeded half of the total number with increasing changes
(Table 1). These regions were mostly in accordance with the conclusion of Wang et al. (2009) [32].
However, there were fewer stations with increasing change-point of FPE in North China and Northeast
China, the stations of the two regions accounted for only 43.3% and 49%, respectively. Spatially,
there were seldom stations in most of North China (including Shaanxi, Shanxi, Hebei, and Shandong
province), in part of Shenyang and Jilin province of Northeast China, and in parts of Eastern Sichuan
province of Southwest China. The stations with change-point years before 1985 were mainly distributed
in Heilongjiang province and north Inner Mongolia of Northeast China, in the southeastern coastal
areas and parts of the lower reaches of the Yangtze River of Southeast China, and in the Tibet area of
Qing-Tibet Plateau. While the stations with change-point years after 1984 were mainly distributed in
most of Southeast China and Southwest China (Figure 2a).

The increasing change-point year spatial distribution of the intensity of precipitation extremes
(IPEs) was similar to that of the frequency, but it’s not exactly the same. It had a slightly higher spatial
variability, and the number of stations was fewer than that of frequency in most of the regions except
for Northeast China and North China (Figure 2b). However, it still accounted for more than half of total
stations, 52.6% of the total number (Table 1). The obvious difference from frequency was Northwest
China, whose stations with increasing change-point of IPEs accounted for only 38.5% of the total
stations of the region, far less than that of frequency. Specifically, compared to FPEs, the stations with
increasing change-point of IPEs were fewer in Heilongjiang province and more in Shenyang and Jilin
province of Northeast China, fewer in northern parts of Inner Mongolia, and more in Shandong, Hebei,
and Shanxi province of North China. they were fewer in Yunnan province while more in eastern part of
Sichuan province of Southwest China and fewer in Xizang province of Qing-Tibet Plateau (Figure 2b).
Similar, but not exactly the same to FPEs, the stations with increasing change-point year after 1984
were mainly distributed in most of Southeast China and southeastern part of North China (Figure 2b).

3.2. Spatial Distribution of Change-Point Years of Increasing Drought Extremes

The stations with increasing change-point of frequency of drought extremes (FDEs) accounted for
71.8% of the total stations (Table 2). Regionally, they were distributed in most of Southwest China,
Southeast China, North China, and Northeast China (Figure 3a), the stations accounted for 89.3%,
87.0%, 84.5%, and 62.2% of their total stations, respectively, and the significant test of them were all
exceeded 60% of the total number with increasing changes (Table 2). While, there were fewer stations
with increasing change-point of FDE in Qing-Tibet Plateau and Northwest China. The stations of the
two regions accounted for only 25.6% and 40.4%, respectively. These results were in accordance with
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many previous reports, e.g., the results of DE relative change rate analysis in Liu et al. (2019) [36],
the results of the consecutive dry days increased in most of Northeast China in Liang et al. (2016),
and the conclusion of Gong et al. (2005) that dry spell increased in Southwest China, North China,
and Northeast China. The stations with change-point years before 1985 were mainly distributed in
Southeast China, in the southern part of Southwest China, and in most of Northeast China. While the
stations with change-point years after 1984 were mainly distributed in most of North China and in the
northern part of Southwest China. Besides, there were also a few stations with change-point years after
1984 in the southeast coastal areas of Southeast China and in the southern part of Northeast China

(Figure 3a).

Table 2. Change-point analysis of drought extremes based on station statistics.

Frequency of Drought Extreme

Intensity of Drought Extreme

Regions  No. of Stations Increase Sig. Increase Increase Sig. Increase
CPY (%) CPY (%) CPY (%) CPY (%)
NE 98 62.2 68.9 449 432
NC 97 84.5 61.0 66.0 39.1
SE 154 87.0 724 81.2 68.0
SW 56 89.3 82.0 94.6 73.6
QT 43 25.6 727 11.6 60.0
NW 52 40.4 28.6 32.7 52.9
China 500 71.8 68.0 61.6 58.4

NE—Northeast China; NC—North China; SE—Southeast China; SW—Southwest China; QT—Qing-Tibet Plateau;

NW—Northwest China; CPY—change-point year; Sig.—significant.

Figure 3. Spatial distribution of increasing change-point years of extreme drought frequency (a) and

intensity (b).
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The increasing change-point year spatial distribution of the intensity of drought extremes (IDEs)
was similar to that of the frequency, but the number of stations was fewer than that of frequency in most
of the regions (Figure 3b), except for Southwest China, where the stations with increasing change-points
accounted for 94.6% of its total number. However, the stations with increasing change-points of IDEs
in the whole China still accounted for more than half of the total stations, 61.6% of the total number
(Table 2). Regionally, the stations with increasing change-points of IDEs were mainly distributed in
Southwest China, Southeast China, and North China. While there were much fewer stations with
increasing change-points IDEs in Qing-Tibet and Northwest China. The obvious difference from
frequency was Northeast China, where stations with increasing change-points of IDEs accounted for
only 44.9% of the total stations of the region, much less than 62.2% of the frequency. Similar but not
exactly the same to FDEs, the stations with increasing change-point years before 1985 of IDEs were
mainly distributed in most of Southeast China, while the stations with increasing change-point year
after 1984 were mainly distributed in most of North China and Northeast China (Figure 3b).

3.3. Temporal Changes of PE and DE at the Typical Stations of the Regions

Based on the spatial distribution pattern analysis of the change-point years of PEs and DEs,
nine typical stations (Figure 1) were selected from the six regions to demonstrate the concrete temporal
change processes of the PE and DE by the cumulative deviation and Moving t-Test methods in this
section. The change processes of PEs and DEs at the typical stations could represent most of that in the
same regions. Actually, there were many other alternative stations, however, we may not show all of
the stations due to the length of the manuscript. Besides, one more typical station was selected from the
southeastern coastal regions of South China, the northern part of North China, and the southeastern
part of Northwest China, respectively. Because the areas of these three regions, had the change-point
years and the changing process show some different patterns to most of the stations in their regions.
Cumulative deviations of the frequency and intensity of PEs and DEs at the typical stations were
shown in Figure 4, in which the maximum daily precipitation (MDP) represented the intensity of
precipitation extremes and the maximum consecutive dry days (MCDD) represented the intensity of
drought extremes. The t-values and their corresponding change-point years of the typical stations
calculated by Moving t-Test were shown in Table 3.

Table 3. t-values and their corresponding change-point years of the representative stations.

Representative FPE IPE FDE IDE

Stations T CPY T CPY T CPY T CPY
Harbin 212 1976 211 1979 -1.26 1996 -1.73 1995
Urumgi -3.29 1975 -2.15 1977 -1.00 1994 157 1991
Zhangye -1.67 1970 -141 1982 -3.18 1978 -1.12 1972
Baotou -1.86 1991 -1.25 1976 -2.13 1992 121 1975
Baoding 332 1997 -2.09 1987 228 1996 -2.19 1987
Naqu 2.09 1991 -1.53 1982 2.40 1993 1.46 1995
Kunming -2.80 1996 -1.18 1974 -3.25 1980 221 1979
Nanyue -2.48 1993 -1.00 1972 -2.72 1982 242 1974
Xiamen —247 1983 —2.00 1989 —2.40 1977 —2.40 1990

CPY—change-point year; FPE—frequency of precipitation extreme; IPE—intensity of precipitation extreme;
FDE—frequency of drought extreme; IDE—intensity of drought extreme, T—t values.

Harbin, the typical station in Northeast China, entered increasing FPE and IPE periods from
around 1976 and 1979, respectively, until around 2000 a decrease period showed. While it entered
an increasing FDE and IDE period from around 1995 (Figure 4a and Table 3). Urumg;i, the typical
station in the western part of Northwest China, entered an increasing FPE period from around 1976
and an increasing IPE period from around 1981. However, decreasing FDE and IDE trends were
detected in most of the study period, until around 1994 (FDE) and 2004 (IDE) increasing periods
showed (Figure 4b). Zhangye, the typical station of southeastern part of Northwest China, entered a
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fluctuated increasing period in FPEs from around 1976 and an increasing IPE period from around 1982.
FDE and IDE trends showed almost fluctuated increasing trend during the whole period, or from 1980
for FDE and 1970 for IDEs (Figure 4c). So several stations in the southeastern part of Northwest China
were under both the threats of PEs and DEs, for it has a similar PE trend to Northwest China but a
similar DE trend to North China.
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Figure 4. Cumulative deviations of frequency and intensity of precipitation and drought extremes
at typical stations. FPE—frequency of precipitation extreme; MDP—maximum daily precipitation
(intensity index of precipitation extreme); FDE—frequency of drought extreme; MCDD—maximum
consecutive dry days (intensity index of drought extreme).

Baotou is the typical station in northern part of North China. Baotou entered increasing FPE and
IPE periods from around 1992 (Figure 4d). It also entered an increasing FDE period from around 1991,
while a fluctuated decreasing IDE period from around 1985 (Figure 4d). Thus, the northern part of
North China may be also under the threats of both PEs and FDEs. Baoding, the typical station of
North China, though a fluctuation was detected in 1980 decades due to its double-peak curve of FPEs,
there’s no obvious increasing or decreasing trend from the whole time process, but a decreasing period
was detected from around 1990 decade (Figure 4e). While FDEs and IDEs showed increasing trends
from around 1987 and 1995, respectively (Figure 4e). Naqu, in the Qing-Tibet Platen, entered slightly
increasing periods of FPEs and IPEs from around 1982 (Figure 4f), while decreasing periods of FDEs
and IDEs from around 1990 (Figure 4f).

Kunming, the typical station in Southwest China, was detected an increasing FPE period from
around 1993, and an increasing IPE period from around 1985 (Figure 4g). FDE and IDE figures showed
an obviously increasing trend period from early 1980s (Figure 4g). So Southwest China was under the
threats of both EPs and DEs. Nanyue, the typical station of Southeast China, entered the increasing
FPE and IPE periods from around 1990 (Figure 4h) and the increasing FDE and IDE periods from
around 1980 (Figure 4h). Xiamen is in the southeastern coastal region of Southeast China, the FPEs of
Xiamen showed a fluctuated continuing increasing trend in the entire time period, IPEs entered an
increasing period from late 1990 decade (Figure 4i). While FDEs and IDEs entered increasing periods
from late 1980s (Figure 4i).
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The analysis of the typical stations was in agreement with that in Sections 3.1 and 3.2, so the
temporal changing process of PEs and DEs in typical stations could represent the most stations with the
same spatial pattern in the same climatic regions. The change-point years calculated by Moving ¢-Test
(Table 3) were mostly in accordance with cumulative deviation. And most of them have passed the
t-Test at significant level of a = 0.1, except for very few stations with the small difference in [t|-values of
the two maximum increasing and decreasing change-points. The analysis of typical stations gave us
a concrete temporal change process of the PEs and DEs. It not only demonstrated the main present
threats of PEs and DEs, but also may indicate the short-term future threats based on the cumulative
deviation curve.

The results indicated that the area to the southeast of Hu Huanyong Line was under the threats
of both DEs and PEs, since the early 1980s and about 1990, respectively. The area to the southeast of
Hu Huanyong Line is the most densely populated and economically developed area in China, so the
increases of PEs and DEs may produce severe impacts on agriculture, environment, water resources
management, economy, and human society. Besides, North China, which was one of the most important
grain-production regions in China, was under significant increasing frequency and intensity of drought
extremes, this may lead to tremendous consequences for agricultural activity and the over-exploited
groundwater environment.

4. Discussion

The spatial distribution pattern of PE showed a relatively mixed pattern with a higher heterogeneity
than that of DEs. The most important reason was that the DE increasing trend was more widespread
and significant than that of PEs. The number of stations with increasing frequency and intensity of
DEs accounted for 71.8% and 61.6% of the total number in the whole China, respectively, they were
more than the stations with increasing frequency and intensity of PEs, which were 59.8% and 52.6%,
respectively (Tables 1 and 2). This was more evident in the six regions, where the maximums of the
frequency and intensity have reached 89.3% and 94.6%, far more than that of DEs of 70.8% and 60.5%,
respectively, and there were more of them passed the significant test (Tables 1 and 2). The second
reason may be the differences in the variability of the indices themselves. Analysis of changes in
PEs was based on daily precipitation amount, which itself has higher variability than that of CDDs,
both in spatial and temporal scale. The last reason may partly relate to that meteorological stations are
distributed more densely in the eastern area of China. The stations with increasing drought extremes
were distributed more in the east of the Hu Huanyong Line, i.e., in North China and Northeast China,
while the stations with increasing PEs were distributed more in Qing-Tibet Plateau and Northwest
China, except for the same regions of Southeast China and Southwest China. The spatial change
pattern of a climate variable often show a relatively higher variability in the uneven and fewer station
distributed regions.

Compared to intensity, there were more stations detected with increasing frequencies. For PEs,
the stations with increasing frequency accounted for 59.8% of the total, while that of intensity accounted
for only 52.6%. For DE, stations with increasing frequency exceeded 70% of the total, while that of
intensity accounted for 61.8%. The same was true for the regions, there were four of the six regions
with increasing frequency stations exceeded half of the total number, while there were only three
of the six regions with increasing intensity exceeded half, in both of PEs and DEs. This illustrated
that increasing intensity trends in PEs and DEs were not as widely distributed as frequencies. In the
circumstance of climate extremes occurred more with increasing intensity in many reports [1,2,23],
This was a minor relief in China, because, the intensity indices of PEs and DEs in this study were MDP
(maximum daily precipitation) and MCDD (maximum consecutive dry days), these represent the most
extreme events, but the increasing of them accounted for only about half of the total stations, it may
indicate a nonsignificant increasing trend in the intensity of PEs and DEs in China as a whole, but in
some of the regions, the intensity of PEs and DEs still need to be concerned.
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Though change-point analysis of drought extremes at most of the stations (or precipitation
extremes at more than half of the stations) have passed the significant test in Moving ¢-Test, there were
still parts of them which have not passed the significant test, this was more evident in precipitation
extremes (Tables 1 and 2). This may indicate a nonsignificant increasing trend, or partly be due to there
were multiple change-points with the [t|-values with small difference in the study period. However,
combined with the cumulative deviation analysis, the concrete temporal change process could be
clearly demonstrated. Besides, the temporal change process only represented most of the stations,
but not all of the stations, especially in precipitation extremes, due to the high heterogeneity in the
spatial distribution of the precipitation and extreme climate events.

Trends of PEs and DEs were closely related to changes in annual precipitation, rainfall days,
lower intensity precipitation and mid-intensity precipitation [36]. Rainfall days decreased without
significant changes in annual precipitation may indicate a more concentrated precipitation, lead to
both the increases in PEs and DEs [6]. Regionally, an increasing trend of annual precipitation was
detected in the humid region and in the arid region [50,51], while a decrease in North China. However,
with the decrease in rainfall days [55], lower intensity and mid-intensity precipitation [36] in most
of the southeastern area of Hu Huanyong Line—the humid region—the precipitation occurred more
concentrated, so PEs and DEs both increased, especially extreme drought events increased significantly
and widely in this area, which has the densest population, the most developed economy and the most
intensive agricultural activities of China.

The increase of PEs may produce severe floods, bring damage to the environments and human
society. In the meantime, the significantly increased DEs may also bring tremendous disaster to
agriculture and grain security, and may lead to the over-exploited of groundwater and the declining of
the regional groundwater depth, eventually cause a series of ecological and geological environment
problems. Actually, the effects of increase in DEs was grave in North China which was one of the
top three major groundwater depletion areas of the world [56] and also one of the important grain
production in China. In the future, the author therefore would analyze the impact of drought extremes
on the agriculture, grain security and variety of groundwater based on some indices combined the daily
precipitation and the characteristics of water demanded by main crops in different growth periods in
North China Plain.

5. Conclusions

In this study, trend analysis and change-point detection of precipitation and drought extremes
were carried out by Moving t-Test at 500 stations over six regions of China, the spatial distribution
patterns of their increasing change-point years of PEs and DEs were identified, and the concrete
temporal change processes of PEs and DEs were demonstrated by the cumulative deviation method at
nine typical stations. The main conclusions were as follows:

1) PEs and DEs increased in more stations than they have decreased generally. The stations with
increasing trends of frequency and intensity of the extremes accounted for 71.8% and 61.6% of the total,
respectively for DEs, and 59.8% and 52.6% of the total, respectively for PEs.

2) DEs were more significantly and widely increased than that of PEs, the stations with increasing
trends of DEs were mainly distributed in the east of Hu Huanyong Line. In this area, the increasing
change-point years of drought extremes in the south of the Yangzi River often occurred in the early
1980s; while that in the north of the Yangzi River often occurred in 1990s.

3) Increasing trends of PEs were mainly distributed in the southeastern area of Hu Huanyong Line,
Qing-Tibet Platen, and Northwest China. The increasing change-point years of PEs in the southeastern
area of Hu Huanyong Line often occurred around 1990, except for several stations in the southeastern
coastal region which entered the increasing FPE period from early 1980s; while that in Qing-Tibet
Platen often occurred in the early 1980s.

4) Trends of DEs and PEs were closely related to changes in annual precipitation, rainfall days,
lower intensity precipitation, and mid-intensity precipitation. With the increase in annual precipitation
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and the decrease in rainfall days, lower intensity and mid-intensity precipitations, most of the
southeastern area of Hu Huanyong Line was under the threats of both PEs and DEs. This may produce
severe impacts on flood regime, agriculture and environment. In the future, further thorough analysis
would be conducted about the influences of PEs and DEs on flood regime, water resources management,
agriculture, grain security, environment and human society in different regions of China.
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