

  water-10-00719




water-10-00719







Water 2018, 10(6), 719; doi:10.3390/w10060719




Article



Spatial and Temporal Variations of Precipitation Extremes and Seasonality over China from 1961–2013



Yiyuan Tao 1, Wen Wang 1,*[image: Orcid], Shuang Song 1 and Jun Ma 2





1



State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China






2



Bureau of Hydrology, Yellow River Conservancy Commission, Zhengzhou 450004, China









*



Correspondence: w.wang@126.com







Received: 31 March 2018 / Accepted: 25 May 2018 / Published: 1 June 2018



Abstract

:

Using the 0.5° × 0.5° gridded Chinese ground precipitation dataset from 1961–2013, spatial and temporal variations in precipitation extremes, total precipitation, the seasonality of precipitation and their linkages in the context of climate change are investigated using the Mann-Kendall trend test, Pettitt change-point test and correlation analysis. The investigation focuses on four extreme indices, i.e., the annual maximum number of consecutive dry days (CDD), the annual maximum number of consecutive wet days (CWD), the annual total precipitation when daily precipitation is greater than 95th percentile (R95pTOT), and the maximum 1-day precipitation (RX1day). The results show that precipitation extremes increased in northwestern China, especially Xinjiang, Tibet and Qinghai (CWD, R95pTOT and RX1day), and scattered parts of southeastern China (R95pTOT and RX1day), but decreased over considerable parts of southwestern China (CWD) and some small parts of northern China (CWD, R95pTOT and RX1day); the spatial patterns of the trends in precipitation extremes and that of total precipitation exhibit considerable similarity over China, which indicates the close relationship between changes in precipitation extremes and total precipitation; change points are detected in different periods ranging from early 1970s to early 2000s for different regions and extreme precipitation indices, and the spatial patterns of the abrupt changes of extreme indices are similar to those of the trends in extreme indices; the concentration index (CI) is strongly positively correlated with R95pTOT and RX1day in most areas in northern China (from the northeast to the northwest) and southwestern China (including Sichuan, Chongqing Guizhou and Guangxi), which means for these regions, the temporal heterogeneity of daily precipitation over a year is dominated by heavy rainfall amounts. The seasonality index of precipitation (SI) is positively related to R95pTOT and RX1day over most areas above 30° N, indicating that heavy precipitation events have a better chance to occur in places with a strong seasonal variation in annual precipitation in these areas, but for most areas below 30° N, the positive relationship is not significant.
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1. Introduction


According to the 5th IPCC assessment report, global warming has become an indisputable fact [1]. Katz et al. [2] stated that changes in extreme climate events are relatively more sensitive to the variability of climate than to its average over many regions in the context of significant global warming. Moreover, the impact of changes of extreme climate events on society, the economy and the environment is far greater than the impact of changes of average climate conditions. Therefore, considerable research efforts have focused on changes in extreme events, especially precipitation extremes, at global and regional scales. Karl et al. [3] observed a significant positive trend in the frequency of precipitation extremes over the last few decades in the USA. Suppiah and Hennessy [4] showed a significant increase in the 90th and 95th percentile of daily rainfall in Australia. Vincent et al. [5] found some increases in consecutive dry days but no change in consecutive wet days and a decrease in precipitation extremes (including R10, R20, RX1day and RX5day) for countries of the western Indian Ocean. Klein Tank & Können [6] analyzed trends in indices of climate extremes in Europe and confirmed that at stations where the annual amount increases, the extreme index has similar changes, but for stations with a decreasing annual amount, there is no such amplified response of the precipitation extremes. For China, Zhai et al. [7] found that there is a small trend in total precipitation for China as a whole, but there are distinctive regional and seasonal patterns of trends, and there is a great similarity between the spatial patterns of trends in extreme and total precipitation. Xiao et al. [8] found that the regionally averaged maximum summer hourly rainfall rate across a large part of China has increased by 11.2%, using continuous hourly gauge records for 1971–2013 from 721 weather stations in China. Liu et al. [9] analyzed the trends of extreme precipitation in eastern China and their possible causes, and demonstrated that global warming was the primary cause of the changes in precipitation extremes, although a number of recent studies suggested that aerosols have huge effects on precipitation extremes. Yang et al. [10] indicated a good agreement between precipitation extremes and total precipitation in China. Wu et al. [11] suggested that most extreme precipitation indices increased over northwestern and southeastern China but decreased over part of northern China. Ren et al. [12] found that the annual maximum 1-day to 5-day precipitation, the amount of heavy rainfall (with rainfall greater than 50 mm/day) and the number of days with heavy rainfall increased generally over China, especially in southern China. Zhou et al. [13] found that changes in precipitation extremes are spatially complex and exhibit a less widespread spatial coverage than the changes in temperature indices, and the patterns of annual total precipitation amount, average daily precipitation rate, and the proportion of heavy precipitation in total annual precipitation are similar with negative trends in a southwest–northeast belt from southwestern China to northeastern China while positive trends occur in eastern China and northwestern China.



In addition to the trend changes, the climatic elements also exhibit abrupt changes. It is now widely accepted that a climatic regime shift transpired in the North Pacific Ocean in the winter of 1976–1977 [14,15]. Trenberth et al. [16] found that there were increases in temperatures and sea surface temperatures along the western coast of North America and Alaska, as well as changes in coastal rainfall and streamflow. In China, Wang et al. [17] found an abrupt decrease in the flood-season precipitation around the year of 1979 based on weather stations in the Haihe River Basin. Zhao et al. [18] confirmed an abrupt decrease in precipitation during the late 1970s and middle 1980s was also observed in the upper Yellow River Basin.



Climate change manifests itself not only in the total precipitation or precipitation extremes, but also in the characteristics of precipitation distribution throughout the year. Pryor et al. [19] investigated the seasonality of precipitation over USA by analyzing changes in the calendar date on which a certain percentile of annual total precipitation was achieved. Zhai et al. [7] showed that trends in precipitation extremes differ from one season to another in eastern China. Spring precipitation has increased in southern Northeast China and northern China but decreased significantly in the mid-reach of the Yangzte River; the summer precipitation has significantly decreased over southern Northeast China, northern China, and over the Sichuan Basin; autumn precipitation has generally decreased throughout eastern China; in winter, precipitation has significantly decreased over the northern part of eastern China but increased in the south. He et al. [20] found that for northeastern China, precipitation in spring and winter showed an increasing trend, but the summer precipitation showed a decreasing trend. Ren et al. [12] found that precipitation increased more or less in winter and summer in most areas of China but decreased significantly in autumn in most areas of central and eastern China. Yao et al. [21] concluded that overall, precipitation in China significantly increased in winter but decreased in other seasons. Pei et al. [22] found that both frequency and intensity of the extreme daily precipitation in the Middle and Lower reaches of the Yangtze River exhibited overall increasing trends from 1961 to 2012, and the increase could be associated with a weakened East Asian summer monsoon in past decades. The relationship between the spatial-temporal variations of precipitation extremes and the seasonality of precipitation over China is an issue worth further investigation.



The objective of this study is to analyze the changes in both total and extreme precipitation at annual and seasonal scales. In addition, the linkage between the spatial-temporal variations of precipitation extremes and total precipitation together with the characteristics of precipitation heterogeneity over China are also investigated in the context of climate change. The paper is organized as follows. The dataset and analysis methods are described in Section 2. The spatial-temporal characteristics of total and precipitation extremes at annual and seasonal scales are presented in Section 3 and Section 4, respectively. Analysis of the heterogeneity of precipitation through the year is reported in Section 5. The linkage between precipitation extremes and total precipitation as well as with the seasonality of precipitation is investigated in Section 6, followed by conclusions in Section 7.




2. Data and Methods


2.1. Data


Daily grid-based precipitation data from 1961–2013 over China with a resolution of 0.5° × 0.5°, released by China Meteorological Administration (CMA) [23], are used in the present study. The data are produced based on the interpolation of quality controlled daily precipitation data observed at 2472 gauges over China mainland, with the thin plate smooth spline method. The precipitation data released by CMA cover the period from 1961 to 2017, but the time frame adopt in this study is the period 1961–2013 because daily precipitation data in more than 30 days (between February 25 and March 31) in 2014 are missing. The average annual precipitation from 1961–2013 over mainland China is shown in Figure 1.




2.2. Methodology


2.2.1. Precipitation Indices


The precipitation indices used in the study include two types, namely, the extreme precipitation indices that measure the extreme precipitation events, and the precipitation seasonal heterogeneity indices that measure the seasonality of precipitation through the year.



Extreme Precipitation Indices


The Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI) recommends 27 core indices for representing the extreme aspects of climate, among which 11 are related to precipitation [24]. To save space, 4 precipitation extreme indices defined by ETCCDMI are used in the present study, listed in Table 1. CDD and CWD can measure extreme dry and wet conditions, respectively. RX1day measures the heaviest precipitation of a year, and R95pTOT measures the amount of total annual heavy precipitation. The selected indices are calculated on an annual basis. The annual maximum number of consecutive dry days (CDD) is not calculated according to the calendar year as defined by ETCCDMI because the dry season always spans two years in the context of the monsoon climate in China. Instead, we calculate CDD for each year starting from 1 July and ending on 30 June of the following in this study.




Precipitation Heterogeneity Indexes


The indices used to identify precipitation heterogeneity include the concentration index (CI), seasonality index of precipitation (SI), the start day-of-year of rainy season (RS) and the end day-of-year of rainy season (RE).



The definition of precipitation concentration index (CI) was first proposed by Martin Vide to evaluate the varying weight of daily precipitation, i.e., the contribution of the precipitation on the rainiest days to the total amount [25]. The specific steps are as follows: First, rainy days of the year are recorded with amounts and then the amount of daily precipitation at n intervals of 1 mm is classified. The second step is listing the number of recorded precipitation days in each class or absolute frequency labelled Ni (i = 1, … n). The third step is calculating the cumulative frequencies, obtained by adding the absolute frequencies of all the classes up to the one under consideration, labelled ΣNi. The fourth step is obtaining the amount of precipitation in each class, labelled Pi. The fifth step is calculating the cumulative amount of precipitation, labelled ΣPi. Finally, the percentages of ΣNi and ΣPi to the total number of rainy days and total amount of precipitation are calculated, labelled X and Y. If the cumulative percentage of rainy days X is plotted against the cumulative percentage of rainfall amounts Y, the following exponential curve expressing X versus Y is obtained:


   Y = a × X × exp  (  b × X  )    



(1)







Equation (1) is the so-called concentration curve or Lorenz curve, as shown in Figure 2.



The area A (shown in Figure 2) enclosed by the quadrant and the Lorenz curve by Equation (1) is obtained by integrals as follows:


   A =    [   a b   e  b x    (  x −  1 b   )   ]   0  100     



(2)







Then, the concentration index of precipitation (CI) is given by:


   CI =   5000 − A   5000     



(3)







CI ranges from 0–1. CI = 0 means the complete uniformity of precipitation. On the contrary, CI = 1 means the complete concentration of all rainfall on a single day.



The seasonality index of precipitation (SI) is designed to assess the degree of variability in monthly rainfall throughout the year [26]. It is defined as follows:


     SI  i  =  1   R i      ∑   j = 1   12    |   M  i j   −    R i    12    |    



(4)




where     R i     is the annual total precipitation of year i,     M  i j      is the monthly total precipitation in the month j of the year i. In general, a small value of SI means a uniform monthly rainfall distribution thorough the year, whereas a large value of SI indicates a substantial degree of variability in monthly rainfall through the year.



The rainy season, or the monsoon season, is a relatively rainy period with heavy and persistent precipitation. There are three rainy seasons in China from spring to autumn, including the spring rainy season, summer rainy season and autumn rainy season [27]. There are many ways to define the start of the rainy season; Lau et al. [28] used 5 mm average pentad rainfall as the standard of rainy season. Zhang and Lin [29] classified the rainy season as the period in which the ten-day accumulated precipitation exceeded 3% of annual total precipitation. Samel [30] proposed a semi-objective analysis to determine the start and end of the rainy season. Wang et al. [27] standardized the pentad precipitation data and classified the rainy season as the period in which the standardized pentad rainfall consistently exceeded 0.5. Due to the heterogeneity of precipitation distribution in China, it is difficult to make a quantitative standard applicable to all places and different seasons. In the present study, we assume RS occurs after 1 March, and to avoid the false detection of the rainy season due to short wet episodes before the start of the rainy season, we define RS as the first day of a year that meets the following two criteria: (1) 10-day precipitation is greater than 3% of the annual total precipitation and (2) 30-day precipitation is greater than 9% of the annual total precipitation, i.e.,


    R S  = j  |  (  R  j − 1 ,   10   ≤ R × 3 %   or    R  j − 1 , 30   ≤ R × 9 % )   and    R  j , 10    >  R × 3 %   and    R  j , 30   > R × 9 %   



(5)




where R is the annual total precipitation in the year,     R  j , 10      and     R  j , 30      are the respective 10-day and 30-day accumulated precipitation ending on the day j of the year,     R  j − 1 , 10      and     R  j − 1 , 30      are the respective 10-day and 30-day accumulated precipitation ending on the day j − 1 of the year.



The end day-of-year of the rainy season RE is the last day k of a year that meets the two criteria, i.e., the 10-day precipitation exceeds 3% of the annual total precipitation and 30-day precipitation exceeds 9% of annual total precipitation before day k, given by:


    R E  = k  |   R  k , 10    >  R × 3 %   and    R  k , 30   > R × 9 %   and    (   R  k + 1 , 10   ≤ R × 3 %   or    R  k + 1 , 30   ≤ R × 9 %  )    



(6)




where     R  k , 10      and     R  k , 30      are the respective 10-day and 30-day accumulated precipitation ending on the day k of the year, and     R  k + 1 , 10      and     R  k + 1 , 30      are the respective 10-day and 30-day accumulated precipitation ending on the day k + 1 of the year.





2.2.2. Methods for Detecting Changes


Trend Test


The Mann-Kendall trend test, referred to as MK test hereafter, is a rank-based nonparametric method [31,32] which is less sensitive to outliers than other parametric statistics. The MK method can test trends in a time series without specifying whether the trend is linear or nonlinear. We identify the type of temporal changes according to Kendall’s τ, which measures the strength of the monotonic trend, jointly with the p-value, which measures the level of significance, shown in Table 2.




Change-Point Test


A test of abrupt changes in a time series is viewed as complementary to the analysis of gradual trends [33]. The non-parametric Pettitt test is used to examine whether a change-point exists and to locate the change point with no assumptions made about the distribution of the variable [34]; this has been widely applied to examine the occurrence of abrupt change in climatic records.



Let n be the length of the time series and t be the time of the change point. A time series of n years of annual extreme precipitation indices can be divided by the time t into two sample groups,     {   X 1  ,  X 2  …  X t   }     and     {   X  t + 1 ,    X  t + 2   …  X n   }    . Define the test statistic index     U  t , n      as


    U  t , n   =  U  t − 1 , n   +   ∑   i = 1  n  s g n  (   x t  −  x i   )      2   ≤ t ≤ n   



(7)






    U  1 , n   =   ∑   i = 1  n  s g n  (   x 1  −  x i   )    



(8)




in which    sgn    (   x i  −  x j   )  = 1    for     x i  −  x j  > 0   ,    sgn  (   x i  −  x j   )  = 0    for     x i  −  x j  = 0    and    sgn  (   x i  −  x j   )  = − 1    for     x i  −  x j  = − 1   .



To determine whether the change point is statistically significant, the test statistic     K  t , n      is defined as


     K  t , n   = max  |   U  t , n    |    1 ≤ t ≤ n    



(9)






   p = 2 exp  {  − 6  K  t , n   /  n 3  +  n 2   }    



(10)







Equations (7)–(10) yield the change point with an estimated probability of p. If the value of p is less than 0.05, then the change point is statistically significant at the 0.05 significance level.







3. Spatial-Temporal Characteristics of Precipitation Extremes


3.1. Trends in Extreme Precipitation Indices


The spatial distribution of trends for extreme precipitation indices series by the MK trend test is shown in Figure 3. Figure 3a shows that CDD displayed a significant negative trend over most parts of northwestern China (including northern Xinjiang, southern Xinjiang, northern Tibet and western Qinghai), most parts of Heilongjiang and eastern Inner Mongolia. Significant positive trends were observed over many parts of Yunnan, Jiangxi and Guangxi together with a part of southeastern Tibet. The trend of CWD shown in Figure 3b was generally opposite to that of CDD. Significant increases in CWD were observed over most parts of northwestern China, especially northern Xinjiang, southern Xinjiang, northern Tibet and western Qinghai. At the same time, significant negative trends in CWD were observed mainly for a considerable part of southwestern China (including Sichuan, Chongqing, Yunnan and Guizhou). The observed changes in CDD and CWD are generally consistent with the changes of 12-month SPI over China [35], which indicates that northwestern China (especially northern Tibet Plateau and northern Xinjiang) is getting wetter while Yunnan-Guizhou Plateau is getting drier.



R95pTOT and RX1day have very similar spatial patterns of trends. They increased significantly in northern Xinjiang, northern Tibet, Qinghai and western Inn Mongolia, together with scattered parts of southeastern China. They decreased only in a part of southeastern Tibet and small parts of northern China (including Beijing and eastern corner of Inner Mongolia).



The above analyses show that extreme precipitation indices mainly increased in northwestern China, especially Xinjiang, Tibet and Qinghai (CWD, R95pTOT and RX1day), and parts of southeastern China (R95pTOT and RX1day), but decreased over considerable parts of southwestern China (CWD) and some small parts of northern China (CWD, R95pTOT and RX1day). While our results confirm the earlier findings that heavy precipitation increased in northwestern China (e.g., [11,13]) the significant decreasing trends of R95pTOT and RX1day over northern China observed by Wu et al. [11] is not found in this study probably due to the difference in the data used. Using a daily precipitation dataset of 740 stations for the period 1951–2000, Zhai et al. [7] found significant increases in extreme precipitation over western China, the mid–lower reaches of the Yangtze River, parts of the southwest and southeastern China coastal areas. However, in our study, with the new gridded dataset of a longer period, significant increases in heavy precipitation mostly occurred in northwestern China whereas areas exhibiting significant changes in the mid–lower reaches of the Yangtze River and southeastern China coastal regions were very small.




3.2. Abrupt Changes in Extreme Precipitation Indices


The spatial distribution of change points of CDD, CWD, R95pTOT and RX1day detected by the Pettitt test at the 0.05 significance level is shown in Figure 4. By visual inspection of Figure 3 and Figure 4 we know that the spatial patterns of places with change points for CDD, CWD, R95pTOT and RX1day are similar to those of places with significant trends, but overall there are much fewer places exhibiting significant abrupt changes than places exhibiting significant trends. The regions where abrupt changes presented in CDD at the 0.05 significance level (shown in Figure 4a) were mainly located in northwestern China and northeastern China. Abrupt changes occurred mostly in mid-1970s to mid-1980s in northern Xinjiang, southern Xinjiang, Tibet, Qinghai and Heilongjiang, whereas mainly in mid-1980s to late 1990s in northeastern Xinjiang and eastern Inner Mongolia. For CWD (Figure 4b), the regions that exhibited abrupt changes at the 0.05 significance level were scattered over southern Xinjiang (in approximately late 1980s to late 1990s), central and southeastern Tibet (approximately in late 1970s to middle 1980s), southern China (approximately in late 1980s to late 1990s). Tibet exhibited significant abrupt changes in R95pTOT during the late 1990s to early 2000s in its northern parts, and late 1970s over its eastern parts. In the north of Xinjiang, the abrupt change occurred in the early 1980s to late 1980s. In eastern Tibet, significant abrupt changes in RX1day also occurred during the late 1970s to early 1980s. Except for Tibet and some scattered spots, most regions of China did not exhibit significant abrupt changes in both R95pTOT and RX1day.



A further comparison of the characteristics of abrupt changes and trends demonstrates that the abrupt changes before and after the change points are in agreement with the type of gradual trends, that is, the drop of extreme precipitation indices after change points coincide with negative trends, and the increase of extreme precipitation indices after change points coincide with positive trends. That means the presence of abrupt changes may be due to the existence of strong trends, or significant abrupt changes lead to the detection of the existence of trends.




3.3. Trends in Extreme Precipitation Events over Seasons


We define the 95th percentile of daily precipitation on all the rainy days (i.e., daily precipitation ≥ 0.1 mm) from 1986–2005 as the threshold for extreme precipitation days. The number of times that daily precipitation exceeds the threshold is considered as the frequency of extreme precipitation events for the whole year or a certain season. The trends in the frequencies of extreme precipitation events in annual and seasonal precipitation for the period 1961–2013 by MK test are shown in Figure 5.



Figure 5e shows that the trends in the frequencies of extreme precipitation events are mostly not significant for the whole country on the annual basis except for northwestern China (including northern Tibet, most part of Xinjiang and Qinghai) where a significant increasing trend were observed, and a small part of southeastern Tibet where a significant decreasing trend were observed. A further comparison of the annual pattern in Figure 5e with seasonal patterns in Figure 5a–d shows that Figure 5e has the most similarity with Figure 5b, which means the increase of the frequency of extreme precipitation events in northwestern China is dominated by its increase in summer. Besides the significant increasing trend in northwestern China, the frequency of extreme precipitation events in summer also significantly increased in southern Shaanxi, northeastern Sichuan, southern Jiangsu and Shanghai, but decreased in Yunnan. In autumn, there were many parts scattered in central China exhibiting a significant decrease in the frequency of extreme precipitation events.





4. Spatial-Temporal Characteristics of Total and Seasonal Precipitation


4.1. Trends in Annual Total Precipitation and Rainfall Intensity


Figure 6 displays the spatial distribution of trends for annual total precipitation and rainfall intensity (the average amount of precipitation in rainy days with RR ≥ 0.1 mm). Annual total precipitation increased mainly in most parts of northwestern China (including Xinjiang, western Qinghai and northern Tibet), and decreased mainly in Yunnan, Guizhou and southeastern Tibet (Figure 6a). The trends of the rainfall intensity (Figure 6b) exhibited considerable similarity with the trends of total precipitation in the western half of China where significant positive trends were observed over most areas. Another region exhibiting positive trends but to a lower extent was southeastern China, where CWD and R95pTOT also increased as mentioned earlier in Section 3.1. This is in agreement with previous findings of Liu et al. [9], who noticed significant decreases in light precipitation and increases in heavy precipitation in eastern China.




4.2. Trends of Total Precipitation over Seasons


The spatial distribution of trends for seasonal precipitation during the period 1961–2013 detected by the MK test is shown in Figure 7. In prior studies with different datasets, Zhai et al. [7] found that spring precipitation increased in southern Northeast China and northern China, whereas the summer precipitation significantly decreased over those regions; He et al. [20] found that for northeastern China, precipitation in spring and winter showed an increasing trend, but the summer precipitation showed a decreasing trend; Ren et al. [12] suggested that for northern China, precipitation in summer decreased while spring and autumn precipitation increased obviously. What we see in Figure 7 generally agrees with prior results, but Figure 7d shows that the most extensive increase in precipitation over northeastern China occurred in winter. However, because winter is the season with the lowest amount of precipitation, such an extensive and significant increase in winter precipitation was not present in the trend in annual precipitation over northeastern China (Figure 6a).



Comparing Figure 6 and Figure 7 we know that the spatial pattern of the trend in total precipitation (Figure 6a) in northwestern China has the strongest match with the trend in summer precipitation (Figure 7b) followed by the trend in winter precipitation (Figure 7d), which means that the increase in total precipitation in northwestern China is mainly contributed by the precipitation increase in summer and winter. Although winter precipitation over lower reaches of the Yangtze River (around Anhui, southern Jiangsu northern Zhejiang and Shanghai) also increased significantly (Figure 7d), such an increase has little effect on the trend in total precipitation there (Figure 6a) indicating that the amount of increase is small. Another phenomenon is the significant decrease in autumn precipitation over the border area among Yunnan, Guizhou, Sichuan and Chongqing (Figure 7c), which is probably the main contributor to the decrease in total precipitation in that region (Figure 6a).





5. Characteristics of Precipitation Seasonality and Heterogeneity


5.1. Concentration Index and Seasonality Index of Precipitation


The annual average precipitation concentration index (CI) for the period 1961–2013 is shown in Figure 8a. The results indicate that the eastern Tibet Plateau (including eastern Tibet, southern Qinghai and northern Sichuan) and southwestern Yunnan have the smallest CI values over China, ranging from 0.49 to 0.6. Moreover, Figure 8b shows that these areas mostly exhibit a decreasing trend in CI, indicating that the contribution of heavy precipitation to total precipitation is decreasing compared with the past. The possible reason for the low CI in eastern Tibet Plateau is that the Tibet Plateau is affected by three major atmospheric circulation systems, i.e., South Asia monsoon, East Asian moon and western circulation [36], and the three systems may contribute to the total precipitation in the eastern Tibet Plateau at different periods over the year, resulting in a low CI.



Northern China generally has higher CI values than other regions, ranging from 0.7 to 0.84, indicating that heavy precipitation accounts for the majority of annual total precipitation. In addition, Figure 9b shows that Shaanxi, Henan and Shandong exhibit a significant increasing trend in terms of CI, indicating the increases in the contribution of heavy precipitation to total precipitation.



The annual average seasonality index of precipitation (SI) for the period 1961–2013 is shown in Figure 9a. SI generally increases from the southeast to the northwest of China, generally showing a zonal distribution as a result of the eastern Asian monsoon system. The closer to the source of the eastern Asian monsoon, the higher the SI value. However, the precipitation in northern Xinjiang is mainly controlled by the westerly [36]. Therefore, northern Xinjiang has an SI as high as southeastern China



SI significantly increased in central China (i.e., Shaanxi) and the northern Tibetan Plateau (i.e., northern Qinghai), probably due to the increase in summer precipitation (Figure 7b), as well as western Tibet, probably due to the decrease in winter precipitation (Figure 7d). At the same time, significant negative trends in SI are found over northeastern China as a result of the significant increase in winter precipitation (Figure 7d) and slight decrease in summer precipitation (Figure 7b). The border between Qinghai, Tibet and Sichuan also exhibits a significant negative trend because of the increase in winter precipitation (Figure 7d) and spring precipitation (Figure 7a). Such decreases in SI imply that precipitation is becoming more uniformly distributed throughout the year.




5.2. Characteristics of Rainy Seasons


Figure 10 shows the spatial distribution of multi-year average start dates (RS) and end dates (RE) of the rainy season in China. It indicates that for eastern China, the rainy season starts the earliest in southeastern China in early March and then advances from the south to the north and the northeast of China. Southeastern China has not only the earliest RS but also the earliest RE which occurs as early as in late August (i.e., RE < 243). The rainy season in eastern China ends generally from the south (i.e., mid-September) to central China (i.e., mid-November) successively after its end in southeastern China. The regions with late RE include southern Shaanxi, western Henan, Chongqing, Guizhou, Yunnan and Hainan.



In northwestern China, because the rainy season is mainly affected by westerly circulation rather than the Asian monsoon system, the rainy season starts the earliest in early April, later than the start of the rainy season in eastern China. Western Tibet is the region with the latest RS in China, starting in early June. The rainy season in northwestern China ends from western Tibet (i.e., mid-September) to northern Xinjiang (i.e., mid-November) successively.



Figure 11 indicates that significant negative trends in RS are observed over eastern Tibet, parts of northern and northeastern China together with parts of Qinghai, Sichuan and Yunnan, indicating the rainy seasons started earlier in those regions. At the same time, significant positive trends in RS are found over southern Gansu, Shaanxi, Hubei and Guizhou. Compared with trends in RS, trends in RE are less significant for China as a whole. Downward trends are found in parts of Shaanxi, Henan, Hubei, Sichuan, and Guizhou.



Figure 12 shows the spatial distribution of multi-year average lengths of the rainy season and trends in the lengths of the rainy season. The lengths of the rainy season vary greatly over China, ranging from 103 days to 226 days. Central parts of China (including southern Shaanxi, western Hubei, Chongqing, northern Sichuan and Guizhou) have the longest rainy season, whereas western Tibet has the shortest rainy season.



By visual inspection of Figure 11 and Figure 12b we know that the length of the rainy season in the central parts of China significantly decreased due to the joint effects of the increase in RS (Figure 11a) and the decrease in RE (Figure 11b) in those regions; the length of the rainy season in northern China (including Beijing, Tianjin and Hebei) increased because of the decrease in RS and the increase in RE; the length of the rainy season in eastern Tibet and southern Qinghai increased because of the decrease in RS. In other words, the length of the rainy season decreased in central China due to the later start and earlier end of the rainy season; the rainy season lengthened in northern China (including Beijing, Tianjin and Hebei) due to its earlier start and later end; and the rainy season lengthened in eastern Tibet Plateau due to its earlier start.





6. Linkage between Change in Precipitation Extremes and Precipitation Seasonal Heterogeneity


6.1. Relationship between Extreme and Total Precipitation


Previous studies have indicated that precipitation extremes and total precipitation are closely related (e.g., [7,37,38,39]). The correlation coefficients between extreme precipitation indices and total precipitation over China are shown in Figure 13. It is shown that the correlation between CDD and total precipitation is generally weak, especially in the eastern half of China, but in the western half of China, CDD is negatively related to total precipitation (Figure 13a). Meanwhile, CWD, R95pTOT and RX1day are positively correlated with the total precipitation in most parts of China, indicating the significant contribution of heavy precipitation to the total precipitation. R95pTOT has the strongest correlation with total precipitation, and the correlation coefficients are larger in the eastern half of China than in the western half of China (Figure 13c).



The above correlation analyses indicate a close linkage between precipitation extremes and total precipitation. Such a linkage can be found by visual inspection of the spatial distribution of trends in seasonal precipitation (Figure 7) with trends in seasonal frequencies of extreme precipitation events (Figure 5) as well. Similarities occur between the spatial patterns of trends in total precipitation and frequencies of extreme precipitation events over the four seasons, which indicates that the precipitation is becoming more extreme in regions with upwards trends of total precipitation not only at annual but also at seasonal scales. In fact, the similarity between the spatial patterns of trends in extreme and total precipitation may be explained by the number of rainy days and the rainfall intensity. Changes in the number of rainy days and the rainfall intensity jointly lead to changes in total precipitation. For instance, the increasing trends in total precipitation in northwestern China are due to an increase in both the rainfall intensity (Figure 6) and the number of rainy days [40]. Furthermore, a higher intensity would result in more precipitation extremes if the total number of rainy days does not decrease [7], which may explain the increasing trends for the amount of heavy precipitation R95pTOT over northwestern China (Figure 3c).



At the same time, it is shown that not all extreme precipitation indices are correlated with total precipitation. The IPCC Third Assessment Report [41] indicated that increasing trends of precipitation extremes occurred not only in regions where total precipitation increased but also in regions where total precipitation decreased or remained constant. Comparing the trend in annual total precipitation (Figure 6a) with trend in the amount of heavy precipitation R95pTOT (Figure 3c), annual total precipitation has no significant trend in southeastern coast of China, but R95pTOT exhibits significant upward trends along the southeastern coast. Similarly, for seasonal characteristics of precipitation, as mentioned in Section 4.2, a significant decreasing trend of autumn precipitation is observed over southwestern China, including Chongqing, Guizhou and Yunnan (Figure 7c), but for the frequencies of extreme precipitation events in autumn, there is a small negative trend over southwestern China (Figure 5c). This indicates that in regions where the total precipitation increases, the precipitation extremes are likely to increase, while in regions where the total precipitation decreases or remains constant, the precipitation extremes may not decrease or remain constant at annual and seasonal scales. That is in agreement with the results of Klein Tank & Können [6], who confirmed that at stations where the amount of annual precipitation increased, the extreme indices had similar changes, but for stations with a decreasing annual amount, there was no such amplified response of the precipitation extremes. The reason for inconsistency in the trends for total precipitation and precipitation extremes could also be associated with the number of rainy days and the rainfall intensity. For the southern coast of China, there is a small trend for total precipitation because the number of rainy days and the rainfall intensity cancel each other out. The effect of enhanced intensity overwhelms that of reduced rainy days [7], resulting in the increase in extreme events over the southern coast of China.




6.2. Relationship between Precipitation Extremes and Seasonality of Precipitation


The correlation analysis between CI and four precipitation extreme indices and the spatial distributions of the correlation coefficients are shown in Figure 14. There is no clear spatial pattern between CI and CDD or CWD, but CDD tends to be very weakly positively related to CI whereas CWD tends to be slightly negatively related to CI. CI is strongly positively correlated with R95pTOT and RX1day in most areas in northern China (from the northeast to the northwest) and southwestern China (including Sichuan, Chongqing Guizhou and Guangxi), which means for these regions the temporal heterogeneity of daily precipitation over a year is dominated by the amount of heavy rainfall.



The spatial distributions of the correlation coefficients between SI and the four extreme precipitation indices over China are shown in Figure 15. The results indicate that SI has weak positive correlation with both CDD and CWD. Meanwhile, SI is positively related with R95pTOT and RX1day over most areas above 30° N, indicating that heavy precipitation events have a better chance to occur in the places with strong seasonal variation of annual precipitation for these areas. However, for most areas below 30° N, the positive relationship between SI and R95pTOT or RX1day is insignificant at the 0.05 significance level, and in some places the correlation is even slightly negative.



Strong seasonality of precipitation is often closely related to the heavy precipitation during the flood season, such as in the upper reaches of the Huai River in China [42]. However, as shown in Figure 15, SI is not always consistent with R95pTOT over entire China, which could also be observed by the differences in the spatial patterns of their changes (Figure 3c and Figure 9b). The significant decreasing trend in SI over eastern Heilongjiang is not observed in R95pTOT, while the increasing trend in R95pTOT over northern Xinjiang, northern Tibet, Qinghai and many places in southeastern China shown in Figure 3c does not present in SI or has a much smaller extent, shown in Figure 9b. SI and R95pTOT even exhibit opposite trends over some places, such as the southeastern corner of Tibet and small parts of northern Xinjiang.





7. Conclusions


Using the gridded Chinese ground precipitation dataset from 1961–2013, spatial and temporal variations in precipitation extremes, total precipitation, the seasonality of precipitation and their linkages in the context of climate change are investigated using the Mann-Kendall trend test, Pettitt change-point test and the correlation analysis.



Significant positive trends in extreme precipitation indices are observed mainly in northwestern China, especially Xinjiang, Tibet and Qinghai (CWD, R95pTOT, and RX1day), and scattered parts of southeastern China (R95pTOT, and RX1day), but decreases are observed over considerable parts of southwestern China (CWD) and some small parts of northern China (CWD, R95pTOT, and RX1day). The spatial patterns of trends in total precipitation are similar to those of precipitation extremes. Correlation analysis between extreme precipitation indices and total precipitation shows positive correlations over most parts of China except for CDD, which indicates that the precipitation is more extreme in regions with upward trends of total precipitation. The step changes in the extreme precipitation index series are not significant for China as a whole, and the change points occurred in different periods for different regions and extreme precipitation indices, ranging from the early 1970s to early 2000s.



Analyses of seasonal extreme precipitation events frequencies show that for northwestern China and Tibet, significant positive trends are observed in spring and summer, while the trends in autumn and winter are insignificant except for northern Xinjiang. For northern China, negative trends are observed in summer and winter. For southern and southeastern China, upwards trends are found mainly in winter. For southwestern China, positive trends are observed mainly in spring.



The concentration index (CI) is strongly and positively correlated with R95pTOT and RX1day in most areas in northern China (from the northeast to the northwest) and southwestern China (including Sichuan, Chongqing Guizhou and Guangxi), which means for these regions, the temporal heterogeneity of daily precipitation over a year is dominated by the amount of heavy rainfall. The seasonality index of precipitation (SI) is positively related to R95pTOT and RX1day over most areas above 30° N, indicating that heavy precipitation events have a better chance of occurring in the places with strong seasonal variation in annual precipitation for these areas, whereas for most areas below 30° N, the positive relationship between SI and R95pTOT or RX1day is insignificant at the 0.05 significance level, and in some places the correlation is even slightly negative.
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Figure 1. Average annual precipitation in China during the period 1961–2013. 
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Figure 2. The concentration curve (or Lorenz curve) (Note: A is enclosed by the quadrant and the Lorenz curve, S is enclosed by the Lorenz curve and bisector of the quadrant). 
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Figure 3. Spatial distribution of trends for (a) CDD, (b) CWD, (c) R95pTOT, and (d) RX1day by MK test. 
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Figure 4. Spatial distribution of change points of (a) CDD, (b) CWD, (c) R95pTOT, (d) RX1day. 
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Figure 5. Trends in the frequencies of extreme precipitation events in different seasons for the period 1961–2013 by MK test: (a) spring, (b) summer, (c) autumn, (d) winter, (e) annual. 
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Figure 6. Trends of (a) annual total precipitation and (b) rainfall intensity by MK test. 
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Figure 7. The trends for (a) spring, (b) summer, (c) autumn, and (d) winter precipitation during the period 1961–2013 based on the MK test. 
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Figure 8. Spatial distribution of annual average CI (a) and trends of CI based on the MK test (b) from 1961–2013. 
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Figure 9. Spatial distribution of annual average SI (a) and trends of SI based on the MK test (b) from 1961–2013. 
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Figure 10. Spatial distribution of multi-year average start dates RS (a) and end dates RE (b) of rainy seasons from 1961–2013. 
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Figure 11. Spatial distribution of trends for (a) start dates RS, (b) end dates RE of the rainy season over China based on the MK test. 
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Figure 12. Spatial distribution of multi-year average lengths of the rainy season (day) (a) and spatial distribution of trends in the lengths of the rainy season based on the MK test (b). 
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Figure 13. The correlation coefficients between total precipitation and (a) CDD, (b) CWD, (c) R95pTOT, and (d) RX1day. 
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Figure 14. Correlation analysis between CI and precipitation extreme indices: (a) CDD, (b) CWD, (c) R95pTOT, and (d) RX1day. 
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Figure 15. Correlation analysis between SI and precipitation extreme indices: (a) CDD, (b) CWD, (c) R95pTOT, and (d) RX1day. 
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Table 1. Extreme precipitation indices in this study (Note: RR denotes daily precipitation amount).
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	Index
	Description
	Unit





	CDD
	Annual maximum number of consecutive dry days with RR < 1 mm
	Days



	CWD
	Annual maximum number of consecutive wet days with RR ≥ 1 mm
	Days



	R95pTOT
	Annual total precipitation when RR > 95 p (95th percentile in 1986–2005)
	mm



	RX1day
	Annual maximum 1-day precipitation
	mm







Note: RR is the daily precipitation.













[image: Table] 





Table 2. Classification of trend in terms of p-value and τ with MK trend test.
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τ

	
p-Value

	
Class

	
Trend Type






	
τ > 0

	
p < 0.01

	
3

	
Very significant increase




	
0.01 ≤ p < 0.05

	
2

	
Significant increase




	
0.05 < p ≤ 0.1

	
1

	
Slight increase




	
τ = 0

	
0.1 < p

	
0

	
No trend




	
τ < 0

	
0.05 < p ≤ 0.1

	
−1

	
Slight decrease




	
0.01 ≤ p < 0.05

	
−2

	
Significant decrease




	
p < 0.01

	
−3

	
Very significant decrease












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
100 E 110 £ 120 E 130 £






media/file4.png
80 100

60
Cumulated percentage of rainy day

40

20

o O O O O
0 OW <

100

junowe [[ejurel
JO 93erjudo1ad pajeinwin))





media/file30.png
y ¥ I

80° E 90° E 100° E 110° E 120° E 130° E

80° E 90° E 100° E 110° E 120° E 130° E 80° E 90° E 100° E 110° E 120° E 130° E

1 1





media/file18.png
E 90° E 100° E 110° E 120° E 130° E

80°

50° N+

20° N1

1 I 1 I I

“E 80" F 100" E 110" E 120" E. 1307 ¥

80

50" NA

40" N-

20° N+

-3

2l

0.6 0.8

0.44





media/file21.jpg





media/file26.png
80° E 90° E 100° E 110° E 120° E 130° E 80° E 90° E 100° E 110° E 120° E 130° E

-1 1





media/file27.jpg
a0

0

-

s

w0

Fa

2

50TE 907 E 100 E 110 £ 120 E 130 E

S0TE 90 E 100 E 110 E 120 £ 130" E

(©

4]

0

o

e

S

@

S0TE 90T E 100 E 110 £ 120 E 130 E

S0TE 90 E 100 E 110 £ 120 E 130 E






media/file3.jpg
100

80

60

Cumulated percentage of rainy day

40

20

O © 9 9 o o
g ® © ¥ «

junowe [[ejurel
Jo oSejuoorad pajernuny





media/file22.png
L T L} L) L

“ 907 E 108° E 110" B 120 E 1307 E

Ll

80

30° N-

207 N

) 1 1 1 1

80™ E 80" E 100" E 110" B 120" E 130" E

50° N+

30° N+

\l_

20°






media/file19.jpg
- ® _—
.
¢
N e T

® W W O e W TR RS





media/file7.jpg





media/file28.png
80° E 90° E 100° E [10° E 120° E (30° E 80° E 90° E 100° B 110° E 120° E 130° E

-1 1





media/file10.png
S0°N-

40°N-

30°N-

20°N=

T T T
80°E  90°E 100°E

1 !
110°E. 120°E

T
130°E

50° N4

40° N+

30° N+

20° N-

T T T T T T
80°E 90°E 100°E 110°E 120°E 130°E

50° N

40° N—

30° N—

20° N-

T T T T T T T
70°E 80°E 90°E 100°E 110°E 120°E 130°E

50° N-

40° N+

30° N+

20° N

S0° N+

40° N+

30° N+

20° N+

T T T T T T
80°E 90°E 100°E 110°E 120°E 130° E






media/file14.png





media/file11.jpg
07 E 100 £ 110 £ 120 F 10 F 50TE 0 £ 100 110 £ 120 E 130 F





media/file6.png
50°

40°

30°

20°

50" N1

40° NA

307 N1

207 N-

i 11

80° E 90° E 100° E 110° E 120° E 130° E

50" N-

40° N4 ¢

30" N-

20° N-






media/file15.jpg
WTE %07 E 00 €10 E 170 £ 10 E S0TE %€ 100 £ 10 £ 120 £ 10 €
— T ——






nav.xhtml


  water-10-00719


  
    		
      water-10-00719
    


  




  





media/file16.png
80° E 90° E 100° E 110° E 120° E 130° E

0.49 0.55 0.6 0.65 0.7 0.75 0.84

10° N1 ¢

30° N-

20° N






media/file2.png
50° N+

40° N-

30° N+

20° N+

T |
80° E 90° E

o7

|
100° E

|
110° E

T
120° E

l
130°E

2389 (Mm)






media/file20.png
80° E 90° E 100° E 110° E 120° E 130° E 80° E 90° E 100° E 110° E 120° E 130° E
I | .

67 80 100 120 140 161 232 250 270 290 300 320






media/file23.jpg
50T E 0" F 100 F 10 £ 120 E 10 E S0TE 907 £ 100" E 110 £ 120 E 130 £
T T T .





media/file5.jpg
WE W E 00 E N0 £ 120 £ 10 E SE W07 E 100 £ 10 E (20 10 E





media/file24.png
80° E 90° E 100° E 110° E 120° E 130° E
L I [ T

103 120 140 160 180 200 226

80" N5

40° N1

30° N-

20° N-

S
t_l >
Y E






media/file29.jpg
BE 0T E 100 £ 10 £ 20 £ 130 €

W E 90T E 00 £ 10 £ 120 E 0 E





media/file1.jpg
50° N4

40°N4

30°N4

20°Nq

T
80°E

T
90° E
——

2

T
110°E

T
120°E

T
130°E

2389 (mm)






media/file25.jpg
0

S0TE 90T E 100 £ 110 € 120 £ 130 €

S0TE 90T E 100 E 110 €120 £ 130 E

(©)

(d)

50TE 90T E 100 E 110 £ 120 £ 130 €

50 E 907 E 100 E 110 £ 120 E 130 E






media/file12.png





media/file9.jpg
1333

(b)

G

(©)

(d)

(e)






media/file0.png





media/file8.png
50° N- 50° N-
40° N- 40° N-
30° N- 30° N-
20° N- 20° N-
&
50° N 50° N- (d) ~ K‘,‘:\\
i) {m agt A3
VoLt - “'}\;r‘v oy /Q_“'/;Jn .ﬁ W‘V\;‘j"‘/
40" N- 407 N- (’“) Lf—'\;i&-? PRk L{“Z)”
1. s S SV Wl
i C- s < oS
30° N\ 30° N ( 5l ﬁéhﬁﬁj‘;ﬁé
l M\-Lb’\‘\i__ Jf\\v(-'s_;_).?"‘_; = -:;. -(
)
l“’ o
20° N 20° N- b,

80° E 90° E 100° E 110° E 120° E 130° E 80° FE 90° E 100° E 110° E 120° E 130° E

1970 1975 1980 1985 1990 1995 2003





media/file17.jpg





