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Abstract

:

Based on a high-quality dataset of 713 daily precipitation series, changes in daily precipitation events during 1960–2013 were observed in China’s ten largest river basins. Specifically, the amount of precipitation in four categories defined by fixed thresholds and their proportion on total precipitation were analyzed on annual and seasonal time scales. Results showed annual precipitation increased by 1.10 mm/10yr in China, but with obvious spatial differences. Regionally, annual precipitation increased significantly in northwestern rivers, upstream areas of the Yangtze River, the Yellow River, southwestern rivers (due to increase in light and moderate precipitation); and in southeastern rivers, downstream areas of the Yangtze River, and the Pearl River (due to increase in heavy and extreme precipitation). Annual precipitation decreased significantly in the mid-Yangtze River and upstream Pearl River (due to decrease in light, moderate, and heavy precipitation). Seasonally, precipitation decreased only in autumn; this was attributable to a decrease in light and moderate precipitation. Results show that the distribution of precipitation intensity over China has shifted to intense categories since the 1960s, there has been an increase in moderate precipitation in Northwestern and Northern China, and an increase in extreme precipitation in Southeastern China. This shift was detected in all seasons, especially in summer. Precipitation extremes were investigated in the categories of extreme precipitation and results show that the risk of flood has been exacerbated over the past half-century in the Huaihe River, the mid- and lower Yangtze River, the Pearl River, and southeastern rivers.
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1. Introduction


As global climate experiences significant change with increasing concentrations of greenhouse gasses [1], assessing changes in climatic variables has become a key issue for researchers around the world [2]. Although it is widely recognized that global temperature is increasing significantly, there are large uncertainties concerning precipitation change because of variabilities in time and space [3]. Revealing changes in precipitation receives great interest because of its importance to agriculture, water supply, and natural hazards, such as droughts and floods.



Precipitation can be observed and analyzed in terms of long-term mean state and the intensity and frequency of precipitation events. Global land precipitation has increased by about 2% since 1900 [4], but this increase has been neither spatially nor temporally uniform [3].



A study of the US also showed a precipitation increase during the 20th century; the increase was most pronounced during the warm season [5]. To detect changes in the frequency and intensity of precipitation, daily precipitation is usually categorized using two methods: percentile thresholds and fixed thresholds. They are both widely used in many studies [1,5,6,7]. Brunetti et al. observed changes in daily precipitation within percentile categories across Italy and found that the significant decrease in frequency of precipitation was due to a decrease in low-intensity precipitation events [6]. Using fixed thresholds, Karl et al. observed that the proportion of total precipitation contributed by extreme precipitation had increased significantly within the US [8]. In the hydrological cycle, the frequency and intensity of precipitation directly affect rainfall-runoff processes and further determine regional water resources. For example, in forest stands, the proportion of interception loss could be up to 100% in light precipitation, while the loss could be 25% in heavy precipitation [9]. Percentile categories are generally defined by specific quantiles of the precipitation distribution at a single station, such as the top 5% for extreme precipitation [6] and bottom 50% for light precipitation [7]. Li et al. showed extreme events by the top 5% of precipitation distribution was about 10~20mm/d in Western China [10]. Additionally, the mean intensity of precipitation in the same percentile at different stations, therefore, could be different. Although percentile categories benefit the detection of precipitation changes across regions and seasons [1,6], fixed categories could be more useful in hydrological models, as rainfall-runoff processes generally derive from the amount of precipitation events across a river basin.



In recent years, changes in precipitation characteristics have also been widely discussed in China. Liu et al. found that the frequency of precipitation decreased by a significant 10% over the same period for most of China, except the northwest [1]. Precipitation extremes have also been studied extensively in China. A more recent study by Wu et al. found that heavy precipitation events had higher rates of change than did mean precipitation [7]. The river basin is an important unit in hydrological processes. Water resource management is principally practiced at the basin scale [11]. It is, therefore, valuable to identify precipitation changes at that scale. Precipitation extremes are one focus in studies over basins in China. Chen et al. studied precipitation extremes in large basins across China [12] and, similarly, studies were also performed in the Yangtze River [13], Pearl River [14,15], Lancang River [16], and Yellow River [17]. Zhang and Cong analyzed the mean intensity and frequency of precipitation events in large river basins across China from 1956 to 2005. Their results indicated that precipitation intensity had significantly increased, while precipitation frequency had decreased in all basins except for rivers in the northwest [11]. Changes in the distribution of precipitation intensity, however, are rarely explored in river basins across China. In hydrology, if the distribution of precipitation intensity shifts, even when there is no change in total precipitation, runoff quantities would also significantly change due to changes in rainfall-runoff processes. A relative study is, therefore, urgently needed in China.



Climatic variability research, however, is not an easy task. One of the greatest problems in examining climate change is a lack of high-quality long-term data [6] because of non-climatic noise in climate signals [18]. Although researchers have understood that developing reliable datasets is essential in climate-change studies, checking prospective datasets and adjusting for biases has received little attention around the world and in China.



This study focused on changes in daily precipitation of different intensities over large river basins in China and attempted to reveal changes in the distribution of precipitation intensity in these basins. The research first considered issues of quality control, homogeneity, and completeness and a high-quality dataset of daily precipitation was produced. Second, changes in daily precipitation were analyzed on annual and seasonal time scales during the past half-century. Specifically, fixed thresholds were used to categorize precipitation events. The amount and proportion of precipitation by category and annual or seasonal precipitation were calculated for every station each year, and then the trends were analyzed across China and its ten largest river basins. This paper is organized as follows. Section 2 describes the data, data-processing methods, and analysis methods used in this study. Results and analysis are presented in Section 3, and the discussion and conclusion are given in Section 4.




2. Data and Methodology


2.1. Data and Pre-Processing


The observed daily precipitation dataset obtained from the Chinese National Meteorological Center was used in our study. It contained 819 stations for the period from 1 January 1951 to 31 December 2013. This dataset is well distributed across China, including the Tibetan plateau [1], and is widely used in all kinds of studies [19,20,21,22,23,24]. In the 1950s, however, there were only about 160 to 400 stations with available data [25]. We, therefore, restricted our study to the period 1960–2013.



2.1.1. Quality Control


Quality control is an essential part of climatic variability research [26]. The dataset used in this study was compiled with quality control procedures including the extreme value test, consistency check, and spatial outliers test [11]. A detailed description of these procedures can be found in the work of Feng et al. and Qian and Lin. The study by Feng et al. applied quality control tests to daily meteorological data for 1951–2000 from the same source we used, and only 0.02% stations showed low quality [22]. We, therefore, considered the precipitation data to be of good quality.




2.1.2. Data Homogeneity


The homogeneity of meteorological data has been highlighted in many studies; climatic variability research is not possible without clear knowledge about it [18,27,28,29,30,31,32,33]. A number of non-climatic factors, including station relocation and changes in instruments, observing regulations, and algorithms for the calculation of means, can introduce bias into climatological time series [6]. These biases have disturbed the record of actual climatic variations over time [30].



A variety of direct and indirect methods has been developed to identify and adjust for inhomogeneities [18]. A comprehensive review of such methods was given by Peterson et al. [30]. In China, only 60 stations have metadata available [22], which the direct correction techniques for inhomogeneities require. Relatively indirect methods were, therefore, chosen for this study. Most of the indirect methods are based on the comparison of a candidate series with a reference series formed from nearby or correlative stations; these include Potter’s ratio test [34], the standard normal homogeneity test (SNHT) [32], Bayesian procedures [20], and multiple linear regression [31].



No complete protocol, however, is available for processing daily precipitation datasets [27] and most methods were developed for monthly or annual data [30]. For daily precipitation, precipitation frequency is an important factor that affects the homogeneity of a time series [6,29]. Brunetti et al. attempted to check the homogeneity of daily precipitation records. They tested two kinds of heterogeneities in daily precipitation records: (1) the precipitation amount and (2) the number of rainy days [6]. This study followed their methods in that both precipitation amount and rainy days per month were used to evaluate the homogeneity in dataset. One of the most-used methods to identify inhomogeneities, the standard normal homogeneity test (SNHT) developed by Alexandersson was mostly used [27,35]. In China, Feng et al. also applied the SNHT method to identify inhomogeneity in daily meteorological data. Therefore, SNHT was used in this study.



After identifying inhomogeneities of our dataset, 11 stations showed homogeneity problems in precipitation amount and more stations, 57 stations, displayed homogeneity problems in rainy days. Among them, four stations were overlapped. At the end, a set of 755 stations constitute the newly-homogenized dataset in this study.




2.1.3. Missing Values


Missing values could also introduce bias in a climatological time series, so we attempted to fill in any missing values before proceeding. At first, we filtered the dataset to exclude stations with more than five missing years (nearly 10% of study period) between 1960 and 2013. Specifically, following Lucie et al., the monthly and, consequently, annual, values were considered to be missing when data for more than three consecutive days or more than five random days within a month were missing [36]. In the end, 713 of 755 stations with more than 48 years of complete data remained in our study (Figure 1).



Each candidate station subjected to the SNHT was compared to a reference series created to identify its inhomogeneities. The reference series is a weighted average of a number of the nearest available stations [30]. The SNHT reference series was used to fill in the missing values from the 713 stations.





2.2. Methodology


The China Meteorological Administration (CMA) categorizes daily precipitation (P) into five intensity groups: P < 10 mm/d, 10 ≤ P < 25 mm/d, 25 ≤ P < 50 mm/d, 50 ≤ P < 100 mm/d, and P ≥ 100 mm/d. Since the P ≥ 100 mm/d group occurs infrequently in Northern China [13], following Gong et al., we combined the last two groups and defined four categories: light precipitation (<10 mm/d), moderate precipitation (10–25 mm/d), heavy precipitation (25–50 mm/d), and extreme precipitation (≥50 mm/d). The amount and proportion of daily precipitation falling into these four categories were calculated for each station. We then analyzed the trends over China and in its ten large river basins (Figure 1).



2.2.1. Trends Detection


In this study, the trends were analyzed using the Mann-Kendall test, which is well suited to non-normally distributed data [37,38] and has been widely used in many previous studies [6,7]. To remove lag-1 autocorrelation in a time series, which could overestimate significance of the Mann-Kendall test, the trend-free pre-whitening (TFPW) method developed by Yue et al. was adopted before applying the Mann-Kendall test [38].



The Mann-Kendall test represents a ranked-based approach. The test statistic S is given as follows:


   S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s g n  (   x j  −  x i   )    



(1)




where:


   sgn  ( x )  =  {      1 , f o r   x > 0       0 , f o r   x = 0       − 1 , f o r   x < 0         



(2)







    x i     and     x j     are the sequential data values, and n is the length of the dataset.



A positive value of S indicates an upward trend and a negative value of S indicates a downward trend. The test is conducted using the normal distribution, with the expectation (E) and variance (V) as follows:


   E  ( S )  = 0   



(3)






   V  ( S )  =  1  18    (  n  (  n − 1  )   (  2 n + 5  )  −   ∑   k = 1  h   t k   (   t k  − 1  )   (  2  t k  + 5  )   )    



(4)




where     t k     is the number of data points in the kth tied group and h is the number of tied groups in the dataset.



The Mann-Kendall Z is then calculated by:


   Z =  {        S − 1     V  ( s )        f o r   S > 0       0   f o r   S = 0         S + 1     V  ( s )        f o r   S < 0         



(5)







The Z value can be related to a p-value of a specific trend. In a two-sided test for trend, the null hypothesis of no trend     H 0     is accepted if    −  Z  1 − α / 2   ≤ Z ≤  Z  1 − α / 2     , where   α   is the significance level [39]. The null hypothesis of no trend is rejected if     | Z |     > 1:65,     | Z |     > 1:96 and     | Z |     > 2:57 at the 10%, 5%, and 1% significance levels, respectively.



The magnitudes of tendency were estimated using Theil-Sen approach (TSA), which is also a non-parametric statistical technique [39,40]. In this study, the TSA slope in precipitation was multiplied by 10 to express trends per decade. The TSA slope   β   is given by:


   β = median  [     x j  −  x i    j − i      ]    f o r   a l l   i < j   



(6)








2.2.2. Spatial Interpolation


Meteorological stations can provide reliable and accurate precipitation data, but their spatial distribution is generally uneven in China [7]. In order to explore the temporal variation of ten large river basins, Kriging interpolation was chosen to generate grid data due to its good performance with geographic data [41]. The spherical semi-variogram model was used as the weighting function in interpolation [11]. Trends across the whole country and each basin were then derived from regional averaged data from 1960 to 2013.






3. Results and Analysis


3.1. Annual Character of Precipitation Tendencies


The Mann-Kendall trends for annual precipitation during 1960–2013 are shown in Figure 2. Stations with a significance level of 0.05 are labeled by pluses (positive) or triangles (negative). The averaged trends over China and its ten large river basins are showed in Table 1.



Over the past half-century, annual precipitation increased in China at a magnitude of 1.10 mm/10yr, but this trend was not statistically significant (Table 1). Regionally, significantly increasing trends occurred in the eastern coastal region, northwestern China, and the Tibetan Plateau, while significantly decreasing trends occurred in southwestern and northern China (Figure 2). In the ten large river basins, significant uptrend was observed in southwestern rivers. Large downtrends were observed in the Huaihe, Liaohe, and Haihe Rivers, while large uptrends were observed in southeastern rivers and northwestern rivers, although these findings were not statistically significant (Table 1).



Light precipitation showed a slight decrease (−1.20 mm/10yr) during 1960–2013 (Table 1), but a contrasting pattern of trends emerged across China (Figure 3a). Northwestern rivers, the headwaters of the Yangtze River and Yellow River, and southwestern rivers showed a significant increase, whereas other regions showed a significant decrease (Figure 3a). In the ten river basins, northwestern rivers and southwestern rivers showed an increase in light precipitation over the past half-century, and the trend in northwestern rivers was statistically significant (Table 1). Light precipitation in the Yangtze, Huaihe, and Pearl Rivers showed significant decreases. Data shown in Table 1 further suggest decreases in light precipitation largely contributes to the decrease in annual precipitation in these regions.



A decreasing trend for moderate precipitation was also detected across China (−0.65 mm/10yr, Table 1). Significant decreases occurred from Central to Southern China, including the mid-Yellow River, mid- and downstream Yangtze River, Pearl River, and southeastern rivers (Figure 3b). In the Yangtze River, moderate precipitation showed a significant decrease at a 0.1 significance level (−3.30 mm/10yr), which had a strong influence on the downtrend of annual precipitation (Table 1). Southeastern rivers and Pearl River also displayed large decreases in moderate precipitation (−3.71 mm/10yr and −4.48 mm/10yr, respectively). Significant increases mainly occurred in Northern and Western China (Figure 3b). Northwestern rivers were dominated by a significant increasing trend (0.99 mm/10yr). In the Haihe River, only moderate precipitation showed a positive trend (0.86 mm/10yr), which would partly alleviate the drier conditions over the past half-century.



Heavy precipitation was mainly detected in monsoon regions of China, and stations with significant increases were mostly located in the lower reaches of the Yangtze and Pearl Rivers and the southeastern rivers (Figure 3c). Table 1 shows that heavy precipitation significantly increased in northwestern rivers (0.82 mm/10yr) and southeastern rivers (9.35 mm/10yr), and fluctuated largely in Liaohe River, Huaihe River, and southwestern rivers, although these trends were not statistically significant. Extreme precipitation was mainly detected in the eastern and southeastern coastal regions, and stations with significant increases stretched from southeastern coastal areas to the middle reaches of the Yangtze and Huaihe Rivers (Figure 3d). In the whole country, on average, extreme precipitation showed a significant increase from 1960 to 2013 (1.76 mm/10yr). Regionally, in northwestern rivers, Yangtze River, southeastern rivers, and southwestern rivers, extreme precipitation significantly increased, while in Haihe River a significant decrease was detected (Table 1). The southeastern rivers displayed a large increase in total precipitation (22.21 mm/10yr), which was primarily the result of an increase in extreme precipitation (15.63mm/10yr).



Karl et al. noted that even when there is no change in the total precipitation, the distribution of precipitation events might shift significantly [8]. In this study, the proportion of precipitation falling in each category was sensitive to changes in the distribution of precipitation. Results showed the proportion of light precipitation decreased significantly in nearly whole China over the past half-century (Figure 4a), while moderate precipitation in Northwestern China (Figure 4b) and extreme precipitation in Southeastern China (Figure 4d) significantly increased. On basin scale, a decrease in proportion of light precipitation was detected in most basins except Songhuajiang River and Liaohe River, even though in the northwestern rivers and southwestern rivers, where light precipitation increased from 1960 to 2013 (Table 1). In the Yangtze River and Pearl River, the proportion of moderate precipitation also decreased significantly, mainly resulting from larger percentage of extreme precipitation. The proportion of heavy precipitation increased in nearly all basins except the Songhuajiang River, and the trend was significant in the northwestern rivers, Yellow River, and the southeastern rivers (Table 1). The proportion of extreme precipitation increased in basins locating in Southern China, but decreased significantly in Haihe River, where the distribution of precipitation shifted toward the moderate category (Table 1). Similarly, in Yellow River, the proportion of extreme precipitation also showed decreasing trend, although without significance, and the distribution of precipitation shifted toward the heavy category (Table 1). There was no marked change in the distribution of precipitation in the Songhuajiang River and Liaohe River.




3.2. Seasonal Characteristics of Precipitation Tendencies


Changes in seasonal precipitation over China during 1960–2013 are shown in Figure 5 and the averaged trends in each season over China and its ten large river basins are given in Table 2. In spring (Figure 5a), precipitation increased in Northern and Western China, especially over the southwestern rivers and the headwaters of the Yellow River and Yangtze River. Significant decreases were observed over the middle and lower reaches of the Yangtze River and the middle reaches of the Yellow River (Figure 5a).



In summer, precipitation has markedly changed over the past half-century, showing large uptrends and downtrends with absolute values as large as >16 mm/10yr in most monsoon regions of China (Figure 5b). Specifically, significantly uptrends were observed in the Yangtze River and southeastern rivers, while significant downtrends were observed in Haihe River (Table 2).



Autumn precipitation showed a significant decrease from 1960 to 2013 in the whole of China, as well as in Songhuajiang River and Yangtze River (Table 2). Precipitation increases occurred only in limited areas of the Haihe River, northwestern and southwestern rivers (Figure 5c).



However, in winter, precipitation has increased significantly in China since 1960s, and nearly all basins experienced positive trends; significant in Songhuajiang River, northwestern rivers, and southeastern rivers (Table 2). The increase was more than 8 mm/10yr in the southeastern rivers, downstream areas of the Huaihe River and Yangtze River (Figure 5d).



Comparing changes in annual precipitation (Figure 2) to those in summer precipitation (Figure 5b), we can see that the large increase in summer rainfall in Southeastern China and large decrease in Northeastern and Southwestern China dominated the annual change during 1960–2013. At the basin scale, the strong impact of summer rainfall on annual precipitation change could be found in southeastern rivers and the Haihe River (Table 2). In the Yellow River basin, however, which experienced only small changes in summer rainfall, the annual decreasing trend represented precipitation decreases in the spring and autumn (Table 2). This was also observed in the Yangtze River, Huaihe River, and Pearl River, even though summer rainfall increased in these basins (Table 2). In northwestern rivers, the increase in annual precipitation was the result of increases during all seasons.



3.2.1. Seasonal Precipitation


As Figure 6a,b shows, there was less light and moderate precipitation during spring in regions from the mid-Yellow River to the Pearl River. Table 3 shows significant increasing trends in spring precipitation were observed in the Haihe River, northwestern rivers, and southwestern rivers (Table 3). In northwestern rivers, the increase in spring precipitation resulting from increase in light and moderate categories, while in southwestern rivers all categories led to the increase. The significant changes of light precipitation in basins, such as Songhuajiang River, northwestern rivers, Huaihe River, and southeastern rivers, and significant changes of moderate precipitation in basins, such as Liaohe River, Yangtze River, and southeastern rivers dominated changes in spring precipitation in these basins (Table 3). Moreover, in many basins, trends in moderate precipitation made a greater contribution to spring trends than trends in light precipitation.



Heavy and extreme precipitation were also observed in spring; these events occurred mainly in Southeastern China (Figure 6c,d). Specifically, heavy precipitation increased significantly in the Haihe River and southwestern rivers, decreased largely in the Yangtze River and Pearl River, but without significance (Table 3). Stations with significant extreme precipitation increase occurred in southeastern coastal regions (Figure 6d), and there was significant increase in Songhuajiang River, Haihe River, and southwestern rivers (Table 3).



Decreasing trends in light precipitation during the summer were observed in most basins, except for over the northwestern rivers, and moderate precipitation also decreased in many basins, such as Liaohe River, Haihe River, and Pearl River (Table 3). As Figure 6g shows, heavy precipitation increased significantly during the summer over the southeastern rivers, downstream areas of the Yangtze River and in some regions of the Huaihe River and Pearl River. Extreme precipitation occurred mainly in the summer (Figure 6h). The significant increase in extreme precipitation over the southeastern rivers and Yangtze River and significant decrease in Haihe River largely represented the changes in summer rainfall over these regions.



In autumn, both light and moderate precipitation exhibited significant decrease over China, and decreasing trends of light and moderate precipitation were observed in most basins during the study period (Table 3). Moreover Table 3 shows that in the Songhuajiang River, Yellow River, Yangtze River, Huaihe River, and Pearl River, light and moderate precipitation largely represented the overall decrease. Downward trends in heavy autumn precipitation in the Yangtze River, Huaihe River, and Pearl River also contributed to the autumn decrease. In the Haihe River; however, autumn precipitation increased substantially (1.85 mm/10yr), mainly resulting from an increase in moderate precipitation (1.03 mm/10yr).



Figure 6m–p shows winter precipitation trends. Stations that displayed significant trends in moderate and heavy precipitation were only in downstream areas of the Yangtze River and southeastern rivers (Figure 6n,o), while stations was rarely observed with changes in extreme precipitation across China during the past half-century (Figure 6p). Light precipitation increased significantly nearly in the whole country (Figure 6m) and, regionally, significant in Songhuajiang River, northwestern rivers, and Yellow River, which largely explained the increases in winter precipitation over these basins (Table 3). In the southeastern rivers, wetter winter conditions largely derived from increases in moderate and heavy precipitation, and in the Yangtze River and Pearl River, these conditions largely derived from increases in heavy precipitation (Table 3).




3.2.2. Seasonal Distribution


As discussed above, the annual proportion of light precipitation decreased across nearly the whole country; the only regions where it increased were over the Songhuajiang River and Liaohe River, but without significance (Table 1). Seasonally, Table 4 shows the proportional changes in precipitation categories for each basin. For light precipitation, its decreasing proportion was observed across the country in seasons except winter, and was significant in spring and summer (Table 4), even when its amounts were observed to have increased in spring (Table 3). In winter, however, seven of the ten basins still displayed negative trends (Table 4).



In spring, the proportion of moderate, heavy and extreme precipitation all exhibited significant increase over China, as well as in northwestern rivers, Haihe River, and southwestern rivers (Table 4). However, in southeastern rivers, the proportion of moderate precipitation showed significant increase, and the distribution of precipitation shifted toward heavy and extreme categories (Table 4). Besides, the proportion of extreme precipitation increased significantly in Songhuajiang River and Huaihe River (Table 4).



Changes in proportions of summer precipitation categories are shown in Figure 7e–h; these were similar to those representing the whole year. In summer, the proportion of moderate, heavy and extreme precipitation significantly increased across China (Table 4). Light precipitation decreased in proportion nearly across all basins except Haihe River. In the Yangtze River, Huaihe River, southeastern rivers, and Pearl River, the proportion of moderate precipitation decreased significantly over 1960–2013, indicating precipitation became much more intense than basins such as northwestern rivers and Yellow River (Table 4). Contrary to other regions, the Liaohe River, Haihe River, and Yellow River experienced a negative trend in its proportion of extreme summer precipitation.



In winter, the proportion of heavy precipitation significantly increased over China, as well as in Yangtze River, southeastern rivers and Pearl River (Table 4). In Songhuajiang River, northwestern rivers, and Huaihe River, moderate precipitation exhibited significant increase in proportion (Table 4). These suggested the distribution of winter precipitation shifted toward the intense category in these basins. Changes in the distribution of autumn precipitation during the study period were inconspicuous across China. In general, however, decreasing trends in autumn precipitation were observed over nearly the whole of China, as discussed above.






4. Discussion and Conclusion


Long-term changes of precipitation are regarded as a practical subject for monitoring changes in water resources. In China, the result of our study showed that annual precipitation had increased slightly in the past half-century, which was consistent with some previous studies [7,42]. At the basin scale, significant increasing trends over the northwestern rivers was found, while annual precipitation decreased in large amplitude over the Liaohe River, Haihe River, Huaihe River, and Pearl River. Seasonally, Liu et al. found that precipitation had increased in winter and summer but decreased in spring and fall, over 1960–2000 [1]. Our study showed that autumn precipitation significantly decreased, while in spring, precipitation increased by 0.54 mm/10yr across China during the past half-century.



In hydrology, precipitation intensity is an important factor in rainfall-runoff processes [43]. Many studies have shown that over the past several decades, daily precipitation has become more intense in China [1,11,21,44]. In this study, changes in daily precipitation were analyzed by fixed categories. Results from trends in proportion showed the distribution of precipitation significantly shifted toward heavy and extreme precipitation over China. At the basin scale, precipitation intensity significantly increased in basins except Songhuajiang River, Liaohe River, Haihe River, and Yellow River. These increases are consistent the study of Zhang and Cong, which showed that precipitation intensity increased principally in the southern basins of China [11]. Seasonally, the shift in precipitation distribution from light to intense occurred in all seasons, significantly in spring and summer. However, this study showed, in northwestern rivers, precipitation also became more intense than before. Within the ten large basins, only the Haihe River experienced a significant decrease in extreme precipitation, while the proportions of the moderate and heavy categories increased there. In the Yellow and Songhuajiang Rivers, the proportions of the extreme category also decreased, but without significance.



Liu et al. showed that changes in annual precipitation could be attributed mostly to changes in the frequency and intensity of precipitation events in the top decile (90%) in China [1]. Using fixed thresholds, the results of this study showed only in the Haihe River, southeastern rivers, and southwestern rivers, extreme precipitation significantly influenced total precipitation. Furthermore, the impact of extreme precipitation was also obvious in spring, not merely in summer. The results also revealed, however, that changes in light and moderate precipitation also played an important role in the trends observed in the total precipitation in many basins, such as the northwestern rivers and Huaihe River, even in the Yangtze River and Pearl River. Seasonally, the increase in winter precipitation and the decrease in autumn precipitation also mainly derived from changes in the amount of light and moderate precipitation. In hydrology, precipitation in lower intensities also has considerable influence on basic flow, ground water, and so on [43,45]. For example, water infiltration of the soil surface during rainfall tends to be higher during lower-intensity rainfalls [1]. Therefore, significant increases in light precipitation over China during winter, and some basins during spring, could alleviate the dry conditions during the cold seasons in these regions.



China is prone to natural hazards from extreme weather events and flooding has always been a major problem [7]. Recently, numerous studies have documented precipitation extremes in China. Zhai et al. found significant increases in extreme precipitation events in Western China, the mid- and lower reaches of the Yangtze River, and coastal areas of China during 1951–2000 [42]. Xu et al. found that extreme precipitation amounts and extreme precipitation days significantly increased in the mid-and lower Yangtze River valley and Northwestern China [20].In those studies, extreme precipitation derived from percentile thresholds. As discussed above, extreme events by top 5% was just equal to moderate or light precipitation (defined in this study) in Western China. In this study, extreme precipitation is defined by fixed threshold (>50 mm/d), which could be more closely linked to floods. Results showed extreme precipitation in the Yangtze River, southeastern rivers, and southwestern rivers, increased significantly during 1960–2013, indicating a trend toward high risk of floods within these basins, as these basins are relatively developed regions of China with high population densities. What is more, the seasonal changes in extreme precipitation revealed in this study indicate that the risk of floods in some regions may be higher than suggested by previous studies; this should be highlighted in water resources management as follows. (1) Over the Yangtze River and southeastern rivers, a significant increase in extreme precipitation at the annual scale mainly derived from the summer, reflecting extreme events being concentrated in summer. (2) A significant increase in extreme precipitation was observed across the southwestern rivers and Songhuajiang River during spring, and Pearl River during winter, when vegetation cover is sparse and rainfall-runoff processes would be quick and heavy. (3) In the Haihe River, extreme precipitation during spring also significantly increased, although the yearly extreme precipitation showed a marked decrease. (4) However, in northwestern rivers, the increase in precipitation intensity was not related to an increase in the risk of floods over the past half-century, because it mainly resulted from an increase in moderate precipitation.



The amount and distribution of precipitation also play crucial roles in the occurrence of drought. As light precipitation generally occupied a fairly large proportion in rainfall events, a significant decrease in light precipitation over Yangtze, Huaihe, and Pearl Rivers might indicate an increase in dry-spells. Seasonally, autumn precipitation significantly decreased in the Songhuajiang and Yangtze Rivers, which might enhance the possibility of seasonal drought in these regions.
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Figure 1. Large river basins and the locations of the 713 meteorological stations evaluated in China. 
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Figure 2. Trends in annual precipitation for 1960–2013. A plus/triangle shows a positive/negative trend for each station with statistical significance at the 5% level. 
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Figure 3. Trends in precipitation of each category for 1960–2013. (a) Light precipitation; (b) moderate precipitation; (c) heavy precipitation; and (d) extreme precipitation. 
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Figure 4. Trends in the proportion of each precipitation category relative to annual precipitation for 1960–2013. (a) Light precipitation; (b) moderate precipitation; (c) heavy precipitation; and (d) extreme precipitation. 
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Figure 5. Trends in seasonal precipitation during 1960–2013. (a) Spring; (b) summer; (c) autumn; and (d) winter. 
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Figure 6. Seasonal trends in precipitation categories during 1960–2013. (a–d) Spring; (e–h) summer; (i–l) autumn; and (m–p) winter. For each season, the maps show light, moderate, heavy, and extreme precipitation from left to right. 






Figure 6. Seasonal trends in precipitation categories during 1960–2013. (a–d) Spring; (e–h) summer; (i–l) autumn; and (m–p) winter. For each season, the maps show light, moderate, heavy, and extreme precipitation from left to right.



[image: Water 08 00185 g006]







[image: Water 08 00185 g007 1024] 





Figure 7. Seasonal trends in precipitation intensity proportions during 1960–2013. (a–d) Spring; (e–h) summer; (i–l) autumn; and (m–p) winter. For each season, the maps show light, moderate, heavy, and extreme precipitation from left to right. 






Figure 7. Seasonal trends in precipitation intensity proportions during 1960–2013. (a–d) Spring; (e–h) summer; (i–l) autumn; and (m–p) winter. For each season, the maps show light, moderate, heavy, and extreme precipitation from left to right.
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Table 1. Trends in amounts and proportion of precipitation in each category in the large river basins in China during 1960–2013.
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Basin

	
Amount (mm/10yr)

	
Proportion (%/10yr)




	
Light Rain

	
Moderate Rain

	
Heavy Rain

	
Extreme Rain

	
Total

	
Light Rain

	
Moderate Rain

	
Heavy Rain

	
Extreme Rain






	
Songhuajiang River

	
−0.01

	
−1.65

	
−0.57

	
0.20

	
−2.89

	
0.25

	
−0.10

	
−0.06

	
0.00




	
Liaohe River

	
−1.68

	
−1.48

	
−1.80

	
−2.48

	
−8.60

	
0.13

	
0.12

	
0.05

	
−0.29




	
Northwestern Rivers

	
1.44a

	
0.99a

	
0.41

	
0.32

	
3.69a

	
−0.68a

	
0.37b

	
0.13

	
0.02




	
Haihe River

	
−1.65

	
0.86

	
−0.45

	
−4.39b

	
−5.59

	
−0.05

	
0.53b

	
0.08

	
−0.56b




	
Yellow River

	
−1.73

	
−1.44

	
0.61

	
−0.31

	
−2.69

	
−0.45

	
0.12

	
0.33b

	
−0.05




	
Yangtze River

	
−2.28b

	
−3.30b

	
0.61

	
3.88b

	
−1.13

	
−0.22b

	
−0.28a

	
0.08

	
0.45a




	
Huaihe River

	
−3.08a

	
−1.24

	
−1.80

	
−1.10

	
−7.20

	
−0.31a

	
−0.01

	
0.04

	
0.47




	
Southeastern Rivers

	
−3.94

	
−3.71

	
9.35b

	
15.63a

	
22.21

	
−0.48a

	
−0.52

	
0.34a

	
0.71a




	
Southwestern Rivers

	
1.44

	
1.04

	
2.14

	
1.84b

	
5.29

	
−0.43a

	
0.19

	
0.12

	
0.13a




	
Pearl River

	
−5.44a

	
−4.48

	
0.39

	
5.00

	
−5.71

	
−0.23a

	
−0.24a

	
0.04

	
0.34b




	
All China

	
−0.41

	
−0.65

	
0.47

	
1.76b

	
1.10

	
−0.39a

	
0.06

	
0.15a

	
0.15a








a Significance at 95% level; b Significance at 90% level; Unit “mm/10yr” and “%/10yr” means mm and % per decade.
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Table 2. Seasonal precipitation trends over China’s large river basins during 1960–2013 (mm/10yr).
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Basin

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual






	
Songhuajiang River

	
2.03

	
−4.90

	
−2.16a

	
1.33a

	
−2.89




	
Liaohe River

	
2.21

	
−7.75

	
−3.42

	
0.17

	
−8.60




	
Northwestern rivers

	
0.97b

	
1.36

	
0.33

	
0.75a

	
3.69a




	
Haihe River

	
4.91a

	
−12.53a

	
1.85

	
−0.18

	
−5.59




	
Yellow River

	
−0.62

	
−0.84

	
−3.38

	
0.34

	
−2.69




	
Yangtze River

	
−3.35

	
6.68b

	
−6.15a

	
2.56

	
−1.13




	
Huaihe River

	
−1.48

	
3.30

	
−7.60

	
1.86

	
−7.20




	
Southeastern rivers

	
−5.14

	
15.99b

	
0.55

	
7.37a

	
22.21




	
Southwestern rivers

	
5.72a

	
−2.70

	
0.59

	
−0.09

	
5.29




	
Pearl River

	
−4.27

	
0.94

	
−9.47

	
2.11

	
−5.71




	
All China

	
0.54

	
0.10

	
−2.76

	
1.26

	
1.10








a Significance at 95% level; b Significance at 90% level.
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Table 3. Seasonal trends of precipitation intensity over China’s large river basins during 1960–2013 (mm/10yr).
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Season

	
Intensity

	
Songhuajiang River

	
Liaohe River

	
Northwestern Rivers

	
Haihe River

	
Yellow River

	
Yangtze River

	
Huaihe River

	
Southeastern Rivers

	
Southwestern Rivers

	
Pearl River

	
All China






	
Spring

	
Light rain

	
1.02b

	
0.56

	
0.43b

	
0.28

	
−0.56

	
−0.69

	
−1.67a

	
−2.52a

	
1.21a

	
−0.82

	
0.11




	
Moderate rain

	
0.84

	
1.29a

	
0.31b

	
1.93a

	
−0.11

	
−1.95a

	
−0.87

	
−5.89a

	
1.93a

	
−1.71

	
−0.15




	
Heavy rain

	
0.03

	
0.35

	
0.13

	
1.15a

	
0.16

	
−1.53

	
−0.20

	
0.05

	
1.34a

	
−1.28

	
0.02




	
Extreme rain

	
0.11a

	
0.08

	
0.15

	
0.28a

	
−0.02

	
0.40

	
0.95

	
2.66

	
0.89a

	
−0.66

	
0.36




	
Total

	
2.03

	
2.21

	
0.97b

	
4.91a

	
−0.62

	
−3.35

	
−1.48

	
−5.14

	
5.72a

	
−4.27

	
0.54




	
Summer

	
Light rain

	
−2.21a

	
−2.28a

	
0.23

	
−1.58a

	
−0.56

	
−0.23

	
−0.74b

	
−0.23

	
−0.36

	
−1.22b

	
−0.57b




	
Moderate rain

	
−2.12

	
−2.05b

	
0.52b

	
−2.71b

	
0.49

	
0.19

	
0.06

	
−0.27

	
−1.83

	
−2.13

	
−0.60




	
Heavy rain

	
−1.22

	
−1.01

	
0.33

	
−2.08

	
−0.19

	
1.44

	
2.63

	
6.05a

	
−0.79

	
0.67

	
0.29




	
Extreme rain

	
0.06

	
−2.49

	
0.36

	
−5.12b

	
−0.53

	
4.79a

	
2.95

	
8.88b

	
0.55

	
5.16

	
0.88b




	
Total

	
−4.90

	
−7.75

	
1.36

	
−12.53a

	
−0.84

	
6.68b

	
3.30

	
15.99b

	
−2.70

	
0.94

	
0.10




	
Autumn

	
Light rain

	
−0.53

	
−0.48

	
0.20

	
−0.17

	
−1.46b

	
−1.95a

	
−1.81b

	
−1.42

	
−0.19

	
−3.55a

	
−0.86a




	
Moderate rain

	
−0.97

	
−0.52

	
−0.03

	
1.03

	
−1.44

	
−3.04a

	
−1.88

	
−0.77

	
0.28

	
−3.54a

	
−1.09a




	
Heavy rain

	
−0.31

	
−0.90

	
0.02

	
0.39

	
0.05

	
−1.01

	
−3.33b

	
0.58

	
0.23

	
−3.09

	
−0.38




	
Extreme rain

	
−0.03

	
−0.19

	
0.05

	
0.37

	
−0.43b

	
−0.59

	
−0.40

	
1.90

	
0.18

	
0.29

	
−0.06




	
Total

	
−2.16

	
−3.42

	
0.33

	
1.85

	
−3.38

	
−6.15a

	
−7.60

	
0.55

	
0.59

	
−9.47

	
−2.76a




	
Winter

	
Light rain

	
1.12a

	
0.36

	
0.53a

	
0.01

	
0.38b

	
0.46

	
1.00

	
0.17

	
−0.03

	
−1.21

	
0.38b




	
Moderate rain

	
0.18a

	
0.03

	
0.05

	
−0.01

	
−0.01

	
0.63

	
1.11

	
3.75b

	
−0.10

	
1.00

	
0.27




	
Heavy rain

	
0.05

	
0.00

	
0.03

	
−0.01

	
−0.01

	
1.15a

	
0.04

	
3.08b

	
0.24

	
1.93a

	
0.44a




	
Extreme rain

	
0.00

	
0.00

	
0.02

	
−0.01

	
0.00

	
0.09

	
0.00

	
0.52b

	
0.01

	
0.55b

	
0.09




	
Total

	
1.33

	
0.17

	
0.75

	
−0.18

	
0.34

	
2.56

	
1.86

	
7.37

	
−0.09

	
2.11

	
1.26








a Significance at 95% level; b Significance at 90% level.
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Table 4. Seasonal trends in precipitation intensity proportions over China’s large river basins during 1960–2013 (%/10yr).
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Season

	
Intensity

	
Songhuajiang River

	
Liaohe River

	
Northwestern Rivers

	
Haihe River

	
Yellow River

	
Yangtze River

	
Huaihe River

	
Southeastern Rivers

	
Southwestern Rivers

	
Pearl River

	
All China






	
Spring

	
Light rain

	
−0.28

	
−1.93a

	
−0.51

	
−3.00a

	
−0.58

	
−0.13

	
−1.35b

	
−0.49b

	
−1.17a

	
0.14

	
−0.59a




	
Moderate rain

	
0.46

	
1.05b

	
0.68a

	
1.49a

	
0.42

	
0.04

	
−0.05

	
−0.58a

	
0.91a

	
−0.29

	
0.40a




	
Heavy rain

	
−0.24

	
0.34

	
0.11

	
1.14a

	
0.39

	
−0.03

	
0.40

	
0.45b

	
0.23b

	
0.00

	
0.13b




	
Extreme rain

	
0.04a

	
0.08

	
0.02

	
0.21a

	
0.02

	
0.27

	
0.87a

	
0.66b

	
0.17b

	
0.17

	
0.16a




	
Summer

	
Light rain

	
−0.14

	
−0.08

	
−1.17a

	
0.05

	
−0.32

	
−0.35a

	
−0.32b

	
−0.32a

	
−0.14

	
−0.26b

	
−0.56a




	
Moderate rain

	
0.03

	
0.17

	
0.76a

	
0.19

	
0.41b

	
−0.29a

	
−0.31b

	
−0.61a

	
0.14

	
−0.42a

	
0.30a




	
Heavy rain

	
0.04

	
0.24

	
0.14

	
0.22

	
0.13

	
0.08

	
0.13

	
0.28

	
0.05

	
0.05

	
0.16a




	
Extreme rain

	
0.08

	
−0.28

	
0.09

	
−0.47

	
−0.11

	
0.54a

	
0.58

	
0.64

	
0.14b

	
0.65b

	
0.15b




	
Autumn

	
Light rain

	
0.29

	
0.60

	
−0.52

	
−0.97

	
−0.09

	
0.06

	
0.33

	
−0.77b

	
−0.67b

	
−0.26

	
−0.16




	
Moderate rain

	
−0.38

	
0.14

	
0.23

	
0.98b

	
−0.15

	
−0.27

	
0.44

	
−0.12

	
0.48b

	
−0.06

	
0.05




	
Heavy rain

	
−0.14

	
−0.18

	
0.02

	
0.43

	
0.59b

	
0.13

	
−1.07a

	
0.17

	
0.07

	
−0.34

	
0.06




	
Extreme rain

	
−0.03

	
−0.06

	
0.05

	
0.22

	
−0.17

	
0.14

	
−0.04

	
0.66

	
0.06

	
0.42

	
0.09




	
Winter

	
Light rain

	
−0.36a

	
0.44

	
0.55

	
−0.03

	
−0.10

	
−0.24

	
−1.07

	
−1.88a

	
1.10b

	
−1.95b

	
−0.16




	
Moderate rain

	
0.29a

	
0.12

	
0.14b

	
0.03

	
0.11

	
−0.19

	
1.66b

	
0.58

	
0.10

	
0.18

	
0.14




	
Heavy rain

	
0.03

	
0.00

	
0.05

	
−0.02

	
0.00

	
0.35a

	
0.10

	
1.21b

	
0.12

	
1.19a

	
0.20a




	
Extreme rain

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.02

	
0.00

	
0.21

	
0.01

	
0.29a

	
0.03








a Significance at 95% level; b Significance at 90% level.
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