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Abstract:



The Yarlung Zangbo River Basin (YZRB) is an important transboundary river basin in Tibet, China with south Asian countries. Changes in precipitation are important driving factors of river flow changes. Extreme Precipitation Events (EPE), in particular, have serious impacts on human life and sustainable development. The objective of this study is to explore the temporal changes and the spatial distribution of EPE over the YZRB in recent decades using a precipitation product with a 5 km spatial resolution and the Mann–Kendall nonparametric statistical test method. A more thorough understanding of the spatial heterogeneity in precipitation was expected from using this high resolution dataset. At both basin and pixel scale, both annual precipitation amounts and number of rain days had significant upward trends, indicating that the increase in the number of rain days is one possible cause of the annual precipitation amounts increases. The annual precipitation and number of rain days increased significantly in 50.8% and 75.8% of the basin area, respectively. The areas showing upward trends for the two indexes mostly overlapped, supporting the hypothesis that the increasing number of rain days is one possible cause of the increases in annual precipitation in these areas. General precipitation intensity and EPE intensity increased in the Lhasa regions and in the southern part of the lower-reach region. However, the intensity of general precipitation and EPE decreased in the Nyangqu River Basin. A total of 43.0% of the area in the YZRB exhibits significant upward trends in EPE frequency. The contributions of EPE to total rainfall increase significantly in the Lhasa and Shannan regions. Overall, it was shown that the risk of disasters from EPE in the YZRB increases in the eastern middle-reach region and southern lower-reach region.
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1. Introduction


According to the Fifth Intergovernmental Panel on Climate Change (IPCC) Assessment Report, there is conclusive evidence that the Earth is becoming warmer. Since the middle of the twentieth century, many extreme weather events have been observed [1]. The IPCC Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation noted that Extreme Precipitation Events (EPE) in Asia will increase, but that probabilities for, and trends in, EPE in different regions will vary, making it necessary to analyze the situation at the regional scale [2]. In recent years, under the background of global warming, many researchers have explored the spatial variability and temporal trends in EPE. Iwashima and Yamamoto made an early study of this field [3]. Changes in EPE have been confirmed in many areas [4,5,6]. Most studies found that a decrease of precipitation will not lead to a decrease in EPE. However, the relationship between precipitation and EPE is not simple, and in some regions, precipitation increases, but EPE decreases [7]. Compared with the variations in general precipitation, the changes in EPE are more complex [8]. EPE will increase at the global and regional scale in the future, which will cause significant damage to agriculture, ecosystems, and infrastructure, and cause a great loss of human life and property [9,10,11]. Therefore, the extreme values of precipitation provide more valuable information than average values for disaster prevention.



The Yarlung Zangbo River Basin (YZRB) is located in the Tibetan Plateau (TP), which has a similar climate to the Polar Regions because of its high elevation and was found to have an increase trend in annual precipitation in the latter half of the last century [12]. The YZRB is sensitive to climate change and has a fragile ecosystem. The river is the highest in the world, and provides the second largest amount of hydropower in China. The river is the main source of freshwater for Tibet and for the downstream countries of India and Bangladesh. Because of climate change and the importance of the YZRB, precipitation changes in the YZRB are an important research topic. An increase in the frequency of extreme precipitation events over the period 1910 to 2000 in India, which is adjacent to YZRB, was confirmed by Sen Roy and Balling [13]. Several studies have analyzed the trends in precipitation at monthly and annual scales [14,15,16,17,18]. However, studies on the changes in EPE are limited. Sang et al. [19] assessed the trends of intensity and frequency of EPE (using a daily precipitation of > 25 mm) in the middle and eastern part of the basin. All of the above-mentioned research used data from meteorological stations. However, the in situ precipitation gauging network is sparse in the YZRB. Because of the basins’ high elevation and its topographical complexity, the spatial heterogeneity of precipitation is high within the basin. The complexity of relationships between extreme daily precipitation and topography in mountainous regions has been shown in several studies [20]. It is possible that the data from the limited stations may not reflect the conditions in YZRB with sufficient accuracy. Reliable, high resolution, gridded precipitation datasets are needed for better understanding the spatial heterogeneity of precipitation in the YZRB.



With the development of meteorological satellites, the inversion technique for precipitation data collection using microwave and infrared satellite observations has been rapidly developed. At present, many precipitation products are available, such as the TRMM (Tropical Rainfall Measuring Mission) [21] and CMORPH (Climate prediction center MORPHing technique) [22] satellite precipitation products, and some Chinese integrated precipitation products such as FY–2 (Feng Yun 2) [23] and NMIC (National Meteorological Information Center) [24]. Some researchers have applied these products to the analysis of precipitation in China. Shen et al. [25] examined the performance of six high-resolution satellite precipitation estimates over China from 2005 to 2007, and concluded that they all can adequately capture the overall spatial distribution and temporal variations of precipitation. Guo et al. [26] evaluated three common satellite precipitation products as well as their gauge-corrected counterparts. The products that were corrected by site data performed better. Dong et al. [27] used a gridded Chinese ground precipitation dataset, with a resolution of 0.5°, released by the National Meteorological Information Center, in the analyses of EPE in arid areas in northwest China. The result showed that the grid data are better than the in situ gauged data for precipitation trend analysis.



The objective of the present study is to analyze the temporal trends and the spatial distribution of the EPE in YZRB for the past five decades using a satellite-based precipitation dataset with 5 km spatial resolution, and the Mann–Kendall trend analysis method. The results of this study will be valuable for providing decision-support information for flood control and water resources management under the background of climate change in the YZRB and in downstream countries. The paper is organized as follows. The study basin and data used are introduced in the next section, followed by the approach used for the Mann–Kendall trend analysis. Then, the results of the trend analysis are discussed and, finally, conclusions are drawn.




2. Data and Methods


2.1. Study Area


The YZRB is located in the southwest part of the TP (Figure 1), which is known as the third Pole of the world [28], the Asian water towers [29], and the best laboratory for global climate change [30]. These three phrases vividly capture the ecological sensitivity and environmental vulnerability of the YZRB, as well as the necessity for, and benefits of, research there. The river flows from west to east through the Ngari, Shigatse, Lhasa, Nagqu and Shannan municipal administrative regions, and then flows to India. The length of the river is about 2057 km. The basin area is about 242,000 km2 and the annual runoff is about 166.1 billion m3, and is the major fresh water source of Tibet [31].


Figure 1. The YZRB and its location in China.
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From the upper-reach to the lower-reach regions of YZRB, there are six major tributaries: the Dogxung Zangbo, Nyangqu, Lhasa, Nyang, Yigong Zangbo and Purlung Zangbo Rivers. The elevation ranges from about 7000 to 150 m (Figure 2). The boundary points between the upper and middle, and the middle and lower reaches, are Lhaze and Nuxia, respectively.


Figure 2. Topography and river system of the YZRB.
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2.2. Data


A satellite-based, multi-source, precipitation dataset (1958–2010) with a 5 km spatial and 3 h temporal resolution, developed by the Land-Atmosphere Interaction Research Group at Sun Yat-sen University, China (http://globalchange.bnu.edu.cn/home) was used in the present study. This dataset combines gauged precipitation observations and existing gridded precipitation data, including remote sensing products and reanalysis data. The dataset was constructed in two steps: first, gauged observations from China Meteorological Administration was used as the response variable, and the precipitation trend surface was estimated by a thin-plate smoothing spline and a gridded precipitation field as explanatory variables. Then, the correlated residual field was corrected by modified Cressman weight to ensure that the interpolated precipitation is close to observations. This dataset has high accuracy and high spatial resolution. The methodology for producing the dataset can be found in [32]. The dataset for the period 1958–2010 was used to analyze the trend of EPE in the YZRB. Figure 3 shows a comparison of ground gauged data and gridded data for averaged daily precipitation for six meteorological stations covering the upper-, middle-, and lower-reach regions. The relative error ranges from around −13% to 6%, thus indicating that the differences are small and acceptable. In the central Tibetan Plateau, there is an application of using the dataset to force the Noah-MP (Noah with MultiParameterization options) land model in the study of Gao et al. [33]. In their study, the dataset was compared with another dataset developed at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences (available at: http://dam.itpcas.ac.cn/data/User_Guide_for_China_Meteorological_Forcing_Dataset.htm), for which the spatial resolution is 0.1 degree. Their results show that the two datasets have similar accuracy, but the spatial resolution of the dataset we used in this study is higher.


Figure 3. Comparison of gauged and gridded precipitation data at six sites.
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2.3. General and Extreme Precipitation Indexes


In this study, most indexes are selected from Core Indices of STARDEX (STAtistical and Regional dynamical Downscaling of EXtremes for European regions, https://crudata.uea.ac.uk/projects/stardex/). Three indexes (annual precipitation (AP), rainfall days (RD), and rainfall intensity (RI)) were used to analyze the temporal variations of general precipitation. Four indexes used in the Statistical and Region Dynamical Downscaling of Extreme for European Regions Project were chosen to analyze the characteristics of EPE [34]. These four indexes comprised, two intensity indexes (PX5D, PQ90), a frequency index (PNL90), and an index indicating the contribution of extreme precipitation to total precipitation (PFL90). Every index was computed annually for the period 1958–2010, and then the interannual variability of these values was used to indicate the changes of EPE in the YZRB under climate change. The definitions of all seven indexes are shown in Table 1.


Table 1. Definitions of precipitation indexes used in this study.





	Indexes
	Definitions
	Units





	AP
	Annual precipitation
	mm



	RD
	The number of rain days in a year
	d



	RI
	The ratio of AP and RD in a year
	mm/d



	PX5D
	Annual maximum consecutive five-day precipitation in a year
	mm



	PQ90
	The 90th percentile of daily precipitation in a year
	mm



	PNL90
	Number of rain days in a year for which daily precipitation > long-term PQ90
	d



	PFL90
	The ratio of precipitation for days in a year for when daily precipitation > long-term PQ90 to annual precipitation
	%










2.4. Methodology


The Mann–Kendall test [35,36] is one of the most widely used nonparametric tests to detect significant trends in precipitation time series [37]. In this study, the Mann–Kendall test was employed to analyze the monotonic trend of the changes in precipitation and EPE indexes for the period 1958–2010. The purpose of the text was to reveal the cumulative effects of climate change over long temporal scales. For time series data [image: ], the test statistic [image: ] is computed as


[image: ]



(1)




where
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(2)







Assuming that the data are independent and identically distributed, the mean and variance of the [image: ] statistic are given by
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(3)
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(4)







Considering the existence of tied ranks (equal observations) in the data, the variance of [image: ] is updated as


[image: ]



(5)




where [image: ] is the number of tied groups, and [image: ] is the number of data in the [image: ]th tied group. For a sample [image: ], the standardized normal statistic [image: ] is estimated as


[image: ]



(6)







A comparison between [image: ] and the standard normal variate at the desired significance level [image: ], allows the significance of the trend to be tested. In this study, a significance level of 5% was selected, which means that, if [image: ], the null hypothesis of no trend would be rejected.



For those pixels for which the trend in index values is significant (p < 0.05), the magnitude of changes per year can be computed using Sen’s slope estimator [38]. The true slope (change per unit time) can be calculated as


[image: ]



(7)









3. Results


3.1. Changes in AP and EPE at the Basin Scale


We analyzed the linear trend of seven indexes at the basin scale. The results are shown in Table 2. The time series of general precipitation indexes analysis over the YZRB are shown in Figure 4. Both AP and RD passed the 95% confidence level in significance tests, and showed an increasing trend of 1.47 mm/a and 0.404 d/a, respectively, which indicated that both the annual precipitation amount and the number of rain days increased. However, the RI showed no significant change as AP and RD increased.


Figure 4. Basin-scale (a) AP, (b) RD, and (c) RI time series and linear trend lines for 1958–2010.
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Table 2. The detected trend in the seven general and extreme precipitation indexes.





	Indexes
	Average Value
	Trend
	Significant or Not





	AP
	430.6 mm
	1.4752 mm/a
	YES



	RD
	135.0 d
	0.404 d/a
	YES



	RI
	3.4 mm/d
	−0.0002 mm/a
	NO



	PX5D
	46.0 mm
	0.0319 mm/a
	NO



	PQ90
	6.9 mm
	0.0047 mm/a
	NO



	PNL90
	13.5 d
	0.0811 d/a
	YES



	PFL90
	30.5%
	0.0727%/a
	NO









Figure 5 shows the time series for the four EPE indexes. The two indexes of intensity (PX5D and PQ90) and the index showing the contributions of EPE to annual precipitation (PFL90) present an increase in trends of 0.0319 mm/a, 0.0047 mm/a, and 0.0727%/a, respectively. However, the detected three increasing trends are not significant at a 0.05 confidence level. Only the trend of the index showing EPE days (PNL90) is significant, which increased at a rate of about 0.0811 d/a.


Figure 5. Basin-scale time series and their linear trend lines for (a) PX5D, (b) PQ90, (c) RNL90, and (d) PFL90 for 1958–2010.
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3.2. General Precipitation Indexes: Spatial Distribution and Temporal Changes


Figure 6 presents the spatial distribution of average AP, RD and RI in the YZRB for the period of 1958–2010. All three indexes generally exhibit a similar spatial pattern; the values increased from the west of the upper-reach region to the east of the lower-reach region. The only exception was the Nyangqu River Basin and its adjacent region to the north of the mainstream, where the RD was lower and RI was higher than in the surrounding area. The minimum rainfall was 167 mm in the source area. Most of the middle-reach region belongs to a wet-to-dry transitional zone, with rainfall between 300 mm and 400 mm per year. The RD generally increased from west (79.7 d) to east (187.6 d), but a low value area occurred in the middle-reach region, with a value of 90–100 d. The RI increased from the upper-reach (1.93 mm/d) to the lower-reach region (4.00 mm/d). However, the highest value of 4.18 mm/d was detected in the Shigatse region in the middle-reach region.


Figure 6. Spatial distribution of average (a) AP; (b) RD; and (c) RI for the period of 1958–2010.
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The spatial distribution of detected significant changes in AP, RD, and RI are shown in Figure 7. An increasing trend in AP was found in 50.8% of the basin area, with a maximum magnitude of 5.09 mm/a. This area is mainly located in the middle upper-reach, west middle-reach, and lower-reach regions. Pixels with a decreasing trend are located in the west of the upper-reach region, and cover 1.37% of the basin area. More than 75.8% of the area exhibits an increasing trend in RD. Only a limited number of pixels in the upper-reach region (0.9% of the total area) show downward trends. There is an upward trend in RI in some parts of the Lhasa River Basin and the lower-reach region near the basin outlet while the Nyang River Basin in the Shigatse region has a decreasing trend.


Figure 7. Changes in (a) AP; (b) RD; and (c) RI for 1958–2010.
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3.3. Spatial Distribution and Temporal Changes of EPE Indexes


Figure 8 shows the spatial distribution of the two EPE intensity indexes, PX5D and PQ90, for 1958–2010. Both indexes exhibit similar spatial patterns. Generally, the values increase from the upper-reach region to the lower-reach region, with the exception of the Nyangqu River Basin and its surrounding area in the middle-reach region. The minimum PX5D value of 24.5 mm was found in the headwater region and the maximum value of 63.0 mm was detected near the basin outlet. Values of some pixels in the Shigatse region in the middle reach region were also relatively high, ranging from about 50 to 60 mm. High values for the PQ90 index were detected in Shigatse, in the middle-reach region and the basin outlet region. PX5D pixels with upward trends are mainly located in the Lhasa River Basin, the southeast corner of the middle-reach region, and the southwest corner of the lower-reach region, and cover 24.6% of the YZRB area (Figure 9a). However, many of the PX5D pixels in the Nyangqu River Basin show decreasing trends. The spatial patterns of changes in PQ90 (Figure 9b) are similar to those of PX5D. About 38.3% of the basin area shows a significant trend, and 33.0% of the basin area has an increasing trend. These evaluations indicate that the magnitude of EPE in Lhasa (the most developed and populated region in the basin) is increasing. Correspondingly, the magnitude of flood in this region may increase, as the two indexes, especially PX5D, could capture heavy rains of several days, inducing flooding to occur [39].


Figure 8. Spatial distribution of average (a) PX5D; and (b) PQ90 for 1958–2010.
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Figure 9. Changes in (a) PX5D; and (b) PQ90 for 1958–2010.
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The PNL90 index indicates the frequency of EPE. Figure 10 shows the PNL90 spatial distribution and trends for the YZRB. From the headwater region to the basin outlet, PNL90 increased gradually, with the exception of Shigatse in the middle-reach region, where the value is lower than 10 d. The general spatial pattern resembles the one pattern detected by Yang et al. [40]. A significant trend occurs in 43.0% of the YZRB, of which nearly 99% show increasing trends. This indicates that there is a possibility of increasing EPE in most parts of the basin.


Figure 10. PNL90 (a) spatial distribution (b) and changes for 1958–2010.
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The PFL90 index characterizes the contributions of EPE to annual rainfall. Figure 11a demonstrates that the values are highest (36.3%) in the southern edge of the upstream region. The value is lowest (27.2%) in Lhasa. About 34.2% of the basin area shows significant upward trends, ranging from 0 to 0.49%/a. These areas are located near the boundary between the upper- and the middle-reach regions, the eastern part of the middle-reach region, and the southern part of the lower-reach region. However, in the Nyangqu River Basin, downward trends are detected.


Figure 11. PFL90 (a) spatial distribution and (b) changes for 1958–2010.
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4. Discussion


The annual precipitation for the whole basin has an increasing trend, which is in accordance with the results of You et al. [41] and Liu et al. [18]. The number of rain days at the basin scale shows a significant increasing trend. However, there are no significant upward or downward trends for RI. It can be inferred from these results that the increase in AP arises from the increase in RD, and not from the increase of RI. At the pixel scale, around 50% of the basin area presents upward trends in AP. This percentage is lower than that obtained by Xu et al. [16], and can be explained by the fact that the period and the source of data for the analyses are different. The pixels with increasing trends for AP are mostly overlapped by pixels with increasing trends for RD. This suggests that the increase in RD is the most likely explanation for the upward trend in AP for these pixels.



Our results show that the EPE intensity decreased from the lower-reach region to the upper-reach region. However, Shigatse, in the middle-reach region, is an exception. Here, the EPE intensity is higher than the surrounding area and does not follow the general spatial distribution, indicating that other factors, such as local topography, may also have an influence on precipitation at smaller spatial scales. The magnitude and frequency in the western middle-reach region and the lower-reach region generally show upward trends. This is in contrast to the results obtained by Sang et al. [19]. One possible explanation for the differences in results is the fact that time series data used in our study covered a longer period (1958–2010 vs. 1973–2011). Another possible explanation for the differences in the result from the two studies could be that the definitions of EPE used in the two studies are different. In Sang et al. [19], an EPE is defined as daily precipitation greater than 25 mm. In our study, we defined the 90 quantile of daily precipitation in a year as the threshold of EPE. The definition of events based on percentile values can better reflect the spatial heterogeneity. The results from our studies do show a spatial difference in EPE intensity. The wide spatial coverage of the satellite-based data allows knowledge of EPE to be obtained for the upper-reach region and west lower-reach region, which were not covered in previous studies because of the limited availability of gauging station data. When combining the knowledge of intensity, frequency, and contribution to precipitation, the disaster risk associated with EPE increases in the eastern part of the middle-reach region and the southern part of the lower-reach region. More studies are needed to evaluate the hydrological implication of the increasing trends in EPE in these regions.




5. Conclusions


In this study, seven indexes were computed to examine the characteristics of EPE in the YZRB, the highest river basin in the world, using a satellite-based precipitation dataset with a spatial resolution of 5 km. The temporal trends in these indexes at both basin scale and pixel scale were evaluated. The use of high spatial resolution data improved the description of spatial heterogeneity in EPE, when compared with previous studies. The results show that, at the basin scale, the annual precipitation, number of rain days and number of EPE is increasing. The annual precipitation and number of rain days increased significantly in 50.8% and 75.8% of the basin area, respectively. The areas showing upward trends for the two indexes mostly overlapped, indicating that the increasing number of rain days is one possible reason for the increases in annual precipitation. General precipitation intensity and EPE intensity increased in the Lhasa and the southern part of the lower-reach region. However, in general, they decreased in the Nyangqu River Basin. There was a significant upward trend in EPE frequency in 43.0% of the basin area. The contribution of EPE to rainfall increased significantly in Lhasa and Shannan. In summary, when information regarding the intensity, frequency, and amount of precipitation was combined, it revealed that the risk of EPE to cause disasters increased in the eastern part of the middle-reach region and the south part of the lower-reach region. The findings of this study will provide valuable information for supporting decision-making in flood disaster prevention and water sources management in the YZRB and downstream countries.
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