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Abstract

:

Under the background of climate warming, the occurrence of extreme events upstream of the Yellow River Basin has increased significantly. Extreme precipitation tends to be even more intense, and occurs more frequently. The impacts of various extreme weather and climate events in the basin have become increasingly complex, which is increasingly difficult to cope with and affects the basin’s long-term stability and ecological security. Based on the daily precipitation data of 33 meteorological stations in the upper reaches of the Yellow River Basin from 1961 to 2021, this paper analyzes the characteristics of rainstorm intensity. Moreover, combined with the simulation results of 10 global climate models of the Coupled Model Intercomparison Project (CMIP6) and the social and economic prediction data from SSPs, it analyzes the possible changes of rainstorm disaster risk in the upper reaches of the Yellow River Basin in the 21st century, under the three emission scenarios of SSP126, SSP245, and SSP370. The results show that the precipitation in the upstream area of the Yellow River Basin is increasing at a rate of 8.1 mm per 10 years, and the number of rainstorm processes and their indicators is increasing, which indicates an increase in the extremeness of precipitation; the rainstorm process intensity index shows an increasing trend, especially in the northeast region with a concentrated population and economy, where the rainstorm process intensity index is high; it is estimated that the number of rainstorm days in low-, medium-, and high-risk scenarios will increase, which leads to an increase in the social risk by at least 60% by around 2050 (2036–2065); with the increasing disaster risk, the population exposure to rainstorm disasters is also on the rise. If no measures are taken, the population exposure will increase to 7.316 million people per day by around 2050, increasing by more than double, especially in the northeast. This study shows that, with the increasing rainstorm disaster risk and population exposure in the upper reaches of the Yellow River Basin, relevant measures need to be taken to ensure the safety of people’s lives and property.
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1. Introduction


Under the background of climate warming, the frequency, intensity, and duration of extreme climate events are increasing, which will magnify and exacerbate the risk of future climate disasters [1,2,3] and have huge impacts on human life, agricultural production, and the social economy, etc. [4,5]. According to statistics, in the past 30 years, 86% of the world’s major natural disasters, 59% of deaths, 84% of economic losses, and 91% of insurance losses were caused by meteorological and derived disasters. China has become one of the world’s most seriously affected countries by meteorological disasters [6], where the disasters account for more than 70% of natural disasters in recent years [7]. It is estimated that the possibility of flooding, high temperatures, and other disaster risks in China in the future will also be further increased [8]. On the regional and global scales, precipitation changes are more localized than temperature changes. Therefore, extreme precipitation usually shows high regional complexity and spatial-temporal variation [9]. Local heavy rainfall is more likely to lead to severe meteorological disasters. For example, the “7.21” torrential rain in Beijing in 2012 [10], the extremely heavy rain in North China from 19 to 20 July in 2016 [11], the extremely heavy rain in Hubei Province from 18 to 20 July in 2016 [12], the “5.7” extremely heavy rain in Guangzhou in 2017 [13], and the “7.20” extremely heavy rain in Zhengzhou in 2021 [14] all caused severe floods and their derivative disasters, high casualties, and economic and property losses. Therefore, analyzing the characteristics of rainstorm disasters and predicting their future risks is very meaningful.



Human-induced global warming has increased the frequency, intensity and number of heavy precipitation events worldwide. As the atmosphere warms, it contains more moisture, which means more rain during storms [15,16]. Climate change research advances have helped improve predictions of hydrologic extremes, with potentially severe implications for human societies and natural landscapes. The impact of precipitation is mainly reflected by the overall changes in the precipitation amount, intensity, spatial and temporal distribution, and the increase in extreme precipitation events, the most direct impact of which is the change in the intensity of precipitation erosion forces and the occurrence of extreme precipitation due to the changes in precipitation [17,18,19,20]. At the same time, the increased uncertainty of extreme precipitation and the influence of human activities lead to certain types of extreme precipitation patterns that can cause significant stress on river hydrology, and thus increase the risk of regional flood control [21,22].



In the rainstorm hazard census, the intensity of the rainstorm process is usually calculated to assess the risk level of the rainstorm process. Scholars have conducted related studies. Wang et al. established a comprehensive intensity assessment model and classification criteria for precipitation processes in four rainstorm-hazard-sensitive areas in China using three indicators: rainfall intensity, coverage area, and duration [23]. Zou et al. selected four indicators of maximum daily rainfall, maximum process rainfall, and rainstorm extent and duration, and constructed a comprehensive intensity assessment model of the regional rainstorm process and the comprehensive intensity classification criteria in Fujian Province [24]. Han et al. established a comprehensive rainstorm disaster assessment index for Liaoning Province, based on the average amount of rainfall, rainfall intensity extremes, and coverage size [25]. Moderate rain, heavy rain, and rainstorm events are estimated to increase significantly nationwide at the end of the 21st century [26]. The population exposure to extreme precipitation in China is also expected to increase by nearly 22% [27], aggravating the potential risk of disasters caused by rainstorms [28,29,30,31]. Adequate measures need to be taken in advance [32].



Existing studies have analyzed the runoff characteristics, precipitation characteristics, and their causes of formation in the Yellow River Basin [33,34,35]. However, few have concentrated on the characteristics of rainstorm intensity in the basin and the direction of future risk estimation. Currently, the Coupled Model Intercomparison Project is at a sixth stage (CMIP6), and has improved resolution, physical processes, and parameterization [36]. Moreover, compared with CMIP5, CMIP6 can enable the simulation results to be closer to the observations [37,38]. Based on CMIP6, studies have simulated and predicted the future temperature in the upper reaches of the Yellow River. This paper aims to solve the following key questions, by analyzing the characteristics of rainstorm intensity and estimating the future risk in the upper reaches of the Yellow River Basin: (1) Are the extremes of precipitation in the upper reaches of the Yellow River Basin increasing? How about their distribution? (2) Under the background of climate change, what about the future rainstorm disaster risk in the upper reaches of the Yellow River Basin? Where is the highest risk?




2. Data and Methods


2.1. Study Area


Qinghai Province is located in northwestern China, between latitude 31°36′–39°19′ north and longitude 89°35′–103°04′ east, as the headstream and mainstream area of the Yellow River; it has a drainage area of 152,300 km2 (accounting for 21% of the Yellow River Basin), a drainage length of 1983 km (taking up 31% of the Yellow River), and the annual runoff out of the province accounts for 49.2% of the total flow of the Yellow River [39]. It impacts the sustainable development and utilization of water resources in the Yellow River Basin. The upper reaches of the Yellow River Basin are the population and economic agglomeration area of Qinghai Province, as well as the high precipitation and rainstorm-disaster-prone areas. For example, the flash flood disaster in Datong on 18 August 2022 caused heavy casualties and economic and property losses. Extreme rainstorms and the complex geographical environment are the main reasons for the frequent occurrence of rainstorm disasters in the upper reaches of the Yellow River Basin.



The upstream area of the Yellow River Basin is the source and mainstream area of the Yellow River, and the part of its watershed overlapping with the administrative region of Qinghai Province is located in the eastern part of Qinghai Province (Figure 1). The area of this region is 277,800 km2, with a total population of 5,252,100, and a GDP of 226.44 billion CNY as of the end of 2019, accounting for 39.9%, 86.4%, and 76.3% of the province, respectively. The region is a significant ecological security barrier and a core area for high-quality development. The environmental quality in the study area significantly impacts the Sanjiangyuan Basin’s ecological functions, the north and south slopes of the Qilian Mountains, and the arid eastern mountains. The upper reaches of the Yellow River Basin belong to the highland continental climate, with a low temperature and low precipitation. The annual average temperature is −3.8~9.5℃, which is high in the east and low in the south and north; annual precipitation is 256.7~742.0 mm, with more in the south and less in the north; annual rainstorm days last 9~69 days, with a greater number in the north and lower in the south. The distribution of rainstorm days is similar to the distribution of the annual average temperature, which is different from the distribution of the annual precipitation.




2.2. Data Sources


The meteorological data were obtained from the Qinghai Meteorological Information Center, including the daily precipitation observations from 33 national meteorological observation stations (including national benchmark stations, basic stations, and general stations). The time that the meteorological data was obtained was selected from 1961 to 2021, and all data were subjected to strict quality control (Figure 2). The mean values in the paper are adopted from the standard climatic mean (mean values for 1991–2020).



The simulations from 10 climate models in the CMIP6 project were selected through the availability of daily precipitation for the historical run and future scenario runs (i.e., SSP1-2.6, SSP2-4.5, and SSP5-8.5) [40]. The multimodal ensemble mean (MME) method can effectively reduce the uncertainty of the simulations and presents the spatial pattern of precipitation extremes, which has been verified in numerous studies [41,42]. Only the first simulation member (r1i1p1f1) of each model is adopted. We resample all outputs of the 10 models to a common 0.25 × 0.25 resolution by using bilinear interpolation and only the data in the upper reaches of the Yellow River Basin.



Shared Socioeconomic Pathways (SSPs) are coupled with representative concentration pathways (RCPs), often applied to future project scenarios of socioeconomic development [43]. The projected population datasets are available at Socioeconomic Data and Applications Center (SEDAC), with ten-year intervals of 2010–2100 and a precision of 1 km on global land [44]. SSP1, SSP2, and SSP5 scenarios were selected to present population changes corresponding to low-, moderate-, and high-emission scenarios (i.e., RCP2.6, RCP4.5, and RCP8.5), respectively.




2.3. Methods


Since the rainfall in Qinghai province is small, the standard of rainstorm disaster is reached when the daily rainfall reaches ≥25 mm [45]. Therefore, in this paper, the rainfall process with ≥10 mm rainfall at a single station lasting ≥1 day and reaching ≥25 mm rainfall occurring during the process is called the rainstorm process.



The weighted comprehensive evaluation method is used to calculate the intensity of the rainstorm process [46]. It integrates the degree of influence of each indicator on the overall object. The effects of each specific indicator are combined and a quantitative indicator is used to focus on the degree of influence of the overall evaluation object. The calculation process begins with the normalization of each evaluation indicator [47]. Normalization is transforming a quantified value into a dimensionless value, which eliminates the quantified differences of each indicator. The calculation formula is:


   X  i j   =    R  i j   −  R  i m i n      R  i m a x   −  R  i m i n     ,  



(1)




where Xij is the normalized value of the ith indicator at site j; Rij is the ith indicator value at site j; Rimin and Rimax are the minimum and maximum values of the ith indicator value, respectively.



In this study, the maximum daily rainfall of the rainstorm process, the accumulated rainfall of the process, and the duration of the process are selected as the index factors for calculating the intensity of the rainstorm process. The intensity index of the rainstorm process is obtained by weighted summation. The calculation formula is:


  IR = A ×  R  24 pre   + B ×  R  pre   + C ×  R  day   ,  



(2)




where IR is the intensity index of the rainstorm process, R24pre is the process daily maximum rainfall, Rpre is the process cumulative rainfall, and Rday is the process duration days. A, B, and C are the weight coefficients of each index, which are determined by the information entropy assignment method. This method is based on the actual data of each sample used to find the optimal weights, avoiding artificial influencing factors; therefore, the index weights given are more objective and thus have higher reproducibility and credibility. The specific calculation method is described in reference [48].



A linear trend equation, a significance t-test [49], and the Yue–Pilon [50] method were used in performing the statistical analysis. The linear trend equation is:


   x i  = a + b ×  t i  .  



(3)







The climate variable of a sample size is denoted by xi, the corresponding event is denoted by ti, a univariate linear regression is created between xi and ti, a is the regression constant, and b is the regression coefficient.





3. Characteristics of the Intensity Change of the Rainstorm Process


3.1. Precipitation Variation Characteristics


From 1961 to 2021, the annual average precipitation upstream of the Yellow River Basin was 330.5 mm, with an overall increase of 8.1 mm/10a(years abbreviated as a). In terms of chronological changes, the annual precipitation fluctuated greatly in the early 1960s, and did not change significantly from the late 1960s to the 1990s. Moreover, the 1990s was the period with the lowest annual precipitation, which was only 308.8 mm. At the beginning of the 21st century, the annual precipitation began to increase significantly. Since the 2010s, it has been the period with the highest annual precipitation, reaching 346.2 mm. The year with the highest annual precipitation was 2018, which reached 429.4 mm (Figure 3a). From the perspective of spatial distribution, the annual precipitation in Minhe, Henan, and Huzhu, showed a decreasing trend, while the annual precipitation in the rest of the regions mainly increased, with an increase of 2.3~22.1 mm/10a. Additionally, the middle Yellow River Basin is the region with the most significant annual precipitation increase, with Guinan having the most significant increase, reaching 22.1 mm/10a (Figure 3b).




3.2. Index Characteristics of the Rainstorm Process


From 1961 to 2021, the annual average number of a rainstorm upstream of the Yellow River Basin was 35.5 stations, showing an overall increasing trend, with an increase of 2.3 stations/10a. The number of rainstorms was relatively few from the 1960s to the 1980s, and began to increase in the 1990s. The period of the 2010s had the heaviest precipitation processes, with an average of 39.2 stations per year, of which the highest frequency was in 2018, with 77 stations (Figure 4a).



During the rainstorm, the average daily maximum precipitation, cumulative precipitation, and duration of precipitation were 34.4 mm, 64.7 mm, and 2 days, respectively, therefore all show an increasing trend. The maximum daily precipitation showed a trend of first decreasing and then increasing, with a minimum in the 1980s, and it continued to increase, reaching a maximum in the 1910s (Figure 4b). The accumulated precipitation fluctuated, and the minimum and maximum values also appeared in the 1980s and after the 21st century (Figure 4c), respectively. Except for the high value in the 1970s, the duration of precipitation showed a steady upward trend in other years (Figure 4d). Judging from the changes of various indices, not only the number of rainstorm processes in the upstream of Yellow River Basin increased, but also the various indices of the rainstorm processes showed an increasing trend, indicating that the extremeness of precipitation was also increasing.



From the perspective of spatial distribution, rainstorms tended to occur more in the east and less in the west. The number of rainstorms in Xining, Huangzhong, Datong, and Huzhu in the northeastern basin, and Henan in the southeast are all over 50. Huangzhong had the most frequent precipitation events, reaching a total of 69 times, which occurred more than 2 times a year on average (Figure 5a). The distribution trend of the average daily maximum precipitation during the rainfall process is generally consistent with the distribution trend of the number of rainfall processes. The high-value areas are mainly distributed in Datong, Xining, Minhe, Huzhu, and Huang in the northeast of the Yellow River Basin. In the high-value area, Datong had the largest average daily precipitation, with a value of 41.3 mm (Figure 5b). The distribution characteristics of the accumulated precipitation and the duration of the precipitation process are essentially the same, and the overall distribution trend is high in the north and south and low in the middle areas. Among them, the high-value areas of accumulated precipitation include Gangcha, Datong, Menyuan, Tianjun, and Huzhu, and the accumulated precipitation is above 45 mm. Furthermore, there are two high-value areas in the southeast, Henan and Jiuzhi (Figure 5c). The duration of the rainstorm process lasts longer in the high-value southern regions, including in Jiuzhi, Qingshuihe, Maqin, Qumalai, Dari, Henan, Zeku, and Guinan, among other places. The northern high-value areas include Datong, Qilian, Menyuan, Gangcha, Haiyan, and Tianjun, and the average duration of precipitation is more than 1.5 days (Figure 5d). Henan County is the region with the largest average accumulated precipitation and the longest duration of precipitation, with values of 52.5 mm and 2 d, respectively. The maximum historical daily precipitation was 119.9 mm in Datong in 2013, the maximum accumulated precipitation was 154.3 mm in Henan County in 2016, and the maximum duration of the process was 6 days in Jiuzhi in 1979.




3.3. Intensity Characteristics of the Rainstorm Process


The intensity index of the rainstorm process is calculated according to Formula (2), and the larger the value, the higher the possibility of causing disasters. From 1961 to 2021, the intensity index of the rainstorm process upstream of the Yellow River Basin showed an overall increasing trend. From the perspective of chronological changes, it began to increase slowly after experiencing the high-value stage of the rainstorm process intensity index in the 1970s. The increasing trend after the 21st century is the most obvious, and it is the period with the highest intensity of the rainstorm process. In terms of years, 2018 was the year with the largest rainstorm process intensity index (Figure 6a). In terms of spatial distribution, there are two high-value centers of the rainstorm process intensity index in the northern and southern parts of the Yellow River Basin. Among them, the high-value and middle-value areas in the north include eight areas: Datong, Gangcha, Huzhu, Menyuan, Xining, Huangzhong, Tianjun, and Minhe. The high-value centers in the south include Henan and Jiuzhi. The rainstorm process intensity index was low in the northwestern Yellow River Basin and most areas of the source of the Yellow River (Figure 6b). From the spatial distribution of the intensity index of the rainstorm process, it can be seen that most of the administrative regions where the high-value areas are located are the areas with the most concentrated economy and population in Qinghai Province, which makes the region more vulnerable to rainstorm disasters.





4. Future Climate Risk Estimation for Rainstorm Disasters


4.1. Estimated Number of Days of Rainstorms in Future Scenarios


The number of days of a rainstorm upstream of the Yellow River Basin during the base period (1991–2020) is 1.1 d. The model estimation indicates that the frequency of rainstorms upstream of Yellow River Basin increases significantly in future scenarios, leading to increasing levels of combined climate risk. Even with the most stringent of carbon reduction measures in the future (the SSP126 scenario), the number of rainstorm days in the upstream of Yellow River Basin is expected to rise to 1.5 d by around 2050 (2036–2065), leading to a 60% increase in the socioeconomic risk index. In the medium-emission scenario (SSP245), the number of rainstorm days will rise to 1.6 days in around 2050, leading to a 67% increase in the socioeconomic risk index. If fossil fuels continue to be used as the main energy source (the SSP370 scenario), the number of rainstorm days in the upstream of Yellow River Basin will rise to 1.8 days in around 2050, leading to a doubling of the socioeconomic risk index from the historical base period (Figure omitted).



In terms of administrative districts, Xining, Datong, Huangzhong, Huzhu, and Henan County have the highest number of rainstorm days, and the historical base period (1991–2020) has reached more than 1.5 days per year. Under the future low- and medium-emission scenarios, it is expected to rise to more than 2.4 days around 2050, which is the most dramatic response to climate warming within the upstream Yellow River Basin (Figure 7a,b). Under the high-emission scenario, the number of days of rainstorm in Huangzhong is expected to exceed 3 days (Figure 7c,d).




4.2. Population Exposure Risk Estimation for Future Scenarios


The overlay of the predicted results by the number of rainstorm days and population shows that the population exposure in upstream of the Yellow River Basin during the historical base period is 3.833 million people per day (mpd), among which, Datong, Huzhu, and Huangzhong have the highest population exposure with 0.652 mpd, 0.574 mpd and 0.526 mpd. Under the low-emission scenario, it is expected that the population exposure to rainstorm hazards in the upstream of the Yellow River Basin will rise to 5.613 mpd around 2050, which is an increase of 46%, with Datong, Huzhu, and Xining all reaching over 0.526 mpd (Figure 8a). Under the medium-emission scenario, the population exposure to rainstorm hazards in the source of the Yellow River is expected to rise to 6.036 mpd around 2050, and the three county-level units with the highest exposure are expected to be Xining (0.956 mpd), Datong (0.919 mpd), and Huzhu (0.871 mpd) (Figure 8b). If no emission reduction measures are taken and the current carbon emission intensity continues, the population exposure will rise to 7.316 mpd around 2050, among which, the population exposure of rainstorm disasters in the Datong, Xining, and Huzhu counties (districts) will exceed one million people per day (Figure 8c). In particular, the population exposure of the rainstorm disaster in Datong will increase by 0.314 mpd; compared with the low-emission scenario, the values for Huzhu and Huangzhong both increase by more than 0.2 mpd (Figure 8d).





5. Discussion and Conclusions


This study analyzed the rainstorm intensity characteristics based on the daily rainfall data of 33 meteorological stations upstream of the Yellow River Basin from 1961 to 2021. The simulation results of 10 global climate models of CMIP6 and the socioeconomic prediction data of SSPs were used to analyze the possible changes of rainstorm hazard risk in the upstream of the Yellow River Basin region in the 21st century in three emission scenarios (SSP126, SSP245, and SSP370). The conclusions are as follows:




	
From 1961 to 2021, rainfall upstream of the Yellow River Basin showed an overall increasing trend, with an increased rate of 8.1 mm/10a. In the 21st century, the rising annual rainfall trend is becoming particularly significant. The maximum daily rainfall, accumulated rainfall, and the number of days of duration during rainstorms all show a rising trend, and the extremity of rainfall increases;



	
From 1961 to 2021, the intensity index of the rainstorm process showed an increasing trend. The increase has become pronounced since the beginning of the 21st century, which is the period with the highest value of the intensity index of the rainstorm process. Most of the administrative districts where the high-value areas are located are the most economically and population-concentrated areas in Qinghai Province. The risk of rainstorm disasters and possible damages will also increase;



	
The low-, medium-, and high- emission scenarios are all expected to show an increasing trend in the number of rainstorm days by around 2050 (2036–2065). Among them, the low-emission scenario will lead to at least a 60% increase in social risk. The medium-emission scenario will lead to a 67% increase in the socioeconomic risk index. In contrast, the high-emission scenario will lead to a doubling of the socioeconomic risk index from the historical base period.



	
As the hazards increase, the population exposure to the rainstorm hazards will also rise. If no measures are taken, the population exposure will rise to 7.316 million per day around 2050. This has more than doubled compared to the base period, with the increase being particularly significant in the northeast.








In the background of global warming, rainfall upstream of the Yellow River Basin is increasing. At the same time, the extremes of precipitation are increasing. The increasing trend is particularly evident in the northeastern basin areas where the population and economy are more concentrated, further increasing the risk of rainstorm disasters. The CMIP6 model’s prediction of the future rainstorm hazard risk in the watershed suggests that the social risk due to rainstorm hazards will increase under all three future low-, medium-, and high-emission scenarios, with even the low-emission scenario leading to a 60% increase in risk. The population’s exposure to rainstorm hazards will also tend to increase, and the significant area of increase will also be in the northeastern part of the basin. The risk situation for future rainstorm events in the region is critical. There is an urgent need to incorporate climate adaptation strategies into future urban development to better respond to the climate risks associated with extreme rainfall events. The results from this research are consistent with the research results of Su and Sun et al. [51,52]. At the same time, the increased risk of rainstorm hazards may pose new challenges to economic sustainability. It may increase urban-rural migration and thus affect the geospatial distribution of social exposure, which needs to be considered in local climate risk management. In future urban construction, we can take different defensive measures according to the pattern and impact of rainstorm disasters, such as improving urban flood control and drainage standards, building sponge cities, raising public awareness, increasing extreme rainstorm warnings, and purchasing urban flood insurance, in order to better cope with the climate risks associated with extreme rainstorm events.



In this paper, the storm process and its indicators were analyzed, and its intensity was calculated. However, in this study, only meteorological elements were considered in analyzing the impact of heavy rainfall in the upper reaches of the Yellow River, and the considerations of topography, water systems, and other disaster-generating environments were missing. In addition, the 33 meteorological observation stations are relatively few compared to the extent of the upper Yellow River area, and do not provide a good characterization of the spatial distribution. In future studies, additional data could be introduced to create a composite index that describes the multidimensional characteristics of climate extremes (e.g., the peak intensity and duration).
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Figure 1. Map of the location of the upper Yellow River Basin. 
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Figure 2. Data quality control flow chart. 
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Figure 3. Variation curve (a) and spatial distribution of variability (b) of annual precipitation in the upstream of Yellow River Basin from 1961 to 2021. 
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Figure 4. Variation curves of the number of rainstorm processes (a), maximum daily precipitation (b), accumulated precipitation (c), and duration of precipitation (d) in the upstream of Yellow River Basin from 1961 to 2021. 
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Figure 5. Spatial distribution of the number of heavy precipitation processes (a), daily maximum precipitation (b), accumulated precipitation (c), and duration of precipitation (d) in the upstream of Yellow River Basin from 1961 to 2021. 
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Figure 6. Changes in the risk level of rainstorm disasters under different climatic conditions in the upstream of the Yellow River Basin. (a) overall trend (b) spatial distribution. 
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Figure 7. Spatial distribution of rainstorm days around 2050 (2036–2065) in the upstream of Yellow River Basin in future scenarios: (a) low-emission scenario SSP126, (b) medium-emission scenario SSP245, (c) high-emission scenario SSP370, (d) the difference in rainstorm days between high- and low-emission scenarios. 
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Figure 8. Spatial distribution of population exposure to rainstorm disasters upstream of the Yellow River Basin at around 2050 (2036–2065) in future scenarios: (a) low-discharge scenario SSP126, (b) medium-discharge scenario sSSP245, (c) high-discharge scenario SSP370, (d) difference in population exposure between high- and low-discharge scenarios. 
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