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China, with its fragile environment and ecosystems, is vulnerable to climate change. Continuous changes in climatic conditions have altered precipitation patterns in most regions of China. Droughts become more frequent and severe in the Xi River basin in South China. It is expected that rapid urbanization and climate change will continue to aggravate water stress in this region. There is an urgent need to develop sustainable water management strategies in face of growing water demand and changing water availability. Projection of future climate change impacts on drought conditions has thus become imperative to support improved decision-making in sustainable water management. In this study, we assessed the risk of extreme droughts under future climate projections in the Xi River basin. The variable infiltration capacity (VIC) model was applied to simulate the hydrological processes of the basin under a multitude of future climate scenarios from CMIP5. Based on the precipitation and runoff series obtained from the VIC model, a comprehensive analysis with respect to the major characteristics of meteorological and hydrological droughts had been carried out. This study is of practical and theoretical importance to both policymakers and scholars. First, this study may be a readily available reference work for policymakers when taking consideration of building drought mitigation plans into future water management practices. Second, the findings in this study may provide some valuable insights into the inherent connection between climatic and hydrological changes under a changing climate. Recognition of the connection and interrelation may contribute to the improvement of climatic and hydrological models in practices.
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INTRODUCTION

Both climate change and global warming have been at the center of arguments for decades, but almost all scientists and scholars now have come to an agreement that the average temperature of our planet has risen by around 1°C since the last century and the rise is expected to continue in the future (IPCC, 2007). Rising global temperatures unfreeze polar ice caps resulting in sea level rise and regional climate change. Extreme weather events become more intense and frequent, e.g., heatwaves, floods, and droughts. As regional climate patterns change, their impacts from one location to another can be erratic (Zhou and Zhang, 2014; Wanders and Wada, 2015). While regional climate change has increased precipitation in some areas, it has also led to droughts in other regions. As a result, both short-term and long-term regional impact studies under climate change are needed to improve policymakers’ understanding of the changing climate and environment, and to highlight the urgency and necessity of developing regional climate mitigation and adaptation plans.

China, with its fragile environment and ecosystems, is vulnerable to the negative effects of climate change (Xu et al., 2015). In recent years, China has experienced more frequent extreme weather events, e.g., heavy rains and droughts (Wang and Li, 2005; Chen and Sun, 2015; Tan et al., 2016). In fact, continuous changes in climatic conditions have altered precipitation patterns in most regions of China, especially, in the southern portions of China. Droughts become more frequent and severe in many regions of southern China in recent decades (Huang et al., 2010; Li et al., 2012). It is expected that rapid urbanization and climate change will continue to aggravate water stress in southern China. There is an urgent need to develop sustainable water management strategies in face of growing water demand and changing water availability. Therefore, projection of future climate change impacts on drought conditions has become imperative to support improved decision-making in sustainable water management.

The Xi River is the longest river in South China, with a total drainage area of 353,000 km2, accounting for 78% of the total area of the Pearl River basin. The Xi River basin stretches from eastern Yunnan province into southern Guangdong province, and has a humid subtropical or tropical monsoon climate. In terms of mean annual runoff, the Xi River ranks 2nd behind the Yangtze River in China, and is almost 4.5 times that of the Rhine River in Europe. The mean annual precipitation in Xi River basin is approximately 1,447 mm (Niu and Chen, 2010). The Xi River basin is resource-rich, with fertile agricultural soils, abundant mineral resources, water and energy intensive industries, and supports fifty million people in South China. It has been positioned as a new national economic growth zone thanks to the economic development initiative of Xi River Economic Belt.

Although Xi River basin has abundant freshwater resources, there are many regions that are subject to periodic water scarcity due to maldistribution of water resources (Cui et al., 2007). About 80% of the annual precipitation falls during the wet season between April and September, while only 8% of that falls during the winter season between December and February (Duan et al., 2017). As a result of maldistribution of water resources, the Xi River basin has experienced recurring droughts and water stress (Fischer et al., 2013). An intense period of droughts occurred from 1962 to 1963 and about 5% of the basin land was affected, with an area of 16,200 km2 (Niu et al., 2015). A continuous period of droughts lasting 9 years occurred from 1984 to 1992 (Lin et al., 2017). A frequent period of droughts occurred from 2003 to 2015 and the basin had seen widespread droughts almost every year during this period (Wu et al., 2016). In addition, the Xi River basin has encountered great economic losses because of severe droughts in recent years (Xiao et al., 2012; Chen et al., 2013; Niu et al., 2015). Increasingly frequent droughts have caused significant socioeconomic impacts and necessitate urgent actions from government and stakeholders. Improving understanding of historical variations in precipitation and future trends in climate are needed so as to aid policymakers in building drought mitigation plans into local water management practices.

The Xi River basin has long been of interest to scientist and scholars because of its social, economic and cultural importance. Most studies across the Xi River basin were focused on the assessment of the hydrological changes through trend analysis, and only a few studies aimed at investigating climate change impacts on hydrological processes (He et al., 2009; Zhang and Lu, 2009). However, few studies had been carried out with a glimpse into the future. Moreover, with respect to future hydrological changes, most studies were focused on using General Circulation Models (GCMs) and hydrological models to analyze the long-term mean values of variations in hydrological conditions (Yuan et al., 2017). There were few studies focusing on the connection between climate change and hydrometeorological extremes at a regional scale, despite the fact that large river basins with so-called abundant freshwater resources and dense population may be particularly vulnerable to extreme weather incidents (Teng et al., 2012; Li et al., 2016).

To address the aforementioned issues, the objectives of this study are: (1) to project future streamflow in the Xi River basin and evaluate future drought conditions including meteorological and hydrological droughts by using two types of drought indexes, i.e., the Standardized Precipitation Index (SPI) and the Standardized Runoff Index (SRI); (2) to investigate climate change impacts on the variations in the mean and extreme values of drought characteristics by using three parameters, i.e., frequency, duration and severity; and (3) to reveal the inherent connection between climatic and hydrological changes under a changing climate.

The remainder of this paper is organized as follows. Section “Materials and Methods” describes the data and methods. Section “Results” presents the results of the relative changes of river flows and drought characteristics, as well as a relationship analysis among precipitation, temperature and runoff. Section “Discussion” gives a discussion, while the final section contains conclusions.



MATERIALS AND METHODS


Study Area

The Xi River basin is located in South China between 21–27.00°N latitude and 102.00–114.00°E longitude. The river rises in Yunnan province, flows through Guizhou, Guangxi and Guangdong provinces, and finally reaches the Pearl River Delta on the South China Sea. The total length of the river is about 2,214 km, including several main tributaries, e.g., Nanpan River, Hongshui River, Yu River, Liu River, etc. The location of the Xi River basin is shown in Figure 1.
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FIGURE 1. Location of the Xi River basin.




Climate Change Scenarios

In this study, we simulated the terrestrial hydrological processes over the Xi River basin with CMIP5 multi model ensembles (MMEs). The downscaled GCMs were obtained from “Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections”1. Then, we chose 16 GCMs based on selection criteria including data integrity of long-time series, usage frequency of numerical modeling, and variability of the downscaled data. The Bias Correction Spatial Disaggregation (BCSD) climatic data at a 0.5° × 0.5° spatial resolution and a monthly time step under the RCP4.5 scenario from 1960 to 2099 were used in this study. The summary of the selected GCMs is provided in Table 1.


TABLE 1. List of the Global Climate Models (GCMs) studied in this study.

[image: Table 1]To obtain local meteorological forcing data from the GCMs, which are the prerequisites of simulation of the Variable Infiltration Capacity (VIC) model, a stochastic weather generation method was applied to temporally disaggregate the monthly climatic data, including precipitation and temperature, into the daily meteorological forcing datasets (Wood et al., 2004). In addition, we chose RCP4.5 to study the potential impacts of future climate change. The reason is that a variety of mitigation actions have been taken in China to reduce greenhouse gas emissions; thus RCP4.5 may be an appropriate emissions scenario that can better reflect the future climate conditions in the Xi River basin (Riahi and Nakicenovic, 2007; Thomson et al., 2011; Gao et al., 2014). Therefore, the results obtained from this study may be more meaningful in terms of supporting decision-making in building future drought mitigation plans into local water management practices.



Macro-Scale Hydrological Model

The future terrestrial hydrological scenarios in the Xi River basin were derived from simulation of the VIC model. The historical meteorological forcing data required by the VIC model, such as temperature and wind speed, were obtained from the work of Feng et al. (2004). The soil and vegetation datasets required for the VIC model were obtained from the work of Nijssen et al. (2001). Previous studies demonstrated that the VIC model was capable of producing acceptable results for the purpose of runoff simulation in the Xi River basin by using the aforementioned meteorological parameters (Niu and Chen, 2010). Next, by using the BCSD climatic data as the input of the VIC model, the daily time series of the major hydrological parameters for the period 1960–2099 were obtained.



Drought Indices

The SPI and the SRI were used to analyze the meteorological and hydrological droughts, respectively. The SPI is calculated based on accumulated precipitation, which describes the degree of deviation of accumulated precipitation from climatological averages. The SPI is applicable at either monthly or multi-monthly temporal scales (e.g., 3-month) over different spatial scales so that it has been widely used to investigate the evolution of meteorological droughts (McKee, 1997). The procedure for calculating the SPI is outlined below. Firstly, an appropriate probability distribution is chosen to fit the accumulated precipitation. Then, the cumulative probability is calculated based on the accumulated precipitation according to the selected distribution. Finally, the SPI, i.e., the standard normal deviation with mean zero and standard deviation one, can be obtained from the cumulative probability. In this study, the log-normal distribution was selected to fit the accumulated precipitation over the Xi River basin (Niu et al., 2015). Thus, the SPI can be expressed as:
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where x is accumulated precipitation, y = ln(x); [image: image] is sample variance; [image: image] is sample mean. More information about calculation of the SPI can be found in Lloyd-Hughes and Saunders (2002). The procedure for calculating the SRI is similar to that of the SPI except a key point that the SRI is calculated based on accumulated runoff. The time series of the two drought indexes were calculated by using the monthly series for the whole-basin area as well as the grid cells in the Xi River basin for every GCM. The selected threshold for drought identification is zero, and thus a drought event is defined as a consecutive and uninterrupted period, with an SPI/SRI value lower than this level (Vicente-Serrano et al., 2017). Based on this definition, three different parameters can be obtained to characterize droughts: (1) frequency—the number of drought events in a given period; (2) duration—the length of an identified drought event; (3) severity—the accumulated deficit volume of an identified drought event.



RESULTS

The projected results show that the Xi River basin would experience a temperature increase of about 1.3–1.7°C in the near future (2030–2059) and a temperature increase of about 1.9–2.4°C in the distant future (2070–2099), in comparison with the historical period (1971–2000). As shown in Figure 2, the largest increase would occur in the northern part of the Xi River basin, whereas the smallest increase would occur in southeastern part in the near future. Unlike the moderate temperature increase in the near-future scenario, the northern part of the Xi River basin would experience an obvious increase in temperature up to 2.4°C in the distant future. These results indicate that temperature would increase continuously across the Xi River basin in the future regardless of spatial and temporal considerations. With respect to the changes in the precipitation pattern, the results also show an upward trend in annual precipitation, increasing up to 4.5% in the near future (see Figure 2C) and up to 7% in the distant future over the basin (see Figure 2D). Overall, it is expected that both average temperature and precipitation in the Xi River basin would increase in the future.
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FIGURE 2. Changes in temperature (°C) between the future periods and the historical period 1971–2000: (A) 2030–2059 and (B) 2070–2099, and changes in precipitation (%) between the future periods and the historical period 1971–2000: (C) 2030–2059 and (D) 2079–2099.



Spatial Changes in River Flows

The relative changes in extreme river flow and average river flow between the future periods (i.e., 2030–2059 and 2070–2099) and the historical period (i.e., 1971–2000) are shown in Figure 3. The 95th percentile (Q95) and the 10th percentile (Q10) of the monthly flow were used to describe the extreme conditions (i.e., the low flow and the high flow) in this study. The results from MMEs shown in Figure 3 indicate that climate change would have a significant impact on the hydrological patterns in the Xi River basin. For the near future (2030–2059), the low flow would probably decrease across the Xi River basin except several areas in the midstream region. In addition, the Xi River basin would probably see a more significant reduction in the low flow in the near future rather than in the distant future (2070–2099). For example, in the central basin, some grids show a significant decrease in the low flow by about 40–60%, while such a decrease climbs to around 20–40% in the distant future. A modest decrease in the mean flow is found across most areas of the Xi River basin. In the near future, the mean flow would probably reduce between 4 and 49%. There are only a few grids in the midstream showing an increase ranging from 2 to 13%. Similar implications could be obtained from observing the mean flow in the distant future, but the degree of reduction with respect to the mean flow would be alleviated in some regions of the central basin. The high flow would decrease in the midstream region under RCP4.5 in the near future. The changes in the high flow in the distant future would be very similar to that case, but the magnitude of reduction could be different. In addition, more grids show an increase in the high flow in the midstream and downstream regions during 2070–2099.
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FIGURE 3. Changes in river flows between the future period 2030–2059 and the historical period 1971–2000: (A) mean flow, (B) high flow (Q95), and (C) low flow (Q10), and changes in river flows between the future period 2070–2099 and the historical period 1971–2000: (D) mean flow, (E) high flow (Q95), and (F) low flow (Q10) over the Xi River basin.




Spatial Changes in Drought Characteristics


Mean Droughts

Figure 4 illustrates the relative changes projected by MMEs with respect to mean drought characteristics, i.e., frequency, duration and severity, between two future periods (2030–2059 and 2070–2099) and the historical period (1971–2000). Meteorological droughts described by the SPI would decrease in major areas of the Xi River basin, except the southeastern and northern parts of the Xi River basin. Meanwhile, the mean duration and severity of meteorological droughts would probably increase across most areas of the Xi River basin. However, the northern and eastern Xi River basin would experience a decrease in the mean duration. Our results indicate that global warming would result in less meteorological drought events but longer dry episodes across the Xi River basin. With respect to hydrological droughts described by the SRI, the drought frequency would increase over major parts of the Xi River basin. However, the northern and southeastern Xi River basin would experience a decrease in the mean duration and severity of hydrological droughts. Meanwhile, the increase in the mean duration and severity described by the SRI in the near future would be less than that of the SPI in the northern and southeastern Xi River basin. The reason could be attributed to the buffer processes of the land surface, leading to smaller changes in the mean duration of hydrological droughts in contrast to meteorological droughts.
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FIGURE 4. Changes in the characteristics of meteorological droughts for the SPI between the future periods (2030–2059 and 2070–2099) and the historical period (1971–2000): (A) frequency, (B) duration, (C) severity, and changes in the characteristics of hydrological droughts for the SRI between the future periods (2030–2059 and 2070–2099) and the historical period (1971–2000): (D) frequency, (E) duration, and (F) severity.


The relative changes in frequency, duration and severity for the distant future, i.e., 2070–2099, is shown in the bottom panel of Figure 4. More grids of the Xi River basin would see a significant increase in the frequency of meteorological droughts in the distant future than in the near future. However, the mean duration of meteorological droughts would decrease significantly in most parts of the Xi River basin. The changes in the spatial pattern of hydrological droughts in the distant future would be consistent with the changes described in period 2030–2059. For example, it is expected that the drought frequency would increase in most areas of the Xi River basin, especially in the western areas, while the mean duration and severity would probably decrease in major parts of the Xi River basin.



Extreme Droughts

Figure 5 describes the relative changes in extreme drought conditions between the future and historical periods. The longest duration of meteorological droughts would decrease in most areas of the Xi River basin, while the western and central areas of the basin would experience a notable increase in the longest duration of meteorological droughts. The highest severity of meteorological droughts would probably increase over most areas of the central Xi River basin. The relative changes in extreme hydrological droughts would show more intensive variations compared with that of extreme meteorological droughts. A decrease in the longest duration of hydrological droughts is observed affecting about 60% of the total grid cells across the Xi River basin. In the lower central part of the basin, the highest severity of hydrological droughts would be expected to increase, which is similar to the changes in meteorological droughts. The change patterns in extreme drought conditions show a multitude of changes as compared with that in mean drought conditions (Figure 4). For example, the mean duration of meteorological droughts would tend to increase in the lower central region of the Xi River basin, while the longest duration would tend to decrease in the same region. Moreover, with respect to both meteorological and hydrological droughts in the central Xi River basin, the increment in the longest duration and highest severity would be much greater than that in the mean duration and severity. These results describe worsening extreme drought conditions over the Xi River basin in the near future.
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FIGURE 5. Changes in the characteristics of extreme meteorological droughts for the SPI between the future periods (2030–2059 and 2070–2099) and the historical period (1971–2000): (A) longest duration and (B) highest severity, and changes in the characteristics of extreme hydrological droughts for the SRI between the future periods (2030–2059 and 2070–2099) and the historical period (1971–2000): (C) longest duration, and (D) highest severity.


Similar implications could be reached for the future period 2070–2099. As shown in Figure 5, more areas of the Xi River basin in the distant future would experience a decrease in the longest duration and highest severity of meteorological droughts. For hydrological droughts, the maximum increment in the longest duration would be around 85% in the central basin. Except the southern part of the central basin and the eastern part of the Xi River basin, the longest duration would decrease with similar patterns as the highest severity.



Response of Runoff to Climate Change in the Future

Our study indicates that climate change could affect the timing and magnitude of average and extreme river flows as well as mean and extreme drought conditions in the Xi River basin. According to the comparison results from Figures 2, 3, the changes of streamflow do not always follow the change patterns of precipitation, which indicates that both precipitation and temperature (evapotranspiration) could affect the hydrological processes. Thus, to assess the climate change impacts on streamflow, the annual percentage deviation for streamflow as a function of the annual percentage deviations for precipitation and temperature is described using the contour plot (Figure 6). It is observed that the percentage changes in annual streamflow are positively related to the annual precipitation changes, but negatively related to the annual temperature changes. In addition, streamflow seems to be more sensitive to the changes in precipitation than that in temperature. For example, a 30% increase in annual precipitation could result in a 60% increase in annual streamflow when temperature stays unchanged, whereas a 1.2°C decrease in temperature would lead to a relatively small increase in annual streamflow with unchanged annual precipitation (see Figure 6).


[image: image]

FIGURE 6. Contour plot of annual streamflow change (%) as a function of annual precipitation and temperature changes for the Xi River basin in the future.


Figure 7 is derived from several cross sections of Figure 6. Streamflow changes subject to temperature changes under different precipitation scenarios across the Xi River basin are shown in Figure 7A. For precipitation-increase scenarios, streamflow and temperature are almost linearly related, with different changing slopes, but this relationship may turn into dissimilar non-linear patterns under the precipitation-decrease scenarios. For example, the slope of the streamflow vs. temperature line is about 3% per °C for the 20% precipitation-increase scenario, indicating that a 1°C increase in temperature would result in a decrease of 3.0% in streamflow. For the 10% precipitation-increase scenario, a 1°C increase in temperature would lead to a 2.5% decrease in streamflow. However, for the precipitation-decrease scenarios, e.g., the 20% precipitation-decrease scenario, limited changes are found in streamflow as temperature changes. Figure 7B shows streamflow changes subject to precipitation changes under different temperature scenarios for the Xi River basin. It is observed that streamflow and precipitation are almost linearly related under a fixed temperature scenario. However, some fluctuations appear, especially in the cases with precipitation changes less than 10%, which might be attributed to numerical instability (Fu et al., 2007). For the scenario with a temperature increase of 1°C, the slope of the streamflow vs. precipitation line is about 2%, indicating that a 10% increase in annual precipitation would result in an increase in annual streamflow by 20%. Moreover, the change slopes for the streamflow vs. precipitation lines under different temperature scenarios are particularly similar. In general, annual streamflow is more sensitive to the changes in precipitation than that in temperature. Moreover, the sensitivity of streamflow with respect to the changes in temperature rises along with increasing precipitation.
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FIGURE 7. Streamflow changes as function of precipitation changes (A) and temperature changes (B) at different scenarios for the Xi River basin.




DISCUSSION


Uncertainties Arising From the Future Projections

In terms of drought risk analysis under climate change, projection of the variations of terrestrial hydrological processes is the first and most important procedure. However, these processes may be subject to a multitude of uncertainties owing to the selection of emission scenarios, GCMs, downscaling methods as well as impact models. The climate dataset used in this study was obtained from “Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections”—a project meant to provide access to spatial and temporal climate and hydrologic projections for water resource managers and planners based on CMIP3 and CMIP5 (Bureau of Reclamation, 2014). Global and regional studies have demonstrated the superiority of multi-model integration over to a single model (Lambert and Boer, 2001; Ziehmann, 2008; Pierce et al., 2009). The references above also indicate that in terms of selection of the models, with or without a preference for the quality of simulation in study areas, there would be no systematic differences. In this study, the 16 GCMs were statistically downscaled after bias-correlation, making it possible to characterize the potential uncertainties arisen from the GCMs. Moreover, several studies have demonstrated the reliability of the selected GCMs in global and regional climate change studies (Tan et al., 2017; Srinivasa Raju et al., 2017; Sunde et al., 2017; Merabti et al., 2018).

Selection of historical reference data is another potential source of uncertainty. Maurer et al. (2002) conducted a comprehensive verification of the historical reference data used in this study. Moreover, this study is meant to investigate the hydrological response to future climate change. Hence, the analysis had been emphasized on description of the hydrological conditions in the 21st century. Since the climate projections used in this study had been corrected using the BCSD method by other researchers, we do not reassess the reliability of the reference data. In addition, the results in this study are relevant to the specific historical periods. Different researchers used different historical periods as the reference periods for climate change studies, e.g., 1915–2006 (Mantua et al., 2010), 1976–2005 (Prudhomme et al., 2014), 1961–1990 (Kay and Davies, 2008), and 1971–2000 (Dankers et al., 2014; Leng et al., 2015). The near future of 2030–2059 and the distant future period of 2070–2099 were used in our study to provide policymakers with insightful information so as to aid them in building short-term and long-term drought mitigation or adaptation plans into future water management practices.

Due to the inherent characteristics of droughts, e.g., slow onset, as well as the resulting complicated impacts, drought regimes are more ambiguous than that of other water-related incidents (Svoboda et al., 2002). Thus, there is no one universal drought index that can be used to satisfy all needs of researchers; after all, different drought indexes are only suitable for specific drought types. To precisely and visually identify drought occurrence and magnitude, many quantitative definitions of drought indexes have been proposed (Palmer, 1965; Bhalme and Mooley, 1980; McKee et al., 1993). In this study, the SPI and SRI were used to assess the risk of meteorological and hydrological droughts, respectively. It is clear that both the SPI and SRI are only based on monthly data and thus cannot fully reflect actual drought situations. Despite this limitation, both indexes have been widely applied for monitoring specific types of droughts (Hao et al., 2016; Zhang et al., 2017; Merabti et al., 2018).



Comparison Between Our Studies and Previous Studies

Our results show that there exists a substantial increase in precipitation and temperature across the Xi River basin. The high flow is likely to increase in the midstream and downstream region of the basin in the future. The relative increases are larger in the high flow than that in the mean flow, indicating an increase in the risk of floods in the central and southern parts of the basin. Wang and Chen (2014) reported the changes in temperature and precipitation over China under RCP4.5 and RCP8.5 scenarios in the future, and found annual precipitation would increase in most area of China from 2010 to 2099. Sun et al. (2015) concluded that the annual precipitation of the Pearl River basin would increase in the distant future (i.e., after 2030), which is consistent with our findings. Yan et al. (2015) reported that the high flow would increase and the low flow would decrease over the downstream region of the Pearl River basin, and both the high and low flows would decrease in the upstream region of the Pearl River basin under RCP4.5 scenario for 2070–2099. Climate change impacts on droughts were also projected in this study. Our results indicate that the meteorological drought would be more serious in the near future. Zhai et al. (2010) presented the change patterns of dryness/wetness conditions in the Pearl River basin under A1B, A2, and B1 scenarios based on the ECHAM4 model outputs, and reported a finding that future dry periods would occur in the 2020s and 2040s, which is consistent with our findings.



CONCLUSION

In this study, we assessed extreme drought risk under future climate projections in the Xi River basin. The VIC model was applied to simulate the hydrological processes of the basin under a multitude of future climate scenarios from CMIP5. Based on the precipitation and runoff series obtained from the VIC model, a comprehensive analysis with respect to the major characteristics of meteorological and hydrological droughts, i.e., frequency, duration and severity, had been carried out. The main findings of this study can be summarized as follows:


•A notable declining trend in future flows, including mean flow, high flow and low flows, has been found over the entire basin.

•Significant regional and temporal variations in flow patterns has been found. In the near future, the high flow would be likely to decrease in the midstream region while the low flow would be likely to increase, indicating that this region would face a higher risk of droughts under a changing climate. In addition, most areas of the downstream region would experience an increase in the high flow, indicating a potential risk of floods in this region.

•The changes in drought characteristics imply that meteorological droughts would be more serious and persistent, while hydrological droughts would be more frequent in the near future. In the distant future, both meteorological and hydrological droughts would become more frequent.

•In general, the changes in annual runoff are more sensitive to precipitation than temperature. However, when precipitation increases, temperature may affect runoff generation much more.



Global warming has changed climate patterns in many regions, including the Xi River basin. The changes in regional climatic conditions increase the odds of worsening droughts, and thus place additional pressure on water availability, accessibility, and supply. The Xi River basin’s deteriorating drought conditions have sparked the interest of scientists and researchers and motivated major water policy modifications by providing a glimpse into the basin’s climatic future. In fact, it is difficult to plan for a drought and reduce its impacts when in droughts, and while short-term response plans provide relief support during the event, local authorities can benefit from proactive, longer-term planning that includes risk mitigation strategies. Therefore, projection of future climate change impacts on drought conditions is necessary for improved policy-making in face of future water stress.

This study is of practical and theoretical importance to both policymakers and scholars, despite its limitations in the methodology and model. First, the Xi River basin has been positioned as a new national economic growth zone in South China and this region is facing recurring droughts and worsening water stress in spite of so-called abundant freshwater resources. However, few studies have been carried out for assessing the risk of extreme drought conditions under future climate projections. As a result, this study may be a readily available reference work for policymakers when taking consideration of building drought mitigation plans into future water management practices. Second, the findings in this study may provide some valuable insights into the inherent connection between climatic and hydrological changes under a changing climate. Recognition of the connection and interrelation may contribute to the improvement of climatic and hydrological models in practices.
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FOOTNOTES

1
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