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The southeast coastal region of China is susceptible to challenges related to extreme precipitation events; hence, projection of future climate extremes changes is crucial for sustainable development in the region. Using the Regional Climate Model Version 4 (RegCM4), the future changes of summer precipitation extremes have been investigated over the Jiulongjiang River Basin (JRB), a coastal watershed in Southeast China. Comparison between the RegCM4 simulated and observed rainy season precipitation over JRB suggests that the RegCM4 can reasonably reproduce the seasonal precipitation cycle, the frequency distribution of precipitation intensity, and the 50-year return levels of precipitation extremes over JRB. Furthermore, the model projects an increase in daily maximum rainfall (RX1day) mostly over the northern part of the basin and a decrease over other parts of the basin, while projecting a widespread decrease for maximum consecutive 5-day precipitation amount (RX5day) relative to the present day. In terms of the 50-year return level of RX1day (RL50yr_RX1day), a general increase is projected over most parts of the basin in the near and far future of the 21st century, but a decrease can be found in the northeast and southwest parts of the JRB in the mid-21st century. The future change of the 50-year return level of RX5day (RL50yr_RX5day) shows a similar spatial pattern with that of RL50yr_RX1day in the near and mid-21st century, but with a larger magnitude. However, a remarkable decrease in RL50yr_RX5day is found in the south basin in the far future. Meanwhile, the projected changes in the 50-year return level for both RX1day and RX5day differ between the first and second rainy seasons in JRB. Specifically, the future increase in RL50yr_RX5day over the north basin is mainly contributed by the changes during the first-half rainy season, while the decrease of RL50yr_RX5day in the south is mostly ascribed to the future changes during the second-half rainy season. All above results indicate that the future changes of precipitation extremes in JRB are complicated, which might differ from extreme indices, seasons, and future projected periods. These will thus be of practical significance for flood risk management, mitigation, and adaptation measures in Jiulongjiang River Basin.
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1 INTRODUCTION
Since the pre-industrial period, the observed global mean surface temperature has risen considerably, which is accompanied by more intense rainfall extremes over the globe (Kharin et al., 2013; Donat et al., 2016; IPCC, 2019; Dike et al., 2020). Extreme rainfall over short durations and prolonged wet periods are known for triggering devastating flash floods (Norbiato et al., 2007; Alfieri and Thielen, 2015) and riverine floods (Tol et al., 2003; Dottori et al., 2018; Khalid et al., 2018). Intense precipitation extremes have also been reported in many river basins across China (Su et al., 2006; Gemmer et al., 2011; Wu X. et al., 2016), and this has been linked to flooding events of unprecedented magnitude in these river basins (Chen et al., 2006). Flood disaster constitutes a significant challenge to the livelihood of the people, given its profound impacts on water resource allocation and scheduling, and natural ecosystems in the watershed (Merz et al., 2010; IPCC, 2014; Hammond et al., 2015; Wobus et al., 2017).
Meanwhile, given the large population and rapid economic development, coastal areas are highly vulnerable to extreme precipitation events, typhoons, storm surge, and associated flood disasters (Lian et al., 2013; Wahl et al., 2015; Wang et al., 2017; Fang et al., 2020, 2021). In addition, medium and small-scale watersheds are highly susceptible to flash floods and riverine floods due to their steep mountainous terrain, low drainage capacity in urban areas, low regulation capacity, and short confluence time of floodwaters (Xu et al., 2000; Chen, 2014; Li et al., 2018; Yuan et al., 2021). As one of the medium-sized coastal watersheds in Southeast China, the Jiulongjiang River Basin (JRB) is also known for its susceptibility to extreme rainfall and associated flood disasters (Shen et al., 2019; Tang et al., 2021). Record-breaking extreme precipitation events and the attendant flood episodes have been reported in the basin (Huang et al., 2013; Su et al., 2016; Ervinia et al., 2018; Xiong et al., 2020; Chen et al., 2006). It is also found that precipitation extremes have increased significantly since the early 1990s, arising from the increase in convective activities over South China driven by interdecadal change of latent heat flux over the South China Sea and sensible heat flux over the Indochina peninsula (Ning and Qian, 2009). Therefore, it is imperative to explore the future changes of extreme precipitation events over JRB, which is crucial for planning holistic adaptation and mitigation strategies to forestall the devastating impact of flood hazards in the future.
Among different extreme indices, the Expert Team on Climate Change Detection Indices (ETCCDI) is commonly used for the investigation of climate extremes (Peterson et al., 2002; Zhang et al., 2011). Meanwhile, the return value fitting from a statistical extreme distribution is also widely utilized for the examination of the characteristics of precipitation extremes (Fischer et al., 2010; Xu et al., 2018). Generally, these methods have been used extensively for the investigation of precipitation extremes in both observational and numerical model studies (Fischer et al., 2010; Qin and Xie, 2016; Wu Y. et al., 2016; Xu et al., 2018). For instance, Qin and Xie (2016) examined future changes in precipitation extremes in many river basins across China and concluded that the maximum consecutive 5-day precipitation (RX5day), which is one of the ETCCDI extreme rainfall indices, will occur in most river basins in the future. Meanwhile, Su et al. (2016) reported a significant increase in the observed summer heavy precipitation days over the Yangtze River basin. Interestingly, Wu Y. et al. (2016) established that less frequent but more intense precipitation extremes will be prevalent in the future over the Yangtze River basin, with more distinct changes in mean precipitation. Relatedly, while examining the probability distribution of annual precipitation extremes over the Zhujiang River Basin during the 1961–2007 period, Fischer et al. (2010) estimated an average value of 200 and 329 mm for the 50-year return level for RX1day and RX5day, respectively. Furthermore, Xu et al. (2018) investigated the projected changes in RX5day extremes over China as measured by 50-year return values and found a general increase in the 50-year return values of RX5day in the future.
It is well recognized that the global climate model (GCM) is an important tool to project future climate change under different emission scenarios (Xu and Xu, 2012; Chen and Sun, 2013; Sillmann et al., 2013a; Sillmann et al., 2013b; Wuebbles et al., 2014; Zhou et al., 2014). However, GCMs struggle to capture the detailed characteristics of precipitation extremes on a watershed scale due to their relatively low resolution (Tabari et al., 2016). Therefore, dynamic downscaling approaches with high-resolution regional climate models (RCMs) are commonly utilized for future projection of climate extremes at the regional scale, specifically at small- to medium-sized watershed scale (Graham et al., 2007; Fischer et al., 2013; Halmstad et al., 2013; Qin and Xie, 2016). Among all these RCMs, the RegCM4 is one of the widely used models for regional climate simulation and future projection, especially over the East Asia region (Gu et al., 2012; Oh et al., 2014; Gao and Giorgi, 2017; Im et al., 2017; Wu and Gao, 2020). It is acclaimed for its robustness in reproducing the present-day climatology of summer precipitation in many river basins across China (Gao X. et al., 2017).
The main objective of this paper is therefore to investigate future changes in precipitation extremes over the JRB in the coastal region of Southeast China, based on the projection outputs from RegCM4 driven by a well-performed GCM. The analysis focuses on the very-high-risk events defined by the 50-year return levels of the intense precipitation extremes, particularly RX1day and RX5day, which are associated with flash and riverine flood disasters (Fischer et al., 2010; Kirchmeier-Young and Zhang, 2020). In addition, the absolute values of RX1day and RX5day are also presented. We compared the simulated seasonal cycle, the frequency distribution of precipitation, and return levels of precipitation extremes in the present day against observations to validate the model performance and thereafter investigated the projected changes of precipitation extremes under a medium greenhouse gas emission scenario, i.e., RCP4.5. The remainder of this paper is organized as follows. The study area, datasets, and methods are described in Section 2, followed by the validation of present-day simulations in Section 3. Section 4 provides the main results and discussions, including changes in the future precipitation extremes and their 50-year return levels, and the concluding remarks are presented in Section 5.
2 STUDY AREA, DATA, AND METHODS
2.1 Study Area
The JRB is a middle-sized coastal watershed in the southeastern part of China (Figure 1), covering 116°50′ to 118°02′E and 24°12′ to 25°44′N. The watershed is located in the subtropical monsoon climate zone with a drainage area of 14,700 km2 and mountainous catchments in the upper reaches. In addition, the basin is adjacent to the Northwest Pacific Ocean, which is one of the main sources of the global tropical cyclone. There are also nine meteorological stations distributed along the Jiulongjiang River. Among them, Zhangping, Longyan, and Huaan stations are situated in the mountainous upper reaches, which extend into the inland area and are relatively less affected by typhoons. Six other stations, i.e., Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen, are located in the downstream plain area, which is greatly susceptible to typhoon activities.
[image: Figure 1]FIGURE 1 | The location and topography of JRB and the distribution of rain gauging stations. The elevations are colored based on a Digital Elevation Model. The red and grey line indicate the boundary of JRB and Fujian province respectively.
2.2 Model and Data
This study uses the Regional Climate Model version 4 (RegCM4), a widely used RCM for regional climate simulation and projection over East Asia. The model used the Coordinated Regional Climate Downscaling Experiment (CORDEX) Phase II East Asia domain at 25-km grid spacing, with 18 vertical sigma layers and a model top at 10 hPa. The RegCM4 configuration follows Gao L. et al. (2017), while it used the CLM3.5 land surface scheme (Oleson et al., 2008), the convection scheme of Emanuel (1991), and a more reasonable land cover dataset over China (Han et al., 2017).
Meanwhile, the historical simulation and 21st-century climate change projection results from the Hadley Centre Earth System Model-Earth System (HadGEM2-ES; Collins et al., 2011), one of the participating climate models for the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012), are used to drive the RegCM4 model to obtain the high-resolution historical climate simulation and future climate change projection over the JRB. HadGEM2-ES is a coupled Atmosphere-Ocean General Circulation Model (AOGCM) with an atmospheric horizontal resolution of 1.875° × 1.25° with 38 vertical levels and an ocean resolution of 1° (increasing to 1/3° at the equator) and 40 vertical levels. Besides, the carbon cycle and short-lived forcing agents (gas and aerosol phase) components are added to HadGEM2-ES due to their large effect on the climate. Previous studies have demonstrated the capability of HadGEM2-ES in representing the main observed characteristics of the East Asian monsoon precipitation (Sperber et al., 2013; Jiang et al., 2016). It is also utilized as the only model to provide initial and lateral boundary conditions for RegCM4 to project the future climate change in the 21st century over Western Africa and China (Diallo et al., 2016; Shi et al., 2018) due to its good performance over the studied regions.
The historical simulation covers the period 1968–2005 for the present day with observed time-evolving greenhouse gas concentrations and 2006–2098 for the future. Considering the plausibility of a significant reduction in greenhouse gas emission due to the international efforts and commitment to carbon neutrality, with 2060 as the carbon neutrality target year for China (Mallapaty, 2020), a medium-range emission scenario (i.e., RCP4.5; Moss et al., 2010) is most likely probable. Therefore, this study only considers the projected changes in precipitation extremes under the mid-level pathway, thus RCP4.5. Meanwhile, we would also like to focus more on the projected changes of precipitation extremes before 2060, which is consistent with the target year for carbon neutrality in China.
To validate the performance of RegCM4 in reproducing the present-day rainfall extremes over the JRB, rainfall dataset from nine rain gauge stations obtained by the China Meteorological Agency (hereafter CMA), i.e., Zhangping, Longyan, Huaan, Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen stations, has been utilized. We compared the simulated annual cycle, the frequency distribution of daily precipitation intensity, and 50-year return levels of precipitation extremes in the present day against observations to validate the model performance, with a focus on the entire rainy season from May to September in the river basin.
2.3 Methods
This study uses extreme precipitation indices recommended by the ETCCDI (Karl et al., 1999; Peterson et al., 2002; Zhang et al., 2011). We focus on two indices that are closely related to flash and riverine flood disasters (Zhang et al., 2011; Alexander and Herold, 2015; Kirchmeier-Young and Zhang, 2020), i.e., RX1day for the maximum 1-day precipitation and RX5day for the maximum consecutive 5-day precipitation.
The 50-year return level, the threshold that is exceeded by seasonal or annual extreme with a probability of 2%, has also been utilized as another index for measuring the amplitude of precipitation extreme under the fixed probability of occurrence. Events with a magnitude of rainfall amount exceeding the 50-year return level threshold value can be considered as rare and very high risk. The 50-year return levels of the abovementioned rainfall indices RX1day and RX5day are hereafter referred to as RL50yr_RX1day and RL50yr_RX5day, respectively, and the parametric extreme value approach is applied in this study to esimate the 50-year return levels of RX1day and RX5day (Min et al., 2011; Kharin et al., 2013).
To get the RL50yr_RX1day, the extreme-value sample is constructed from RX1day in a given season of each year during an n-year period. Thereafter, the sample is sorted in a descending order (x1, x2, …, xm, …, xn), and the associated empirical frequencies (1/(1 + n), 2/(1 + n), …, m/(1 + n), …n/(1 + n)) are calculated. Then following Yan et al. (2014), the Pearson III (P-III) distribution (Srikanthan and McMahon, 1981) is used to fit the sample with the empirical frequency. Finally, the corresponding 50-year maximum 1-day precipitation is determined from the fitted P-III function with the probability of 2%. The RL50yr_RX5day is estimated in the same way as the fitting sample constructed from RX5day.
Accordingly, the mean state of extreme precipitation indices (RX1day and RX5day) and their 50-year return values (RL50yr_RX1day and RL50yr_RX5day) are estimated for the present period (1986–2005) and the near future (2021–2040), mid-future (2041–2060), and far future (2081–2098). Additionally, the projected changes in precipitation extremes are defined as the difference between values for a future period and the present-day levels.
3 RESULTS
3.1 Simulation of Summer Precipitation and Extremes Over JRB
To evaluate the performance of RegCM4 in simulating rainfall over JRB, we assess the ability of the model in representing the observed (1986–2005) seasonal rainfall cycle and the frequency distribution of daily precipitation, as well as the 50-year return levels of RX1day and RX5day in each station for the entire rainy season.
Figure 2 shows the seasonal evolution of mean rainfall at the nine stations from CMA station observations and RegCM4 simulations during the present-day period (1986–2005). Approximately 65% of the annual precipitation occurs from May to September (hereafter rainy season). The observed annual rainfall at each station is characterized by a bimodal pattern, with two peaks occurring in June and August. Rainfall increases from January and reaches its first peak in June, with a magnitude of 8.3 mm/day on average, corresponding with the onset of the Indian monsoon, which strengthens moisture transport to South China from the South China Sea (Li, 1999). Thereafter, an abrupt rainfall retreat is observed in July with a minimum of 5.7 mm/day on average, as a result of the northward shift of the East Asian monsoon rain belt (Huang et al., 2009; Zhang and Wei, 2009; Li et al., 2013). The rainfall then increases in August with a mean of 8.5 mm/day, resulting from an attendant increase in moisture convergence over the river basin due to typhoon activities (Xiaoyan et al., 2017). A substantial reduction is observed from 5.8 to 1.2 mm/day in September to December, respectively. This suggests that the entire rainy season in the JRB can also be separated into two sub-rainy seasons, i.e., the first rainy season during May to June and the second rainy season from July to September, due to the bimodal seasonal cycle and their different climatic drivers.
[image: Figure 2]FIGURE 2 | The seasonal cycle of monthly mean precipitation (mm/day) at (A) Zhangping, (B) Longyan, (C) Huaan, (D) Changtai, (E) Nanjing, (F) Pinghe, (G) Zhangzhou, (H) Longhai, and (I) Xiamen meteorological stations during 1986–2005. The red lines are for observations and blue lines for RegCM4 outputs driven by HadGEM2-ES.
Compared with the observations, the RegCM4 skillfully captured the seasonal evolution of precipitation over JRB. At Zhangping, Longyan, and Huaan stations in the upstream basin, the simulated precipitation cycle shows a similar bimodal seasonal cycle to the observations (Figures 2A–C). For the downstream stations (Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen), the simulations captured the maximum rainfall from May through September and the minimum from October through April, albeit with a peak in July, which is contrary to the observation (Figures 2D–I). Meanwhile, a slight overestimation of 2–3 mm/day in the rainy season is found at each station, which could be ascribed to the excessive moisture transportation simulated by RegCM4 (Pattnayak et al., 2018).
Figure 3 shows the frequency distribution of daily precipitation intensity calculated at nine stations for the entire rainy season over JRB from the RegCM4 simulations and CMA observations during the present-day period (1986–2005). The frequencies of heavy precipitation events (defined as daily precipitation ≥50 mm) are also presented in Table 1. The observed frequency displays an exponential decay with the increasing precipitation intensity. In general, the observed frequency of heavy precipitation events is higher at downstream stations Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen (more than 3.0%) than at upstream stations Zhangping, Longyan, and Huaan (less than 2.8%). Besides, heavy precipitation events are most frequent at Nanjing and Pinghe with a frequency of about 3.9%, while maximum precipitation is about 140 mm/day at Zhangping, Longyan, and Huaan stations. Moreover, near the estuary station, higher precipitation intensity of about 220 and 240 mm/day can also be found for Longhai and Xiamen stations, respectively.
[image: Figure 3]FIGURE 3 | Frequency distributions of daily precipitation intensity (mm/day) calculated at (A) Zhangping, (B) Longyan, (C) Huaan, (D) Changtai, (E) Nanjing, (F) Pinghe, (G) Zhangzhou, (H) Longhai, and (I) Xiamen meteorological stations for the entire rainy season during 1986–2005. The red lines indicate the observation, and the blue lines are for RegCM4 simulation driven by HadGEM2-ES.
TABLE 1 | CMA observed and RegCM4 simulated heavy rainfall frequencies (%) (daily precipitation intensity ≥50 mm) in the rainy season during the reference period of 1986–2005 at Zhangping, Longyan, Huaan, Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen meteorological stations over JRB.
[image: Table 1]Compared to observations, the RegCM4 reproduced an exponential decay in frequency quite well with increasing precipitation intensity at each station. For the heavy precipitation events, the RegCM4 captured the observed characteristics of lower frequencies at the upstream stations and higher frequencies at the downstream stations. Furthermore, the frequencies of heavy precipitation events at Changtai, Pinghe, and Xiamen are 3.2%, 3.9%, and 3.0%, which are very close to the observed ones of 2.9%, 4.1%, and 2.6%, respectively. In addition, the largest precipitation intensity in Changtai and Huaan is about 190 and 155 mm/day with the biases between simulations and observations being less than 10 mm. Overall, Figure 3 and Table 1 indicate that RegCM4 performed well in representing the observed frequency of daily precipitation intensities during the rainy season in the river basin.
The observed and simulated present-day (1985–2006) 50-year return levels of RX1day and RX5day, as well as their relative biases, are presented in Table 2. From the observations, the downstream stations (Nanjing, Pinghe, Zhangzhou, Changtai, Longhai, and Xiamen) show more intense 50-year RX1day (in the range from 201 to 304 mm) than the upstream stations (Longyan, Zhangping, and Huaan) (less than 190 mm). Meanwhile, the smallest RL50yr_RX1day of 129 mm occurs at the upstream station Zhangping, while the largest RL50yr_RX1day of 304 mm is found at Longhai in the downstream region, which is likely induced by typhoon activities. Similarly, the observed RL50yr_RX5day also exhibits a more intense value at the downstream stations than at upstream stations, with the most extreme value of 644 mm at Longhai and the smallest one of 253 mm at Zhangping.
TABLE 2 | 50-year return levels (mm) of RX1day and RX5day estimated from RegCM4 outputs driven by HadGEM2-ES and observed station data (CMA), and their relative bias at Zhangping, Longyan, Huaan, Changtai, Nanjing, Pinghe, Zhangzhou, Longhai, and Xiamen meteorological stations over JRB during the reference period of 1986–2005.
[image: Table 2]Compared to observations, the RegCM4 reasonably reproduced RL50yr_RX1day, with relative biases of less than 15% at most stations of JRB, except for Longhai and Xiamen stations. Notably, the simulated RL50yr_RX1day at Nanjing and Zhangzhou (201 and 202 mm) is nearly equal to the observations (201 and 208 mm). In addition, the model skillfully captured the more intense RL50yr_RX1day in downstream plain areas than in upstream mountainous areas. RegCM4 also simulated the maximum and minimum RL50yr_RX1day for Longhai and Zhangping, which is concordant with the observations. For RL50yr_RX5day, the biases between simulations and observations are mainly less than 16% at six out of nine stations, with less than 6% bias at Longyan, Zhangping, and Pinghe. The observed minimum RL50yr_RX5day at Zhangping can also be well simulated by RegCM4. Overall, the model exhibits good performance in reproducing the 50-year return level of RX1day and RX5day over JRB in the reference period (1986–2005).
Generally, the foregoing suggests that RegCM4 shows reasonably good performance in simulating the seasonal cycle, the frequency distribution of daily precipitation for the rainy season, and 50-year return levels of RX1day and RX5day over JRB. It is therefore rational to use the RegCM4 to project the future change in precipitation extremes over JRB, with the lateral forcing from HadGEM2-ES.
3.2 Projected Future Changes in Precipitation Extremes
In this section, the projected changes of extreme precipitation (RX1day and RX5day) relative to the present-day levels and their 50-year return values (RL50yr_RX1day and RL50yr_RX5day) for different periods in the 21st century are presented. For simplicity, the present-day period of 1986–2005, near-future period of 2021–2040, mid-future period of 2041–2060, and far-future period of 2081–2098 will be referred to as P0, P1, P2, and P3 respectively.
3.2.1 Projected Changes in Mean ETCCDI Precipitation Extremes Indices
Figure 4 presents the spatial distribution of average RX1day and RX5day over the JRB during 1986–2005 (hereafter P0), as well as the projected changes of RX1day and RX5day in different future periods relative to the present-day period. As shown in Figure 4A, the mean RX1day increases from 30 mm in the northeast basin to 80 mm in the southwest basin during P0. In the near future (P1: 2021–2040), the model projects inhomogeneous changes in RX1day in the region (Figure 4B). It is found that the southern and the northeastern extremities will experience about a 4-mm increase in mean RX1day, while the middle to the northwest will experience about a 4-mm decrease in RX1day as compared to the P0 period. The situation is not farfetched during period P2 (2021–2040) (Figure 4C); the basin will record a more significant reduction up to 12 mm in RX1day extremes in most areas, except for the north-central part area where a mild increase of less than 4 mm is found, leading to the comparable magnitude of RX1day in the northwest and south parts (Supplementary Figure S1). As shown in Figure 4D, the northern and southern parts might be exposed to more intense RX1day precipitation extremes while the central part will likely be exposed to a lesser magnitude of RX1day extremes at the end of the 21st century (P3: 2081–2098) relative to period P0.
[image: Figure 4]FIGURE 4 | Spatial distribution of present-day (P0: 1986–2005) mean (A) RX1day and (E) RX5day for the entire rainy season in JRB, and the projected changes in precipitation extremes for (B–D) RX1day and (F–H) RX5day during the near-future P1 (2021–2040), mid-future P2 (2041–2060), and far-future P3 (2081–2098) relative to the present-day. The black dots indicate statistically significant changes at 90% confidence level.
Figures 4E–H show the results for maximum consecutive 5-day precipitation (RX5day). As shown in Figure 4E, considerable spatial variations can be seen in the mean RX5day extremes, with mean values exceeding 120 mm in the southwestern part while the least values of 80 mm are seen over the fringes of the northeast. Figure 4F illustrates that the near-future period will experience a widespread reduction of 4–12 mm in RX5day relative to the present-day levels. The reduction in RX5day further deepened in the mid-future; as such, Figure 4G shows a widespread significant reduction in RX5day extreme over the river basin, with the largest decrease of 16 mm in the southwest. In the far future, the RegCM4 projects an increase by 2–6 mm in RX5day only over the southern boundary while the rest of the river basin will experience weaker intensity of RX5day extreme as compared to the present-day levels. It is important to note that this does eliminate the occurrence of RX5day extreme during this period. However, the southern boundaries may be exposed to stronger riverine floods due to the intensification of RX5day extremes in the far future.
3.2.2 Projected Changes in the 50-Year Return Value of Precipitation Extreme Indices
Figure 5 displays the spatial distribution of present-day RL50yr_RX1day and RL50yr_RX5day, as well as their projected changes during the rainy season over JRB in the future relative to the P0 period. In Figure 5A, the largest values of more than 200 mm for present-day RL50yr_RX1day can be found over the southwest and southeast coastal areas of the JRB, which is consistent with the high magnitude of RL50yr_RX1day reported by Sun and Zhang (2017). This indicates that severe RX1day events are recorded in these regions. The projected changes of RL50yr_RX1day in P1, P2, and P3 relative to P0 are listed in Figures 5B–D, respectively. Although Figure 4B suggests a slight patchy increase in RX1day, the model projects a widespread increase in RL50yr_RX1day over the river basin in P1. Notably, the increase in P1 is mostly in the range of 20–80 mm throughout the basin, with the largest increase of up to 130 mm in the center of the river basin. This suggests that rare and severe flash flood events will be widespread in P1, as Supplementary Figures S2B illustrates a higher magnitude (more than 350 mm) of RL50yr_RX1day during the period. To a large extent, the situation is not farfetched for the far future, as the model projects a general increase of 20–80 mm through P3. It is also noteworthy that the RL50yr_RX1day will decrease in the southwest and northeast with a reduction of 40–130 mm in P2, while in the mountain areas of the northwest and the southeast coastal areas, RL50yr_RX1day will increase by around 40 mm. This calls for proactive adaptive measures to forestall the devastating impact of flash floods resulting from the occurrence of rare and severe RX1day events.
[image: Figure 5]FIGURE 5 | Spatial distribution of present-day (P0: 1986–2005) 50-year return level for (A) RX1day and (E) RX5day for the entire rainy season in JRB, and the projected changes in 50-year return level for (B–D) RX1day and (F–H) RX5day during the near-future P1 (2021–2040), mid-future P2 (2041–2060), and far-future P3 (2081–2098) relative to the present-day.
Next, we show in Figure 5E the present-day RL50yr_RX5day simulations in the rainy season and Figures 5F–H the projected change in the 21st century. Figure 5E suggests that the magnitude of present-day RL50yr_RX5day extremes scales across the latitude (from south to north) from 200 to 550 mm. From Figure 5F, it is found that the projected RL50yr_RX5day will increase by 80–130 mm over the northern part of the river basin in P1. However, a substantial induction of RL50yr_RX5day, mostly in the range of 20–130 mm, is found over the southern part of the river basin. This is to some extent, consistent throughout the 21st century. The foregoing demonstrates that under RCP4.5, the intensity of rare and severe RX5day extreme events will increase in northern areas of JRB throughout the 21st century, with a higher magnitude of the 50-year return levels (more than 350 mm) projected over sub-regions (Supplementary Figures S2F–H). This further suggests that severe flash flood and riverine flood events will be more intense in the rainy season over northern JRB. The increase in the intensity of rare precipitation extremes is reportedly associated with global warming (Myhre et al., 2019; IPCC, 2021), which is also evident in the medium-range greenhouse gas emission scenario. However, the projected decrease of the rainy season RL50yr_RX5day over the southern fringes of the river basin indicates that the region is less prone to rare and severe RX5day events and associated flood disasters in the future.
3.2.3 The Sub-seasonal Difference in the Projected Changes of Precipitation Extremes
It is suggested from Figure 2 that there are two sub-rainy seasons in JRB, which are influenced by different climatic drivers. So, it is interesting to understand whether the future changes in precipitation extremes are consistent throughout the entire rainy season, or the future changes of precipitation extremes in one sub-season might dominate. To answer this question, we further present the spatial distribution of the projected change of RL50yr_RX1day in the first-half and second-half of the rainy season during the 21st century relative to the present day (Figure 6).
[image: Figure 6]FIGURE 6 | Spatial distribution of the projected changes in 50-year return levels (mm) of RX1day under the RCP4.5 for (A) the entire rainy season, (B) the first-half rainy season, and (C) the second-half rainy season during P1 (2021–2040) relative to present-day P0 (1986–2005). (D–F) and (G,H) are the same as (A–C), but for changes during P2 (2041–2060) and during P3 (2081–2098) respectively.
Comparing Figure 6A with Figure 6B, we can find that there exists a remarkable difference in the spatial pattern of RL50yr_RX1day changes between the first-half and entire rainy season during P1 (2021–2041), especially in the southern part of the river basin. However, the spatial pattern of RL50yr_RX1day changes in the second-half of the rainy season agrees quite well with that for the entire rainy season, with a pattern correlation coefficient (PCC) of 0.75 between the second-half and entire rainy season. This indicates that the changes in 50-year return level of RX1day are largely contributed by the projected changes during the second rainy season in the near-future period. Moreover, we can find that the high pattern correlation between Figure 6A and Figure 6C can be ascribed to the pattern similarity of RL50yr_RX1day changes in the southern part of the river basin. More specifically, a substantial increase in RL50yr_RX1day by 80–130 mm can be found in the southwest basin for the second-half rainy season, while a reduction of 20–130 mm in the southeast basin is witnessed. A similar change pattern of RL50yr_RX1day can also be found in Figure 6A, but with weaker amplitude.
In the mid-future period during 2041–2060, the spatial pattern of RL50yr_RX1day changes in the first rainy season, showing higher similarity with that for the entire rainy season, with a PCC of 0.64 between the first-half and entire rainy season, and this is contrary to the situation for the near-future period. From Figure 6E, we can find that the projected RL50yr_RX1day for the first rainy season in P2 increases by 40–130 mm in northwest JRB and mainly by 20–40 mm in south JRB. Meanwhile, a decrease of RL50yr_RX1day by 20–130 mm in the central north and northeast basin in P2 can also be found. However, Figure 6F shows that most parts of the river basin will experience more intense RL50yr_RX1day during the second rainy season, with the increase mostly ranging from 20 to 120 mm, especially in the mountain areas.
Figures 6G,H show the results for the far-future period during 2081–2098; we can find that the projected change in RL50yr_RX1day for the first rainy season mimics the spatial distribution of change during the entire rainy season, with a PCC as high as 0.80. The increase of RL50yr_RX1day in P3 can be found over most parts of the river basin, with larger increases in the north and south JRB, and a decrease in RL50yr_RX1day can be found only in small areas located in the central part of JRB. Although the spatial pattern of the entire rainy season RL50yr_RX1day is largely influenced by the pattern of the first rainy season, a higher magnitude of increase of 40–130 mm in RL50yr_RX1day is found over the northern areas during the second rainy season (Figure 6I). In summary, the projected change in RL50yr_RX1day indicates that the intensity of high-risk single-day precipitation extremes will generally get stronger in terms of the 50-year return level of RX1day during the sub-seasons (Supplementary Figure S3). Meanwhile, the spatial distribution of the projected change for the entire rainy season in near future is mostly influenced by the projected changes during the second rainy season, and this might indicate the influence from more typhoon activities in the near future, whereas in the mid-future and far-future periods, the spatial pattern of the projected changes in RL50yr_RX1day for the May–September season is largely similar to the projected pattern of the first rainy season.
Lastly, we compare the spatial pattern of the projected change of RL50yr_RX5day for the two sub-seasons and the entire rainy season as shown in Figure 7. The projected spatial distribution of RL50yr_RX5day changes in the second rainy season shows high similarity with that for the entire rainy season in the near future (P1), with PCC reaching 0.89, and this suggests that the RL50yr_RX5day changes in the second rainy season might contribute substantially to that for the entire rainy season (Figures 7A,C). From Figures 7A,C, a strong reduction of up to 180 mm for RL50yr_RX5day in the southeast basin can be found for the second rainy season, and it is much greater than the reduction obtained for the entire rainy season, which mostly ranges from 40 to 130 mm. However, it is also noticeable that the increase in RL50yr_RX5day during the first rainy season is widespread, with the largest increase of 80 mm in the northwest basin, which dominates the RL50yr_RX5day change pattern in the northwest basin for the entire rainy season (Figure 7B).
[image: Figure 7]FIGURE 7 | Spatial distribution of the projected changes in 50-year return levels (mm) of RX5day under the RCP4.5 for (A) the entire rainy season, (B) the first-half rainy season, and (C) the second-half rainy season during P1 (2021–2040) relative to present-day P0 (1986–2005). (D–F) and (G,H) are the same as (A–C), but for changes during P2 (2041–2060) and during P3 (2081–2098) respectively.
Figures 7D,E suggest that the spatial distribution of the projected first rainy season RL50yr_RX5day in P2 has a large influence on the result obtained for the entire rainy season, especially in the northwest basin with a large reduction of more than 130 mm. Nevertheless, a slight reduction of about 20 mm in RL50yr_RX5day for the entire rainy season can be found in the southern basin except for the southeastern fringe in P2, which is mainly attributed to the projected decrease in RL50yr_RX5day over southern JRB during the second rainy season (Figure 7F).
The spatial distribution of the projected change of RL50yr_RX5day in P3 for the entire rainy season and sub-seasons mimics the spatial pattern in P1, except for the southwest basin, but the magnitude of changes in RL50yr_RX5day in P3 is larger than that in P1 (Figures 7G–I). Furthermore, the future increase in RL50yr_RX5day over the northern part of the river basin in P3 is mainly contributed by the changes during the first-half rainy season, while the decrease of RL50yr_RX5day in the south is mostly ascribed to the future changes during the second-half rainy season. It is important to note that the dipolar structure of the projected change in RL50yr_RX5day during the first rainy season demonstrates that riverine floods will be more dominant in both the northwest and south parts of the basin in P3 (see Supplementary Figure S4H), which is also consistent with the findings by Xu et al. (2018) for the South China region.
4 DISCUSSION AND CONCLUSION
In this study, we have investigated the projected changes in precipitation extremes over the JRB under a medium-range greenhouse gas emission scenario. Firstly, we evaluated the performance of RegCM4 forced by HadGEM2-ES in simulating present-day precipitation seasonal cycle. Results indicate that RegCM4 reasonably captured the seasonal evolution of monthly mean precipitation, albeit overestimating the climatology of rainy season precipitation. Meanwhile, the RegCM4 also well captured the observed frequency distribution of precipitation intensities, and the magnitude of the 50-year return level for the maximum 1-day precipitation (RX1day) and the maximum consecutive 5-day precipitation (RX5day) as seen in observations.
This study employs RX1day and RX5day precipitation extremes, which represent intense precipitation associated with flash floods and riverine floods (Kirchmeier-Young and Zhang, 2020). The two precipitation indices are designated as precipitation extremes with a direct impact on water resources and hydrology sectors (Alexander and Herold, 2015). Overall, the RegCM4 projected a decrease in the mean RX1day extreme index in the southern part of the river basin in the future. However, results also show that the model simulated high spatial variability of intense precipitation at different periods, with general features suggesting a slight increase by 2–4 mm in RX1day over the northern part of the river basin until the end of the 21st century. This suggests that the northern parts of the river basin will probably experience higher levels of intense single-day precipitation relative to the present day with the attendant flash flood disasters. Moreover, in the near future and the far future, an intense increase in RX1day extreme is also projected over the southern boundaries of the river basin. While the model projects a general decrease by 4–12 mm in mean RX5day over the river basin, there are indications that the severity of RX5day extremes will increase by 2–8 mm over the southern boundaries at the end of the 21st century. Additionally, the projected general decrease of RX5day in most areas of JRB may induce randomness of water supply, which limits water resource allocation and scheduling.
Although there is an overall slight reduction in the projected intensity of RX1day extremes in most of the river basin, there are indications that 50-year return level values of RX1day extreme in the rainy season will increase in most areas of the JRB in the 21st century. This suggests that the intensity of high-risk single-day precipitation extremes will generally get stronger, or the rare and severe precipitation will probably increase over the river basin with high-risk flash flood events.
On the other hand, the 50-year return level of RX5day extremes will exhibit a dipole structure, with a great reduction by 40–130 mm in the southeast and a substantial increase by 80–130 mm in the northwest in the future. This suggests that more intense precipitation extremes will likely occur over the upper reaches of JRB, which might trigger rare and high-risk riverine flood disasters, while precipitation extremes in the southern part of the river basin will become less intense, perhaps due to spatial variation of moisture convergence (Wu et al., 2020). This could also be ascribed to the future changes in landing typhoon activities in the coastal areas. Nonetheless, the projected increase in RX1day, RL50yr_RX1day, and RL50yr_RX5day, especially in the mountain areas, portends an increase in the intensity of rare precipitation extremes in the river basin, which has been reportedly associated with global warming (Myhre et al., 2019; IPCC, 2021). This will perhaps invigorate episodes of severe flash floods, mudslides, and landslides in most areas, with disastrous impacts on the society, economy, and ecological environment. It is therefore important to design adaptive measures to forestall the devastating impacts of these events.
Furthermore, it is important to note that there exists a substantial sub-seasonal difference in the projected pattern of the 50-year return extreme levels within the entire rainy season, which also varies with the projected future period. For instance, the spatial pattern of RL50yr_RX1day change in the first rainy season mimics that for the entire rainy season in the far-future period. However, the high magnitude of the return level projected over the northwest part of the river basin in the second rainy indicates a possible high-risk flash flood. For the projected increases of RL50yr_RX5day in the entire rainy season over the northern river basin, it is mainly connected to the changes during the first rainy season, while the projected decrease in the entire rainy season RL50yr_RX5day in the southern part of the basin is mostly linked to the changes during the second rainy season.
Moreover, future hydrologic design has largely relied on the projected return level of precipitation extremes (Milly et al., 2008; Rosenberg et al., 2010). The projected increase in the return levels of precipitation extremes over the northern part of the river basin suggests that the standard of water infrastructure designed, like reservoirs or dams, based on the historical climate conditions may not contain future disastrous precipitation events. Therefore, additional costs may be required to improve the capacity of water resource infrastructure and flood control measures to deal with the projected future changes, even under the medium-range emission scenario.
It is noted that the lateral conditions based on the GCM output have a significant impact on the accuracy of the dynamic downscaling (Diaconescu et al., 2007; Ludwig et al., 2017; Kim et al., 2020). In this study, the CMIP5 GCM simulations are used to get the initial and time-evolving lateral boundary conditions for RegCM4, it is expected that the latest model output of state-of-the-art CMIP6 GCMs (Eyring et al., 2016) will be applied to drive the RegCM4 for future climate change projection in river basins. In addition, the multi-model ensemble can be adopted based on the improved CMIP6 GCMs; it may bring a more reliable conclusion for the projected future changes of precipitation extremes over the JRB. Furthermore, we present the future changes of precipitation extremes in the JRB, without analyzing the mechanism associated with these projected changes, including the spatially inhomogeneous changes within the river basin. Therefore, further analysis is needed to identify the impact of changes in both monsoon circulations and landing typhoon activities. Despite these limitations, the results of this study show the need to create sufficient adaptation and mitigation strategies to manage the impact of the projected intensification of rare and high-risk precipitation extremes in the river basin.
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