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Abstract

:

This paper estimates the likely impacts of future climate change on streamflow, especially the hydrological extremes over the Yangtze River basin. The future climate was projected by the Coordinated Regional Climate Downscaling Experiment in East Asia (CORDEX-EA) initiative for the periods 2020–2049 under two representative concentration pathways (RCP) 4.5 and 8.5 emission scenarios. The bias corrected outputs from five regional climate models (RCMs) were used in conjunction with the variable infiltration capacity (VIC) macroscale hydrological model to produce hydrological projections. For the future climate of the Yangtze River basin, outputs from an ensemble of RCMs indicate that the annual mean temperature will increase for 2020–2049 by 1.81 °C for RCP4.5 and by 2.26 °C for RCP8.5. The annual mean precipitation is projected to increase by 3.62% under RCP4.5 and 7.65% under RCP8.5. Overall, increases in precipitation are amplified in streamflow, and the change in streamflow also shows significant temporal and spatial variations and large divergence between regional climate models. At the same time, the maximum streamflow in different durations are also projected to increase at three mainstream gauging stations based on flood frequency analysis. In particular, larger increases in maximum 1-day streamflow (+14.24% on average) compared to 5-day and 15-day water volumes (+12.79% and +10.24%) indicate that this projected extreme streamflow increase would be primarily due to intense short-period rainfall events. It is necessary to consider the impacts of climate change in future water resource management.
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1. Introduction


Global climate observations show an unprecedented warming rate of the atmosphere throughout the last century [1,2]. Rising temperatures are expected to intensify the water cycle due to an increased atmospheric water vapor holding capacity [3,4], leading to the intensification of precipitation extremes as evidenced by both observation and climate model simulations [5,6,7]. Climate scientists warn that future climate change is unavoidable, these climate warming trends are expected to continue or even amplify [8], and we can expect considerable alterations to atmospheric water vapor concentrations, clouds, precipitation patterns, and runoff and streamflow patterns. Changes in the intensity and distribution of precipitation events under climate change are expected to increase the intensity and frequency of flood events in different parts of the globe [9,10,11,12,13,14]. Hirabayashi et al. [11] reported that flooding frequency will increase in 42% and decrease in 18% of the global land area by the end of the 21st century. The combined effects of climate and land-use change in the prairie–pothole region of the United States of America were investigated by Kharel et al. [12], and the results indicated that gradually intensified cropping activities may aggravate the flood threat. Jiang et al. [15] and Chen et al. [16] indicated that eastern China will experience more extreme precipitation events by the end of the 21st century. One important conclusion of these studies is that the projected effects of climate change on flood events may be substantial, but are dependent on the region and climate scenario. The development of adaptation strategies to deal with global warming’s potential effects on the hydrologic cycle is still a considerable challenge for water resources management [17].



Because of spatiotemporal differences in climate change and their interactions with society’s mitigation, adaptation, and vulnerabilities [18], responses to climate change are highly regionally dependent. This study focuses on the Yangtze River basin in southern China, a region where an increase in precipitation extremes has been observed in the past several decades [19,20]. The Yangtze River basin is home to more than 400 million people and its rich water resources are especially important for several national economies [21]. In addition, the river basin is also home to many endangered species, such as the giant panda, Yangtze River Dolphin, and Yangtze Sturgeon [22]. However, the Yangtze River is also an area where natural disasters happen frequently. In the summer of 1998, flooding of the Yangtze River caused about 3700 deaths, inundated 21.2 million ha of land and caused in excess of US$30 billion in total direct economic losses [23]. Therefore, planning for climate change’s impacts on water resources and flooding in the Yangtze River basin is essential.



The potential impact of climate change on streamflow in the Yangtze River basin has been evaluated in several previous studies at the whole basin or sub-basin scale [24,25,26,27,28,29,30,31,32]. These studies differ in the selection of global climate models (GCMs), emission scenarios, downscaling method, bias correction method, and hydrological model. There is no doubt that these various factors produce significant differences in the results. The results presented by Xu et al. [29] for seven Coupled Model Intercomparison Project Phase 3 (CMIP3) models with four Special Report on Emissions Scenarios (SRES) indicate increases in mean annual river discharge and flood discharges at the Xiangxi catchment in the Yangtze River basin. The results of the future hydrological projections presented by Su et al. [27], which are based on four hydrological models driven by five bias-corrected CMIP5 GCMs under four representative concentration pathways (RCP) scenarios, project increases in the average and peak discharge in the majority of cases in the 21st century but with significant differences between models. The study of Cao et al. [25] is based on simulations from one regional climate model, RegCM3, linked with a large-scale routing model for scenario SRES A2. However, the results indicate decreases in precipitation and streamflow at the end of the 21st century.



In short, the previous studies assessing the effects of climate change on streamflow in the Yangtze River basin are limited in number, and all the existing studies rely on GCMs or only one regional climate model (RCM) for future climate projections. However, the coarse resolution of GCMs makes it difficult to capture the subgrid-scale physics and fine-scale climate information that are important for a reliable regional impacts assessment [33,34]. A series of studies based on RCMs within the Coordinated Regional Climate Downscaling Experiment in East Asia (CORDEX-EA) has been conducted to project regional climate change and extreme climate vulnerability [35,36]. The higher resolution simulation from the RCMs provides a much better reproduction of the precipitation pattern over the regions with complex terrain, land–sea, and other contrasts. For example, the overestimated precipitation at the eastern edge of the Tibetan Plateau is usually simulated by coarse resolution GCMs, but it is removed by most RCMs [37].



The aim of this study is to project changes in hydrological extremes in the first half of the 21st century in the Yangtze River basin by using multi-model high-resolution regional climate simulations. These future climate projections are obtained from CORDEX-EA simulations under RCP4.5 (medium radiative forcing scenario) and RCP8.5 (high radiative forcing scenario) emission scenarios. Here, RCP4.5 and RCP8.5 are named after the possible radiative forcing (e.g., 4.5 W/m2 and 8.5 W/m2, respectively) expected in the year 2100 relative to pre-industrial values [38]. RCP4.5 assumes global greenhouse gas emissions will peak around 2040, and RCP8.5 assumes that emissions will continue to increase throughout the 21st century. The precipitation and temperature simulated by five RCMs for the periods 1980–2005 and 2020–2049 are used in the hydrological modelling. Such studies have not been undertaken for the Yangtze River basin previously and they provide the first of the high-resolution information necessary to develop climate change adaptation policies related to extreme flood events.



The remainder of the paper is structured as follows: Section 2 describes the study area, observation and climate model data, bias correction, and hydrological modelling methods; the results are presented in Section 3; and the discussion and conclusion are presented in Section 4 and Section 5, respectively.




2. Methodology


2.1. Study Area


The Yangtze River is the longest river in China and the third-longest river in the world. It originates from the eastern part of the Tibetan Plateau at an elevation of about 6600 m and runs eastward into the East China Sea near the city of Shanghai (Figure 1). The estimated length of the river is about 6300 km, with a total drainage area of about 1.94 × 106 km2 [39]. The Yangtze River plays a vital role in Chinese agriculture, industry, and culture. There are various climatic zones and geographical conditions in the Yangtze River basin, from the cold mountain climate in the upper reach to the temperate and sub-tropical climates in the lower reaches. The Yangtze River basin is well known for being prone to flooding because most of the precipitation is brought by the monsoon winds and falls in the summer months [40]. Specifically, the precipitation (primarily falls as snow) at the source region is less than 400 mm/year, whereas the downstream area receives 1600 mm/year. The rainy season from April to October contributes more than 85% of the annual precipitation (~1100 mm/year) [41,42].



Three mainstream stations of the Yangtze River are analyzed in this study: Cuntan (draining 0.87 × 106 km2), Yichang (draining 1.01 × 106 km2), and Datong (draining 1.71 × 106 km2). Cuntan is situated at the upstream limit of the Three Gorges Reservoir, which extends more than 600 km along the mainstream of the Yangtze. The Three Gorges Dam was constructed 37 km upstream of the Yichang hydrological station. Datong is the monitoring station at the lower reach and is located at the tidal limit of the river [42].




2.2. Watershed Data


Data on daily precipitation and temperature (mean, minimum and maximum) from 178 meteorological stations (159 stations among them have complete data series for the period from 1968 to 2005) used in this study were collected from the China Meteorological Administration. The daily streamflow observations during the period of 1970–2005 at three mainstream hydrological stations (i.e., Cuntan, Yichang, and Datong), which were used to calibrate and validate hydrologic simulations, were collected from the Hydrological Bureau of the Ministry of Water Resources of China. The distribution of the selected meteorological and hydrological gauging stations is shown in Figure 1.



In this study, the Global 30 Arc-Second Elevation (GTOPO30) dataset [43] with 1 km spatial resolution was used for the delineation of the watershed. Soil texture information was obtained based on the Food and Agriculture Organization of the United Nations dataset with about 10 km spatial resolution [44]. The vegetation types were derived from the University of Maryland global land cover classification collected in 1998 with 1 km spatial resolution [45], which had a total of 14 different land cover classes. In this area, grassland and cropland were the two dominant land use types and wooded grassland was the third predominant land use type.



The meteorological observations were gridded to 0.125° × 0.125° grids using the inverse-distance squared method; therefore, the spatial resolution of 0.125° × 0.125° grids is also used in the hydrological model. The resolution of the hydrologic model needs to be high enough to represent the spatial heterogeneity in meteorological, topographical, and soil texture forcing data. The spatial scale at 0.125° grid cell for the VIC model used in this study was considered based on the balance between the representation of forcing data and computing time.




2.3. Climate Projection


Five RCMs, which were performed in the framework of the CORDEX experiment for the East Asia domain, were used in this study. As shown in Table 1, these RCMs are HadGEM3-RA, MM5, WRF, RegCM4, and RSM. The whole CORDEX-EA domain includes most of Asia, the Western Pacific, and the South China Sea, as shown in Figure 1. The selected five RCMs have success in modeling and predicting extreme climate as well as in investigating physical processes of East Asian climate [35,46]. More details about the RCMs used in this study can be found in studies from Suh et al. [47] and Park et al. [35]. Each dataset of RCMs consists of historical runs and projections driven by the HadGEM2-AO global climate model under the RCP4.5 and RCP8.5 emission scenarios [38]. The HadGEM2-AO was selected because of its best overall performance in simulating historical annual precipitation in China compared with other the 26 CMIP5 GCMs [48]. The retrieved precipitation and temperature range from 1980 to 2005 for the historical runs and from 2020 to 2050 for the RCPs.



Due to the discrepancy between the RCMs resolution (50 km, except HadGEM3-RA, which is 0.44°) and the hydrological model (0.125°), climate datasets were interpolated to 0.125° × 0.125° grids through the bilinear interpolation method. The interpolated climate data were compared with the original RCM data for the basin, and the differences are small and negligible. For example, in the Yangtze River basin, the annual average precipitation interpolated from HadGEM, MM5, WRF, RegCM, and RSM historical runs (1980–2005) are 1249, 1257, 1326, 1241, and 1581 mm, respectively. The areal precipitation from the original RCMs data are 1241, 1230, 1296, 1218, and 1540 mm respectively (0.6–2.5% differences). Similarly, the differences in annual average temperature between the interpolated climate data and five original RCMs data were less than 0.1 °C.




2.4. Postprocessing of Climate Data: Bias Correction


RCMs are used to dynamically downscale the coarse resolution GCM outputs and explicitly solve mesoscale atmospheric processes for hydrological impact studies. However, they still suffer from considerable biases and therefore are typically adjusted by bias correction methods for hydrological simulations [54]. There are several bias correction methods used in the literature to minimize these errors, ranging from simple adjustments of the mean (in particular, linear scaling) to flexible, potentially multivariate, distribution mapping approaches. Among them, the distribution-based bias correction method is reported to be the best in terms of reproducing the observed climate; it can adjust not only the mean, but also the variance of the RCM precipitation simulation [55]. In this study, we use the bias correction methodology of our previous study in Gu et al. [56]. Specifically, the daily precipitation was corrected by the distribution mapping method, whereas the daily temperature was corrected by the simple linear scaling method because of the relatively moderate deviation of the RCM output.



The distribution transfer between the modelled and observed daily precipitation was completed at each grid. The gamma distribution is often used to represent non-zero precipitation events [57,58]. The cumulative distribution function of gamma distribution is given by


  c d f  ( x )  =    ∫ 0 x      e   (  −  x θ   )     x   (  k − 1  )      Γ  ( k )   θ k       d x + c d f  ( 0 )     



(1)






  Γ  ( k )  =    ∫ 0  + ∞     t  k − 1    e  − t   d t       



(2)




where x is the non-zero daily precipitation, cdf(0) is the fraction of days with no precipitation, and k and θ are the shape and rate parameter, respectively.



One of the most common biases of RCM outputs is the overestimation of the wet days with low precipitation. This distorts the precipitation distribution substantially. The RCM-specific wet-day threshold was used to adjust the number of wet days. After that, the modelled and observed daily precipitation were fitted by gamma distribution to determine the parameters with the best fit (k and θ). The transfer function xsim = f(xobs) follows the equation cdfsim(xsim) = cdfobs(xobs).



Unlike daily precipitation, the modelled daily temperature is expressed in terms of mean, minimum, and maximum temperatures. However, if these three variables are corrected independently by the distribution function transformation, the daily temperature range may result in large errors [59]. The daily temperature was corrected by a sample linear scaling method because of the relatively moderate deviation of the RCM simulation. The correction coefficient for monthly temperature is defined by


   k  T m o n t h   =   ∑  y e a r = 1980   2005      ∑  d a y = 1   28 , 29 , 30 , 31    O B  S  y e a r , m o n t h , d a y    (  i , j  )      −   ∑  y e a r = 1980   2005      ∑  d a y = 1   28 , 29 , 30 , 31    R C  M  y e a r , m o n t h , d a y    (  i , j  )         



(3)




where OBS and RCM indicate the observed and modeled daily temperature at a given day (day, month, year), respectively.




2.5. Hydrological Modeling


2.5.1. The VIC Model


Observed and bias-corrected RCM outputs were used as climate forcing for the variable infiltration capacity (VIC) model. The VIC model is a fully distributed and largely physically-based hydrological model originally developed by Xu Liang at the University of Washington [60]. VIC has been successfully used in many regional and global hydrologic studies in a range of climate conditions and resolutions [61,62,63], including hydrologic simulations of the Yangtze River basin [64,65]. One remarkable character of the model is that it simulates both the water and energy balance near the land surface such as snow pack accumulation and ablation, canopy interception, surface runoff, evapotranspiration, soil moisture, base flow, and other hydrological processes at daily or sub-daily steps. The land surface was modeled using a mosaic configuration to capture the sub-grid variations in vegetation classes and soil moisture storage capacity [66,67]. Details of the model characteristics can be found in Wood et al. [60], Liang et al. [68], and Li et al. [69]. Because not all climate variables from RCM simulations are available, the minimum set of variables (e.g., daily precipitation, daily max and min temperature, and daily average wind speed) that VIC requires were used in this study. The water balance was the focus of this study, and the surface energy fluxes (sensible heat, ground heat, ground heat storage, outgoing longwave and indirectly latent heat) which also are solved in the VIC model were not evaluated in the present study. The model was run at daily time steps and a 0.125° × 0.125° grid resolution. More than 50,000 dams of various sizes have been built within the Yangtze River basin since 1950 [70]. Due to the large number of dams and the lack of information about their operating procedures, the impacts of these dams are not considered in the hydrological simulation. However, the dams seem to have a limited effect on the streamflow on mainstream hydrological stations because of the large precipitation totals in the wet season [21].




2.5.2. Model Calibration and Validation


The VIC model uses parameters to characterize soil, topography, and vegetation properties. Most of the parameters can be derived from satellite observations or geological surveys, whereas others are typically calibrated to streamflow observations. The model had been previously calibrated for the Yangtze River basin, and these same settings were used in this study [56,71]. Briefly summarized, an automated parameter estimation procedure based on the shuffled complex evolution algorithm was performed in each sub-basin [72], and the percent bias (PBIAS), the coefficient of determination (R2), and Nash–Sutcliffe coefficient (NSE) [73] between the modeled streamflow and observed value was used to describe the prediction capabilities. The data from 1968 to 2005 were divided into three parts: spin-up (1968–1969), calibration (1970–1979), and validation (1980–2005). The calibrated parameter and their typical ranges are given in Table 2.



Figure 2 shows the results of daily streamflow at three mainstream hydrological stations for the calibration (1970–1979) and validation (1980–2005) periods. The performance of the VIC model confirms that the model could simulate the daily streamflow pattern and magnitude well during the calibration period with the values of PBIAS and NSE varying from −0.8% to −3.2%, and 0.81 to 0.88, respectively. In the validation period, the PBIAS values vary from −1.8% to −2.7%, and the NSE values are lower, ranging from 0.75 to 0.85, but the model could reproduce the streamflow processes reasonably well. According to Moriasi et al. [74], the results for the three hydrological stations can be classified to be ‘good’ (e.g., ±2.5% < PBIAS < ±15%, 0.70 ≤ NSE ≤ 0.80) or even ‘very good’ (e.g., PBIAS < ±2.5%, NSE > 0.80) for daily streamflow simulation.



The annual maximum 1-day, 5-day, 10-day, and 15-day streamflows simulated by the VIC model were evaluated because the extreme hydrological event was another primary concern in this study. As shown in Figure 2, the coefficient of determination (R2) of these simulations ranges from 0.73 to 0.92, and the PBIAS in most simulations was less than 10% (except the maximum one-day and five-day streamflow at Datong station).



These parameters in the VIC model are therefore effective for streamflow simulation in the Yangtze River basin. Under the assumption that there are no significant changes in soil and vegetation properties due to future climate change, the model parameters used are unchanged for hydrological simulation in future periods. It should be noted that part of the error in streamflow extremes simulations arises from the low density of the meteorological stations used in this study. Based on this, it is difficult for the model to produce strongly realistic streamflow extremes during historical period.



The dams (mostly in tributaries of the Yangtze River) seem to have little effect on the streamflow at the three mainstream stations because of the excellent match between the model-simulated and measured daily streamflow for the calibration period (1970–1979) and the validation period (1980–2005). On the other hand, the model may have considered some of the human impacts through the model calibration to match the observation. In reality, the hydrological regime is also influenced by various human activities, such as dam construction, water transfer project, agricultural irrigation, and urbanization. A hydrological model that considers all these human activities is being developed. For now, this study mainly focuses on the impact of climate change on hydrological regimes. Therefore, the results of this study are intended to provide overall and regional trends across the whole Yangtze River basin rather than to get a precise prediction at a specific location.




2.5.3. Flood Frequency Analysis


The rigorously calibrated and validated VIC model was then used to simulate daily streamflow in each catchment for the historical reference period (1980–2005) and the future scenario period (2020–2049). It should also be noted that two more years of each period were considered as the spin-up period of the VIC model. Floods are random multivariate events and can be described by different variables (such as peak flows, volumes, durations, and shapes). For the design of some hydraulic structures where storage is involved, both peak flow and the entire hydrograph (or at least volume estimates) are required [75]. In this study, the peak flow was represented by the annual maximum 1-day streamflow, and the flood volume and duration were represented by the annual maximum 5-day and 15-day water volumes.



The impacts of climate change on extreme streamflow were also evaluated through the flood frequency analysis of the historical simulations and future projections under the RCP4.5 and RCP8.5 scenarios. The type 3 Pearson distribution (P3), which was used by the U.S. Army Corps of Engineers and recommended by the ministry of water resources of China in flood frequency analysis [76,77], was used for the flood frequency analysis at three mainstream stations of the Yangtze River. The P3 distribution is the generalized gamma distribution and is one of the most commonly used distributions for hydrologic frequency analysis. In an investigation of the fit of theoretical distributions to annual low-flow data, Matalas [78] found the P3 distribution to be one of the most successful models.






3. Results


3.1. Changes in Climate Conditions


Relative to the historical period, the RCM ensemble projects an apparent increase in temperature and no significant increase in precipitation (Figure 3). In the RCP4.5 (RCP8.5) emission scenario, the annual mean temperature is expected to rise on average by 1.81 °C (2.26 °C) and annual precipitation is expected to rise by 3.62% (7.65%) until the middle of this century; however, there was evidence of marked temporal and spatial variability (Table 3). For seasonal changes, temperature, and precipitation are projected to increase and to lead to warmer and wetter conditions for most seasons except autumn (−3.57% under RCP4.5 or −1.97% under RCP8.5). The increases in temperature are more pronounced during colder months in autumn and winter. Figure 4 shows the spatial variability of predicted changes in average annual and seasonal temperature and precipitation in the middle of 21st century (2020–2049) compared to the historical period (1980–2005) under the RCP4.5 and RCP8.5 scenarios. The multi-model ensemble indicates an increase in annual and seasonal temperature in the whole basin. In particular, a larger rise in temperature was found in the lower reach of the Yangtze River basin. Precipitation was projected to decrease over the upstream of the Yangtze River basin and increase over the downstream region.



The future projections of extreme annual precipitation cumulated over durations of 1, 5, and 10 days in the Yangtze River basin are shown in Figure 5. These nonparametric extreme precipitation indicators are useful for complementing the assessment of future flood hazards. The results show a significantly increasing trend of maximum daily precipitation by the middle of this century. Under the RCP4.5 (RCP8.5) scenario, the future projections indicate a virtually certain increase by 9.13% (10.90%), 9.28% (10.05%), and 9.22% (10.34%) for maximum 1-day, 5-day, and 10-day precipitation, respectively. The increase is only marginally higher under RCP8.5 than under RCP4.5.




3.2. Future Hydrological Extremes


The projection of the monthly averaged streamflow and percentage change in streamflow during the historical period (1980–2005) and during the mid-century period (2020–2049) for two emission scenarios, RCP4.5 and 8.5, are shown in Figure 6. Table 3 shows the future changes in the seasonal temperature, precipitation, evapotranspiration, and streamflow for three watersheds. Due to a projected increase in precipitation and a slight decrease in evapotranspiration, the streamflows of the three mainstream hydrology stations are expected to increase significantly. Overall, a multimodel basin mean increase in streamflow of 11.02% (14.80%) was projected for 2020–2049, with a range between –4.94% and +28.99% (+0.25% and +34.81%) in the RCP4.5 (or RCP8.5) scenario among different models. It is clear that the increase in streamflow was more significant than the increase in precipitation, as was indicated by a non-linear relationship between the two factors. Moreover, it is important to notice the temporal variations in the changes. The streamflow in MAM and JJA were projected to have large increments, which were in agreement with the precipitation increase. The resulting range reflects the large uncertainty associated with the projected future streamflow.



The unexpected result was the slightly decreased trend in the future evapotranspiration projection. In the VIC model, actual evapotranspiration is computed based on a function of potential evapotranspiration calculated using the Penman–Monteith method and the water availability in the soil. Under the future climate scenarios, the RCMs simulated a decrease in the number of rainy days and light rain days, together with an increase in moderate and heavy rain days. For light rain events, runoff response was limited, whereas for heavy rainfall events, a significant increase in runoff was simulated. Take Cuntan as an example, the models projected an increase of 18 mm in annual average precipitation and an increase of 29 mm in annual average runoff in future period under RCP4.5 scenario. Moreover, the historical storm runoff coefficients ranging from 0.49 to 0.54 at different stations were projected to increase by 0.02 to 0.04 in future scenarios, indicating that changes in precipitation are amplified in runoff. These factors may collectively result in declined actual evapotranspiration.



Figure 7 shows the frequency analysis based on the annual extreme maximum streamflow (maximum 1-day streamflow, maximum of 5-day and 15-day water volume) at three mainstream stations. The results indicate that more frequent incidences of flash-flooding at the Cuntan, Yichang, and Datong stations could be expected in the future climate change context, as suggested by the streamflow frequency analysis plots. In addition, Table 4 shows the percentage changes of the extreme streamflow at different return periods (e.g., 2- to 50-year return periods) calculated by the streamflow frequency analysis under the two future climate scenarios compared to the historical period. The ensemble means of extreme maximum streamflow shows an increase in the two future scenarios and the increases are greater in the RCP8.5 scenario for all return periods. Therefore, extreme floods are expected to become more frequent and severe over the Yangtze River basin in the future, especially in the RCP8.5 scenario. In the meantime, evidence such as the increase in maximum 1-day streamflow (+14.24% on average) being larger than the increase in maximum 5-day and 15-day water volumes (+12.79% and +10.24%) implies that this projected extreme streamflow increase would be primarily due to intense short-period rainfall events. The projected increases in the maximum streamflow may greatly increase the risk of flooding and other environmental problems such as soil erosion.



The Mann–Kendall test was used to detect the trend of rainfall and streamflow with Sen’s slope estimator (Table 5). A brief description of the tests can be found in Martino et al. [79]. No statistically significant temporal trends at 5% confidence level were identified in historical annual precipitation and streamflow during 1980–2005. The positive trend slopes indicate a slight increase trend in future rainfall and streamflow during 2020–2049, although most of these increases were not statistically significant. Significant increases were found in future extreme streamflows under RCP8.5 scenario, especially in Yichang and Datong stations.





4. Discussion


The Yangtze River basin is very vulnerable to flooding because of the low-lying and broad valley of the lower part of the basin is densely populated. The expenditure on flood protection in Yangtze River basin has grown considerably in recent decades. However, the potential impacts of climate change were not considered in current flood defense system designing and water resources planning in Yangtze River basin. The findings in this study have some implications for policy that the government and non-government agencies should focus on. As a result of the precipitation increment, the projected maximum increment in extreme flood event with 50-year return period is up to 22% over the Yangtze River basin by the middle of this century. The frequency and magnitude of floods are likely to increase in this region. Therefore, a situation in which the design flood level shifts to a higher level than at present should be considered when designing flood control architecture in the study area. The increasing extreme hydrological events suggest the wisdom of re-examining design standard and operating rules of the water conservancy projects for a wider range of climate conditions than traditionally used. The storm runoff coefficients were projected to increase by 0.02 to 0.04 in future scenarios, indicating that the contribution of rainfall to soil moisture will decline. Impacts on soil moisture and evapotranspiration will have important implications on irrigation and agricultural crop and land management.



This study’s results should be considered in the context of others studies that used GCM to drive hydrologic models or land surface schemes to project streamflow in the Yangtze River basin [24,25,26,27,28,29,30]. Our results are consistent with Su et al. [27], who coupled five bias-corrected CMIP5 GCMs to drive one conceptual hydrologic model and three process-based hydrologic models to produce future streamflow in the upper Yangtze River basin under four RCP scenarios. They found high variability in the simulation results, but 69% of the simulation results derived from 160 combinations of different GCMs, RCPs, and hydrological models projected an increasing trend in the annual average streamflow and 90% of projections showed increasing trends in annual peak streamflow in the 21st century. Bian et al. [30] drove the distributed hydrological soil vegetation model (DHSVM) with statistically downscaled data from six CMIP5 GCMs to project the streamflow dynamics in the source region of the Yangtze River basin under three RCP scenarios. They also projected an increasing trend in seasonal mean streamflow, ranging from −0.52% to 22.58%. However, the findings from this study are not consistent with some other studies using various single-model approaches. Cao et al. [25] and Zeng et al. [24] projected a decreasing trend in annual streamflow, and especially in summer.



Assessments of future climate change impacts are commonly plagued by uncertainties [80]. Uncertainties can potentially arise from a combination of emission scenarios, GCM structures, downscaling methods, bias corrections, hydrological model structures, and model parameterizations [81]. The GCM structure is the primary source of uncertainty for evaluating hydrological impacts [82,83]. A common approach for curtailing the uncertainty associated with climate models is using an ensemble of different climate models. In this study, we used an ensemble of RCMs for regional hydro-climate projections over the Yangtze River basin, which is helpful in the estimation of future climate-related risks; however, we acknowledge that a number of uncertainties that may have an influence on the simulated hydrological response still exist. For instance, the use of a single GCM underrepresents the uncertainty associated with the GCM’s internal variability. Because the simulations of HadGEM2-AO are quite close to the mean of the CMIP5 ensemble [48], it is believed that some parts of the uncertainty from the driving GCMs have been considered in the current simulation. Similarly, the choice of hydrologic model may also influence results at specific locations. Therefore, the results of this study are intended to provide overall and regional trends across the whole Yangtze River basin rather than to get a precise prediction at a specific location.



The results obtained in this study are mainly model/scenario-specific. Moreover, spatio-temporal changes in streamflow will be influenced by comprehensive anthropogenic factors (e.g., reservoir operation, irrigation, land-use change, etc.), which are not considered in the current study. Nevertheless, this study provides a valuable hydrological projection on a local scale as the climate outputs from CORDEX East Asia have the highest spatial resolution up to this point.




5. Conclusions


In this study, we present, to the best of our knowledge, the first examination of projected changes in the Yangtze River basin’s streamflow using a suite of RCMs from CORDEX. Our results suggest that between 1980–2005 and 2020–2049, projections of change to the basin’s annual mean temperature are expected to rise on average by 1.81 °C (2.26 °C) and annual precipitation by 3.62% (7.65%) under RCP4.5 (or RCP8.5) until the middle of this century. The temperature increase and this small increase in precipitation agree with other analyses of projected changes from CMIP5 models [84,85,86] and from some RCMs [87,88,89].



However, we focus on future streamflow changes using climate projections from CORDEX model outputs after bias correction together with a distributed hydrological model. Overall, a multi-model basin average increase in streamflow of 11.02% and 14.80% were projected for 2020–2049 in the RCP4.5 and RCP8.5 scenarios, respectively. It is clear that the increase in streamflow was larger than the increase in precipitation, and the change in streamflow also shows significant temporal and spatial variations and large divergence between regional climate models. At the same time, the maximum streamflow was also projected to increase in the three mainstream stations. In particular, the larger increase in maximum 1-day streamflow (+14.24% on average) compared to the 5-day and 15-day water volumes (+12.79% and +10.24%) indicated that this projected extreme streamflow increase would be primarily due to intense short-period rainfall events. However, these increments were slightly higher than the values that have been reported by our previous study, while an increase of 3.64–10.54% is based on the ensemble mean of 27 CMIP5 GCMs [71]. In addition, the increased trends were identified in future precipitation and streamflow projections, although most of these increases were not statistically significant. To better plan cooperative water resource management, it is necessary to stop just using the climate of the past to plan for the future in the context of climate change.
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Figure 1. Location of the Yangtze River basin, observation network, and center of the RCM grid cells from the CORDEX simulations. The model domain of the RCMs is shown in the bottom left corner of the figure. 
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Figure 2. The observed and simulated daily streamflow time series plots and annual maximum 1-day, 5-day, 10-day, and 15-day streamflow scatter plots (bottom panel) in the calibration (1970–1979) and validation (1980–2005) periods at (a,d) Cuntan, (b,e) Yichang, and (c,f) Datong. 
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Figure 3. Simulated temperature (a) and precipitation (b) yearly anomaly (the range of different RCMs is shaded) and seasonal climate patterns in the Yangtze River basin for monthly mean temperature (c) and monthly mean precipitation (d) for the historical period compared to the mean for future climate conditions. 
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Figure 4. Annual and seasonal changes in mean temperature and precipitation for two emission scenarios (RCP4.5 and RCP8.5) during the mid-century period (2020–2049) relative to the historical period (1980–2005). 
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Figure 5. Multi-model ensemble projections of annual maximum precipitation over 1, 5, and 10 days under RCP4.5 (a) and RCP8.5 (b) scenarios. 
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Figure 6. Comparison of monthly averaged streamflow and percentage change in streamflow during the historical period (1980–2005), and during the mid-century period (2020–2049) for two emission scenarios (RCP4.5 and 8.5) at (a) Cuntan, (b) Yichang, and (c) Datong stations. Error bars in the first row show the standard deviation of the multi-model monthly averaged streamflow. 
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Figure 7. The multi-RCM ensembles (dot) and fitted frequency curve (line) of the annual extreme maximum streamflow (maximum 1-day streamflow, maximum of 5- and 15-day water volumes) for the historical (1980–2005) and changed climate (2020–2049) for (a) Cuntan, (b) Yichang, and (c) Datong stations. 
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Table 1. Summary of the five CORDEX East Asia regional climate models used in this study.
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	RCM
	Expansion Name
	Institute
	Resolution
	Reference





	HadGEM3-RA
	Hadley Centre Global Environmental Model version 3 regional climate model
	The Met Office Hadley Centre
	≈50 km
	[49]



	WRF
	Fifth-Generation Penn State/NCAR Mesoscale Model
	National Center for Atmospheric Research
	50 km
	[50]



	MM5
	Fifth-Generation Penn State/NCAR Mesoscale Model
	National Center for Atmospheric Research
	50 km
	[51]



	RegCM
	Regional Climate Model version 4
	The International Centre for Theoretical Physics
	50 km
	[52]



	RSM
	Regional Spectral Model
	National Centers for Environmental Prediction
	50 km
	[53]
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Table 2. Calibrated parameter values of the VIC model for the Yangtze River basin.
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	Parameter
	Physical Meaning
	Realistic Range
	Value





	b
	Exponent of variable infiltration capacity curve
	0–10.0
	0.4



	Dm
	Maximum velocity of baseflow (mm/day)
	0–30
	10



	Ds
	Fraction of Dm where non-linear baseflow begins
	0–1.0
	0.56



	Ws
	Fraction of maximum soil moisture where non-linear baseflow begins
	0–1.0
	0.65



	d1
	Thickness of the first soil layer (m)
	0.05–2.0
	0.1



	d2
	Thickness of the second soil layer (m)
	0.05–2.0
	0.3



	d3
	Thickness of the third soil layer (m)
	0.05–2.0
	1.0
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Table 3. Multimodel ensemble average projected seasonal change in temperature, precipitation, evapotranspiration, and streamflow in the future (2020–2049) relative to the historical period (1980–2005) at three mainstream stations in the Yangtze River basin.
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Station

	
Scenario

	
Temperature (°C)

	
Precipitation (%)

	
Evapotranspiration (%)

	
Streamflow (%)




	
DJF

	
MAM

	
JJA

	
SON

	
DJF

	
MAM

	
JJA

	
SON

	
DJF

	
MAM

	
JJA

	
SON

	
DJF

	
MAM

	
JJA

	
SON






	
Cuntan

	
RCP4.5

	
1.95

	
1.95

	
1.69

	
2.16

	
−0.44

	
2.19

	
5.12

	
−5.97

	
−3.61

	
−1.65

	
−1.90

	
−5.43

	
−0.69

	
2.30

	
6.72

	
3.07




	
RCP8.5

	
2.23

	
2.27

	
2.22

	
2.68

	
−0.58

	
9.19

	
6.23

	
−2.62

	
−2.09

	
2.27

	
−2.41

	
−2.86

	
1.90

	
7.64

	
8.97

	
4.62




	
Yichang

	
RCP4.5

	
1.89

	
1.98

	
1.68

	
2.02

	
0.92

	
3.75

	
6.09

	
−5.71

	
1.35

	
−1.79

	
−2.03

	
−5.37

	
−0.68

	
3.34

	
8.35

	
3.99




	
RCP8.5

	
2.19

	
2.31

	
2.20

	
2.53

	
0.77

	
11.05

	
6.33

	
−2.57

	
1.38

	
1.21

	
−2.96

	
−3.42

	
1.95

	
9.32

	
9.93

	
5.63




	
Datong

	
RCP4.5

	
1.93

	
1.79

	
1.63

	
1.89

	
6.41

	
7.23

	
7.44

	
−3.85

	
5.23

	
−4.41

	
−3.98

	
−8.09

	
4.72

	
8.41

	
13.93

	
8.90




	
RCP8.5

	
2.17

	
2.17

	
2.15

	
2.37

	
9.44

	
16.12

	
5.81

	
−2.51

	
4.50

	
−3.31

	
−5.45

	
−6.89

	
8.24

	
17.49

	
13.45

	
10.29
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Table 4. Relative percentile change in extreme hydrological indicators for Cuntan, Yichang, and Datong stations during the future period (2020–2049) under RCP4.5 and RCP8.5 scenarios compared with the historical period (1980–2005).
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Return Period (Year)

	
Maximum 1-Day Streamflow (%)

	
Maximum 5-Day Water Volume (%)

	
Maximum 15-Day Water Volume (%)




	
Cuntan

	
Yichang

	
Datong

	
Cuntan

	
Yichang

	
Datong

	
Cuntan

	
Yichang

	
Datong




	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5

	
RCP4.5

	
RCP8.5






	
2

	
9.64

	
13.47

	
11.55

	
14.38

	
14.33

	
13.85

	
9.76

	
13.42

	
10.91

	
13.76

	
13.91

	
13.75

	
8.30

	
9.31

	
9.29

	
12.59

	
13.80

	
14.41




	
5

	
8.76

	
15.42

	
11.56

	
14.39

	
15.26

	
16.63

	
8.02

	
14.38

	
9.18

	
14.71

	
13.04

	
13.82

	
5.72

	
9.30

	
6.75

	
12.60

	
12.04

	
12.66




	
10

	
8.35

	
17.15

	
11.67

	
14.50

	
15.72

	
17.95

	
7.42

	
15.12

	
8.99

	
15.36

	
13.04

	
14.41

	
4.97

	
9.22

	
6.50

	
12.62

	
11.82

	
12.58




	
20

	
8.04

	
19.39

	
11.84

	
14.68

	
16.10

	
18.98

	
7.21

	
16.01

	
9.54

	
16.08

	
13.50

	
15.48

	
4.88

	
9.07

	
7.33

	
12.67

	
12.32

	
13.32




	
50

	
7.71

	
22.27

	
12.08

	
14.92

	
16.52

	
20.10

	
7.11

	
17.12

	
10.49

	
16.98

	
14.24

	
16.97

	
5.04

	
8.87

	
8.74

	
12.76

	
13.20

	
14.56
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Table 5. Trend slopes for precipitation and streamflow at three mainstream stations.
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Hydrological Variable

	
Station

	
1980–2005

	
2020–2049




	
RCP4.5

	
RCP8.5






	
Annual precipitation

(mm)

	
Cuntan

	
1.55

	
0.36

	
2.91 *




	
Yichang

	
1.28

	
0.73

	
2.92




	
Datong

	
1.74

	
1.46

	
2.19




	
Annual average streamflow

(m3/s)

	
Cuntan

	
−61

	
19

	
22




	
Yichang

	
−59

	
17

	
34




	
Datong

	
−13

	
38

	
85




	
Maximum 1-day streamflow

(m3/s)

	
Cuntan

	
−211

	
217

	
261




	
Yichang

	
−207

	
254

	
294 *




	
Datong

	
430

	
380

	
417 *




	
Maximum 5-day water volume

(108 m3)

	
Cuntan

	
−0.68

	
0.74

	
0.96




	
Yichang

	
−0.33

	
0.91

	
1.06




	
Datong

	
2.74

	
1.74 *

	
2.20 *




	
Maximum 15-day water volume

(108 m3)

	
Cuntan

	
−0.52

	
0.71

	
2.49




	
Yichang

	
0.77

	
1.40

	
1.75




	
Datong

	
5.2

	
2.84

	
3.49 *








* and bold indicates statistically significant at 5%.
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