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Abstract

:

The Amur River is one of the top ten longest rivers in the world, and its hydrological response to future climate change has been rarely investigated. In this study, the outputs of four GCMs in the Coupled Model Intercomparison Project Phase 6 (CMIP6) were corrected and downscaled to drive a distributed hydrological model. Then, the spatial variations of runoff changes under the future climate conditions in the Amur River Basin were quantified. The results suggest that runoffs will tend to increase in the future period (2021–2070) compared with the baseline period (1961–2010), particularly in August and September. Differences were also found among different GCMs and scenarios. The ensemble mean of the GCMs suggests that the basin-averaged annual precipitation will increase by 14.6% and 15.2% under the SSP2-4.5 and SSP5-8.5 scenarios, respectively. The increase in the annual runoff under the SSP2-4.5 scenario (22.5%) is projected to be larger than that under the SSP5-8.5 scenario (19.2%) at the lower reach of the main channel. Future climate changes also tend to enhance the flood peak and flood volume. The findings of this study bring new understandings of the hydrological response to future climate changes and are helpful for water resource management in Eurasia.
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1. Introduction


According to the sixth assessment report of IPCC, the warming of the surface temperature in the past 20 years (2001–2020) was about 0.99 °C compared with the pre-industrial revolution [1]. Rising air temperatures lead to increases in the atmosphere vapor holding capacity and changes in the precipitation frequency and intensity. These changes will significantly affect the hydrological cycle, which further influences water supplies on the local, regional and global scales [2], with potentially powerful effects on the runoff mechanisms [3,4] and natural disasters such as floods [5]. Particularly, the impact of climate change on runoffs receives relatively more attention due to its close relationship with the agriculture, hydropower, tourism and ecology around rivers [6]. Therefore, quantifying the effects of climate change on hydrological processes and runoffs are very important for water resources management and are helpful for decision-makers to develop adaptions to climate change.



Located in a high-latitude region, the Amur River is one of the top ten longest rivers in the world. With a large basin area and cold climate, the hydrological observations in the Amur River basin are limited. Therefore, compared with other large river basins in the world, the hydrological changes in the Amur River Basin have been less investigated. Particularly, the response of runoffs to future climate changes has been poorly understood. Previous studies have examined the trends in the precipitation and air temperature in the Amur River Basin to assess the patterns of regional climate change. Yu et al. [7] found that the annual air temperature in the Amur River Basin increased significantly from 1950 to 2010 based on an analysis of observations. This warming trend was also supported by Sun et al. [8] through investigating the observations in the Songhua Subbasin of the Amur River Basin. Yu et al. [7] revealed that the annual precipitation changed significantly in the lower reaches of the Amur River from 1950 to 2010. Precipitation and temperature changes in this basin may have a certain influence on the hydrological process. Zhou et al. [9] argued that precipitation and temperature in the summer were the main climatic factors affecting the hydrological processes in this basin. Bolgov et al. [10] found that the major floods in the Amur River Basin in 2013 were primarily caused by large areas covered by the extreme precipitation and the long durations of extreme events. Some studies have projected future climate changes in the Amur River Basin. Yang et al. [11] found that the air temperature in Northeast China will increase by 2.9 °C and 5.8 °C by the end of the 21st century under the SSP2-4.5 and SSP5-8.5 scenarios provided by CMIP6, respectively, and the precipitation will increase by 20–35% under the SSP5-8.5 scenario. Shin and Jung [12] used 34 GCMs from CMIP5 to analyze the future changes in the air temperature and precipitation in Northeast Asia, and they found that the increasing rates of air temperature and precipitation in the study basin were higher than the global averaged values. Although these above studies projected significant climate changes in the Amur River Basin, few studies have evaluated the hydrological response to future climate changes in this basin.



The development of hydrological and atmospheric models provides opportunities to study the hydrological effects of climate change on the regional scale [13]. For large watersheds, due to the great complexity and heterogeneity in topography, land use and climatology [14], the response of hydrological processes to climate change has significant spatial variations. The distributed hydrological model can better consider spatial heterogeneity by dividing watersheds into grids with independent inputs, boundary conditions and watershed characteristics [13,15]. Therefore, the distributed hydrological model is a powerful tool for assessing and analyzing the climate change impact [16]. In previous studies, distributed hydrological models have been validated and applied for climate change impact studies at some large river basins. Huang et al. [17] combined a large-scale hydrological model and the dynamic downscaling results of two global climate models provided by the CMIP5 and suggested a reduction in the annual runoff of the Upper Yangtze River in the future climate. Guimberteau et al. [18] used three hydrological models driven by the output by three GCMs provided by IPCC AR4 to analyze the future hydrological changes in the Amazon River Basin and found a general increase in runoff and precipitation by 2100. Zhang et al. [19] investigated the effects of future climate changes on extreme flows in the Upper Yellow River based on the hydrological models forced by four GCMs in CMIP5 and projected a significant change in the high flows. Although some hydrological model simulations in the Songhua Subbasin of the Amur River Basin have been reported in previous studies [20,21], systematic hydrological modeling of the whole Amur River Basin has rarely been studied. Most of the studies mentioned above used the CMIP5 projections, but few studies have evaluated the hydrological changes using the recently released CMIP6 model projections.



Therefore, in this study, a distributed hydrological model GBHM-HLJ was used to quantify the changes in the runoff in the Amur River Basin under two future climate scenarios, SSP2-4.5 and SSP5-8.5, using the downscaled and bias-corrected results of four GCMs provided by the CMIP6. The period from 1961 to 2010 was defined as the baseline period, and the period of 2021 to 2070 was taken as the future period. The main research objectives were: (1) to analyze the changes in precipitation and air temperature under the future climate scenarios, (2) evaluate the response of annual and seasonal runoffs to future climate changes and (3) assess the impact of future climate changes on floods.




2. Study Area and Data


The Amur River Basin is located in the northeastern part of Eurasia, with a basin area of 889,000 km2. The Amur River has two sources: one is the Erguna River in the south, located in the Inner Mongolia Autonomous Region, and the other is the Shilka River in the north, originating in the Outer Hinggan Mountains. Originating from the Kluren Stream of the Erguna River, with a total length of 5498 km, the Amur River ranks the sixth-longest river in the world [22,23]. The topography of the Amur River Basin is characterized by high mountains in the west and gentle hills and low plains with extensive pastures in the east (Figure 1). The elevation of this basin ranges from 0 to 2485 m. The basin is located in the cold temperate zone and temperate zone, influenced by a monsoon climate. The main vegetation types in the study area are farmland, forest and grassland [24]. In this basin, the annual precipitation mainly concentrates in June–September, and the precipitation in these months accounts for 70% of the annual precipitation [25]. At the same time, the precipitation distribution in this basin changes gradually with the topography and the distance from the ocean. From the plain to the mountain area, the precipitation enhances with the increase of the elevation. From east to west, the precipitation decreases with the increasing distance from the ocean [26].



The data used in this study include the atmospheric forcing, the land surface data for the hydrological model simulation and the output data of the GCM. The atmospheric forcing data includes the daily air pressure, air temperature, precipitation, relative humidity, wind speed and sunshine hours observed at the meteorological stations. The data observed at the meteorological stations in China were obtained from the dataset of China’s terrestrial climate information (V3.0) provided by the China Meteorological Administration (http://data.cma.cn/, accessed on 2 June 2020). The data observed at the stations in Russia and Mongolia were collected from the National Oceanic and Atmospheric Administration (https://www.ncdc.noaa.gov/data-access/quick-links#dsi-3505, accessed on 6 July 2020). The observed daily discharge data of the major hydrological stations were used to validate the hydrological model. The land surface data used to run the hydrological model included the land use, topography, vegetation and soil hydraulic parameters. The topography was described by DEM data with a 90-m spatial resolution obtained by the Shuttle Radar Topography Mission (SRTM) dataset. The land use data was derived from the GlobeLand30 dataset with a spatial resolution of 30 m (http://www.globallandcover.com/, accessed on 30 May 2020). The vegetation data was obtained from the GIMMS NDVI 3g dataset provided by NASA. The soil parameters were provided by the Harmonized World Soil Database (HWSD) v1.2 [27] with a spatial resolution of 0.05 degrees, including the soil depth, soil bulk density and soil compositions.



Future atmosphere forcing data were provided by four general circulation models (Table 1) in the CMIP6 (Coupled Model Intercomparison Project Phase 6) in the baseline period and two future scenarios, namely SSP2-4.5 and SSP5-8.5. These data were downloaded from the Earth System Grid Federation (ESGF) data platform (https://esgf-node.llnl.gov/search/cmip6/, accessed on 16 October 2020). The SSP2-4.5 and SSP5-8.5 scenarios represent the medium and high ranges of future greenhouse gas emissions, respectively [28]. In this study, according to the evaluation of the accuracy for simulating precipitation in East Asia by Jiang et al. [29], we selected four GCMs that have good performances for precipitation simulations with normalized centered root mean square errors less than 0.8 and can provide complete daily climate data (including precipitation, air temperature, wind speed, humidity, etc.) in the future period from 2021 to 2070. The description of these models is shown in Table 1, and the details of the performances of these GCMs are available in Jiang et al. [29].




3. Method


3.1. Bias Correction and Spatial Downscaling of GCM Output


In general, the climate variables simulated by the GCMs have certain biases compared with the observations. On the other hand, the spatial resolution of the output of the GCM is too coarse. Therefore, the outputs of GCMs cannot be directly applied to hydrological simulations at the catchment scale. Therefore, it is necessary to correct the biases of the variables provided by the GCM simulation and downscale them to the catchment scale. In this study, the BCSD (Bias Correction and Spatial Downscaling) method [30] was used to downscale the daily output of the GCMs to the grids of the hydrological model and correct the biases of them at the same time. In the BCSD method, the quantile mapping approach [30] was used to correct the biases of the GCM simulation based on the cumulative frequency curves of the measured climate elements in the baseline period. The cumulative frequency curves of the climate elements obtained after correction were consistent with the cumulative frequency curves of the observations [30]. The steps of the downscaling and bias correction of the GCM outputs (Figure 2) are summarized as follows:




	(1)

	
The spatial resolution of the GCM outputs selected in this study is generally in the range of 0.75°–3°. Therefore, the daily outputs of the GCM were converted to the corresponding large grids (see Table 1).




	(2)

	
The daily data observed at the meteorological stations were interpolated to a 5-km grid system using the inverse distance weighted method to obtain the observed climate variables at the 5-km grid scale. The observed climate variables at each large GCM grid were calculated based on the observed climate variables at 5-km grids within the large grid. Then, the quantile mapping method was used to correct the bias of the GCM outputs for the large grid. The values of the corrected variables of GCM at the large grid were compared with the observed variables to obtain the correction factors of the large grid.




	(3)

	
The correction factors of the large grid were interpolated to the small grid of 5 km by the inverse distance weighted method to obtain the correction factors of each 5-km grid. Finally, based on the correction factor of each 5-km grid and the observed daily climate variables at the same grids, the downscaling results after bias correction at each 5-km grid were finally determined.










3.2. Brief Introduction of the Hydrological Model


The hydrological processes of the Amur River Basin were simulated by a distributed hydrological model, namely GBHM-HLJ [31], which was constructed for the Amur River Basin, and it was modified from the GBHM model (Geomorphology-Based Hydrological Model). The GBHM model has been successfully applied in many large watersheds, such as the Yangtze River Basin [32,33], the Yellow River Basin [34], the Mekong River Basin [35], the Chao Phraya River Basin [36] and the whole of Asia [37]. In this study, the model adopted a 5-km × 5-km grid system, and the study basin was discretized into 83,468 grid cells. The whole basin was divided into 209 subbasins, and within each subbasin, there were several flow intervals. The flow distances of the grid cells within the flow intervals were calculated using the GIS tools [38]. Within each grid, a “hillslope-valley” system was identified, and the hillslope was the basic unit for hydrological modeling [38,39]. On the hillslope, there were four layers in the vertical direction, including the vegetation layer, snow cover, the unsaturated zone and the groundwater aquifer. The movement of soil moisture in the unsaturated zone was described by the one-dimensional Richards equation. The excess infiltration runoff and saturation excess runoff were calculated on the hillslope unit, and the surface flows on the slope were calculated using the manning equation. The water balance equation and Darcy’s law were used to describe the relationship between the groundwater and the river. The river routing was calculated by the kinematic wave method. The Amur River Basin is located in the cold region of a high latitude. Therefore, the snowmelt and soil freeze–thaw cycle influence the runoff generation. In the model, the snowmelt was estimated by a temperature index method as follows [31,39]:


     M = f   M     ( T - T   b   ) Δ t   



(1)




where M is the snowmelt runoff, fM is degree–day factor (mm/°C.d). T is the air temperature (°C), Tb is the critical temperature of the snowmelt (°C) and ∆t is time step. The snowmelt factor fM was obtained by the model calibrations.



A model describing the hydraulic conductivity of frozen soil was used to simulate the effect of a soil freezing–thawing cycle on the water movement. In this model, the hydraulic conductivity changed exponentially with the increase of the air temperature in the thawing period and the decrease of the air temperature in the freezing period:


  K =  {       K 0  exp  (   k  fz      ( T - T   1  )  )   , m  ≤  6 , T  ≤  T 1         K 0  exp  (   k  fz      ( T + T   2  )  )   , m  ≥  7 , T  ≤  T 2         



(2)




where K is the hydraulic conductivity of frozen soil (mm/d), K0 is the hydraulic conductivity of unfrozen soil with the same water content (mm/d), kfz is the temperature factor of the frozen soil water conductivity (°C−1), T is the air temperature, T1 is the temperature hysteresis parameter of the frozen soil during the thawing period, m is the month, and the thawing period is usually before June, and T2 is the temperature hysteresis parameter of the soil freezing development period, and the freezing development period is generally after July. The parameters kfz, T1 and T2 were obtained by the model calibrations.



The details of the model are available in Gao et al., Cong et al., Yang et al. and Li et al. [31,33,34,38,39]. The Nash efficiency coefficient (NSE) and relative error (RE) were used to verify the applicability of the model in the study basin.




3.3. Statistical Methods for Analyzing the Changes in Runoff


In this study, the Pearson III-type curve was used for determining the flood peaks of different return periods. A Pearson III-type curve is an asymmetric curve with one finite end and another infinite end. The mean value, variation coefficient (Cv) and skewness coefficient (Cs) of the flood peaks were used to estimate the parameters of the Pearson III-type curve.



The Wilcoxon Signed-Rank test was used to examine the significance of the runoff changes. The Wilcoxon Signed-Rank test is widely used for examining the differences between paired data samples that come from two populations. The null hypothesis in this test was that there was no difference between the two samples. First, a new variable was calculated as follows [40]:


  D =  x 1  −  x 2   



(3)




where x1 and x2 are the variables from the two different samples, respectively. By ranking D, the sum of the ranks of the positive differences ∑(+) and the negative differences ∑(−) is calculated. Next, the statistics were calculated as follows:


  T = min   [  ∑  ( + ) ,  ∑  ( − ) ]      



(4)







We rejected the null hypothesis when T was larger than the threshold value Tα corresponding to the significant level of α, which means that the difference between the two samples was significant. In this study, α was set to 0.05.





4. Results


4.1. Bias Correction of the GCM Output


Figure 3 displays a comparison between the basin-averaged value of the downscaled bias-corrected precipitation and air temperature of the GCM output and the observations in the baseline period. It can be seen from the figure that different GCMs generally have a certain ability to simulate the precipitation and air temperature in the Amur River Basin. For the air temperature estimation, the raw MRI-ESM2-0 model output had small errors, implying that the model performed better for simulating the monthly air temperature than the other models. The biases of all the GCMs were greatly reduced after correction. For the precipitation simulation, the original results of the four models all had non-negligible biases. In most cases, the models overestimated the monthly precipitation, and the underestimation of the observed precipitation was only detected in a few months in the summer for the BCC-CSM2-MR and EC-Earth3 models. The MRI-ESM2-0 and EC-Earth3 models simulated the precipitation well during the flood season, but they showed poor performances in estimating the precipitation during the non-flooding season. The precipitation simulated by the MIROC-ES2L model evidently overestimated the observations throughout the year, which may be related to its low spatial resolution. After the downscaling and bias correction using the BCSD method, the results of each GCM were quite close to the observations. This indicates that the BCSD method can effectively correct the biases of the outputs of the GCMs while downscaling.




4.2. Validation of the Hydrological Model


In this study, the applicability of GBHM-HLJ in the Amur River Basin was validated by comparing the simulated river discharges and observations at the hydrological stations located on the main channel and major tributaries (Table 2 and Figure 1). The river roughness coefficient (nc), slope shape coefficient (fss), the degree–day factor fM and the parameters of the frozen soil hydraulic conductivity kfz, T1 and T2, were calibrated. The other parameters were obtained from the measured or reference data. Figure 4 compares the simulated daily river discharge and observations at the Khabarovsk, Kumara and Xiaoshazangka Stations. The simulated discharges agreed well with the observations. Table 2 shows the assessment of the model performance at the main hydrological stations during the calibration period and the validation period. The NSE was commonly above 0.80, and the RE was less than 10%. The NSE and RE at Khabarovsk Station located at the lower reach of the main stream were 0.90 and 4.9% in the calibration period, and the NSE and RE were 0.89 and −2.4% in the validation period. These results indicate that the model exhibited good performance in simulating the daily river discharge in the Amur River Basin.



Figure 5 illustrates the variations of the model-simulated daily river discharge at Khabarovsk Station in the period from 1960 to 1990. The RE and NSE for this long sequence simulation were 0.8% and 0.89, respectively. Although the model simulation showed some deviations at the receding stage and the spring snowmelt period, the fluctuations of the observed daily discharges and the interannual variations of the flood peaks were well-captured. The simulated and observed annual maximum daily discharges at Khabarovsk Station are shown in Figure 6. It can be seen from the figure that the model simulations were in good agreement with the observations. These results showed that the GBHM-HLJ model had acceptable skills in simulating long-term changes in the river discharge and floods of the Amur River Basin.




4.3. Precipitation and Air Temperature Changes in the Future Period


Table 3 and Table 4 show the changes in the basin-averaged precipitation and air temperature in the Amur River Basin during the future period compared with the baseline period based on the downscaled and bias-corrected GCM outputs. In general, all the GCMs suggested an increase in the seasonal and annual precipitation in the future period. Under the SSP2-4.5 scenario, compared with the baseline period, the MRI-ESM2-0 and EC-Earth3 models suggested about an 18% increase in the annual precipitation, and the change rate estimated by the other two models was about 11%. The ensemble mean of the four models projected the annual precipitation increases by 14.6% under the SSP2-4.5 scenario. Under the SSP5-8.5 scenario, the MRI-ESM2-0 and MIROC-ES2L models projected larger increases in the annual precipitation than that under the SSP2-4.5 scenario, while the changes in the annual precipitation projected by the BCC-CSM2-MR and EC-Earth3 models were slightly lower than that under the SSP2-4.5 scenario. However, the models generally projected a larger increase in the summer precipitation under the SSP5-8.5 scenario than that under the SSP2-4.5 scenario, except for the BCC-CSM2-MR model. The ensemble mean of the four models projected an increase by 15.2% in the annual precipitation under the SSP5-8.5 scenario. In general, under these two scenarios, the increased rates of precipitation in the spring and winter were larger than those in the summer and autumn due to their low absolute values. Figure 7a,b shows the spatial distributions of the annual precipitation changes projected by the ensemble mean of the four GCMs in the two future climate scenarios. It can be seen from the figure that the annual precipitation exhibited a remarkable increase in the northern and northeastern parts of the basin, while the southeastern part of the basin showed the lowest changes.



In the future period, the results of all the four GCMs show that the air temperature in the Amur River Basin will significantly increase compared with the baseline period (Table 4). Under the SSP2-4.5 scenario, the ensemble mean of the four models projected an increase of 2.84 °C in the basin-averaged annual air temperature compared to that in the baseline period. Except for the MIROC-ES2L model, the other models suggested higher temperature increases in the autumn than in the spring. Under the SSP5-8.5 scenario, the increase in the basin-averaged annual air temperature in the Amur River Basin projected by the ensembles mean of the four models was 3.82 °C higher than that in the baseline period. These results indicate that the air temperature in the study area will have a larger increase under the SSP5-8.5 scenario than under the SSP2-4.5 scenario. From the perspective of spatial distribution, compared with the baseline period, the increase in the annual air temperature in the northern part was larger than that in the southern part (Figure 7c,d).



Figure S1 shows the interannual variations in the basin-averaged annual precipitation and air temperature in the baseline period and the two future scenarios. Generally, most GCMs showed larger variances of the precipitation and air temperature in the future period than that in the baseline period, and the variances under the SSP5-8.5 scenario were all greater than those under the SSP2-4.5 scenario. These results indicate that the future climate changes will increase the interannual variabilities of the precipitation and air temperature in the study basin, and the increases in the variabilities will tend to be more evident in the high-emissions scenario. The increasing trend in the air temperature under the SSP5-8.5 scenario was also greater than that in the baseline period and the SSP2-4.5 scenario, which also implies that the annual air temperature will tend to increase more significantly under the SSP5-8.5 scenario.




4.4. Changes in Runoff in the Future Period


Forced by the downscaled and bias-corrected results of the GCM outputs, we simulated the hydrological processes of the study basin in the baseline period and the future period using the GBHM-HLJ model. The runoff changes between the baseline period and the future period were analyzed. Table 5 shows the degree of the annual and seasonal runoff changes at Khabarovsk Station relative to the baseline period under the SSP2-4.5 and SSP5-8.5 scenarios. In general, all four GCMs projected that the runoff will increase under the SSP2-4.5 scenario. However, the rates of change in the runoffs varied among the different models. The runoff increase estimated by BCC-CSM2-MR was lower than that of the other three models. For Khabarovsk Station, the multiyear average of the annual runoff will increase by 9.2–36.9% under the SSP2-4.5 scenario compared with that in the baseline period. Under the SSP5-8.5 scenario, the MIROC-ES2L model and the EC-Earth3 model projected lower degrees of increases in the runoffs than that under the SSP2-4.5 scenario. Moreover, the BCC-CSM2-MR model projected a decrease by 4.2% in the annual runoff under the SSP5-8.5 scenario compared with the baseline period. These results are because that the actual evaporations projected by these three GCMs had larger increases under the SSP5-8.5 scenario than that under the SSP2-4.5 scenario (Figure 8) due to the more significant warming. The increases in the runoffs at Khabarovsk Station projected by the ensemble mean of the four models were 22.5% and 19.2% under the SSP2-4.5 and SSP5-8.5 scenarios, respectively (Table 5). These results implied that the increase in the runoff under the SSP5-8.5 scenario will tend to be lower than under the SSP2-4.5 scenario. In the future period, the change rate in the runoff during the flood season was close to that of the annual runoff. Generally, the rates of increases in the runoffs during the spring and autumn were greater than that in the summer. On a monthly scale, the increases in the runoffs at Khabarovsk Station projected by different GCMs showed similar patterns, as shown in Figure 9. The runoffs increased significantly in August and September, with the lowest changes in June.



In addition, the runoff changes at the major stations located on the tributaries were also analyzed, and the results are displayed in Table 6. In general, the annual runoffs in most of tributaries will increase in the future period. Except for BCC-CSM2-MR, the degree of runoff increases projected by the GCMs were basically in the range of 8–50%, and a few of them exceeded 50%. The changes in the runoff at Hoare Station at the Hoare River were quite limited, and the changes were relatively large at Harbin Station and Kumara Station with the increase in the annual runoff close to or exceeding 30%. On a monthly scale, the changes in the runoffs in the future period at the major stations located on the tributaries showed similar patterns as Khabarovsk Station, and one example is shown in Figure S2 in the Supplementary Materials.



Figure 7e,f shows the spatial variations in the changes in the runoff depths in the study basin in the future period compared with the baseline period. The spatial patterns of runoff changes were generally consistent with that of the precipitation. From the perspective of comparisons of the two scenarios, the spatial distributions of the runoff changes showed evident differences. The Upper Amur River Basin showed larger increases in the runoff under the SSP5-8.5 scenario than that under the SSP2-4.5 scenario, and the opposite was found in the Lower Amur River Basin.




4.5. Changes in Flood in the Future Period


Figure 10 and Table 7 show the changes in the annual maximum daily discharges at the main hydrological stations in the future period and the baseline period. For Khabarovsk Station, the annual maximum daily discharges increased in the future period compared to the baseline period, particularly for the maximum value of the annual maximum daily discharge. The mean value of the annual maximum daily discharge was significantly greater than that in the baseline period, with the exception of the projections by the BCC-CSM2-MR model. The MRI-ESM2-0 model projected the largest changes among the four GCMs under both the SSP2-4.5 and SSP5-8.5 scenarios. The changes projected by the GCMs under the SSP5-8.5 scenario were close to those under the SSP2-4.5 scenario, with the exception of the MRI-ESM2-0 model (Figure 10a). The degrees of the increases of the annual maximum daily river discharges at Khabarovsk Station projected by the ensemble mean of the four GCMs were 25.6% and 24.1% under the SSP2-4.5 and SSP5-8.5 scenarios, respectively. The changes in the annual maximum daily discharges in the future period at the other hydrological stations were generally similar to that at Khabarovsk Station (Figure 10). The BCC-CSM2-MR model commonly projected slight changes, and the other three models projected relative larger increases. These results suggested that the flood peak will increase in the future in the main stream and most tributaries of the Amur River.



The changes in the annual maximum 15-day flood volume are displayed in Figure 11. In general, increases in the annual maximum 15-day flood volumes were also commonly found at the hydrological stations located on the main channel and major tributaries. The tendencies of the annual maximum 15-day flood volume projected by the four GCMs in the future period were similar to the changes in the annual maximum daily discharges. The results projected by the MRI-ESM2-0 model generally showed the largest increases in the annual maximum 15-day flood volume, while the BCC-CSM2-MR model showed relatively limited changes. Table 8 shows the degree of change in the annual maximum 15-day flood volumes during the two future scenarios compared to the baseline period at Khabarovsk Station. The average rate of change projected by the BCC-CSM2-MR model was not significant; however, the change rate of the maximum value projected by the BCC-CSM2-MR model was the largest among the four GCMs.



The flood peaks of the return periods of 20 years and 50 years at Khabarovsk Station were estimated based on the Pearson III-type curve obtained by the simulated river discharges in the baseline period. Table 9 shows that all the four GCMs suggested that the frequency of flooding of both the 20-year and 50-year return periods will increase in the future, particularly for the MRI-ESM2-0 model, which showed the most evident increases. These results suggest that the frequency of floods in the Amur River Basin will tend to increase in the future. With the exception of the MRI-ESM2-0 model, the frequencies of floods projected by the GCMs under the SSP5-8.5 scenario were close to or lower than that under the SSP2-4.5 scenario, which was probably related to the higher temperature rising and larger evaporation under the SSP5-8.5 scenario, as mentioned in Section 4.4.



Figure 12 shows the flow duration curves at Khabarovsk Station under the future climate scenarios and the baseline period. The GCMs under the future climate scenarios generally projected increases of the high flows, but there were differences among the models. The GCMs projected significant increases in the amplitude and frequency of the high flows, except for the BCC-CSM2-MR model, which did not show increases in the high flows under the SSP5-8.5 scenario. The MRI-ESM2-0 model had the largest increase in high flows among the four GCMs at Khabarovsk Station. Figure S3 shows the flow duration curves of Xiaoshazangka Station at the Zeya River. The GCMs generally projected increases in the magnitude and frequency of the high flows in the future period, except for the BCC-CSM2-MR model, which projected decreases in the high flows under the SSP5-8.5 scenario. Similar results were also found at other stations located along the tributaries—for example, Malinovka Station and Kumara Station, shown in Figures S4 and S5. These results suggest that the frequency and magnitude of floods in the Amur River Basin will tend to increase in the future period.




4.6. Changes in Low Flows in the Future Period


In addition to floods, the changes in the low flows were also analyzed in this study. Figure 13 displays the changes in the annual minimum 7-day river discharges of the main channel and major tributaries in the future period. The GCMs generally suggested that the annual minimum 7-day river discharges in the future period were larger than that in the baseline period. The increases in the annual minimum 7-day river discharges under the SSP5-8.5 scenario were larger than those under the SSP2-4.5 scenario, with the exception of the EC-Earth3 model. Similar results were also found for the annual minimum 30-day river discharges, which are shown in Table S1 in the Supplementary Materials. At Khabarovsk Station, the annual minimum 30-day river discharges will significantly increase in the future period compared with the baseline period (Table S1). These results imply that the risk of hydrological drought will tend to be reduced in the future period.





5. Discussion


5.1. Impact of Future Climate Changes on Runoff


In this study, all the GCM project significant increases in the air temperature and precipitation in the future period, which suggest that the Amur River Basin will become wetter and warmer. These results are consistent with the findings of Yang et al. [11], which also projected significant increases in the air temperature and precipitation in this basin. Our results suggest that the runoffs in the upper and lower reaches of the Amur River will significantly increase in the future. The increases in the runoffs will provide more water resources and hydropower potential in the future; however, they will also increase the risk of floods in the Amur River Basin. The increases in precipitation projected by the ensemble mean of the GCMs under the SSP5-8.5 scenario were slightly larger than those under the SSP2-4.5 scenario. However, the increases in the runoffs projected by the ensemble mean of the GCMs under the SSP5-8.5 scenario were slightly lower than those under the SSP2-4.5 scenario due to larger increases in the actual evaporation. These results imply that the increases in evaporation resulting from the significant warming in the high-emission scenario will have a negative effect on the runoffs and may offset the positive effect of precipitation increase. The results of this study suggested that the low flows in the study basin will tend to increase in the future period, which may reduce the risk of hydrological drought. Considering the complex spatial and temporal characteristics of drought, more detailed studies by analyzing the relationships among the changes in the runoff, soil moisture and precipitation for better understanding the alterations of drought in future climate conditions are required in the future.




5.2. Uncertainties and Limitations


The uncertainties in projecting the future runoff changes were mainly induced by three sources: the GCM output, downscaling method and the hydrological model. Due to the coarse resolution of the GCM data, downscaling and bias correction of the GCMs are necessary. There are two types of downscaling methods, namely statistical downscaling and dynamic downscaling [41]. Dynamic downscaling requires a long time and large efforts for computations. Therefore, it is difficult to be applied for simulations forced by multi-GCMs [42]. Thus, the statistical downscaling method was used in this study due to its great efficiency. Previous studies have concluded that the uncertainties of the GCMs were greater than those of downscaling methods [43]. This is because the information on atmosphere systems that is available for climate studies and simulations is insufficient, and describing the complex nonlinear natural climate changes is still challenging in GCMs [44]. The most widely used methods in statistical downscaling are delta and quantile mapping [45]. The quantile mapping method was used in this study. However, quantile mapping may worsen trends in climates in some cases [46]. The BCSD assumes that the curves of the air temperature and precipitation frequency distributions are stationary over time. This assumption may not be valid for future climates [47]. At the same time, the BCSD model is based on the CDF function, which may have a certain influence on the timing of the GCM output.



Although uncertainties in the vegetation or soil parameters in such a large basin may also influence the accuracy of the runoff changes simulated by the hydrological model, the results of the validation for the hydrological model suggest that the GBHM-HLJ model forced by observed atmosphere forcings has high skills in simulating the hydrological processes and stream flows in the study basin. This implies that the uncertainties from the hydrological model are limited compared with those of the GCM and downscaling methods. Large differences in the magnitude of changes in runoffs projected by different GCMs were found in our studies. This result implies that the major uncertainties of the runoff projections in this study were from the GCMs. The changes in the annual runoffs and the flow duration curves had larger variations among the GCMs under the SSP5-8.5 scenario than that under the SSP2-4.5 scenario. This finding suggests that the uncertainties in the GCM projections of the runoffs were larger in the high-emission scenario than under the median-emission scenario. The GCMs selected in this study were based on the evaluations of their accuracies in previous studies, and the trends in precipitation and air temperature in the future period compared with the baseline period obtained by the four GCMs in this study were generally consistent with the pervious study of Yang et al. [11]. This increases the confidence in using these GCMs to analyze the changes in the runoffs in the future period. Comprehensively evaluating the uncertainties of all the GCMs in CMIP6 is a great challenge and will be one of our future works. In addition, the GBHM-HLJ model took the snowmelt and the freeze–thaw processes into consideration in the hydrological simulations in the study basin. However, this cryosphere module used in the GBHM-HLJ model was relatively simplified. Improving the accuracy in describing the cryosphere hydrological processes in the hydrological model will be another future work.





6. Conclusions


A distributed hydrological model, GBHM-HLJ, was calibrated and validated in the Amur River Basin. Based on the bias-corrected and spatial downscaling results of the outputs from four GCMs provided by the CMIP6, the hydrological processes of the Amur River Basin in the baseline period (1961–2010) and the future period (2021–2070) were simulated using the GBHM-HLJ model. The spatial and temporal variations in the impacts of future climate changes on the runoffs under the SSP2-4.5 and SSP5-8.5 scenarios were evaluated. The conclusions were as follows:




	(1)

	
The validation of the GBHM-HLJ model shows that the model has acceptable skill in simulating the daily river flow in the Amur River Basin. It can provide high accuracy in simulating the long-term changes in the runoffs and floods.




	(2)

	
Compared with the baseline period, the magnitude and variability of the precipitation and air temperature will evidently increase in the future period. The results of the ensemble mean of the four GCMs suggest that the basin-averaged annual precipitation will increase by 14.6% and 15.2% under the SSP2-4.5 and SSP5-8.5 scenarios, respectively. The basin-averaged annual air temperatures projected by the ensemble mean of the four GCMs will rise by 2.84 °C under the SSP2-4.5 scenario and 3.82 °C under the SSP5-8.5 scenario.




	(3)

	
The results suggest that the river discharges of the main channel and the major tributaries will tend to increase in the future period compared with the baseline period, particularly in August and September. The results of the ensemble mean of the four GCMs suggest that the basin-averaged annual runoff will increase by 22.5% and 19.2% at Khabarovsk Station under the SSP2-4.5 and SSP5-8.5 scenarios, respectively. The annual maximum daily river discharge, annual maximum 15-day flood volume and the frequency of flooding will also tend to increase in the future period.




	(4)

	
Although increasing trends in the precipitation and runoffs were commonly found in the future period compared with the baseline period, large differences among the different GCMs and scenarios still existed, particularly for the runoff. The BCC-CSM2-MR model projected a decrease in the runoff under the SSP5-8.5 scenario, and it suggested a lower magnitude of increase in the runoff and high flows than the other GCMs under the SSP2-4.5 scenario. Due to the larger increase in evaporation, the runoff increase under the SSP5-8.5 scenario was lower than that under the SSP2-4.5 scenario.









The findings of this study suggest that the streamflow in the Amur River Basin will tend to increase in the near future. This will benefit water resource developments. However, the significant increase in the high flows also highlights that the risk of flooding may also increase in the future. Therefore, water resource managers should take effective adaptions to mitigate this increasing trend of flood risk. This work is a first step toward assessing the responses of runoffs in the Amur River Basin to future climate changes. Further analyses of the cryosphere changes in the future climate conditions and a more comprehensive evaluation of the uncertainties in runoff projection will be addressed in future studies.
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Figure 1. Topography, river network, the meteorological gauge and hydrological stations in the Amur River Basin. 
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Figure 2. Flowchart of the BCSD method used in this study. 
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Figure 3. Monthly basin-averaged precipitation and air temperature of the GCMs before and after bias corrections and observations in the baseline period. (a) BCC-CSM2-MR (b) MRI-ESM2-0 (c) EC-Earth3 (d) MIROC-ES2L. 
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Figure 4. Simulated daily river discharges by GBHM-HLJ and observations during the calibration and validation periods at: (a) Khabarovsk Station, (b) Kumara Station and (c) Xiaoshazangka Station. 
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Figure 5. Long-term simulations of the daily river discharge at Khabarovsk Station using the GBHM-HLJ model from the observed atmosphere forcings and observed daily river discharges. 
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Figure 6. Simulated and observed annual maximum daily discharges at Khabarovsk Station. 
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Figure 7. Spatial variations of the changes in the annual precipitation, air temperatures and runoff depths under the future climate scenarios compared with the baseline period: (a,c,e) under the SSP2-4.5 scenario and (b,d,f) under the SSP5-8.5 scenario. (a,b) The same legend and (e,f) the same legend. 
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Figure 8. Spatial variations in the annual actual evaporations in the baseline period and under the future climate scenarios. (a,d,g,j) In the baseline period, (b,e,h,k) under the SSP2-4.5 scenario and (c,f,i,l) under the SSP5-8.5 scenario. 
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Figure 9. Model-simulated monthly runoffs at Khabarovsk Station in the baseline period and under the future climate scenarios. (a) BCC-CSM2-MR (b) MRI-ESM2-0 (c) EC-Earth3 (d) MIROC-ES2L. 
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Figure 10. Box plot of the model-simulated annual maximum daily river discharges in the baseline period and under the future climate scenarios. (a) Khabarovsk (b) Xiaoshazangka (c) Kumara (d) Malinovka (e) Hoare. 
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Figure 11. Box plot of the model-simulated annual maximum 15-day flood volumes in the baseline period and under the future climate scenarios. (a) Khabarovsk (b) Xiaoshazangka (c) Kumara (d) Malinovka (e) Hoare. 
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Figure 12. Comparisons of the model-simulated flow duration curves of Khabarovsk Station in the baseline period and under the future climate scenarios. (a) BCC-CSM2-MR (b) MRI-ESM2-0 (c) EC-Earth3 (d) MIROC-ES2L. 
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Figure 13. Box plot of the model-simulated annual minimum 7-day river discharges in the baseline period and under the future climate scenarios. (a) Khabarovsk (b) Xiaoshazangka (c) Kumara (d) Malinovka (e) Hoare. 
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Table 1. The GCMs used in this study.






Table 1. The GCMs used in this study.





	Climate Models
	Development Agencies
	Spatial Resolution





	EC-Earth3
	Earth-Consortium, Europe
	0.7° × 0.7°

(70 km × 70 km)



	MIROC-ES2L
	CCSR, NIES, FRCGC, Japan
	2.8125° × 2.8125°

(300 km × 300 km)



	MRI-ESM2-0
	Meteorological Research Institute, Japan
	1.125° × 1.125°

(120 km × 120 km)



	BCC-CSM2-MR
	Beijing Climate Center, China
	1.125° × 1.125°

(120 km × 120 km)







Note: CCSR serves as the Center for Climate System Research of the University of Tokyo, NIE is the National Institute for Environmental Studies, and the FRCGC is the Frontier Research Center for Global Change Japan Agency for Marine-Earth Science and Technology.
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Table 2. Performance of GBHM-HLJ for the daily river discharge simulation at the main hydrological stations in the Amur River Basin for the calibration and validation periods.






Table 2. Performance of GBHM-HLJ for the daily river discharge simulation at the main hydrological stations in the Amur River Basin for the calibration and validation periods.





	
Station

	
Calibration Period

	
Validation Period




	
Period

	
RE

	
NSE

	
Period

	
RE

	
NSE






	
Kumara

	
1956–1959

	
−13.7%

	
0.81

	
1961–1965

	
−7.6%

	
0.80




	
Malinovka

	
1980–1985

	
7.2%

	
0.80

	
1986–1990

	
−8.7%

	
0.73




	
Harbin

	
1981–1985

	
2.1%

	
0.82

	
1986–1990

	
8.3%

	
0.83




	
Hoare

	
1981–1985

	
−1.8%

	
0.82

	
1986–1989

	
−11.1%

	
0.72




	
Khabarovsk

	
1981–1985

	
4.9%

	
0.90

	
1986–1990

	
−2.4%

	
0.89




	
Xiaoshazangka

	
1949–1953

	
9.1%

	
0.87

	
1954–1958

	
−6.7%

	
0.84
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Table 3. Change rates in the basin-averaged precipitation in the future period compared with that in the baseline period (%).






Table 3. Change rates in the basin-averaged precipitation in the future period compared with that in the baseline period (%).





	
Scenario

	

	
BCC-CSM2-MR

	
MRI-ESM2-0

	
EC-Earth3

	
MIROC-ES2L

	
Ensemble Mean






	
SSP2-4.5

	
Spring

	
20.9

	
23.5

	
33.7

	
13.6

	
22.9




	
Summer

	
8.8

	
16.5

	
11.8

	
6.9

	
11.0




	
Autumn

	
9.6

	
16.3

	
22.8

	
12.7

	
15.4




	
Winter

	
30.4

	
38.8

	
33.5

	
28.8

	
32.9




	
August

	
8.5

	
13.6

	
9.6

	
9.0

	
10.2




	
Annual

	
11.8

	
18.5

	
18.3

	
10.0

	
14.6




	
SSP5-8.5

	
Spring

	
18.7

	
26.0

	
28.5

	
19.0

	
23.0




	
Summer

	
7.5

	
21.1

	
13.2

	
10.4

	
13.0




	
Autumn

	
5.3

	
15.5

	
15.1

	
13.1

	
12.3




	
Winter

	
29.6

	
40.6

	
38.5

	
13.0

	
30.4




	
August

	
5.1

	
18.9

	
9.1

	
5.9

	
9.8




	
Annual

	
9.7

	
21.5

	
17.0

	
12.4

	
15.2
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Table 4. Changes in the basin-averaged air temperatures in the future period compared with that in the baseline period (°C).






Table 4. Changes in the basin-averaged air temperatures in the future period compared with that in the baseline period (°C).





	
Scenario

	

	
BCC-CSM2-MR

	
MRI-ESM2-0

	
EC-Earth3

	
MIROC-ES2L

	
Ensemble Mean






	
SSP2-4.5

	
Spring

	
1.98

	
2.10

	
3.45

	
2.83

	
2.59




	
Summer

	
2.38

	
2.42

	
3.32

	
2.58

	
2.68




	
Autumn

	
3.19

	
3.27

	
3.79

	
2.64

	
3.22




	
Winter

	
3.34

	
2.58

	
3.03

	
2.69

	
2.91




	
Annual

	
2.72

	
2.59

	
3.40

	
2.69

	
2.84




	
SSP5-8.5

	
Spring

	
3.61

	
2.67

	
3.73

	
3.16

	
3.30




	
Summer

	
3.98

	
3.06

	
3.77

	
2.67

	
3.37




	
Autumn

	
5.03

	
3.97

	
4.96

	
3.65

	
4.40




	
Winter

	
5.14

	
3.05

	
4.08

	
4.49

	
4.19




	
Annual

	
4.44

	
3.19

	
4.14

	
3.49

	
3.82
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Table 5. Change rates in the runoffs at Khabarovsk Station in the future period compared with those in the baseline period (%).






Table 5. Change rates in the runoffs at Khabarovsk Station in the future period compared with those in the baseline period (%).





	
Scenario

	

	
Spring

	
Summer

	
Autumn

	
Winter

	
Flood Season (May-Sep)

	
Annual






	
SSP2-4.5

	
BCC-CSM2-MR

	
16.0 *

	
6.8 *

	
7.2 *

	
14.7 *

	
7.6 *

	
9.2 *




	
MRI-ESM2-0

	
54.7 *

	
38.4 *

	
31.3 *

	
20.8 *

	
40.6 *

	
36.9 *




	
EC-Earth3

	
54.3 *

	
18.3 *

	
23.4 *

	
22.4 *

	
25.0 *

	
25.8 *




	
MIROC-ES2L

	
30.0 *

	
8.0 *

	
23.5 *

	
16.8 *

	
15.6 *

	
18.0 *




	
Ensemble mean

	
37.0 *

	
18.0 *

	
21.7 *

	
19.1 *

	
22.1 *

	
22.5 *




	
SSP5-8.5

	
BCC-CSM2-MR

	
−0.9 *

	
−6.6 *

	
−7.0 *

	
12.4 *

	
−7.8 *

	
−4.2 *




	
MRI-ESM2-0

	
54.7 *

	
45.7 *

	
43.1 *

	
29.3 *

	
47.8 *

	
44.8 *




	
EC-Earth3

	
37.3 *

	
13.7 *

	
18.3 *

	
25.9 *

	
16.6 *

	
19.8 *




	
MIROC-ES2L

	
22.2 *

	
9.3 *

	
18.7 *

	
25.9 *

	
12.6 *

	
16.2 *




	
Ensemble mean

	
26.6 *

	
15.7 *

	
18.7 *

	
23.7 *

	
17.2 *

	
19.2 *








Note: The numbers marked with * mean that the changes were significant at the 95% confidence level (α = 0.05).
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Table 6. Change rate of the annual runoffs at hydrological stations located on the tributaries in the future period compared with those in the baseline period (%).






Table 6. Change rate of the annual runoffs at hydrological stations located on the tributaries in the future period compared with those in the baseline period (%).





	
Station

	

	
BCC-CSM2-MR

	
MRI-ESM2-0

	
EC-Earth3

	
MIROC-ES2L

	
Ensemble Mean






	
Xiaoshazangka

	
SSP2-4.5

	
5.1 *

	
26.2 *

	
8.1 *

	
19.1 *

	
14.6 *




	
SSP5-8.5

	
−5.4

	
36.0 *

	
16.9 *

	
10.9 *

	
14.6 *




	
Harbin

	
SSP2-4.5

	
13.2 *

	
32.4 *

	
32.5 *

	
40.2 *

	
29.6 *




	
SSP5-8.5

	
2.8 *

	
45.2 *

	
41.9 *

	
26.7 *

	
30.1 *




	
Malinovka

	
SSP2-4.5

	
12.7 *

	
37.5 *

	
22.3 *

	
21.1 *

	
23.5 *




	
SSP5-8.5

	
−6.2

	
43.3 *

	
11.6 *

	
17.2 *

	
16.6 *




	
Kumara

	
SSP2-4.5

	
10.8 *

	
49.9 *

	
31.7 *

	
30.5 *

	
30.7 *




	
SSP5-8.5

	
−7.1 *

	
56.9 *

	
36.8 *

	
52.8 *

	
34.9 *




	
Hoare

	
SSP2-4.5

	
1.5 *

	
36.9 *

	
23.3 *

	
−34.8 *

	
6.7 *




	
SSP5-8.5

	
−7.8

	
28.2 *

	
7.2 *

	
−15.5 *

	
3.0 *








Note: The numbers marked with * mean that the changes were significant at the 95% confidence level (α = 0.05).













[image: Table] 





Table 7. The multiyear average values of annual maximum daily discharge (m3/s) at Khabarovsk Station and its changes (%) in the future period compared with those in the baseline period.






Table 7. The multiyear average values of annual maximum daily discharge (m3/s) at Khabarovsk Station and its changes (%) in the future period compared with those in the baseline period.












	
	BCC-CSM2-MR
	MRI-ESM2-0
	EC-Earth3
	MIROC-ES2L





	1961–2010
	18,175
	18,799
	19,154
	19,013



	2021–2070

(SSP2-4.5)
	20,290
	26,833
	24,471
	22,461



	2021–2070

(SSP5-8.5)
	18,266
	29,643
	22,799
	21,418



	Change (%)

(SSP2-4.5)
	11.6
	42.7 *
	27.8 *
	18.1 *



	Change (%)

(SSP5-8.5)
	5.0
	57.7 *
	19.0 *
	12.6 *







Note: The numbers marked with * mean that the changes were significant at the 95% confidence level (α = 0.05).
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Table 8. Change rates of the average and maximum values of the annual maximum 15-day flood volumes at Khabarovsk Station in the future period compared with those in the baseline period (%).






Table 8. Change rates of the average and maximum values of the annual maximum 15-day flood volumes at Khabarovsk Station in the future period compared with those in the baseline period (%).





	

	
Scenario

	
BCC-CSM2-MR

	
MRI-ESM2-0

	
EC-Earth3

	
MIROC-ES2L






	
Average

	
SSP2-4.5

	
11.1

	
41.9 *

	
27.9 *

	
18.7 *




	
SSP5-8.5

	
0.3

	
55.6 *

	
20.3 *

	
12.5 *




	
Maximum

	
SSP2-4.5

	
65.4

	
16.6

	
32.5

	
13.5




	
SSP5-8.5

	
62.7

	
32.7

	
22.6

	
7.6








Note: The numbers marked with * mean that the changes were significant at the 95% confidence level (α = 0.05).
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Table 9. The number of occurrences for the flood peaks of the 20-year and 50-year return periods at Khabarovsk Station in the baseline period and the future period.






Table 9. The number of occurrences for the flood peaks of the 20-year and 50-year return periods at Khabarovsk Station in the baseline period and the future period.





	
Return Period

	
Period

	
BCC-CSM2-MR

	
MRI-ESM2-0

	
EC-Earth3

	
MIROC-ES2L






	
20 years

	
Baseline period

	
3

	
3

	
2

	
2




	
SSP2-4.5

	
8

	
17

	
10

	
8




	
SSP5-8.5

	
5

	
21

	
9

	
6




	
50 years

	
Baseline period

	
0

	
2

	
1

	
1




	
SSP2-4.5

	
3

	
11

	
5

	
4




	
SSP5-8.5

	
2

	
16

	
5

	
3
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