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Abstract

:

The Songhua River Basin (SRB) in Northeast China is one of the areas most sensitive to global climate change because of its high-latitude location. In this study, we conducted a modeling assessment on the potential change of water resources in this region for the coming three decades using the Soil and Water Assessment Tool (SWAT). First, we calibrated and validated the model with historical streamflow records in this basin. Then, we applied the calibrated model for the period from 2020 to 2049 with the projected and downscaled climatic data under two emission scenarios (RCP 4.5 and RCP 8.5). The study results show: (1) The SWAT model performed very well for both the calibration and validation periods in the SRB; (2) The projected temperatures showed a steady, significant increase across the SRB under both scenarios, especially in two sub-basins, the Nenjiang River Basin (NRB) and the Lower SRB (LSRB). With regard to precipitation, both scenarios showed a decreasing trend in the NRB and LSRB but an increasing trend in the Upper Songhua River Basin (USRB); and (3), generally, the hydrologic modeling suggested a decreasing trend of streamflow for 2020–2049. Compared to baseline conditions (1980–2009), the streamflow in the NRB and LSRB would decrease by 20.3%–37.8%, while streamflow in the USRB would experience an increase of 9.68%–17.7%. These findings provide relevant insights into future surface water resources, and such information can be helpful for resource managers and policymakers to develop effective eco-environment management plans and strategies in the face of climate change.
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1. Introduction


The IPCC Fifth Assessment Report on Climate Change points out that over the past half century, almost all regions of the world have experienced a heating process, with global air temperatures increasing by 0.85 °C over the period of 1880–2012 [1]. Global warming is likely to have significant impacts on the hydrologic cycle [2,3,4] connecting the atmosphere, biosphere, and lithosphere. The changing hydrologic regimes induced by climate change and resulting in variations in available water resources will strongly influence not only the eco-environment and socio-economic development of the local region, but also the downstream areas [5,6,7,8]. Thus, understanding the spatiotemporal responses of water resources to the changing climate is crucial to identifying future water availability and developing sustainable management plans [9,10,11,12].



In recent years, there has been a growing realization of the importance in assessing the impacts of climate change on streamflow [13,14,15,16]. Several factors may affect surface hydrology and water availability, including rainfall, soil type, infiltration, topography, and vegetation, among which atmospheric forces are significant. A number of studies [17,18,19] have suggested that it is necessary to evaluate potential impacts of climate change on water resources in virtue of distributed hydrological models and climate projected data. For instance, García Ruiz et al. [20] illustrated the trend of streamflow decline in the Mediterranean area by modeling and analyzing river regime characteristics and reservoir inflow; Andersson et al. [21] studied the impact of climate change and development scenarios on flow patterns using a Pitman hydrological model.



In this study, the Songhua River Basin (SRB) in Northeast China, which is one of the most sensitive areas to global climate change, is selected as the study area. The SRB occupies a land area of 556,800 km2, and it is one of the country’s most important commodity grain production bases. Agriculture is intensive in the middle and lower basin areas of the SRB, where there is also a large inland wetland region in China. In this region, stream and river flows are the most relevant water sources for agricultural irrigation and water use. The river waters are also crucial for the wetlands that support diverse ecosystems and many endangered wildlife species (e.g., red crane). In the past half century, climate in the SRB has become warmer and drier [13,22], with an increasing trend in average temperature and a declining trend in precipitation for the river basin. Meanwhile, the discharge in all major tributaries of the SRB experienced a decreasing trend over the past half century due to the warmer and drier climate [13,23]. This change has raised the concern over wetland shrinkage and biodiversity loss in the river basin [24]. In addition, the Chinese government has recently been promoting the SRB to become China’s future major grain production base. In order to develop best management strategies for effective utilization and protection of the limited water resources in the SRB, it is crucial to improve our understanding of how climate will change as well as its potential impacts on streamflow across the basin.



There are several studies addressing long-term runoff changes and its response to climate change in the SRB [25,26,27]. However, previous studies have mainly focused on the changes in the past [28,29]. The potential hydrological regimes and climate change impacts in this region are still not fully understood, making it difficult to predict future available water resources.



In the above context, this present study employed the SWAT model to investigate the hydrological response to future climate change in the SRB for the near future period (2020–2049) based on the projected climate change scenarios of RCP 4.5 and RCP 8.5. The objectives of this study were to: (1) investigate the changes and trends in future temperature and precipitation across the river basin; and (2) explore the runoff response to future climate projections over the study area. The simulation results are expected serve as reference for climate change mitigation and adaptation, as well as water resource management in this vulnerable region.




2. Materials and Methods


2.1. Study Area


The Songhua River Basin is located in the far northeastern region of China (119°52′–132°31′ E and 41°42′–51°38′ N, Figure 1). It is one of China’s seven major river basins, covering a total land area of 556,800 km2. The SRB is composed of three sub river basins: the Nenjiang River Basin (NRB) in the west, the Upper Songhua River Basin in the south (USRB, a.k.a., the Second Songhua River), and the Lower Songhua River Basin in the northeast (LSRB, a.k.a., the main stream of Songhua River). The Nenjiang River tributary originates from the Yilehuli Mountain in the Great Khingan Mountains, traveling 1370 km from Northwest to Southeast and draining 297,000 km2 land. The Second Songhua River originates from Tianchi Lake in the Changbai Mountain and flows 958 km from Southeast to Northwest, draining a land area of 73,400 km2. With a gentle slope and wide river channel, the Lower Songhua River carries the combined flow from the Nenjiang and Second Songhua Rivers and flows 939 km northeastward before entering the Amur River. The elevation of the SRB varies from 50 to 2700 m above sea level, with an extensive floodplain—the Songnen Plain—in the middle of the basin after the confluence of the Nenjiang and Second Songhua Rivers.




2.2. Data Collection


Daily climate data (precipitation, maximum air temperature, minimum air temperature, mean air temperature, relative humidity, sunshine hours and wind speed) from 37 meteorological stations (Figure 1) in the SRB were obtained from China Meteorological Administration (CMA). All the data were available for the time period of 1960–2009, which was considered as the basic climate condition period. The average precipitation in the river basin was calculated using the Thiessen polygon method [30].



In this study, the predicted climate data obtained by coupling the RegCM4.0 and BCC_CSM1.1 (Beijing Climate Center_Climate System Model Version 1.1) was collected from China Meteorological Administration (CMA). We selected the RCP 4.5 and RCP 8.5 scenarios in phase 5 of the Coupled Model Intercomparison Project (CMIP5) for climate change projections. Data include monthly mean temperature, maximum temperature, minimum temperature and precipitation from 1960 to 2049. These two models have a same spatial resolution of 0.5° × 0.5°. The RCP 4.5 emission scenario is in the middle of the IPCC range, with the CO2 concentration of about 650 ppm by 2100, while the RCP 8.5 scenario is in the top of the IPCC range with the CO2 concentration of about 850 ppm by 2100.



Besides climate data, SWAT also requires a great deal of geographic data such as digital elevation model, land use/cover and soil data. In this study, a national 1:1,000,000 digital elevation model is used to determine surface slope; land cover (National County Land Coverage Vector Data, resolution (1 km × 1 km)) data from the year 2000 were provided by Chinese Academy of Sciences (CAS). Soil data are obtained from the Soil Database supported by CAS (Nanjing Institute of Soil Science). A soil map is created from digital soil maps deriving soil particulate size at a scale of 1:1,000,000. In addition, monthly stream and river discharge records were collected for the same period from 33 major river gauge stations (Figure 1 and Table 1) throughout the SRB to calibrate the SWAT model simulations.




2.3. Overview of ArcSWAT Model


In this study, the SWAT model was used. It is a physically based, semi-distributed and continuous time-step hydrologic model that is used for rainfall-runoff modeling as well as for predicting the impacts of land use and land management practices, and of climate change on the hydrology and water quality of watersheds or river basins. SWAT has been successfully applied to many parts of the world and proved to adequately reproduce hydrological processes of watersheds across a range of geographical regions and climates [31,32,33]. The water cycle simulated by ArcSWAT is based on a water balance, given as:


   S  W t  = S  W 0  +   ∑  i = 1  t   (  P  d a y   −  Q  s u r f   −  E a  −  W  s e e p   −  Q  g w   )     



(1)




where SWti is the soil water content (mm) at time t; SW0 is the initial soil water content (mm); t is the simulation period (days); Pday is the amount of precipitation on the ith day(mm); Qsurf is the amount of surface runoff on the ith day(mm); Ea is the amount of evapotranspiration on the ith day(mm); Wseep is the amount of water entering the vadose zone from the soil profile on the ith day(mm); Qgw is the amount of baseflow on the ith day(mm).



The SWAT model computes hydrological processes occurring in a watershed or basin such as runoff, streamflow, sediment transport and nutrient transport at a Hydrological Response Unit (HRU) level. HRUs are simply unique combinations of a specific soil type, land cover type and slope within a sub-basin. In this study, the Songhua River Basin is comprised of 84 sub-basins which were divided into 819 HRUs that satisfactorily represent a watershed’s heterogeneity.




2.4. Calibration and Validation of ArcSWAT Model


Most influential parameters for streamflow simulation were estimated by sensitivity analysis before performing calibration of the model. Since the ArcSWAT contains a large number of hydrological parameters and not all of them contribute significantly to the model output, there is a need to identify significant input parameters for streamflow simulation. This procedure not only helps in reducing the number of parameters for calibration, but also suggests how to precisely handle a particular parameter. In this study, the model parameters were identified by using Latin Hypercube One-Factor-At-a-Time (LH-OAT) technique [34]. Generally, eleven parameters CN2, ESCO, CH_K2, SURLAG, GW_DELAY, ALPHA_BF, GWQMN, GW_REVAP, REVAPMN, SOL_AWC and SOL_K were identified as sensitive parameters by the sensitive analysis. The detail description of each parameter is listed in Table 2. Thereafter, the ArcSWAT model was calibrated using SUFI-2 optimization technique [35]. The daily observed streamflow data from 1980 to 1994 were used for model calibration, and those from 1995 to 2005 were used for model validation. The data of 1980 to 1981 were kept as a warming-up period, which allows the model to initialize and approach reasonable initial values of the state variables of the model.



The calibrated parameters of the SWAT model were then used to simulate monthly streamflow for the validation period. In this study, we chose the Nash-Suttcliffe coefficient of efficiency (Ens) [36], the coefficient of determination (R2), and the relative error (Er) to assess the accuracy of simulated values. SWAT performance can be judged according to Table 3.





3. Results


3.1. Model Performance


Figure 2 illustrates almost similar distribution of the observed and simulated streamflow hydrographs for both the calibration period (1980–1994) and validation period (1995–2009). For the calibration period, the relative error is low (7.60%) and the estimated process matches well with the observed process in terms of Ens, and R2, which are 0.67, and 0.83, respectively. In the validation period, the SWAT model also showed good performance, with Er = 9.63%, Ens = 0.72, and R2 = 0.74 (Table 4). However, there are certain differences between the simulated and observed streamflow. Overall, the simulated low flows in the cold seasons, especially in spring, are underestimated, while the simulated high flows are generally much higher than the observed ones for the calibration period. This could be attributed to the fact that lots of uncertainties are involved in the calculation of recession by the SWAT model, such as the simplification of the complex channel network and the altered outlets, as indicated by the underestimation of outflows. In addition, the limited observed data also decreased the accuracy of simulated.




3.2. Changes of Projected Temperature and Precipitation


3.2.1. Changes of Projected Temperature


The projected temperature and precipitation were first statistically downscaled to the 37 local meteorological stations mentioned above (Figure 1). The average temperature during the baseline period of 1980–2009 were 3.6 °C, 4.7 °C and 3.5 °C, respectively, in the NRB, USRB and LSRB. Compared to the baseline conditions, the average temperature suggests a steady and significant increase across the SRB under both scenarios. The temperature increase across the SRB will be 0.5 °C–0.8 °C under the RCP 4.5 scenario and will be 0.7 °C–1.1 °C under the RCP 8.5 scenario. Spatially, the increase of average monthly temperature is largest in LSRB (23%–31%) and smallest in the NRB (14%–19%).



The intra-annual distribution of temperature in 2020–2049 is similar with that in 1980–2009 (Figure 3). Compared with the condition of 1980–2009, both RCP 4.5 and RCP 8.5 scenarios show a temperature increase in cold seasons from November to March; November and March display the largest amplitude with an increase of 24%–29%. Temperature increase also happens in hot summer (e.g., July to August), but the amplitude is much smaller. The increasing extent is 3.7%–5.1% in July and 1.1%–4.9% in August, respectively. In late spring and autumn, by contrast, temperature under these two scenarios will be lower than the baseline condition, and RCP 4.5 scenario exhibits a larger extent of temperature decrease than RCP 8.5. Spatially, temperature decrease in late spring and autumn months is more obvious in NRB, while temperature increase in cold months is lowest in this sub-basin. This is the main reason for the smallest increase of average monthly temperature in NRB. Overall, the temperature increase in cold months and the decrease in warmer months will directly reduce the intra-annual difference of temperature.



Both scenarios demonstrate significant upward trends in future temperature during the period from 2020 to 2049 (Figure 4). In this period, the scenario RCP 8.5 exhibits a higher average annual temperature, while the scenario RCP 4.5 exhibits a larger rate of increase. The rates of increase in the NRB, USRB and LSRB are respectively 0.51 °C/10a, 0.37 °C/10a and 0.45 °C/10a under RCP 4.5, while these rates are 0.30 °C/10a, 0.27 °C/10a and 0.27 °C/10a under RCP 8.5. Anomaly accumulation is an efficient and widely used method for trend analysis [37,38]. According to this method, variables such as temperature, precipitation, etc., have decreasing trends where the curve falls, and increasing trends where the curve rises. Figure 4 also illustrates the anomaly accumulation of future temperature. For RCP 4.5, temperature is relatively low from 2020 to 2033, and gets higher after 2033. This indicates a possible changing point in the future temperature around this year. A similar trend is also found in the RCP 8.5 scenario. Temperature is low from 2020 to 2030, approaches the average value of the entire study period in the years 2030–2040, and is higher than the average in the years 2040–2049. Therefore, 2030 may be a particularly noteworthy year.




3.2.2. Changes of Projected Precipitation


Precipitation in the SRB is mainly concentrated in summer and fall. Therefore, the change of precipitation in the rainy season was the most relevant factor that affected streamflow during 1960–2009 [13]. The intra-annual distribution of precipitation during 2020–2049 is similar to that in 1980–2009 (Figure 5). Compared to the baseline condition, precipitation generally shows a slight decrease in NRB and LSRB under these two scenarios. For RCP 8.5, precipitation in NRB and LSRB mainly decreases in rainy months from June to August but increases in cold months from November to February. In terms of RCP 4.5, precipitation decrease is mainly concentrated from June to July in the NRB as well as from June to September in the LSRB. Conversely, with changes in the NRB and LSRB, USRB will experience a precipitation increase of 31 mm and 6 mm, respectively, under RCP 4.5 and RCP 8.5. The increase happens in almost all the months except September and October for RCP 4.5. As for RCP 8.5, precipitation in USRB increases by 13% and 15% respectively in August and September, whereas precipitation in March, June and October is about 10%–21% less than the baseline condition.



The inter-annual changes of annual average precipitation in the three sub-basins of the SRB for 2020–2049 are illustrated in Figure 6. For RCP 4.5, the average precipitation of the NRB and USRB suggests a decreasing trend, and the rate of decrease is 8 mm/10a and 28 mm/10a, respectively, whereas an increasing tendency is found in precipitation of LSRB with a rate of 22 mm/10a under the RCP 4.5 scenario. In terms of precipitation under RCP 8.5, downward trends are detected in the NRB and LSRB, where the rate of decrease is 10 mm/10a and 20 mm/10a, respectively. On the contrary, future precipitation in the USRB shows a significant increase of 41 mm/10a during 2020–2049 under the RCP 8.5 scenario.





3.3. Changes in Water Resources During 2020–2049


3.3.1. Intra-Annual and Inter-Annual Variations of Streamflow


Based on the projected climate data and the calibrated SWAT model, we obtained the intra-annual variation of streamflow for 2020–2049 in the SRB. For the upcoming three decades, the predicted streamflow is also expected to be high in summer months, which is consistent with that of 1980–2009 (Figure 7). When compared with the baseline condition (1980–2009), the streamflow of 2020–2049 increases in cold seasons but apparently decreases during late spring (i.e., April to June). The decrease during April and June will be 55%–75%. Overall, the streamflow intra-annual distribution curve under RCP 4.5 will be closer to the baseline condition than that of RCP 8.5, which implies a larger intra-annual change under RCP 8.5 scenario. In addition, the RCP 8.5 scenario shows a slightly higher intra-annual variation of streamflow than RCP 4.5 because of its decrease in high flow and increase in low flow.



According to the inter-annual trend analysis (Table 5), total streamflow in the SRB will proceed with a downward trend during 2020–2049. The decline of annual flow rate under the RCP 4.5 scenario will be 362 million m3/a, 202 million m3/a, and 360 million m3/a, respectively, in the NRB, USRB and LSRB. By contrast, the changing rate of annual flow under RCP 8.5 is slightly lower, i.e., 353, 196 and 353 million m3/a in the NRB, USRB and LSRB, respectively. Compared with the results from a previous study on long-term streamflow in this basin, the decreasing trend is more prevalent than that of 1960–2009 [13].




3.3.2. Spatial Variations of Predicted Water Resources


According to the output data of predicted streamflow, the average runoff of each sub-basin was calculated and applied to generate the spatial variation figure of runoff (Figure 8). It can be seen from the figure that the runoff in the SRB will decline over the following three decades under both RCP 4.5 and RCP 8.5 scenarios. Compared with the baseline period (1980–2009), the runoff decline in the future (2020–2049) will mainly happen in the upper NRB and LSRB, especially under the RCP 8.5 climatic condition, and the decrease of runoff will be substantial: 45%–75%. While runoff in the lower basins of the NRB and USRB will have an increase in 2020–2049, the change can be especially prevalent under the RCP 4.5 climatic condition (Figure 9). However, the increase in the lower NRB is much smaller than the decrease in the upper river.



Water resources are vital for eco-system and social activities in this area. As illustrated in Table 6, the average annual water yield of 2020–2049 in NRB and LSRB will be lower than the average value of 1980–2009. For RCP 4.5, the average streamflow in NRB and LSRB will reduce by 33.0% and 20.3% respectively. As for RCP 8.5, the respective decrease of streamflow will be 37.8% and 31.7% in these two sub-basins. Adversely, the streamflow in the USRB will increase by 17.7% and 9.68%, respectively under RCP 4.5 and under RCP 8.5.






4. Discussion


4.1. Implication of This Study


The Songhua River is a major source for industry, agriculture, ecosystem, and public drinking water supplies in Northeast China. Therefore, climate change and streamflow assessments of this river have become a very important issue for this region. In this study, the impact of climate change on future precipitation, temperature and streamflow has been investigated under the RCP 4.5 and RCP 8.5 scenarios of CMIP5 (2020–2049). Based on the statistical analysis results, both RCP 4.5 and RCP 8.5 scenarios suggested a warmer and drier climate for the NRB and LSRB in the future. The declining precipitation and warming temperature might directly affect the agricultural water consumption and crop growth in these areas through the processes such as evapotranspiration. Induced by the changing climate, there will be a more than 20% reduction of the future streamflow in these two sub-basins, especially under RCP 8.5. Previous studies have indicated that the average water demand for the main crops (e.g., corn and rice) in Northeast China is 500–700 mm [39]. In some arid areas, the demand might be larger than 800 mm throughout a growing season [40]. The current area of cultivated land in the SRB is 216,000 km2, of which 25,930 km2 is paddy land. In order to become China’s major grain production base by 2020, the area of cultivated land, especially paddy land, has largely been expanded in recent years [13,41]. In addition, crops’ water demand and irrigation requirement in this region will have a 10% increase under future climate change scenarios [39], which implies more water consumption in agriculture. The increasing water requirement for agriculture and less water resources would consequently increase the conflict in water and demand in these areas.



Streamflow in the SRB is also the main water source for the region’s diverse ecosystems, especially wetlands. Wetlands in the SRB have suffered from severe degradation, with an area deduction of 13.1% from 1975 to 2005 [41]. Climate change is considered as an important factor in the degradation of wetland in the SRB [24,42]. The warming and drying climate as well as the reduction in discharge in the basin would probably exacerbate the concern over wetland shrinkage and biodiversity loss in the river basin. Furthermore, streamflow in SRB will exhibit a decreasing tendency during 2020–2049, indicating that the conflict in water supply and demand will become more and more evident as time passes and consequently will have a strong effect on the agriculture and ecosystems in this region.




4.2. Limitation of This Study


There can be a series of uncertainties in studies of hydrological impact of climate change, including climatic models, greenhouse gas (GHG) emission scenarios, downscaling methods, hydrological model structure and parameters [43,44]. In this study, output data of RCP 4.5 and RCP 8.5 scenarios from CMIP5 were adopted to project the impacts of climate change in the SRB. On the one hand, there is large uncertainty in the process of climate data generation, such as GHG emission scenario assumptions and the climatic model simulation. On the other hand, the uncertainty of climate data processing also cannot be ignored. For instance, the spatial resolution of predicted climate data in this study is 0.5° × 0.5°. Although the climate data has been downscaled to local stations with a statistical method, the accuracy of downscaling is still uncertain. As precipitation and temperature are important factors that affect runoff in the SRB [13], a reliable prediction of future climate is essential for the purpose of obtaining a better estimation of climate change impacts. Therefore, how to assess uncertainty and improve the accuracy of the climate data prediction will be one important focus of our future work.



Other uncertainties such as hydrological models were also found to have similar or even larger influences in climate change studies [45,46,47]. Firstly, the applicability of a hydrological model is an important guarantee in these studies. In our study, the SWAT model, which was mostly used in small and medium-sized catchments [48,49], was applied to a large basin with an area of 556,800 km2. The model parameters are physically based and estimated from spatial databases. Results have shown that the model can simulate river discharge reasonably in the SRB. However, whether parameters can reflect the reality of hydrologic conditions largely depend on the scale and accuracy of the input databases. The resolutions of DEM and land use map in this study are both 1 km × 1 km, which may not be accurate enough to represent the spatial heterogeneity of parameters. In addition, methods selected for modeling, such as stream routing, calibration and sensitivity analysis, can also greatly influence the results. Therefore, the role of hydrological model uncertainty is remarkably high and should be considered in future studies.



In addition, factors such as soil type, land cover and other human management practices also have significant effects on streamflow. This study only assessed the impact of future climate change on streamflow, without considering the possible changes in these factors. Hence, changes in land use and human population should be included in our following studies. More studies and monitoring must be carried out, including the enhancement of detailed hydrological processes for modeling, the measurement of precipitation and related climate data, streamflow, and snow cover data. Additionally, more studies are needed on the effects of the changes in the hydraulic regime on environmental flows, agriculture, and irrigation practices.





5. Summary and Conclusions


This study assessed the impacts of projected climate change on water resources in the Songhua River Basin (SRB), Northeast China using the Soil and Water Assessment Tool (SWAT) model. The model was calibrated with 15-year historical streamflow records and the calibrated model was validated for an 11-year validation period. The model performed satisfactorily for both the calibration and validation periods. Simulations with the calibrated model for streamflow were then conducted for the upcoming three decades (2020–2049) under two climatic scenarios: RCP 4.5 and RCP 8.5 in CIMP5. Major results from this modeling study can be summarized as follows:



(1) Based on the future projection, temperature across the SRB showed a steady and significant increase under both climate change scenarios, especially in the Nenjiang River (NRB) and Lower Songhua River Basins (LSRB) located in northern and western SRB. With regard to precipitation, both scenarios showed a decreasing trend in the NRB and LSRB, but an increasing trend in the Upper Songhua River Basin that is located in the southeastern area SRB.



(2) Future surface water resources in the SRB would experience a considerable spatiotemporal change driven by the changing temperature and precipitation. From 2020 to 2049, streamflow would decline by 20.3%–37.8% in the drier NRB and LSRB, when compared with the 1980–2009 baseline conditions, but would increase by 9.68%–17.7% in the wetter USRB. Streamflow under the RCP 8.5 scenario would decline most in the future.



(3) These changes in future climate and water resources could have a significant impact on the already limited water availability for agriculture and wetland ecosystems in the SRB. The results obtained from this modeling study provide critical insights, potentially helping resource managers and government policymakers to develop effective water resource and eco-environment management strategies in the face of climate change.
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Figure 1. The Songhua River Basin in northeastern China and the gauging (triangles) and meteorological (stars) stations used in this study. 
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Figure 2. Observed and simulated daily streamflow hydrographs during calibration (a) and validation (b) periods. 
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Figure 3. Changes of average monthly temperature in the Nenjiang River (a); Upper Songhua River (b); and Lower Songhua River (c) sub-basins of the Songhua River Basin. 
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Figure 4. The inter-annual variation and anomaly accumulation of temperature in Nenjiang River (a, b), Upper Songhua River (c, d), and Lower Songhua River (e, f) sub-basins of the Songhua River Basin during 2020–2049. 
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Figure 5. Changes of average monthly precipitation in the Nenjiang River (a); Upper Songhua River (b); and Lower Songhua River (c) sub-basins of the Songhua River Basin. 
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Figure 6. Inter-annual variation and anomaly accumulation of precipitation in the Nenjiang River (a, b), Upper Songhua River (c, d), and Lower Songhua River (e, f) sub-basins of the Songhua River Basin during 2020–2049. 
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Figure 7. Intra-annual changes of discharge in the Songhua River Basin (at Jiamusi Station) for 1980–2009 and 2020–2049 under two future climate scenarios (RCP 4.5 and RCP 8.5) 
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Figure 8. Spatial characteristics of annual runoff in the Songhua River Basin for different decades under baseline condition (a–c) and future climate scenarios (RCP 4.5 (d–f) and RCP 8.5 (g–i)). Spatial variations of runoff within the six units are not considered. 
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Figure 9. Spatial characteristics of relative changes of runoff in the Songhua River Basin for 2020–2049 under future climate scenarios (RCP 4.5 and RCP 8.5) when compared with runoff of 1980–2009. Spatial variations of runoff within the six units are not considered. 
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Table 1. Summary of main gauging stations and hydrological characteristics in the Songhua River Basin, Northeast China.
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Gauging Station

	
River

	
Basin

	
Drainage Area (km2)

	
Annual Runoff (108 m3)






	
Jiwen

	
Gan River

	
Nenjiang River Basin

	
4879

	
10.83




	
Liujiatun

	
19,665

	
36.54




	
Suolun

	
Taoer River

	
5893

	
5.99




	
Balin

	
Yalu River

	
2807

	
4.10




	
Zhalantun

	
6891

	
9.97




	
Nianzishan

	
13,567

	
18.06




	
Taerqi

	
Chuoer River

	
1906

	
2.96




	
Wendegen

	
12,447

	
17.58




	
Liangjiazi

	
15,544

	
18.86




	
Xiaoergou

	
Nuomin River

	
16,761

	
31.07




	
Dedu

	
Nemoer River

	
7200

	
11.04




	
Shihuiyao

	
Mainstream

	
17,205

	
27.66




	
Tongmeng

	
108,029

	
150.65




	
Dalai

	
221,715

	
197.44




	
Wudaogou

	
Huifa River

	
Upper Songhua River Basin

	
12,391

	
23.05




	
Gaolichengzi

	
Mainstream

	
4728

	
23.29




	
Hanyangtun

	
8532

	
29.92




	
Fuyu

	
71,783

	
141.82




	
Tieli

	
Hulan River

	
Lower Songhua River Basin

	
1838

	
5.10




	
Qinjia

	
9809

	
20.22




	
Danianzigou

	
Lalin River

	
5241

	
12.72




	
Wuchang

	
5642

	
14.46




	
Lianhua

	
Mayi River

	
10,425

	
20.57




	
Mudanjiang

	
Mudan River

	
22,194

	
50.69




	
Woken

	
Woken River

	
4185

	
4.25




	
Baoquanling

	
Wutong River

	
2750

	
8.09




	
Fulitun

	
Anbang River

	
547

	
0.94




	
Wuying

	
Tangwang River

	
4160

	
11.03




	
Yixin

	
10,272

	
27.02




	
Chenming

	
19,186

	
51.35




	
Haerbin

	
Mainstream

	
389,769

	
393.44




	
Tonghe

	
450,077

	
438.02




	
Jiamusi

	
528,277

	
612.70
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Table 2. Descriptions of the major parameters for the SWAT model used in this study for the Songhua River Basin.
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Parameter

	
Description






	
CN2

	
Initial SCS runoff curve number for moisture condition II




	
ESCO

	
Soil evaporation compensation factor




	
CH_K2 (mm/h)

	
Effective hydraulic conductivity in main channel alluvium




	
SURLAG (day)

	
Surface runoff lag coefficient




	
GW_DELAY (day)

	
Delay time for aquifer recharge




	
ALPHA_BF (day)

	
Baseflow alpha factor




	
GWQMN (mm H2O)

	
Threshold depth of water in the shallow aquifer required for return flow to occur




	
GW_REVAP

	
Groundwater “revap” coefficient




	
REVAPMN (mm)

	
Threshold depth of water in the shallow aquifer for evaporation




	
SOL_AWC (mm H2O/mm soil)

	
Available water capacity of the soil layer




	
SOL_K (mm/h)

	
Saturated hydraulic conductivity
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Table 3. Evaluation criteria for model performance.







Table 3. Evaluation criteria for model performance.







	
Model Evaluation

	
Ens

	
R2

	
Er






	
Excellent

	
0.75 < Ens ≤ 1.00

	
0.80 <R2 ≤ 1.00

	
|Er| ≤ 10




	
Good

	
0.65 < Ens ≤ 0.75

	
0.70 < R2 ≤ 0.80

	
10 < |Er| ≤ 15




	
Satisfactory

	
0.54 < Ens ≤ 0.65

	
0.50 < R2 ≤ 0.70

	
15 < |Er| ≤ 25




	
Unsatisfactory

	
0 < Ens ≤ 0.54

	
0 < R2 ≤ 0.50

	
|Er| > 25
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Table 4. Evaluation for simulation results of monthly streamflow during calibration and validation periods.
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Simulation Periods

	
Ens

	
R2

	
Er






	
Calibration (1980–1994)

	
0.67

	
0.83

	
−7.60




	
Validation (1995–2009)

	
0.72

	
0.74

	
−9.63
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Table 5. Trends of future streamflow in the Nenjiang River (NRB), Upper Songhua River (USRB), and Lower Songhua River (LSRB) sub-basins of the Songhua River Basin under two climate change scenarios.
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Climate Scenarios

	
Changing Rate (108 m3/a)




	
NRB

	
USRB

	
LSRB






	
RCP 4.5

	
−3.62

	
−2.02

	
−3.60




	
RCP 8.5

	
−3.53

	
−1.96

	
−3.53
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Table 6. Changes of annual water yield during 2020–2049 under future climate senarios (RCP 4.5 and RCP 8.5) in the Songhua River Basin.







Table 6. Changes of annual water yield during 2020–2049 under future climate senarios (RCP 4.5 and RCP 8.5) in the Songhua River Basin.







	

	
1980–2009 (108 m3)

	
RCP 4.5

	
RCP 8.5




	
2020–2049 (108 m3)

	
Relative Change (%)

	
2020–2049 (108 m3)

	
Relative Change (%)






	
NRB

	
202.8

	
135.9

	
−33

	
126.1

	
−37.8




	
USRB

	
138.8

	
163.3

	
17.7

	
152.2

	
9.68




	
LSRB

	
263.1

	
209.6

	
−20.3

	
179.8

	
−31.7










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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