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Abstract

:

The streamflow has declined significantly in the coal mining concentrated watershed of the Loess Plateau, China, since the 1970s. Quantifying the impact of climate change, coal mining and soil and water conservation (SWC), which are mainly human activities, on streamflow is essential not only for understanding the mechanism of hydrological response, but also for water resource management in the catchment. In this study, the trend of annual streamflow series by Mann-Kendall test has been analyzed, and years showing abrupt changes have been detected using the cumulative anomaly curves and Pettitt test. The contribution of climate change, coal mining and SWC on streamflow has been separated with the monthly water-balance model (MWBM) and field investigation. The results showed: (1) The streamflow had an statistically significant downward trend during 1955–2013; (2) The two break points were in 1979 and 1996; (3) Relative to the baseline period, i.e., 1955–1978, the mean annual streamflow reduction in 1979–1996 was mainly affected by climate change, which was responsible for a decreased annual streamflow of 12.70 mm, for 70.95%, while coal mining and SWC resulted in a runoff reduction of 2.15 mm, 12.01% and 3.05mm, 17.04%, respectively; (4) In a recent period, i.e., 1997–2013, the impact of coal mining on streamflow reduction was dominant, reaching 29.88 mm, 54.24%. At the same time, the declining mean annual streamflow induced through climate change and SWC were 13.01 mm, 23.62% and 12.20 mm, 22.14%, respectively.
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1. Introduction


Over the second half of the 20th century, the two factors which affected the change of catchment hydrology were climate change and human activities [1]. Plenty of studies have indicated that the streamflow of many rivers has changed due to climate change and anthropogenic activities [2,3], especially in arid and semi-arid regions. Climate change, for example, the redistribution of precipitation and temperature change, has affected hydrological systems and water resources [4,5]. Human activities, such as agricultural irrigation, cultivation, dam construction, reservoir operation, soil and water conservation (SWC), urbanization construction and coal mining could also affect hydrological processes, resulting in natural ecosystem and water resource problems [6,7].



The Loess Plateau, located in the middle reaches of the Yellow River, is the most severe soil and water loss region worldwide [8]. Most areas of the Loess Plateau comprises gully-hill dominated regions, with the most widely distributed loess on Earth. Intensive soil and water loss has resulted in water shortages, land productivity decline, and river ecosystem and environmental degradation. Soil from tributaries in middle reaches of the Yellow River is the major source of sediment in the lower reach of the Yellow River [9]. SWC are important measures for improving the ecosystem and the environment of the Loess Plateau. Since the 1970s, large-scale SWCs have been carried out by the Chinese government [10], which has brought about major changes to the runoff conditions and hydrological characteristics in tributaries of middle reaches of the Yellow River, and has had an impact on storm floods and river runoff [11,12]. The maximum runoff utilization rate of the SWC is 63%, which can significantly reduce the amount of water entering the river [13]. The Loess Plateau is rich in mineral resources [14], which plays a critical role on energy sources in China’s economic development. The Shenfu-Dongsheng coalfield, accounting for 1/4 of the China’s coal reserves, is located in the northern edge of Loess Plateau [15]. Subsidence and cracks formed by coal mining have changed the surface conditions, and thus, have altered runoff generation and confluence, leading to degradation of river ecological environment in the mining area [16,17].



The Kuye River Basin is located in a wind and water erosion interlaced area in the northern of the Loess Plateau [18]. It is a typical loess hilly landform [19], and is one of the most severely water and soil losing areas on the Loess Plateau. The Shenfu-Dongsheng coalfield is through the middle of the Kuye River Basin, which is the main source of sediment in the lower Yellow River. Su et al. analyzed precipitation and runoff changing trend in Kuye River Basin [20]. Guo et al. studied the trend of inner-annual runoff in Kuye River Basin [21]. Zhao et al. analyzed the flood characteristics and their changing trends in the Kuye River Basin [22]. Liu et al. and Bai et al. studied the impact of climate change and anthropogenic activities on runoff variation, indicating that SWC and coal mining had had an important impact on the runoff change in Kuye River Basin [23,24].



Three groups methods are used for assessing the effects of climate change and human activities on runoff variation: the paired catchments approach, the statistical method and hydrological modeling [25]. The paired catchments approach is usually considered in small experimental catchments; the statistical method can only analyze the impact of climate change and human activities on runoff variation, as it lacks a physical mechanism. Hydrological modeling is widely used to assess the effects of climate change and human activity on runoff variation. Wang et al. used a monthly water balance model to simulate the runoff of nine tributaries in the middle reaches of the Yellow River, achieving high simulation accuracy [26]. Xing et al. and Guo et al. simulated the runoff in Kuye River Basin by monthly water balance model and received satisfactory results [27,28]. Cheng et al. simulated daily and monthly discharges by SWAT model, and found that it is not effective [29]. Li et al. simulated the monthly runoff in Kuye River Basin using SWAT model, and the simulation effect was not satisfactory [30]. Considering that the monthly water balance model has a simple structure, few parameters and a good simulation effect, this method is used to separate the effects of climate change and human activities in this study.



In this work the objectives are: (1) Analysis of the annual streamflow variation since 1950s; and (2) Quantitative assessments of climate change, coal mining and SWC impacts on runoff decline in past 60 years. This work will provide a better understanding of the interactions between humans and nature, while also provide important insights into water-resource management in the Kuye River Basin.




2. Studied Watershed and Data


2.1. Studied Watershed


The Kuye River Basin is a first-tributary in the middle Yellow River. It has a main stream length of 242 km and a drainage area of 8706 km2 [28]. There are two major tributaries (Wulanmulun River and Beiniuchuan River) in the upper reaches, and a large number of coal mine are along the two tributaries. The water system of the Kuye River Basin is shown in Figure 1. Affected by continental monsoons, the climate fluctuates dramatically throughout the year. The precipitation from June to September accounts for 75–81% of the annual total [31]. Rain storms usually take place in summer, especially in July and August. The drainage landform mainly consists of wind-dust region and hill-gully loess region [32]. The wind-dust region is relatively flat with hardly any vegetation, and the hill-gully loess region is covered by exposed soft bedrock.



The coal resources are rich in the Kuye River Basin. There are 209 coal mines on both sides of the river; the coal seams are shallow, and the exploited mine areas reach 2482 km2, which accounts for 28.51% of the basin areas. According to the survey data, the raw coal output was 6.25 × 106 t in 1991, 31.293 × 106 t in 2002, and 172.262 × 106 t in 2011, with the average annual growth of 7.905 × 106 t. Along with the coal mining amount increasing, coal mining subsidence areas were 26.01 km2 in 1991, 48.82 km2 in 2000, and 266.15 km2 in 2011, and the average annual growth reached to 11.435 km2. The large surface cracks in the subsidence changed the surface characteristics, and impacted the streamflow (Figure 2).



Water and soil loss are serious in the Kuye River Basin. The SWC consists of terraces, grassland, afforestation, and the construction of sediment-trapping dams. Before 1979, the areas of SWC were 609.42 km2. From 1980s to 1990s, the areas of SWC reached 1480.02 km2 in the late 1990s [33]. By 2009, the areas of SWC were 3739.90 km2, and the sediment-trapping dams were 1548. The increasing of SWC also transformed the surface characteristics, and impacted on runoff.



In Kuye River Basin, human influence on streamflow includes coal mining, SWC and the water abstraction from the river for domestic, irrigation, and industry uses. Among these influencing factors, coal mining and SWC are mainly impact factors, and the water abstraction from the river is only a small part [34,35]. Therefore, this study separated the impact of coal mining and SWC on runoff.




2.2. Data


The daily streamflow records of Wenjiachuan hydrological station which is the furthest downstream hydrological station (8645 km2 at Wenjiachuan hydrological station) were used in this study. The daily streamflow data was provided by the Yellow River Conservancy Commission. The data of daily precipitation, average daily temperature was from two meteorological stations (Yijinhuoluo and Dongsheng), and four hydrological stations. The data of meteorological stations was obtained from the China Meteorological Administration, and the data of hydrological stations (Wangdaohengta, Xinmiao, Shenmu, and Wenjiachuan) was from the Yellow River Conservancy Commission. All the data were from 1955 to 2013. The monthly (year) streamflow, the monthly (year) precipitation, and the average monthly (year) temperature were calculated from daily discharge, daily rainfall, and average daily temperature.




2.3. Methods


First, the modified Mann–Kendall trend test was used to analyze the trends of annual streamflow [36]. Then, cumulative anomaly curves and the Pettitt test were applied to detect the abrupt change years of streamflow variables [37]. Finally, the contributions of climate change, coal mining and SWC on streamflow decreasing in the same period was analyzed using the monthly water-balance model (MWBM) and survey data. The brief introduction of MWBM, and the methods of distinguishing the impacts of climate change, coal mining and SWC on streamflow reduction are presented below.



2.3.1. Separating Climate Change, Coal Mining and SWC Impacts on the Streamflow


In an attempt to separate the effect of climate change, coal mining and SWC, we need to choose a baseline period. The streamflow difference between the baseline period and human induce period is the impact of climate change, coal mining and SWC, and is calculated as follows:


ΔQcm+ΔQsb+ΔQc=Qi−Qb



(1)




where ΔQc, ΔQcm and ΔQsb are the contributions of climate change, coal mining and SWC on streamflow change, respectively; Qi, Qb are the observed streamflow during the human induced period and baseline periods, respectively.


ΔQcm+ΔQsb=Qi−Qm



(2)






ΔQc=Qm−Qb



(3)






ΔQsb=∑i=14εiAi



(4)




where Qm is the reconstructed streamflow by the monthly water-balance model (MWBM), εi is the water reduction coefficient, which use the research results of the reference [38], Ai is areas of terrace, afforestation, grassland and sediment-trapping dams.



The impact percentages from climate change (ηc), coal mining (ηcm) and SWC (ηsb), are stated as


ηc=ΔQcΔQcm+ΔQsb+ΔQc×100%



(5)






ηcm=ΔQcmΔQcm+ΔQsb+ΔQc×100%



(6)






ηsb=ΔQsbΔQcm+ΔQsb+ΔQc×100%



(7)







The above equations were used to quantify the impacts of climate change, coal mining and SWC on streamflow variance in Kuye River Basin from 1955 to 2013. The next step is to reconstruct natural streamflow using the MWBM.




2.3.2. Brief Introduction of the MWBM


The MWBM was developed by the U.S. Geological Survey. It used a monthly accounting procedure based on the methodology, originally proposed by Thornthwaite [39]. Mean monthly temperature and monthly total precipitation are the input files to the model. The input parameters include runoff factor, soil-moisture-storage capacity, rain temperature threshold, maximum melt rate, direct runoff factor, snow temperature threshold and latitude of location. The individual components of the water balance included the amount of monthly precipitation (P) that is rain (Prain) or snow (Prain), direct runoff DRO, snow melt (SM), potential evapotranspiration (PET), soil-moisture storage withdrawal (STW), and runoff [40].


Psnow=P×[Train−TTrain−Tsnow]



(8)






Prain=P−Psnow



(9)






DRO=Prain×drofrac



(10)






Premain=Prain−DRO



(11)






SMF=T−TsnowTrain−Tsnow×meltmax



(12)






SM=snostor×SMF



(13)






PET=13.97×d×D2×4.95×e0.062×T100



(14)






STW=STi−1−[abs(Ptotal−PET)×(STi−1STC)]



(15)




where Premain, SMF, ST, SMF are remaining precipitation, snow melt fraction, soil-moisture storage, and the soil-moisture storage capacity, respectively.



The Nash Sutcliffe coefficient (NSE) and relative error (RE) were used to evaluate the performance of the model. NSE close to 1 and RE close to 0 are the good simulation result. The qualified conditions of simulation are that NSE is much more 0.6 and RE is less than 0.1 [41].






3. Results


3.1. Long-Term Variation of the Annual Streamflow Series


3.1.1. Trend Analysis of the Annual Streamflow Series


The annual streamflow in 1955–2013 at Wenjiachuan hydrological station was shown in Figure 3. The maximum annual streamflow was 13.706 × 108 m3 and occurred in 1959. While, the minimum annual streamflow reached 1.187 × 108 m3 in 2011. The mean annual streamflow from 1955 to 2013 was 5.187 × 108 m3. Average annual streamflow in 1950s, 1960s, 1970s, 1980s, 1990s and the early 21st century were 6.827 × 108 m3, 7.642 × 108 m3, 6.867 × 108 m3, 5.278 × 108 m3, 4.226 × 108 m3, and 1.919 × 108 m3, respectively. Since the 1980s, average annual runoff began to decrease. At the beginning of the 21st century, average annual runoff decreased the most, which only accounted for 37% of mean annual streamflow. The annual streamflow has an obvious declining gradient of −0.113 × 108 m3/year. When being analyzed using the modified M-K trend test, the annual streamflow during 1955–2013 presented a significant decreasing trend; the Zc reached the value of −2.325, and passed the 0.05 significance test.




3.1.2. Abrupt Change Years of Annual Streamflow Series


To detect abrupt changes of annual streamflow change, cumulative anomaly curves and Pettitt test were used. Both Figure 4 and Figure 5 show that the annual streamflow has an increasing trend before 1979, and that it then fluctuated slightly from 1979 to 1996, and finally, declined considerably after 1996. There were two significant change points in 1979 and 1996. According to the two change points, the annual streamflow series were divided into 3 stages which were 1955–1978, 1979–1996, and 1997–2013, respectively.





3.2. Separating the Impacts of Climate Change and Human Activities by MWBM


3.2.1. Model Calibration and Verification


In this study, we took 1955–1978 as the baseline period. The observed climatic and streamflow data at the Wenjiachuan station in 1955–1970 was used for calibration, and the data from 1971 to 1978 were used for verification. Figure 6 show that the recorded and simulated data fit well. The points of the correlation between recorded and simulated streamflow are concentrated around the 1:1 line (Figure 7). In addition, The NSE in calibration period and verification period were 77.95% and 75.69%, respectively. Furthermore, the RE were 3.58% and 4.21%. Overall, the calibration and verification accuracies of the model were acceptable. The next step is investigating the effect of climate change and human activities in the human-induced periods by the MWBM.




3.2.2. Separating the Impacts of Climate Change and Human Activities


According to the abrupt change years, the streamflow series were divided into periods of the baseline period (1955–1978), human impacted (HIP) period (1979–1996), and human strong induced (HSIP) period (1997–2013), respectively. Given the recorded streamflow and reconstructed streamflow, the influence of climate change and human activities on streamflow in HIP and HSIP are summarized in Table 1.



During the period of 1979–2013, the recorded annual streamflow was obviously less than that of the baseline period. The absolute and relative values of total impacts of climate change and human activities on annual streamflow were −35.96 mm and 44.38%. Both climate change and human activities resulted in streamflow decreases compared to the baseline period. During 1979–1996, the climate change was the main factor that decreased streamflow with a contribution of 70.95% relative to the baseline period, while the reduction percentage due to human activities were only 29.05%. However, the contribution of climate variations to streamflow reduction dropped to 23.62%, corresponding that of human activities which ascended to 76.38% in 1997–2013. Human activity has become the major factor in reducing streamflow. Specific impacts of climate change on annual streamflow were −12.7 mm for HIP and −13.01 mm for HSIP, while the influence of human activities were from −5.20 mm in HIP to −42.08 mm in HSIP. On average, human activities and climate change were responsible for 64.27% and 35.73% of streamflow reduction, respectively.





3.3. Separating the Coal Mining and SWC Impacts on Streamflow Decreasing


The SWC in Kuye River Basin includes the construction of terraces, planting trees and afforestation, and building sediment-trapping dams. Water and soil loss is severe in the Kuye River Basin. Before 1979, the area of SWC was generally small, and less than 7% of the basin area. After 1979, a large number of SWC were carried out. Because there are not the information about the areas of the different SWC in every year. The analysis uses the areas in the survey years. The water reduction of SWC are calculated in HIP and HQIP by the water reduction coefficient and the areas of SWC in the representative years (Table 2). The streamflow reduction caused by the SWC from −3.05 mm in HIP to −12.20 mm in HQIP. During 1979–2013, the average annual streamflow reduction was −7.57 mm.



Based on the influence of human activities and the SWC to annual streamflow reduction, respectively, we could calculate the contribution of coal mining to runoff reduction (Table 3). The average annual impact of the coal mining on streamflow were from −2.15 mm in HIP to −29.88 mm in HQIP. The percentage of the effect was increasing from 41.35% to 71.02%. However, the percentage of the effect for the SWC was decreasing from 58.65% to 28.99%. Seen from the impact quantity, the contribution of coal mining and SWC on streamflow decreasing showed an increasing trend. At the same time, the growth rate of the impact of coal mining was greater than that of the SWC. During 1979–2013, the influence of the SWC and the coal mining on streamflow was −7.57mm, 32.76% and −15.54 mm, 67.24%, respectively. Thus, the coal mining demonstrated the dominant influence on streamflow decline gradually.




3.4. Quantification Climate Change, Coal Mining and SWC Impacts on Streamflow Decreasing


Based on separating the impacts of climate change and human activities, and the contribution of coal mining and SWC among human activities, we could quantify the influence of climate change, coal mining and SWC on annual streamflow decline (Table 4). During 1979–1996, the annual runoff reduction was −17.90 mm induced by climate change, coal mining and SWC, among which the impacts of climate change was −12.70 mm, 70.95%; that of coal mining was −2.15 mm, 12.01%; and that of SWC was −3.05 mm, 17.04%, climate change was the main influencing factor. However, in 1997–2013, the impact of coal mining on annual streamflow was −29.88 mm, and that of climate change and SWC were −13.01 mm and −12.20 mm. The relative values of impacts were 54.24% for coal mining, 23.62% for climate change, and 22.14% for the SWC, respectively.





4. Discussion


4.1. Impact of Climate Change and Human Activities on Streamflow


In recent decades, the streamflow of many rivers around the world exhibited a decreasing trend because of climate change and human activity [42]. Over the past 40 years in the Central Rift Valley of Ethiopia, almost all rainfall indices have an increasing trend in the valley floor and a decreasing trend in the escarpment and highlands [43]. For responding to the effects of climate change, and simultaneously satisfy environmental, societal, and economic, the implementation of environment friendly techniques policies in Romania have been studied [44]. The research found that a 10% decrease in precipitation may cause a decrease in streamflow of between 19% in the tropical zone and 30% in the arid zone in Africa [45]. Climate change may contribute 26%–31% of streamflow decline relative to the base period in Beichuan river basin of China [46]. In northwest China, the streamflow reduction caused by climate change accounting for 14.3% [47]. For the tributaries in the middle reaches of the Yellow River basin, climate change accounted for more of the streamflow reduction in the Beiluo River and Yan River, while human activities has a greater effect on the streamflow reduction in other tributaries [48]. In this study, climate change along with human activity led to a decrease in streamflow in HIP to HSIP. However, the contribution of climate to streamflow reduction was in a relatively stable state, and the absolute amount of influence was −12.7 mm in HIP and −13.01 mm in HSIP. By contrast, the contributions of human activities to streamflow reduction between HIP and HSIP were significantly different and have an enhanced trend from −5.20 mm in HIP to −42.08 mm in HSIP. The two abrupt points of streamflow change were in 1979 and 1996, which were in consonance with the extensive SWC in the late 1970s (Table 2) and the massive coal mining in the late 1990s (Figure 9). During the HIP period, the contributions of climate change reached 70.95%, and was the main factor affecting streamflow reduction due to the low intensity of human activity. But, the total amount of streamflow decreasing significantly increased from −17.90 mm to −55.09mm to the HSIP, and 76.38% of the contributions was due to human activities, indicating that intensity of human activities has increased significantly since the end of 1990s.




4.2. Impacts of Coal Mining on Streamflow


The contribution of coal mining impacts on streamflow decline increased −27.73 mm from HIP to HSIP, and became the dominant factor affecting streamflow in HSIP. It is related to the dramatic increase in coal mining since the end of the 20th century (Figure 8). Raw coal production increased from 1102.58 × 104 t in 1996 to 17,262.21 × 104 t in 2011 which was 15 times that of 1996. A large number of coal mining produced significant impact on streamflow. The surface of mining areas are the aeolian sand of the Sarawusu Formation. The Quaternary Sarawusu group loose pore phreatic aquifer is significant for water supply, and the coal seam is under the Sarawusu group aquifer. After coal seam mining, the water conducting fissure extended to the surface (Figure 9) [49], which not only increased rainfall infiltration, but also lowered the phreatic level. The rapid loss of the phreatic and surface water inevitably led to streamflow reduction.




4.3. Impacts of SWC on Streamflow


SWC techniques are widely used to alter soil and water processes and improve ecosystem environment. A study of sample plots from 22 countries indicated that afforestation, soil amendment and terraces may reduce annual streamflow by 55%, 48% and 44% respectively [50]. Both catch crops and weeds may enhance infiltration rates, delay and decrease the runoff discharge under single ring ponding conditions [51]. A cover of 50% of straw is able to delay the time to runoff initiation from 57 to 129 s, and mulching reduces the runoff coefficient from 65.6 to 50.5% in clementine plantations [52]. Surface runoff may be reduced by about 19% by the SWC in Ethiopian [53]. On the most severely eroded Loess Plateau in the world, large scale SWC were implemented, which induced streamflow decline [54]. The construction of terraces, planting trees and afforestation, and building sediment-trapping dams were the main measures of SWC in the watersheds which located on Loess Plateau. After building terracing, the topography of the basin has been changed, the rainfall infiltration has been greatly improved, and streamflow has been reduced. After planting trees and afforestation on bare hill slopes, a considerable proportion of rainfall can be intercepted by the canopy and evaporate into the atmosphere. Thus, the effective rainfall for runoff generation is reduced. The sediment-trapping dams are built in the ditch and channel of the Loess Plateau, and may intercept floods, and is an important measure to prevent water and soil loss. Although the percentage of the contribution of SWC impacts on streamflow reduction has decreased. In fact, its absolute amount of the contribution of SWC impacts on streamflow decline increased −9.15 mm, indicating the contributions of coal mining and SWC streamflow reduction were on an increasing trend, while the increase rate of coal mining was greater.




4.4. Uncertainties of Quantitative Assessment


The uncertainty of quantitative assessment came mainly from the following aspects. (1) Model parameters and input data may lead to uncertainty in the simulation process. For instance, in this study only mean monthly temperature and monthly total precipitation are as the climatic input data which should actually include sunshine, wind speed, evaporation and other factors. (2) We analyzed the contribution of climate change and human activities to streamflow variation with the assumption that the streamflow in the baseline period was not affected by human activities. However, in fact, the streamflow was also affected by human activities although with less intensity. (3) In this study, only coal mining and SWC were considered as elements of human activities affecting streamflow, and not considered water consumption for domestic, irrigation, and industry which also has the impact on streamflow. for example, Shenmu County, which accounts for more than 50% of the basin area, increased industrial water supply by nearly 10 times from 1980 to 2011; and the construction of the massive water landscape and urban grassland has increased evaporation loss and irrigation water consumption. So the quantitative assessment values of the contribution of coal mining and SWC were higher than the actual values. (4) It should also be note that the influence of climate change, coal mining and SWC on streamflow are not independent in theory and cannot be separated exactly. These factors interact with each other.




4.5. Prospects for Future Research


The researched watershed is located in the water and soil erosion zone of the Loess Plateau. The surface gully is vertical and horizontal, the terrain is broken, the loess is loose, the vegetation is scarce. At the same time, a large number of coal mines are distributed along the river, and the coal seams are shallow. Similar rivers in the middle reaches of the Yellow River include Wuding River, Tuwei River, etc. The commonality of these basins are: (1) the fragile ecological environment; (2) the main source of sediment in the Yellow River; (3) coal mining and SWC are the main human activities. The research conclusions are applicable to such watershed mentioned above. However, for the other coal mining concentrated watershed, the impact of coal mining on streamflow should been further studied. In addition, in this study, the water reduction of SWC are calculated by the water reduction coefficient and the areas of SWC in the representative years, and it made the accuracy of the results was affected to a certain extent. Future research should utilize hydrological models to effectively separate the effects of different types of human activity to streamflow.




4.6. Adaptive Strategies and Options


There are many watersheds in which coal mining and SWC are the main human activities on the Loess Plateau, for example, the Tuwei River Basin and the Wudin River Basin. Some previous studies indicate that the abrupt points of streamflow change were also in 1979 and 1996 for the Tuwei River and the Wudin River [55,56]. The contribution of climate change and human activities to streamflow reduction were 57.95% and 42.05% from 1997 to 1996, respectively. Nevertheless, the contribution of climate change dropped to 24.19%, and that of human activities ascended to 75.81% after 1996 in the Tuwei River basin. For the Wuding River, the contribution of climate change was 79.8% from the 1970s to the end of the 1990s, and human activity became the main factor affecting streamflow reduction to the 21st century [57]. The common features of these rivers are that they are located on the Loess Plateau and the ecological environment there is fragile. To protect water resources, local governments should adopt strategies such as strengthening water resources protection and popularizing water-preserving technology in coal mining, developing water saving irrigation technology, and reusing and recycling water resources in industry.





5. Conclusions


In this paper, we analyzed streamflow change trends, abrupt change years from 1955 to 2013, separated the contributions of climate change, coal mining and SWC impacts on streamflow decreasing. The main findings are as follows:




	(1)

	
The annual runoff presented a decreasing trend, and passed the 0.05 significance test during 1955–2013.The two significant change years was in 1979 and 1996.




	(2)

	
In the first impact period (1979–1996), climate change was the main factor for annual streamflow decreasing. Meanwhile, in the second impact period (1997–2013), coal mining was the dominant influence on streamflow decline.




	(3)

	
Compare two impact periods, the absolute value of climate change, coal mining and SWC impacts on streamflow reduction were all ascending, which indicated that the impacts of above three factors on streamflow decreasing were increasing. Meanwhile, the growth rate of coal mining impact on streamflow decline was greater than that of climate change and SWC.




	(4)

	
Quantifying the impacts of climate change, coal mining and SWC on streamflow decline by the MWBM and field investigation was reasonable and feasible.
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Figure 1. The sketch map of the Kuye River Watershed. 






Figure 1. The sketch map of the Kuye River Watershed.



[image: Water 11 01054 g001]







[image: Water 11 01054 g002 550]





Figure 2. The cracks in the coal mining subsidence. 
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Figure 3. The variation trend of streamflow at Wenjiachuan hydrological station. 
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Figure 4. Cumulative anomaly curve of annual streamflow. 
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Figure 5. K value change calculated by Pettitt test. 
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Figure 6. Monthly time series of recorded streamflow and simulated streamflow in 1955–1978 at Wenjiachuan station. 
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Figure 7. Correlation between simulated and recorded monthly streamflow in the baseline period. 
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Figure 8. Relation of raw coal production and annual streamflow in Kuye River Basin. 
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Figure 9. The coal mine aquifer in Kuye River Basin. (a) Before coal mining; (b) After coal mining. 
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Table 1. The contributions of climate change and human activities to annual streamflow reduction.
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Periods

	
Recorded Streamflow (mm)

	
Reconstructed Streamflow (mm)

	
Total Change (%)

	
Impact by Climate Change

	
Impact by Human Activities




	
ΔQ (mm)

	
η (%)

	
ΔQc (mm)

	
ηc (%)

	
ΔQh (mm)

	
ηh (%)






	
1955–1978

	
81.02

	

	

	

	

	

	

	




	
1979–1996

	
63.12

	
68.32

	
−17.90

	
22.09

	
−12.7

	
70.95

	
−5.20

	
29.05




	
1997–2013

	
25.93

	
68.01

	
−55.09

	
67.99

	
−13.01

	
23.62

	
−42.08

	
76.38




	
1979–2013

	
45.06

	
68.17

	
−35.96

	
44.38

	
−12.85

	
35.73

	
−23.11

	
64.27
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Table 2. Cumulative area of SWC since the 1950s.
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Year

	
Terrace

	
Afforestation

	
Grassland

	
Sediment-Trapping Dams




	
A (km2)

	
ε (m3/km2)

	
A (km2)

	
ε (m3/km2)

	
A (km2)

	
ε (m3/km2)

	
dam

	
ε (per dam/m3)






	
1959

	
5

	
44,600

	
27

	
20,900

	
22

	
16,600

	
0

	
12,000




	
1969

	
33

	
97

	
52

	
2




	
1979

	
66

	
415

	
110

	
8




	
1989

	
67

	
1004

	
353

	
12




	
1996

	
99

	
1184

	
380

	
19




	
2009

	
101

	
2652

	
938

	
1548




	
2013

	
105

	
3555

	
638

	
2271
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Table 3. The contributions of the SWC and coal mining to annual streamflow reduction.
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Period

	
Impact by Human Activities (mm)

	
Impact by SWC

	
Impact by Coal Mining




	
ΔQsb (mm)

	
ηsb (%)

	
ΔQcm (mm)

	
ηcm (%)






	
1979–1996

	
−5.20

	
−3.05

	
58.65

	
−2.15

	
41.35




	
1997–2013

	
−42.08

	
−12.20

	
28.99

	
−29.88

	
71.02




	
1979–2013

	
−23.11

	
−7.57

	
32.76

	
−15.54

	
67.24
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Table 4. The quantification of impacts of climate change, coal mining and SWC on streamflow decreasing.
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Periods

	
Total Change (mm)

	
Impact by Climate Change

	
Impact by Coal Mining

	
Impact by SWC




	
ΔQc (mm)

	
ηc (%)

	
ΔQcm (mm)

	
ηcm (%)

	
ΔQsb (mm)

	
ηsb (%)






	
1979–1996

	
−17.90

	
−12.70

	
70.95

	
−2.15

	
12.01

	
−3.05

	
17.04




	
1997–2013

	
−55.09

	
−13.01

	
23.62

	
−29.88

	
54.24

	
−12.20

	
22.14




	
1979–2013

	
−35.96

	
−12.85

	
35.73

	
−15.54

	
43.22

	
−7.57

	
21.05
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