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Abstract

:

The composition and change of runoff are closely related to climate change and human activities. To design effective watershed water resources management measures, there is a need for a clear understanding of the impact of climate change and human activities on baseflow and surface runoff. The purpose of this essay is to quantify their impact on the annual total stream flow, surface runoff, and base flow in the Weihe River Basin (WRB) using a two-stage annual precipitation partitioning method, wherein the surface runoff and base flow are separated from the measured total flow by using a one-parameter digital filter method for which the common filter parameter value is 0.925. The stream flow records were split into two periods: 1960–1970 (pre-change period) and 1971–2005 (post-change period) based on the hydrological breakpoints detected. We found that climate change and human activities have different impacts on base flow and surface runoff. We attributed the decrease in surface runoff due to climate change accounting for 76–78%, while we determined that human activities were responsible to the decrease in base flow accounting for 59–73% of the total observed change. We concluded that both climate change and human beings contributed to the hydrologic change through different hydrological processes: climate change dominated the surface runoff change, while human influences controlled the base flow change. To achieve the expected goals of ecological restoration, appropriate measures must be taken by watershed management in the WRB to mitigate the likely impacts of climate change on water hydrology.
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1. Introduction


The global hydrologic cycle and distribution of water resources are changing on various scales due to climate change and human interference during the past decades [1,2,3]. The changes in precipitation, temperature, wind speed, humidity, and solar radiation have caused decreases in streamflow in some regions [4,5]. Land use changes to the vegetation distribution structure lead to changes in evapotranspiration and, thus, lead to changes in runoff [6,7]. Dam construction will affect the flow of the river [8,9]; dam and reservoir construction will reduce runoff [10,11]. Deforestation will lead to a decrease in interception capacity and an increase in runoff, while afforestation will lead to an increase in runoff infiltration, a decrease in runoff, and an increase in underground runoff [12,13]; Agricultural water management leads to reduced runoff or groundwater [14]. Therefore, under the influence of the above factors, there is a variation in runoff in different parts of the world. Quantifying the individual impacts of climate change and humans is important for mitigating the negative effects and adapting to novel environments in the future.



Numerous studies have been conducted to quantify the individual effects of climate change and human activities on water resources in different parts of the world [15,16,17,18,19] including the Tarim River [20], Yangtze River [21], and Shiyang River in China [22], the Nzoia River in Kenya [23], and the Athabasca River in Canada [24]. The study in the Haihe River Basin showed that the runoff in the Taolinkou, Zhangjiafen, and Guantai basins decreased by 41.5%, 59.9%, and 73.9%, respectively, mainly affected by human beings [25]. Ma et al. [26] and Zheng et al. [27] reported that climate change contributed over 50% of the decrease in the inflow to the Miyun reservoir during the past decade. Using data from 413 watersheds in the USA, Wang and Hejazi [28] showed that the impacts of climate change outweighed the effects of human activities. Analysis in the Cimarron Skeleton watershed (the South-central Great Plains) in the USA indicated that changes in water use, land use, and land cover accounted for approximately 50% of changes in water flows. [29]. More recently, the study in the Luan River Basin in China illustrated that the impact of climate change contributed 44% in the wet season, but human activities contributed 93% in the dry season to the flow change [30].



The Weihe River Basin (WRB), an important river in Shaanxi Province, known to the Shaanxi people as their mother river, is the largest tributary of the Yellow River in northern China and is a main river for Ningxia and Gansu Provinces in northwestern China that provides the surface water for irrigation and water supplies for several major cities in the arid region. The stream flow in the WRB has significantly declined in the 20th century [31,32]. Based on 13 stream flow gauges in the WRB, the monthly stream flow depth has declined 0.1–2.1 mm during the period from 1960 to 2009, and the main driving factors for the declined stream flow are believed to be related to reservoir operation, vegetation change, surface water consumption, and water and soil conservation [33]. Using an improved climate elasticity method, Zhan [34] found that human activities contributed to 71–78% of the stream flow decline. More recently, Jiang [35] used a framework to identify the two effects on stream flow across the WRB and found that human activities had a significant impact on decreasing runoff.



Most previous studies have focused on the total stream flow, and little attention has been given to how climate or humans alter the flow pathways, i.e., surface flow and groundwater. The arid regions are dominated by rainfall-excess hydrology, and the surface flow generation has rather different mechanisms from the base flow, which is derived from groundwater. We presume that both climate change and human activities may contribute differently to the changes in surface runoff and base flow. Quantifying the effects of climate change and human activities on water resources enables addressing and better management of the water crisis faced by arid regions.



The objective of this study was to quantify the contributions of climate change and human activities to the interpretation of surface runoff and baseflow observations at three hydrologic gauging stations in the WRB. The base flow and surface runoff components were estimated using a two-stage annual precipitation partitioning method. The spatial variation patterns of climate change and human activity with respect to their influences on the base flow and surface flow were also discussed. The results provide a comprehensive analysis climate and human effects on base flow and surface runoff in the WRB.




2. Materials and Methods


2.1. Study Area and Hydrometeorological Data


The WRB (104°00′ E~110°20′ E, 33°50′ N~37°18′ N), located in the semiarid region of China, has a watershed area of 135,000 km2 and a main river length of 818 km (Figure 1). The WRB starts in the Niaoshu Mountain, flows through Gansu, Ningxia, Shanxi, and eventually joins the Yellow River at Tongguan. The average annual natural runoff is 10.4 billion m3. The average annual precipitation is about 610 mm, the average annual temperature ranges from 7.8 to 13.5 °C, and the average annual potential evapotranspiration (PET) varies from 800 to 1200 mm [36].



In this study, 22 meteorological stations and three hydrological stations were used to derive daily precipitation, temperature, and stream flow data in the WRB. These stations were located throughout the WRB, representing the characteristics of climate and hydrology for each catchment. Daily data on precipitation and other meteorological variables for the period from 1960 to 2005 were provided by the China Meteorological Administration. The monthly PET series were calculated using the Penman-Monteith method [37] for every meteorological station. The areawide precipitation and PET for each hydrological station was generated by averaging the readings across meteorological stations in and around the controlled watershed. Shaanxi hydrology and Water Resources Bureau provided daily flow data of major rivers in PNG from 1960 to 2005.



The one-parameter digital filter decomposed the daily stream flow into surface runoff and baseflow components with the filter parameter value of 0.925 [38]. In this study, the daily PET, rainfall, surface runoff, and base flow were summarized as annual scale values. The actual annual evaporation values were computed as residuals of the water balance, E = P − Q, where E is evapotranspiration, P is precipitation, and Q is streamflow.




2.2. Digital Filtering


The digital filtering method was used to segment the daily scale runoff data of Weihe River Basin. Digital filtering is derived from signal processing technology, and its main principle is the combination of runoff division and digital signal analysis. The fast response and slow response signals in the process of precipitation and runoff are decomposed into high frequency signals and low frequency signals by a digital filter, which represent surface runoff and underground runoff, respectively [39].



The Lyne–Hollick filtering method was first proposed by Lyne and Hollick in 1979. Nathan and Mcmahon introduced hydrologic calculations into the method in 1990; its segmentation equation is:


   Q  d t   =  f 1   Q  d   ( t − 1 )   +   1 +  f 1   2   [   Q t  −  Q   (  t − 1  )     ]  ,  



(1)






   Q  b t   =  Q t  −  Q  d t   ,  



(2)




where    Q  d t     and    Q  d t − 1     are the surface runoff at time t and time t − 1, respectively;    Q t    and    Q   (  t − 1  )      are the runoff at time t and time t − 1, respectively;    Q  b t     is the base flow at time t; and    f 1    is the filter parameter value range 0.90 to 0.95; Nathan selected the filter parameter 0.925 by comparison [38].




2.3. Mann-Kendall Inspection


The Mann-Kendall trend test is a nonparametric statistical test method, also known as the no distribution test [40,41]. For the time series X = (X1, X2, X3, …, Xn), (n is the number of variables), the Mann-Kendall trend test statistic is S.


  S =   ∑   j = 1   n − 1     ∑   i = j + 1  n  sgn   (  X i  −  X j  ) ,  



(3)






  sgn  (   X i  −  X j   )  =  {      1 ,                X i  −  X j  > 0       0 ,                X i  −  X j  = 0       − 1 ,          X i  −  X j  < 0        



(4)






   {      Z =   S + 1       n ( n − 1 ) ( 2 n + 5 )   18       ;         S > 0       Z = 0                                 ;           S = 0       Z =   S + 1       n  (  n − 1  )   (  2 n + 5  )    18       ;           S < 0       ,  



(5)







In type: S is the normal distribution, Var(S) is variance, and its formula is:


  Var  ( s )  = [ n  (  n − 1  )   (  2 n + 5  )  −   ∑  1 m   t k   (   t k  − 1  )   (  2  t k  + 5  )  ] / 18  



(6)







In type: m is the number of groups, and    t k    is the number of groups with the same data.



When n is greater than 10, the formula of the standardized statistics is:


  Z =  {        s − 1     Var  ( s )      ;     i f     S > 0         0                     ;     i f     S = 0           s + 1     Var  ( s )      ;     i f     S < 0        



(7)







During the test, if Z is greater than 0, it indicates a significant upward trend in the series; otherwise, it indicates a significant downward trend in the series. [42]. If we set the significance levels α = 0.05, if |Z| ≥ Z1−α/2 = 1.96, then the null hypothesis should be rejected, indicating that the trend of sequence change is significant; otherwise, the null hypothesis should be accepted, indicating that the trend of sequence change is not significant [43].




2.4. Two-Stage Annual Precipitation Partitioning


Assuming that changes in soil water storage can be ignored on an annual scale, precipitation can be divided into two components, namely runoff and evapotranspiration. The water balance can be expressed as:


  P = Q + E ,  



(8)




where P is precipitation, Q is runoff, and E is evapotranspiration.



Following the decomposition method given by L’vovich [44], long-term sedimentation can be broken down into two stages. In the first stage, precipitation is suspended as surface runoff (   Q s   ) and soil wetting ( W ), which can be expressed as:


  P =  Q s  + W ,  



(9)







In the second stage, the soil wetting is divided into baseflow (   Q b   ) and evapotranspiration (  E T  ), which can be expressed as:


  W =  Q b  + E T ,  



(10)




where the sum of    Q s    and    Q b    is the total runoff (Q).



Based on the two-stage precipitation partitioning method and the SCS curve number method [45], Ponce and Shetty [46] proposed a method to estimate    Q s    and    Q b    at the annual scale, and Chen and Wang [47] presented an estimation method on a seasonal scale. In this paper, we focused on the annual scale, and the model can be estimated as:


    Q s  =      (  P −  λ s   W p   )   2    P +  (  1 − 2  λ s   )   W p        ( w h i l e   P >  λ s   W p  ) ,   



(11)






    Q b  =      (  W −  λ b   V p   )   2    W +  (  1 − 2  λ b   )   V p      ( w h i l e   W >  λ b   V p  ) ,   



(12)




where    W p    is the maximum of the total soil wetting, the initial wetting can be explained as a percentage (   λ s   ) of the soil wetting capacity (   W p   ), and    λ s   W p    can be defined as the minimum threshold for precipitation required for surface runoff. Similarly, the wetting threshold for the base flow can be defined as    λ b   V p   .




2.5. The Nash-Sutcliffe Efficiency Coefficient


We used the Nash-Sutcliffe Efficiency coefficient (NSE) function [48] to evaluate model performance:


  N S E = 1 −     ∑   i = 1  n     (   Q  o b s  i  −  Q  e s t  i   )   2      ∑   i = 1  n     (   Q  o b s  i  −  Q  a v e    )   2    ,  



(13)




where Qobs is the measured runoff, Qest is the estimated runoff, and Qave is the mean value of the measured runoff. NSE values can range from −∞ to 1. If NSE = 1, it indicates that the model can perfectly model the measured data, while at a NSE higher than 0.5 the model performance is satisfactory [49].




2.6. Determining the Contribution Rate of Climate Change and Human Activities


As discussed, the datasets were divided into two periods: the pre-change period and post-change period. The pre-change period was the period prior to the point of variation, when there was no significant trend of increase or decrease in total streamflow/surface runoff/baseflow. The post-change period was the period after the point of variation, where there was a clear trend of increase or decrease in total streamflow/surface runoff/baseflow compared to the pre-change period. The proposed quantifying method assumed no human activities for the watershed in the pre-change period. In other words, during the pre-change period, if the total stream flow/surface runoff/base flow changed, it would only be attributed to climate change. During the post-change period, if the total stream flow/surface runoff/base flow changed, it could be caused by climate change or human activities, or both. Under this assumption, the model parameters were based on the observations in the pre-change period. If there were no human activities, the parameters in the post-change period were assumed to be the same as those in the pre-change period. Using the pre-change model parameters and post-change meteorological data, the total stream flow/surface runoff/base flow in the post-change period would be reconstructed, which would not be affected by human factors. The gap between the reconstructed total stream flow/surface runoff/base flow series in the post-change period and the observed ones in the pre-change period could indicate the total stream flow/surface runoff/base flow change caused by climate change. In addition, the gap between the reconstructed total stream flow/surface runoff/base flow series and the observed ones in the post-change period could indicate the total stream flow/surface runoff/base flow change caused by human activities. The quantifying method can be computed as [50,51]:


  Δ  Q t  =    Q o   ¯  −  Q o  ,  



(14)






  Δ  Q c  =    Q o   ¯  −  Q m   



(15)






  Δ  Q h  =  Q m  −  Q o   



(16)






   η h  = Δ  Q h  / Δ  Q t  × 100 %  



(17)






   η c  = Δ  Q c  / Δ  Q t  × 100 %  



(18)




where   Δ  Q t    represents the total change in the total stream flow/surface runoff/base flow,   Δ  Q c    and   Δ  Q h    indicate the changes in total stream flow/surface runoff/base flow caused by climate change and human activities, respectively,      Q o   ¯    and    Q o    are the observed total stream flow/surface runoff/base flow values in the pre-change period and the post-change period, respectively,    Q m    is the modeled total stream flow/surface runoff/base flow values in the post-change period, and    η c    and    η h    are the climate change and impacts of human activities on total stream flow/surface runoff/base flow changes, respectively.



The advantages of the quantifying method are simple, practical, and can obtain accurate results according to the simulated values, but there is no breakdown of the impact of human activity, such as river damming, irrigation, and urban water diversion.





3. Results


This section provides a concise and accurate description of the experimental results, their interpretation, and some experimental conclusions that can be drawn.



3.1. Base Flow and Surface Runoff


The daily observed total streamflow was decomposed into surface runoff and base flow using the one-parameter digital filter method with the filter parameter value of 0.925 [37], which is widely used in the study area [40]. The observed total annual flow, surface runoff, and base flow at Linjiacun, Xianyang, and Huaxian stations across the WRB are presented in Figure 2. For the three stations, the total stream flow, surface runoff, and base flow at the annual scale tended to decline. The total stream flow decreased faster than either the surface runoff or the base flow, with the surface runoff decreasing the slowest. Both the total flow and base flow were the highest at the Xianyang station. However, its base flow index was almost the same as that at the Huaxian station, with mean annual values of 0.67 at the Xianyang station and 0.66 at the Huaxian station. The evaluation of the base flow index was similar at the Xianyang and Huaxian stations. A significant change for the base flow index at the Linjiacun station occurred in 1970. The mean annual base flow index at Huaxian and Xianyang was 0.67 with a standard deviation of 0.05, while the mean annual base flow index at Linjiacun was 0.63 with a standard deviation of 0.13 (Figure 3). The base flow index was substantially influenced by human activities, climate change, precipitation, and evaporation [40]. Therefore, it is necessary to determine the variation points of total flow, surface runoff, and base flow series for further contribution analysis.




3.2. Breakpoint Analysis


Breakpoints of annual total stream flow, surface runoff, and base flow were detected by the Mann-Kendall test for all three stations from upstream to downstream across the WRB, with significance levels set at α = 0.05 (Z1−α/2 = 1.96), and the results are shown in Table 1. Breakpoints of the total stream flow at the Linjiacun, Xianyang, and Huaxian stations occurred in 1990, 1986, and 1987, respectively. Breakpoints of the surface runoff and base flow at those stations were in 1986, 1989, and 1991, and 1977, 1986, and 1974, respectively. According to the results, the significant change for base flow was earlier than total stream flow, indicating that the base flow was more sensitive to the effects of climate change and human activities than the total stream flow. The breakpoint in the Huaxian station was the earliest, in 1974, among all the watersheds. This is consistent with the base flow index changes in 1970. Therefore, we selected the 1970 points as the variation point to quantify the influence of climate change and human activities on total stream flow, surface runoff, and base flow [52].




3.3. Model Calibration and Stream Flow Reconstruction


The data were divided into two periods, 1960–1970 (pre-change period) and 1971–2005 (post-change period), based on the results of the breakpoint tests to quantify the impact of climate change and humans on surface runoff and baseflow. A two-stage annual precipitation partitioning model was used to estimate the surface runoff and base flow for the post-change period. The model has four parameters:    λ s   , Wp,    λ b   , and Vp, which need to be estimated. We chose to estimate the parameters in an 11-year period (the whole pre-change period: 1960–1970) instead of in a six-year calibration period (1960–1965) to minimize the uncertainty in the limited data. The values of surface runoff and base flow in the natural period from 1960 to 1970 were used to estimate the model parameters:    λ s   , Wp,    λ b   , and Vp. The parameters for the three stations in the WRB are listed in Table 2. As shown in Table 2, the parameters    λ s    and    λ b    do not indicate a significant pattern.



The values of NSE and the coefficient of determination (R2) were used to evaluate the model performance of the base flow and surface runoff. NSE and R2 were computed in the validation period (1960–1970) for the three sites and are summarized in Table 3. The R2 values ranged from 0.9 to 0.98, and the NSE values ranged from 0.89 to 0.98. To illustrate the model performance, we used the Linjiacun station as an example (Figure 4). The results showed that the model performed well, although the model led to an underestimation of the results observed during the peak period. Overall, the accuracies of the model calibration and validation were acceptable for the annual surface runoff and base flow estimation in the three stations.



Based on the high accuracy of the model estimates, the surface runoff and base flow in the post-change period were reconstructed using pre-change parameter estimates and post-change meteorological data from Linjiacun, Xianyang, and Huaxian stations. Figure 5 shows a comparison of the modeled and observed base flow and surface runoff during the entire period in the WRB. During the pre-change period, data clustered around the 1:1 lines, indicating a good agreement between the modeled and observed data. However, deviations from the 1:1 line were found during the impacted period indicating human activities on base flow. Moreover, the figure shows that human activities affected the base flow more strongly than the surface runoff. The annual precipitation and observed and modeled surface runoff and base flow are shown in Figure 6. The differences between the observed and modeled base flow became larger over time, while the differences between those of the surface runoff remained small.




3.4. Attribution Analysis


Based on the reconstructed surface runoff and base flow data (Figure 6), the reconstructed total stream flow was generated by summing the reconstructed surface runoff and the base flow. The gap between the reconstructed total stream flow/surface runoff/base flow series in the post-change period and the observed ones in the pre-change period could indicate the change caused by climate change. The gap between the reconstructed total stream flow/surface runoff/base flow series and the observed ones in the post-change period could indicate the change caused by human activities. Climate change and human activities have different impacts on total runoff, surface runoff, and baseflow changes.



Table 4 shows the effects of climate change and human activities on the total flow changes at the three WRB sites. As the Table 4 shown, during the post-change period, under the two effects, the total stream flow of the Linjiacun, Xianyang, and Huaxian stations decreased significantly, with the values of 61.55 mm, 62.50 mm and 35.92 mm, respectively. The two effects on total stream flow were mainly attributed to human activities at Linjiacuan and Xianyang stations, accounting for 64% and 60%, respectively, while the effect at Huaxian station was 49%. The effects of climate change and human activities on stream flow in WRB have been computed in several studies, and the results of this study are consistent with those of Zuo [32], Zhan [33], and Jiang [34]. Therefore, in the change process of total stream flow, except for the variation at Huaxian Station that was greatly affected by climate change, the other two stations were heavily influenced by human activities.



The effects of climate change and human activities on surface runoff and base flow of the three stations are summarized in Table 5 and Table 6. Compared to the values of the Linjiacun, Xianyang, and Huaxian stations in the pre-change period, during the post-change period, the surface runoff decreased by 9.1 mm, 16.5 mm, and 9.6 mm, respectively, while the base flow decreased by 52.4 mm, 46.1 mm, and 26.3 mm, respectively. The surface runoff changes of the three stations are two or more times higher than the base flow change. The decrease in surface runoff in Linjiacun, Xianyang, and Huaxian was mainly affected by climate change, accounting for 76%, 77%, and 78%, respectively, while the contribution rate of human activities to base flow was 71%, 73%, and 59%, at Linjiacun, Xianyang, and Huaxian hydrological stations, respectively; so, human activities were the main driving factor of the base flow variation. Climate change controls the surface runoff change and human activities control the base flow change, and the results of this study are consistent with those of Zhang [53]. In summary, climate change greatly affects the change of surface runoff, while human activities greatly influence the change of baseflow.





4. Discussion


The comparison of changes in total stream flow, surface flow, base flow, and precipitation at the Linjiacun, Xianyang, and Huaxian stations in the pre-change period and the post-change period are shown in Table 7. As seen in Table 7, compared to the pre-change period, the variables in the post-change period decreased. Although the values of total stream flow, surface runoff, base flow, and precipitation decreased, the total stream flow and base flow indicated significant change, with the percentage ranging from 40% to 61% and from 43% to 70%, respectively, while the surface runoff change was slight, with the percentage ranging from 34% to 41%. The decreased values and percentage of the total stream flow and the base flow along the main stream of the WRB displayed a decreasing change from upstream to downstream, with the highest value at Linjiacun station and the lowest one at Huaxian station. Compared to the flow change, the precipitation change was a small range, from 9% to 11%. The surface runoff change was mainly controlled by climate change.



In addition, a large number of human activities have been implemented since 1970. Soil conservation practices in 1970 covered 2500 km2; however, the area in 2006 was 33,344 km2, increased by 30,844 km2 [34]. It was almost 13 times as large as that in 1970. From 1970 to 2005, just in the Shaanxi province, seven hyper-irrigation areas began irrigation, specifically Baojixia and Jinghuiqu in 1972, Fengjiashan in 1974, Shibaochuan in 1975, Yangmaowan in 1978, Taoqupo in 1980, and Shitouhe in 1981 with a total area of approximately 5900 km2. Since 1994, the population of the Shaanxi Province has increased by 3.02 million from 20.24 million to 23.26 million, almost 13%. Because of the shortage of water resources, the government has invested human and financial resources in the South-North Water Transfer Project, or WRB, from the Han River to Shaanxi Province [54]. In the Gansu province, rainwater-harvesting agriculture has made great progress, and a number of water harvesting engineering projects started in the 1980s [55]. Su et al. [56] reported rainwater collection, water and soil conservation, and reservoir management are the main factors effecting the stream flow change in the WRB. All the mentioned human activities can cause the stream flow to change directly or indirectly through affecting land use and land cover.




5. Conclusions


In this study, we quantified the effects of climate change and human activities on the total streamflow, surface runoff, and base flow from 1960 to 2005 measured at three hydrological stations: Linjiacun, Xianyang, and Huaxian station in the WRB. Using the breakpoint, the annual data were divided into two periods: the pre-change period and the post-change period. The two-stage model was calibrated and verified by using the pre-change period data, and watershed hydrology was reconstructed for the post-change period. The differences in our study indicated that the main driving factor for the decrease in surface runoff was climate change, contributing over 76%. The contribution rate of human activities to base flow was 71%, 73%, and 59%, respectively; so, human activities were the main driving factor of base flow variation. Overall, climate change and human impact have different effects on different components of the stream flow. For surface flow, climate change has greater impacts than humans; however, for base flow, human activities have greater impacts than climate change. Watershed management in the WRB must incorporate appropriate measures to mitigate the likely impacts of climate change on watershed hydrology and achieve the desired goals of ecological restoration.



This study focuses on the change of historical flow of the Weihe River Basin but does not carry out corresponding research into and prediction of future flow changes. Therefore, future research will focus on the prediction of the future flow of the river basin.







Author Contributions


Conceptualization, Z.M. and B.Z.; methodology, J.F.; software, Y.L.; validation, T.Q. and Y.C.; formal analysis, S.L.; investigation, resources, J.F.; data curation, G.L.; supervision, Y.C.; project administration, T.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Key Research and Development Project (Grant No. 2017YFA0605004) , the Innovative Research Group of Heibei Natural Science Foundation, (Grant No. E2019402432, E2019402102), National Science Fund for Young Scholars (Grant No. 52009053), the National Natural Science Foundation of China (Grant No. U1802241), the open project of State Key Laboratory Base of Eco-Hydraulic Engineering in Arid Area, ( Grant No. 2019KFKT-4), and Hebei Key Laboratory of Intelligent Water Conservancy in Hebei University of Engineering in Handan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lipczynska-Kochany, E. Effect of climate change on humic substances and associated impacts on the quality of surface water and groundwater: A review. Total Environ. 2018, 640, 1548–1565. [Google Scholar] [CrossRef] [PubMed]

	



Nistor, M.M. Climate change effect on groundwater resources in South East Europe during 21st century. Quat. Int. 2019, 504, 171–180. [Google Scholar] [CrossRef]

	



Jin, X.; Jin, Y.; Mao, X.; Zhai, J.; Fu, D. Modelling the Impact of Vegetation Change on Hydrological Processes in Bayin River Basin, Northwest China. Water 2021, 13, 2787. [Google Scholar] [CrossRef]

	



Wang, D.D.; Yu, X.X.; Jia, G.D.; Wang, H.N. Sensitivity analysis of runoff to climate, variability and land-use changes in the Haihe Basin mountainous area of north China. Agric. Ecosyst. Environ. 2019, 269, 193–203. [Google Scholar] [CrossRef]

	



Wang, X.B.; He, K.N.; Dong, Z. Effects of climate change and human activities on runoff in the Beichuan River Basin in the northeastern Tibetan Plateau, China. Catena 2019, 176, 81–93. [Google Scholar] [CrossRef]

	



Zheng, Y.T.; Huang, Y.F.; Zhou, S.; Wang, K.Y. Effect partition of climate and catchment changes on runoff variation at the headwater region of the Yellow River based on the Budyko complementary relationship. Total Environ. 2018, 643, 1166–1177. [Google Scholar] [CrossRef]

	



Fang, Q.Q.; Wang, G.Q.; Liu, T.X.; Xue, B.L.; Yinglan, A. Controls of carbon flux in a semiarid grassland ecosystem experiencing wetland loss: Vegetation patterns and environmental variables. Agric. For. Meteorol. 2018, 259, 196–210. [Google Scholar] [CrossRef]

	



Fang, Q.Q.; Wang, G.Q.; Xue, B.L.; Liu, T.X.; Kiem, A. How and to what extent doesprecipitation on multi-temporal scales and soil moisture at different depths determine carbon flux responses in a water-limited grassland ecosystem? Sci. Total Environ. 2018, 635, 1255–1266. [Google Scholar] [CrossRef]

	



Shang, X.X.; Jiang, X.H.; Jia, R.N.; Wei, C. Land use and climate change effects on surface runoff variations in the upper Heihe River basin. Water 2019, 11, 344. [Google Scholar] [CrossRef]

	



Vercruysse, K.; Grabowski, R.C. Human impact on river planform within the context of multi-timescale river channel dynamics in a Himalayan river system. Geomorphology 2021, 381. [Google Scholar] [CrossRef]

	



Su, C.J.; Chen, X.H. Assessing the effects of reservoirs on extreme flows using nonstationary flood frequency models with the modified reservoir index as a covariate. Adv. Water Resour. 2019, 124, 29–40. [Google Scholar] [CrossRef]

	



Wiekenkamp, I.; Huisman, J.A.; Bogena, H.R.; Vereecken, H. Effects of Deforestation on Water Flow in the Vadose Zone. Water 2020, 12, 35. [Google Scholar] [CrossRef]

	



Cecilio, R.A.; Pimentel, S.M.; Zanetti, S.S. Modeling the influence of forest cover on streamflows by different approaches. Catena 2019, 178, 49–58. [Google Scholar] [CrossRef]

	



Hardie, S.A.; Bobbi, C.J. Compounding Effects of Agricultural Land Use and Water Use in Free-Flowing Rivers: Confounding Issues for Environmental Flows. Environ. Manag. 2018, 61, 421–431. [Google Scholar] [CrossRef]

	



Ye, X.; Zhang, Q.; Liu, J.; Li, X.; Xu, C. Distinguishing the relative impacts of climate change and human activities on variation of streamflow in the Poyang Lake catchment, China. J. Hydrol. 2013, 494, 83–95. [Google Scholar] [CrossRef]

	



Zolfagharpour, F.; Saghafian, B.; Delavar, M. The impacts of climate variability and human activities on streamflow change at basin scale. Water Supply 2020, 20, 889–899. [Google Scholar] [CrossRef]

	



Kim, J.; Choi, J.; Choi, C.; Park, S. Impacts of changes in climate and land use/land cover under IPCC RCP scenarios on streamflow in the Hoeya River Basin, Korea. J. Hydrol. 2013, 452, 181–195. [Google Scholar] [CrossRef]

	



Lee, C.H.; Yeh, H.F. Impact of Climate Change and Human Activities on Streamflow Variations Based on the Budyko Framework. Water 2019, 11, 2001. [Google Scholar] [CrossRef]

	



Chien, H.; Yeh, J.P.; Knouft, H.J. Modeling the potential impacts of climate change on streamflow in agricultural watersheds of the Midwestern United States. J. Hydrol. 2013, 491, 73–88. [Google Scholar] [CrossRef]

	



Deng, X.Y.; Long, A.H.; Ling, H.B.; Deng, M.J.; Zhang, S.P. Effects of Climate Change and Human Activities on Runoff in the Headstream Areas of Tarim River Basin. J. Environ. 2015, 3, 31–45. [Google Scholar] [CrossRef]

	



Cheng, J.X.; Xu, L.G.; Fan, H.X.; Jiang, J.H. Changes in the flow regimes associated with climate change and human activities in the Yangtze River. River Res. Appl. 2019, 35, 1415–1427. [Google Scholar] [CrossRef]

	



Ma, J.Z.; Chen, L.H.; Zhang, Y.R.; Li, X.H.; Edmunds, W.M. Trends and periodicities in observed temperature, precipitation and runoff in a desert catchment: Case study for the Shiyang River Basin in Northwestern China. Water Environ. J. 2013, 27, 86–98. [Google Scholar] [CrossRef]

	



Githui, F.; Gitau, W.; Mutuab, F.; Bauwensa, W. Climate change impact on SWAT simulated streamflow in western Kenya. Int. J. Climatol. 2009, 29, 1823–1834. [Google Scholar] [CrossRef]

	



Ghaderpour, E.; Vujadinovic, T.; Hassan, Q.K. Application of the Least-Squares Wavelet software in hydrology: Athabasca River Basin. J. Hydrol. Reg. Stud. 2021, 36, 100847. [Google Scholar] [CrossRef]

	



Bao, Z.; Zhang, J.; Wang, G.; Fu, G.; He, R.; Yan, X.; Jin, J.; Liu, Y.; Zhang, A. Attribution for decreasing streamflow of the Haihe River basin, northern China: Climate variability or human activities? J. Hydrol. 2012, 460, 117–129. [Google Scholar] [CrossRef]

	



Ma, H.; Yang, D.; Tan, S.K.; Gao, B.; Hua, Q. Impact of climate variability and human activity on streamflow decrease in the Miyun Reservoir catchment. J. Hydrol. 2010, 389, 317–324. [Google Scholar] [CrossRef]

	



Zheng, J.K.; Sun, G.; Li, W.H.; Yu, X.X.; Zhang, C.; Gong, Y.B.; Tu, L.H. Impacts of land use change and climate variations on annual inflow into Miyun Reservoir, Beijing, China. Hydrol. Earth Syst. Sci. Discuss. 2016, 20, 1561–1572. [Google Scholar] [CrossRef]

	



Wang, D.; Hejazi, M. Quantifying the relative contribution of the climate and direct human impacts on mean annual streamflow in the contiguous United States. Water Resour. Res. 2011, 47, 16. [Google Scholar] [CrossRef]

	



Dalea, J.; Zou, C.B.; Andrews, W.J.; Long, J.M.; Liang, Y.; Qiao, L. Climate, water use, and land surface transformation in an irrigation intensive watershed—Streamflow responses from 1950 through 2010. Agric. Water Manag. 2015, 160, 144–152. [Google Scholar] [CrossRef]

	



Wang, H.; Chen, L.; Yu, X. Distinguishing human and climate influences on streamflow changes in Luan River basin in China. Catena 2016, 136, 182–188. [Google Scholar] [CrossRef]

	



Yang, S.; Kang, T.T.; Bu, J.Y.; Chen, J.H.; Wang, Z.P.; Gao, Y.C. Detection and Attribution of Runoff Reduction of Weihe River over Different Periods during 1961–2016. Water 2020, 12, 1416. [Google Scholar] [CrossRef]

	



Li, S.Y.; Yang, G.Y.; Wang, H. The Runoff Evolution and the Differences Analysis of the Causes of Runoff Change in Different Regions: A Case of the Weihe River Basin, Northern China. Sustainability 2019, 11, 5295. [Google Scholar] [CrossRef]

	



Zuo, D.; Xu, Z.; Wu, W.; Zhao, J.; Zhao, F. Identification of Streamflow Response to Climate Change and Human Activities in the Wei River Basin, China. Water Resour. Manag. 2014, 28, 833–851. [Google Scholar] [CrossRef]

	



Zhan, C.; Jiang, S.; Sun, F.; Jia, Y.; Niu, C.; Yue, W. Quantitative contribution of climate change and human activities to runoff changes in the Wei River basin, China. Hydrol. Earth Syst. Sci. 2014, 18, 3069–3077. [Google Scholar] [CrossRef]

	



Jiang, C.; Xiong, L.; Wang, D.; Liu, P.; Guo, S.; Xu, C. Separating the impacts of climate change and human activities on runoff using the Budyko-type equations with time-varying parameters. J. Hydrol. 2015, 522, 326–338. [Google Scholar] [CrossRef]

	



Chang, J.X.; Wang, Y.M.; Istanbulluoglu, E.; Bai, T.; Huang, Q.; Yang, D.W.; Huang, S.Z. Impact of climate change and human activities on runoff in the Weihe River basin, China. Quat. Int. 2015, 380, 169–179. [Google Scholar] [CrossRef]

	



Monteith, J.L. Solar radiation and productivity in tropical ecosystem. J. Appl. Ecol. 1972, 9, 747–766. [Google Scholar] [CrossRef]

	



Nathan, R.J.; McMahon, T.A. Evaluation of automated techniques for base flow and recession analyses. Water Resour. 1990, 26, 1465–1473. [Google Scholar] [CrossRef]

	



Zhao, W.; Li, Z.L.; Wang, Y.H. Base flow segmentation and its variation in the upper reaches of Heihe River Basin. South-to-North Water Transf. Water Sci. Technol. 2016, 14, 26–31. (In Chinese) [Google Scholar]

	



Cui, Y.H. Study on the Response of Mine Water Inflow to Precipitation in Pingdingshan. No.7 mine. Master’s Thesis, North China University of Science and Technology, Qinhuangdao, China, 2018; p. 78. (In Chinese). [Google Scholar]

	



Dong, X. Trend change analysis of precipitation and runoff in Hejiang River Basin based on Mann-Kendall test. Guangdong Water Resour. Hydropower 2021, 4, 73–78. (In Chinese) [Google Scholar]

	



Chen, Z.R. Application Research of Mann-Kendall Test Method in the Analysis of Eutrophication Trend of Xinxihe Reservoir, Anhui Agricultural Science Bulletin. Anhui Agric. Sci. Bull. 2019, 25, 99–100+145. (In Chinese) [Google Scholar]

	



Mann, B. Non-parametric test against trend. Econometricn 1945, 13, 245–259. [Google Scholar] [CrossRef]

	



L’vovich, M.I.; Nace, R.L., Translators; World Water Resources and Their Future; Wiley: Hoboken, NJ, USA, 1979; p. 415.

	



US Department of Agriculture Soil Conservation Service (USDA SCS). National Engineering Handbook; Section 4: Hydrology; SCS: Washington, DC, USA, 1985.

	



Ponce, V.M.; Shetty, A.V. A conceptual model of catchment water balance. 1. Formulation and calibration. J. Hydrol. 1995, 173, 27–40. [Google Scholar] [CrossRef]

	



Chen, X.; Wang, D. Modeling seasonal surface runoff and base flow based on the generalized proportionality hypothesis. J. Hydrol. 2015, 527, 367–379. [Google Scholar] [CrossRef]

	



Nash, J.E.; Sutcliffe, J.V. River forcasting using conceptual models. 1: A discussion of principles. J. Hydrol. 1970, 10, 280–290. [Google Scholar] [CrossRef]

	



Moriasi, D.N.; Arnold, J.G.; Liew, M.V.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation guidelines for systematic quantification of accuracy in watershed simulations. Trans. ASABE 2007, 50, 885–900. [Google Scholar] [CrossRef]

	



Wang, G.; Zhang, J.; He, R. Impacts of environmental change on runoff in Fenhe river basin of the middle Yellow River. Adv. Water Sci. 2006, 17, 853–858. (In Chinese) [Google Scholar]

	



Zhang, A.; Zhang, C.; Fu, G.; Wang, B.; Bao, Z.; Zheng, H. Assessments of impacts of climate change and human activities on runoff with SWAT for the Huifa River Basin, Northeast China. Water Resour. Manag. 2012, 26, 2199–2217. [Google Scholar] [CrossRef]

	



Rawshan, A.; Alban, K.; Shadan, A.; Shadan, A.; Ozgur, K. Long-Term Trends and Seasonality Detection of the Observed Flow in Yangtze River Using Mann-Kendall and Sen’s Innovative Trend Method. Water 2019, 9, 1855. [Google Scholar] [CrossRef]

	



Zhang, Y. Study on the Impact of Baseflow on Watershed Water Balance; Northwest A&F University: Yangling, China, 2014. (In Chinese) [Google Scholar]

	



Chang, J.X.; Jiang, J. Water dispatch of the south to north water transfer project in Shaanxi province. J. Nat. Resour. 2011, 26.1, 110–118. (In Chinese) [Google Scholar]

	



Xiao, G.; Wang, J. Research on progress of rainwater harvesting agriculture on the Loess Plateau of China. Acta Ecol. Sin. 2003, 23, 1003–1011. (In Chinese) [Google Scholar]

	



Su, X.L.; Kang, S.Z.; Wei, X.M.; Xing, D.W.; Cao, H.X. Impact of climate change and human activity on the runoff of Wei River basin to the Yellow River. J. Northwest Sci.-Tech. Univ. Agric. For. 2007, 35, 153–159. (In Chinese) [Google Scholar]








[image: Water 14 00334 g001 550] 





Figure 1. The spatial distribution of 3 hydrologic stations and 22 rain gauges in the Weihe River Basin. 
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Figure 2. The annual total streamflow, direct runoff, and base flow in (a–c). 
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Figure 3. Baseflow Index Change chart of Linjiacun Station, Xianyang Station, and Huaxian Station. 
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Figure 4. The comparison of modeled and observed surface runoff (a) and base flow (b) from 1960 to 1970 at Linjiacun. 
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Figure 5. The comparison of the surface runoff and base flow were reconstructed using the parameter estimation from the pre-change period and the meteorological data for the post-change period at Linjiacun, Xianyang, and Huaxian stations across the WRB. The black lines are a 1:1 line. (a). measured and modeled baseflow at Linjiacun station; (b). measured and modeled baseflow at Xianyang station; (c). measured and modeled baseflow at Huaxian station; (d). measured and modeled surface flow at Linjiacun station; (e). measured and modeled surface flow at Xianyang station; (f). measured and modeled surface flow at Huaxian station. 






Figure 5. The comparison of the surface runoff and base flow were reconstructed using the parameter estimation from the pre-change period and the meteorological data for the post-change period at Linjiacun, Xianyang, and Huaxian stations across the WRB. The black lines are a 1:1 line. (a). measured and modeled baseflow at Linjiacun station; (b). measured and modeled baseflow at Xianyang station; (c). measured and modeled baseflow at Huaxian station; (d). measured and modeled surface flow at Linjiacun station; (e). measured and modeled surface flow at Xianyang station; (f). measured and modeled surface flow at Huaxian station.



[image: Water 14 00334 g005]







[image: Water 14 00334 g006 550] 





Figure 6. The observed and modeled annual surface runoff and base flow at Linjiacun, Xianyang, and Huaxian stations across the WRB. (a). observed and modeled surface flow at Linjiacun station; (b). observed and modeled baseflow at Linjiacun station; (c). observed and modeled baseflow at xianyang station; (d). observed and modeled baseflow at Xianyang station; (e). observed and modeled surface flow at Huaxian station; (f). observed and modeled baseflow at Huaxian station. 
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Table 1. The breakpoint detected results of the Mann-Kendall test method.






Table 1. The breakpoint detected results of the Mann-Kendall test method.





	
Station

	
α

	
Z

	
Breakpoint




	
Total Streamflow

	
Base Flow

	
Surface Runoff






	
Linjiacun

	
0.05

	
±1.96

	
1990

	
1977

	
1986




	
Xianyang

	
0.05

	
±1.96

	
1986

	
1986

	
1989




	
Huaxian

	
0.05

	
±1.96

	
1987

	
1974

	
1991











[image: Table] 





Table 2. Parameter evaluation of the two-stage annual precipitation partitioning model for 3 hydrological stations across the Weihe River.
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	Site
	Wp
	Vp
	      λ   b      
	      λ   s      





	Linjiacun
	8645
	3000
	0.01
	0.01



	Xianyang
	8645
	2616
	0.01
	0.02



	Huaxian
	4543
	3983
	0.06
	0.02
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Table 3. The R2 and Nash-Sutcliffe Efficiency coefficient (NSE) for two-stage annual precipitation partitioning model at the 3 hydrological stations.
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Site

	
Base Flow (mm)

	
Surface Runoff (mm)




	
R2

	
NSE

	
R2

	
NSE






	
Linjiacun

	
0.90

	
0.89

	
0.96

	
0.92




	
Xianyang

	
0.96

	
0.96

	
0.97

	
0.90




	
Huaxian

	
0.98

	
0.98

	
0.91

	
0.90
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Table 4. Effects of climate change and human impacts on the annual total streamflow at the Linjiacun, Xianyang, and Huaxian stations.
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Site

	
Period

	
Total

(mm)

	
Reconstructed

(mm)

	
Total Change

(mm)

	
Human

	
Climate




	
Values

	
%

	
Values

	
%






	
Linjiacun

	
1960–1970

	
103.17

	
102.38

	

	
39.63

	
64

	
21.92

	
36




	
1971–2005

	
41.63

	
81.26

	
61.55

	

	

	

	




	
Xianyang

	
1960–1970

	
132.06

	
125.54

	

	
37.59

	
60

	
24.91

	
40




	
1971–2005

	
69.55

	
107.15

	
62.50

	

	

	

	




	
Huaxian

	
1960–1970

	
90.07

	
90.83

	

	
17.73

	
49

	
18.20

	
51




	
1971–2005

	
54.14

	
71.87

	
35.92
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Table 5. Effects of climate change and human impacts on the annual surface runoff at the Linjiacun, Xianyang, and Huaxian stations.






Table 5. Effects of climate change and human impacts on the annual surface runoff at the Linjiacun, Xianyang, and Huaxian stations.





	
Site

	
Period

	
Surfacel

(mm)

	
Reconstructed

(mm)

	
Surface Change

(mm)

	
Human

	
Climate




	
Values

	
%

	
Values

	
%






	
Linjiacun

	
1960–1970

	
27.75

	
27.40

	

	

	

	

	




	
1971–2005

	
18.62

	
20.81

	
9.13

	
2.19

	
24

	
6.94

	
76




	
Xianyang

	
1960–1970

	
40.17

	
33.79

	

	

	

	

	




	
1971–2005

	
23.72

	
27.49

	
16.45

	
3.77

	
23

	
12.68

	
77




	
Huaxian

	
1960–1970

	
28.13

	
28.95

	

	

	

	

	




	
1971–2005

	
18.54

	
20.64

	
9.59

	
2.10

	
22

	
7.49

	
78
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Table 6. Effects of climate change and human impacts on the annual base flow at the Linjiacun, Xianyang, and Huaxian stations.
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Site

	
Period

	
Base

(mm)

	
Reconstructed

(mm)

	
Base Change

(mm)

	
Human

	
Climate




	
Values

	
%

	
Values

	
%






	
Linjiacun

	
1960–1970

	
75.42

	
74.98

	

	

	

	

	




	
1971–2005

	
23.02

	
60.22

	
52.40

	
37.20

	
71

	
15.20

	
29




	
Xianyang

	
1960–1970

	
91.89

	
91.75

	

	

	

	

	




	
1971–2005

	
45.79

	
79.44

	
46.10

	
33.65

	
73

	
12.45

	
27




	
Huaxian

	
1960–1970

	
61.94

	
28.95

	

	

	

	

	




	
1971–2005

	
35.64

	
51.16

	
26.30

	
15.52

	
59

	
10.78

	
41
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Table 7. The comparison of changes for total stream flow, surface flow, base flow, and precipitation at the Linjiacun, Xianyang, and Huaxian stations in the pre-change period and post-change period.
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Index

	
Linjiacun

	
Xianyang

	
Huaxian




	
Change

(mm)

	
Percentage

(%)

	
Change

(mm)

	
Percentage

(%)

	
Change

(mm)

	
Percentage

(%)






	
Total streamflow

	
63.73

	
61

	
62.50

	
47

	
35.92

	
40




	
Surface flow

	
9.85

	
35

	
16.45

	
41

	
9.59

	
34




	
Base flow

	
52.88

	
70

	
46.05

	
50

	
26.34

	
43




	
Precipitation

	
63.91

	
11

	
55.98

	
9

	
58.94

	
9
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