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Abstract

:

In recent decades, the hydrological processes on the Loess Plateau have undergone significant changes due to the combined effects of climate change and human activities. This study investigates the Qin River basin, the core area of the Loess Plateau. Between 1971 and 2000, the hydrometeorology of the flood season in the Qin basin on the Loess Plateau in China changed abruptly in 1982 and 1992. This study uses distributed hydrologic modeling and statistical analysis to distinguish the spatial and temporal impacts of climate change and human activities. The fastest dynamic changes in land use occurred in grassland and construction land, accounting for 0.36% and −0.1%, respectively, from 1982 to 1991. From 1992 to 2000, it was 0.29% and 0.3%, respectively. The increase in basin area where the Normalized Difference Vegetation Index increased was 95%. However, except for significant changes in runoff from 1981 to 1992, there were no significant changes in precipitation, runoff, and temperature during other flood seasons. During the two studied variation periods, from 1982 to 1991 and from 1992 to 2000, the contribution rate of climate change to flood season runoff (    C   C l i m a t e    ) decreased from 83.26% to 74.47%, while the contribution rate of human activity disturbance to flood season runoff (    C   h u m a n    ) increased from 16.74% to 25.53%. In terms of spatial distribution, from 1982 to 1991, areas with a     C   h u m a n     > 50% were primarily concentrated in the upper reaches of the basin, while from 1992–2000, these areas shifted to the lower reaches. This study offers valuable insights for water resource planning and soil conservation measures in the Loess Plateau and similar arid regions worldwide, aiming to ensure water resource safety and sustainability in response to climate change and human interference.
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1. Introduction


With issues such as population growth, pollution, and the development of industrial and agricultural sectors, the scarcity of water resources has increasingly become a problem that hinders social development [1,2,3]. Climate change and human disturbance seriously affect the evolutionary path and direction of hydrology, resulting in changes in runoff, runoff processes, and runoff composition [4,5]. Accordingly, spatial and temporal distributions of hydrological processes in basins have also changed [6]. These changes profoundly affect water security, social security, and ecological and environmental security [7].



The Loess Plateau, a semi-arid area in northwest China, with an altitude of 1000–3000 m and a vast area of 620,000 km2, is the cradle of ancient Chinese civilization and has a long agricultural history [8]. Furthermore, the Loess Plateau experiences the most severe drought and soil erosion in China [9]. As an important agricultural area, the natural scarcity of water resources is a challenge. In addition, the basin ecology is easily disrupted, and the regional hydrological processes are highly complex [10,11]. Therefore, the Loess Plateau is an ecologically sensitive area in which development must be carefully planned. Since the 1970s, large-scale water and soil conservation, groundwater development and utilization, water conservancy, urban expansion, and other projects have substantially reduced runoff on the Loess Plateau, and even some rivers have experienced seasonal flow interruptions [12,13]. Under the combined impact of various driving forces, accurately quantifying the spatial and temporal evolution of water resources is challenging. Not only does this complexity hinder effective water resources planning and management, but it also has a significant impact on the survival and development of human society in the Loess Plateau [14].



Recently, several methods have been proposed to quantitatively analyze runoff changes on the Loess Plateau [1,15,16]. Xu and Jiang [17] summarized the recent research on runoff evolution and impact under changing environments and found that nonlinear statistical methods, regression analysis, and the wavelet theory have been widely employed in quantitative research on hydrological responses because of their low data requirements and strong practicability. Many scholars have studied the quantitative impacts of different driving factors on hydrological processes by improving traditional statistical methods or introducing new theories and methods [18,19,20]. Li et al. [21] conducted a quantitative assessment of runoff changes in the Wuding River basin based on the rainfall–runoff model and reported that the contribution rate of water and soil conservation management (WSCM) to runoff reduction in the basin was 87%. Zhang et al. used the Budyko water–heat balance method to quantitatively detect the hydrological response of different factors to the runoff of eight basins in the Loess Plateau and found that from 1950 to 2000, land use/land cover (LULC) change contributed more than 50% to runoff reduction [22]. A hydrological model is an effective tool for the quantitative analysis of the water cycle and hydrological processes in a basin. Guo et al. [13] used the geomorphology-based hydrological model (GBHM) to analyze runoff changes in the Chabagou River basin of the Loess Plateau. The results showed that the construction of check dams made a greater contribution to runoff reduction. Most studies on quantitative hydrological responses have used a single assessment method [23,24]. Because of differing principles, a variety of methods is typically used to quantitatively explore runoff changes in the same basin, and the results often differ from each other [25,26,27,28]. To better quantitatively detect the hydrological response of each driving factor to basin runoff change, scholars have used statistical analysis (correlation analysis, elastic coefficient, double cumulative curve, etc.) and hydrological simulations (SWAT, VIC, HBV, etc.) to conduct attribution analysis. Then, they discussed the applicability and advantages and disadvantages of the different methods. [13,29,30]. Xu et al. [31] commented on the main analysis methods for runoff attribution, arguing that statistical analysis methods lack physical mechanisms, cannot reflect runoff processes, and can only be used to study annual-scale runoff changes. Hydrological simulation methods are computationally complex and have high uncertainty. Wu et al. [32] used 10 methods to quantitatively detect the contribution of farming and urbanization to flood season runoff (    C   H u m a n    ) in the Yanhe River basin of the Loess Plateau, which ranged between 39.2% and 87.4%. The results showed that the interaction between regional climate, human activities, and hydrological processes is complex and uncertain. However, considering the complex topography and geomorphology of the Loess Plateau region, the analysis of the driving factors of watershed runoff changes from the perspective of time-series changes has certain limitations, ignoring the particularity of hydrological changes in different regions of the watershed [33]. Therefore, using multiple methods to comprehensively explore the response of runoff changes to temporal and spatial changes can accurately elucidate the evolution law of watershed water resources [30,32].



The Qin River basin is the core area of the Loess Plateau. The upper and middle reaches of the basin are typical valley landforms of the Loess Plateau, with overlapping peaks, high mountains, and deep valleys. Flood disasters of varying degrees often occur during flood seasons [34]. In the latter 30 years of the 20th century, many soil and water conservation measures were implemented in the basin while agricultural land and urban expansion developed. These 30 years represent a period of rapid changes within the environment of this basin [11,35]. The Qin River basin represents the overall characteristics of the Loess Plateau to a certain extent in that it has a complex terrain and is subject to strong human interference [11]. Therefore, accurately understanding the evolution law of water resources in the region and revealing the influence of hydrological driving factors has become a critical issue requiring solutions.



This study comprehensively explored the spatiotemporal hydrological response process of flood season runoff in the Qin River basin, representing a typical basin on the Loess Plateau. Our specific objectives are as follows: (1) Identify abrupt changes in hydrological and meteorological factors during the study period and determine the year of abrupt change. (2) Analyze the changes in LULC and Normalized Difference Vegetation Index (NDVI) during the study period and explore the impact of these changes on basin runoff. (3) Quantitatively detect the impact of different driving factors on surface runoff and analyze the variation patterns of runoff under the influence of these driving factors. (4) Explore the applicability and scope of the application of different methods. Our research is of great significance for scientifically depicting the dynamic evolutionary characteristics of hydrological and water resources in the Qin River basin.




2. Geographical Setting, Data Sources and Research Framework


2.1. Study Area


The Qin River, located at 111°55′–113°30′E and 35°11′–37°08′N, is a primary tributary of the Yellow River. The Qin River basin, covering an area of 7339.98 m2, is a typical landform of the Loess Plateau, which has broken topography and intersecting gullies. The basin is a crucial agricultural area in the Yellow River basin, with cultivated land accounting for 26% [36]. The average annual precipitation is 613 mm, and the flood season (June–October) accounts for 71% of the total precipitation. The multi-year potential evaporation during the flood season is 592.5 mm [37]. In this study, the Qin River basin above the Runcheng Hydrological Station in Shanxi Province was taken as the research area (Figure 1). The severe soil erosion on the Loess Plateau has also caused hidden dangers, such as the erosion of the soil cultivation layer and the siltation of river channels. People have realized that it is necessary to immediately stop the destructive development of the Loess Plateau. [38]. Since the 1950s, because of the expansion of industrial and agricultural land, vegetation in the Qin River basin has been greatly damaged, resulting in a decrease in vegetation coverage and quality. This directly led to the intensification of soil erosion and flood disasters in the region. Therefore, since the 1970s, large-scale soil and water conservation construction projects have been carried out in the basin [11,35].




2.2. Data


In this study, daily runoff data of the Qin River basin during the flood season from 1971 to 2000 were collected from the Yellow River Hydrological Yearbook, including the daily meteorological data of 18 meteorological stations (precipitation, temperature, wind speed, and relative humidity) and daily runoff data of Runcheng Hydrological Station. The locations of meteorological and hydrological stations are shown in Figure 1.



In addition, LULC data with a spatial resolution of 0.01° × 0.01° were collected from the remote sensing dataset published by Liu et al. [39], downloaded from the Resource and Environmental Science Data Center (https://www.resdc.com (accessed on 15 January 2023)).



NDVI data with a spatial resolution of 0.01° × 0.01° were collected from the Global GIMMS NDVI3g v1 dataset published by Tucker et al. [40], downloaded from the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/home (accessed on 28 January 2023)).



Lastly, digital elevation model (DEM) data with a spatial resolution of 30 m were collected from the National Aeronautics and Space Administration (https://lpdaacsvc.cr.usgs.gov/appeears/ (accessed on 28 January 2023)). By analyzing DEM data using the hydrological analysis module in ArcGIS, data such as slope, aspect, and catchment characteristics of the Qin River basin were obtained. These topographic data served as the input data for building the hydrological model.





3. Research Methods


3.1. Trend Analysis of Hydrometeorological Factors


3.1.1. Time Series Analysis


Against the backdrop of changing climate, the intensification of human interference noticeably affects hydrological and meteorological changes. Therefore, studying the changing trends of hydrological and meteorological time series in river basins is of great significance for water resource management and decision-making in changing environments [41]. Due to the different principles underlying different trend methods, there are often differences in their calculation results. The characteristics of sequences, such as autocorrelation and periodic fluctuations, can also lead to deviations in analysis results in specific applications [42]. In order to overcome the uncertainty caused by a single method, scholars often apply multiple methods for comparative analysis when studying the trends of hydrological and meteorological changes. [13,29,43,44]. The Mann–Kendall test (M–K) and non-parametric Spearman’s rho correlation test (Sp) are widely utilized in trend research on hydrological and meteorological factors in the Loess Plateau [36,43]. The advantage of the M–K is that it is not affected by outliers and is suitable for non-normal distribution time series. On the other hand, the Sp can visually present the significance of increasing or decreasing trends in time series [31]. This study uses two methods, the M–K and Sp, to explore the trend changes in hydrological and meteorological elements in the Qin River basin.



Changes in vegetation cover usually have a certain long-term dependence. The Hurst index is an effective method for describing this dependency [45]. NDVI can be used to evaluate the coverage of surface vegetation [46]. This study uses the Hurst index to describe the sustainability of vegetation coverage in the study area. The calculation method is based on the literature of Hurst [47] and Zhou et al. [48].




3.1.2. Spatial Change Trend Analysis


A combination of the Theil–Sen slope estimator (Sen) and the M–K test is a common method for analyzing the spatial trend change of a single factor [49]. Zhang et al. [50] analyzed the spatial change of NDVI in the Qinba Mountains using Sen and M–K coupling and determined that the combination of these two methods could effectively reduce the impact of outliers. The formula for the Sen trend analysis is


  β = M e d i a n       A   j   −   A   i     j − i     ,     1971 ≤ i ≤ j ≤ 2000  



(1)







Based on the principles of Sen’s trend classification, we categorize the NDVI trends as follows: when   β < − 0.0005  , the NDVI exhibits degradation; when   − 0.0005 < β < 0.0005  , the NDVI remains stable; and when   β ≥ 0.0005  , the NDVI shows improvement.



We used Sen and M–K separately to calculate the changing trends and significance test of each grid during the study period, and these steps were completed in MATLAB. Subsequently, we performed an intersection operation between the spatial distribution maps of Sen and M–K in the Qinhe River Basin using ArcGIS. The coupling rules were as follows: If   β ≥ 0.0005   and   Z ≥ 1.96  , the NDVI is considered to be significantly improving; if   β ≥ 0.0005   and   − 1.96 ≤ Z < 1.96  , the NDVI is considered to be slightly improving; if   − 0.0005 < β < 0.0005   and   − 1.96 ≤ Z < 1.96  , the NDVI is considered to be stable; if   β < − 0.0005   and   − 1.96 ≤ Z < 1.96  , the NDVI is considered to be slightly degrading; and if   β < − 0.0005   and   Z < − 1.96  , the NDVI is considered to be significantly degrading.   Z   represents the statistical value for the M-K test. With a significance level set at   α = 0.05  , a positive value of     Z   > 1.96   signifies that the M-K trend has successfully met the criteria for a 95% significance test.





3.2. Identification of Abrupt Changes Years and Division of Different Periods


Due to the impact of climate change and human activities, maintaining the original consistency of hydrological series has become increasingly difficult, with the potential for abrupt changes [4]. For long-term hydrological and meteorological data, it is usually necessary to compare and study the stages before and after the abrupt changepoint [32]. The runoff attribution methods we use all require the definition of a natural period. It is assumed that the runoff of the natural period is not affected by human activities, while the runoff during the variation period is affected by climate change and human activities. The contributions of climate change and human activities to the runoff changes in the basin during the variation period are not absolute but are calculated relative to this natural period. Therefore, accurately identifying the abrupt change point and determining the natural period and variation period are the prerequisites for studying the changes in hydrological series. Identifying abrupt change points via statistical methods is widely used in the study of hydrology and meteorology [51]. In the study of hydrological processes, M–K can clearly identify the start time and duration of abrupt changes, and a Sliding T-test (T-test) can effectively monitor changes in time series data. To reduce the uncertainty of a single method, this study uses the M–K test and T-test to comprehensively identify abrupt changes in hydrological and meteorological series and then segment the series to determine the natural period and variation period. These two methods are widely used in identifying years of abrupt changes in hydrological and meteorological time series, and their applicability has been verified in other regions of the Loess Plateau [21,52,53]. The principles of the two methods mentioned above and the rules for analyzing their results are based on the studies conducted by Khaliq et al. [54] and Zhao et al. [55].




3.3. Contribution of Climate Change and Human Activities to Runoff Dynamics


In this study, two statistical methods and a distributed hydrological model were used to quantitatively discuss     C   C l i m a t e     and     C   H u m a n     in the Qin River basin. Because of the uncertainty of the principle of a single method, this study compared the calculation results of conventional statistical methods and hydrological model simulation methods to explore their applicability in the complex environment of the Loess Plateau. The spatial-temporal law of the hydrological response to runoff in the flood season was comprehensively analyzed. The application of these methods presupposes the assumption that the impacts of various driving factors on watershed runoff variations are relatively autonomous, discounting any potential interference among them.



3.3.1. Empirical Statistical Methods


The empirical statistical method was used to establish the relationship between runoff and relevant meteorological variables, and then the time series change in runoff was studied. The advantages of this method include the use of simple and straightforward formulas and relatively few calculations. In this study, two empirical statistical methods (the Runoff Reduction method [Runoff-R], which considers meteorological factors and the Budyko water–heat balance method, which considers meteorological factors and underlying surface changes) were used to quantitatively analyze the impact of different driving factors on watershed runoff [56,57,58].



	(1)

	
Runoff-R method







The principle of the Runoff-R is that the difference between the measured runoff,     R   s 1    , in the variation period and the measured runoff,     R   s    , in the natural period is caused by climate change and human activities. The difference between the measured runoff,     R   s 1    , and simulated runoff,     R   m 1    , during the variation period was caused by human activities. The difference between the measured runoff,     R   s    , in the natural period and the simulated runoff,     R   ms    , during the variation period was caused by climate change. The calculation formulas of     C   C l i m a t e     and     C   H u m a n     are as follows:


    C   C l i m a t e   =       R   s 1   − R   m s       R   s   −   R   s 1     × 100 %  



(2)






    C   H u m a n   =     R   s   −   R   m s       R   s   −   R   s 1     × 100 %  



(3)







	(2)

	
Budyko-based methods







The various characteristics of runoff can be evaluated via long-term water and heat balance [56,57,58]. Based on the equation proposed by Budyko, many scholars have proposed different forms of expressions through extensive research [59,60,61]. Wang and Tang [62] pointed out through research on various expressions that although these equations have different forms of expression, when appropriate, underlying surface parameters are taken, and different curves will coincide because the principles of these expressions are only different in form, but the relationship between precipitation, potential evaporation, and actual evaporation is consistent. A previous study used the improved Budyko method proposed by Wang and Tang to conduct a quantitative study on the driving factors of runoff changes in the Xiaoli River Basin on the Loess Plateau and concluded that this method is applicable to this basin [63]. The Budyko method is different from other statistical methods in that it has a certain physical mechanism, simple calculation process, and easy parameter calculation [31]. Therefore, this study uses the equation derived by Wang and Tang for calculation. The formula is as follows:


    E   P   =   1 +     E   P     P   −  ( 1 +     E   P     P      )   2   − 4 θ   2  − θ        E   P     P     2 θ   2  − θ       



(4)




where   E   denotes the actual evaporation;     E   p     denotes the potential evapotranspiration, calculated using the Penman–Monteith equation [64];   P   denotes precipitation; and   θ   is a parameter that characterizes the changes in the underlying surface, which is used to determine the degree of variation in the watershed’s underlying surface. We have incorporated the measured runoff, precipitation, and potential evaporation from the natural period into Formula (4) and used trial and error to calculate the optimal value of   θ  . The calculation formulas of     C   C l i m a t e     and     C   H u m a n     are as follows:


    C   C l i m a t e   =   P   2         E   2   ′       P   2     −     E   2       P   2        



(5)






    C   H u m a n   =   C   Δ   −   C   C l i m a t e    



(6)




where     P   2     denotes the precipitation in the variation period;     E   2   ′     and     E   2     denote the natural period and variation period evaporation, respectively; and     C   Δ     denotes the amount of runoff change.




3.3.2. Distributed Hydrological Model


The empirical statistical method was used to establish the relationship between runoff and relevant meteorological variables, and then the time series change in runoff was studied. The advantages of this method include simple and straightforward formulas and relatively few calculations.



Distributed hydrological models have been used by many scholars to quantify the impact of different driving factors on runoff. The GBHM, proposed by Yang et al. [65], is a distributed hydrological model based on hillside hydrology, with a hillside valley as a geomorphic unit. It considers the impact of watershed meteorological changes and underlying surface changes on runoff evolution [65]. The key parameters and construction process of GBHM were subsequently adjusted to better explore the hydrological evolution of the study area [29]. The model can be described according to the following components: input, spatial database, calculation of hydrological processes, and output [66]. Model input data include basic geographic information data (e.g., DEM, river network), daily dynamic meteorological data (e.g., precipitation, temperature), annual dynamic LULC data, and annual NDVI data. The parameter values implemented in the hydrological model have already been validated and are based on the previous research of Guo et al. [11,29], as reported in Table 1. In this study, the period from 1971 to 1976 was selected as the calibration period, and the period from 1976 to 1981 was selected as the validation period. The Nash efficiency coefficient (    E   N    ), the ratio of absolute error to daily runoff (S), and the correlation coefficient (P) were used to evaluate the simulation performance of the model. The specific calculation formulas for the three evaluation methods mentioned above refer to our previous research [11,29]. The following four equations are used to quantitatively separate the impact of different driving factors on runoff [36]:


    H   M R   −   J   M   = C + S  



(7)






      H   M C   −   H   M R     = S  



(8)






      H   M R   −   J   M     −     H   M C   −   H   M R     = C  



(9)






      H   S   −   J   S     −     H   M R   −   J   M     = H  



(10)




where     J   M     is the simulated runoff in the natural period,     J   S     is the measured runoff in the natural period,     H   M C     is the simulated runoff caused by human activities during the variation period,     H   S     is the measured runoff during the variation period,   C   is the effect of climate change on runoff, and   H   is the effect of human activity on runoff.



Furthermore, the relative influence proportions of     C   C l i m a t e     and     C   H u m a n     were defined using the following formulas:


    C   C l i m a t e   =   C   C + H    



(11)






    C   H u m a n   = 1 − α  



(12)










4. Results


4.1. Trend and Abrupt Changes Analysis of Hydrometeorological Elements


4.1.1. Time Series Trend Analysis of Meteorological Elements


The non-parametric Spearman’s rho correlation test and M–K test were used to analyze the trend changes in runoff, temperature, and precipitation series during the flood season. The results are presented in Table 2. Precipitation in the Qin River basin showed an insignificant downward trend under the significance test at a 95% confidence level. Temperature showed a significant upward trend. Runoff showed a significant downward trend. The outcomes of the present study are consistent with the research findings of various scholars who have investigated diverse regions of the Loess Plateau [13,32]. Notable, during the latter three decades of the 20th century, the Loess Plateau experienced a persistent decline in precipitation [67]. The runoff on the Loess Plateau shows a decreasing trend, which can be attributed to the combined effects of global temperature rise, regional precipitation reduction, and anthropogenic interference [68].




4.1.2. Division of Different Periods of Hydrometeorological Elements


To reduce the uncertainty of the single abrupt changes in the point identification method, the hydrological and meteorological series of the Qin River basin during the flood season were tested and analyzed using the M–K, Sliding T-test (Figure 2). The calculation results passed the significance test at a 95% confidence level. The M–K test and T-test results relating to the Qin River basin were used as the basis for the division of hydrometeorological elements (Table 3). Our research results suggest that there were two breakpoints in the Qin River Basin in the early 1980s and early 1990s. The two years of abrupt change in the study area were identified as 1982 and 1992. According to our survey, the Qin River Basin entered a period of intensive reservoir construction in the 1970s, and in the early 1980s, the basin dam system dispatching system was basically formed, which had a strong impact on the generation of basin runoff. Therefore, it is reasonable to consider 1982 as the first year where abrupt change occurred. In the late 1980s, the Qin River Basin underwent the large-scale construction of soil and water conservation infrastructure, especially forest and grass measures. Considering the lagging effect of forest and grass measures, 1992 is a reasonable second choice for a year of abrupt change. Further, the overall study period was divided into the natural period, 1971–1981; variation period A, 1982–1991; and variation period B, 1992–2000.





4.2. Spatiotemporal Evolution of Underlying Surface


Changes in the characteristics of the underlying surface can affect the hydrological cycle process of the basin to varying degrees [69]. Variations in land use and NDVI can visually reflect the changing characteristics of the underlying surface of the basin. This study analyzes land use and NDVI during the period of change to investigate the impact of underlying surface changes on runoff in the basin.



4.2.1. Analysis of Spatiotemporal Changes in LULC


During the natural period, except for a 0.26% change in construction land, the rest of the land types showed little change, with dynamic variations remaining below 0.035%. Transitioning to variation period A, grassland emerged as a rapidly expanding land type, experiencing a dynamic shift of 0.357%. Conversely, the remaining land types exhibited varying degrees of decline. In variation period B, both grassland and construction land demonstrated significant dynamic changes, registering 0.292% and 0.303%, respectively (Table 4). Following a brief decline in the natural period, grassland subsequently witnessed a sustained increase. This trend was attributed to the rise in urban employment, which led to the conversion of abandoned arable land into grassland. Furthermore, several regions implemented comprehensive WSCM to foster the development of high-quality grassland. The rapid increase in construction land was due to urban expansion.



Figure 3 illustrates the spatial transfer of land use during the two variation periods. From 1982 to 1992, the land use type space of the basin showed scattered changes, and the LULC change downstream was more significant than that upstream. The upper reaches mostly showed mutual changes among forest, grassland, and farmland. Grassland and farmland have been transformed into construction land in many downstream urban areas. From 1992 to 2000, there were many changes in the LULC space of the basin, and the upper and middle reaches of the basin witnessed a large transformation from forest to grassland. In the downstream area, LULC change primarily reflected the transformation of farmland to grassland and the transformation of various land use types to construction land.




4.2.2. Analysis of Spatiotemporal Changes in NDVI


The average NDVI of the Qin River basin increased from 0.57 in variation period A to 0.59 in variation period B. The lowest NDVI occurred in 1990, with a value of 0.51, and the highest NDVI occurred in 2000, with a value of 0.92. It can be observed from Table 5 that the M–K trend test of the NDVI in the two variation periods of the Qin River basin had     Z   v a l u e     of 1.76 and 5.34, respectively. The significance test at the 95% confidence level showed that the NDVI in variation period A followed a non-significant increasing trend and that in variation period B shows a significant increase trend. The Hurst index was used to calculate the long series annual average NDVI data, and the Hurst index of NDVI in the two variation periods of the Qin River basin was close to 1. These results indicate that the NDVI in the Qin River basin will steadily increase in the future. The NDVI changes depicted strong and continuous increases (Table 5).



As can be seen from Figure 4, the NDVI in the Qin River basin has been positively developed, with an NDVI improvement area in the basin of 94.96%. The NDVI stable area was 2.65% and was primarily distributed in the upstream river source area of the basin. NDVI slightly degraded by 2.23%, primarily in the upstream river source area and the urban areas downstream of the basin. The urban agglomeration in the lower reaches of the basin showed severe NDVI degradation of 0.16% and was relatively concentrated (Figure 4). According to the field survey, the NDVI degradation in the upstream headwaters of the Qin River basin was caused by the conversion of some grassland with large slopes into terraces to prevent soil erosion, and the vegetation damage caused by mining and road construction. The expansion of urban agglomerations in the lower reaches of the basin, road hardening and the occupation of industrial land have led to severe vegetation degradation [13,70].





4.3. Temporal and Spatial Evolution of Runoff in Flood Season


The simulation effect of runoff was evaluated from 1971 to 1976 and 1977 to 1982 at the Runcheng Hydrological Station in the Qin River basin using the     E   N    ,   S  ,   P  . The     E   N    ,   S  , and   P   for the model from 1971 to 1976 were 0.71, 0.05, and 0.86, respectively, and from 1977 to 1982, they were 0.55, 0.05, and 0.67, respectively. In hydrological forecasting, the allowable error for runoff is 20% of the measured value. According to the simulation results of this study, the   S   values for the calibration and validation periods are only 5%, with high   P   values and En values greater than 0.5. The results indicate that the simulation results of GBHM are in good agreement with the measured values and can be used for subsequent research.



The results of runoff depth, actual evaporation, and soil moisture simulated by the model in different periods (Table 6) were compiled, and the transformation degree of precipitation was explored via their ratio to precipitation. The ratios of runoff depth to precipitation continuously decreased, and its decreasing range continuously increased. The ratio of actual evaporation and soil water to precipitation continuously increased. The increase in actual evaporation was higher than that in soil water. The spatial distribution of runoff depth showed that it decreased in the entire basin, especially in the upstream river source area and downstream urban area. The main areas of increase in soil water were the upper reaches of the basin. This indicates that the vegetation coverage in the basin has significantly improved under the influence of WSCM. An increase in the proportion of forest and grass improved the water storage and evaporation capacity of the basin. This is consistent with the changes in NDVI and LULC during the same period. However, this is only one aspect of runoff reduction, and the other is the interference of human activities, which was more evident in the downstream urban areas. The soil depth and actual evaporation in that area did not increase significantly; however, runoff decreased significantly. Figure 5 shows the spatial results of meteorological and hydrological elements in different periods.




4.4. Quantitative Analysis of Different Impact Factors on Runoff Change


4.4.1. Runoff-R


Using the hydrometeorology breakpoint test conducted during the flood season, several breakpoints in the Qin River basin were obtained. The linear equation of precipitation and runoff was Y = 0.27X − 85.77, obtained by fitting the time series of precipitation and runoff in the natural period. The simulated runoff of the Qin River basin during the flood season during the variation periods can be calculated using a linear equation.     C   C l i m a t e     and     C   H u m a n     in variation period A calculated using Runoff-R were 95.53% and 4.47%, respectively;     C   C l i m a t e     and     C   H u m a n     in variation period B were 81.95% and 18.05%, respectively. Owing to the common interference of climate change and human activities, runoff of the Qin River basin in the flood season continuously decreased. Under human interference such as WSCM and urban expansion,     C   H u m a n     increased by 13.58%; however, its impact was limited. Climate change was the main reason for the runoff reduction during the two variation periods. Table 7 lists the results of calculating     C   C l i m a t e     and     C   H u m a n     in the basin based on Runoff-R.




4.4.2. Budyko Method


In the Budyko method, the changes in the underlying surface of the watershed are described using   θ  ; it represents the severity of changes in the underlying surface. We substitute the average flood season runoff, precipitation, and potential evapotranspiration of the Qin River basin into the Budyko method. By using the trial and error method to optimize the parameter   θ   of the underlying surface, the optimal value of   θ   is 1.61. It can be seen from the calculation results of the Budyko method (Table 8) that     C   C l i m a t e     and     C   H u m a n     of the Qin River basin were 67.28% and 32.72% in variation period A, respectively.     C   C l i m a t e     and     C   H u m a n     were 65.80% and 34.20%, respectively, in variation period B.     C   H u m a n     in variation period B increased by 1.49%, and     C   C l i m a t e     was greater than     C   H u m a n     in both variation periods.




4.4.3. GBHM


In variation period A,     C   C l i m a t e     and     C   H u m a n     were 86.96% and 12.04%, respectively, and the runoff change was primarily affected by climate change. In variation period B,     C   C l i m a t e     and     C   H u m a n     were 76.77% and 23.23%, respectively. The control weight of human activity disturbance on runoff changes increased by 10.19%; however, this increase was limited. Table 9 presents the simulation results for the meteorological and hydrological elements during the flood season.




4.4.4. Spatial Distribution Characteristics of the Contribution Rate of Runoff Change in Flood Season


This study was based on the spatial simulation results of flood season runoff using GBHM and explored the spatial distribution characteristics of     C   C l i m a t e     and     C   H u m a n     using the grid calculation of Runoff-R. The results are indicated in Figure 6.



During variation period A, areas with     C   H u m a n     > 50% were concentrated in the upper reaches of the basin, owing to the many small reservoirs built in that region and the impact of mine development and WSCM during that period. The downstream urban area had a considerable impact on the runoff process of the basin owing to human aggregation, and scattered, small, dark-blue patches appeared. However, the area of     C   H u m a n     < 50% in the lower reaches of the basin accounted for the vast majority.



Compared with variation period A, the area of     C   H u m a n     > 50% in the upstream river source area of variation period B was significantly reduced. This is owing to the decrease in engineering measures and the increase in ecological measures when conducting WSCM. The drainage basin primarily focused on natural restoration, including mountain closure for afforestation, the conversion of farmland to forests, and environmental mine rehabilitation. Thus, the impact of human disturbance on this area has been reduced. In the downstream urban area, the area of     C   H u m a n     > 50% was significantly expanded because regional urbanization causes city agglomeration and industrial development. The degree of disturbance of human activities on regional runoff changes was enhanced.






5. Discussion


5.1. The Impact of Underlying Surface Changes on Basin Hydrological Systems


The response of basin runoff to changes in the underlying surface is very sensitive. Changes in the underlying surface are mainly manifested in changes in land use and vegetation coverage. Through our research on land use in the basin, during variation period A and variation period B, the land use change in the basin was relatively small. The reason for this is that the Qin River Basin is located in the eastern region of the Loess Plateau, where rocky hilly areas account for 85% of the total area of the basin [71]. Such landforms are not suitable for large-scale agricultural activities. However, the expansion of villages along the riverbank and urban areas downstream has caused changes in the hydrological system to some extent. The research results of NDVI show a significant growth trend. The improved area exceeds 94%. This is due to the impact of climate change and large-scale water and soil conservation measures. According to Yan et al., from 1982 to 1998, the improved area of NDVI on the Loess Plateau was 54.68%, while our study basin is much larger than this value [72]. This, to some extent, illustrates the effect of water and soil conservation measures implemented in the Qin River Basin. However, some studies have also shown that large-scale vegetation restoration will trap precipitation in the canopy and then evaporate. Some areas with high forest density also show a drying trend in soil [73,74,75]. According to our simulation results, during the study period, the soil water in the basin showed a slight increase. This indicates that the vegetation cover in the Qin River Basin is within the local ecological carrying capacity. However, vegetation cover changes the ability of land to conserve water, which can cause changes in runoff in the basin. Since the 1950s, more than 20 reservoirs have been built in the Qin River Basin. The construction period was mainly concentrated in the 1950s and 1970s (Figure 7). These reservoirs have increased evaporation on the one hand, and on the other hand, a large amount of water has been stored for irrigation and industrial water use. Irrigation and industry require the mobilization of large amounts of runoff [71]. The water diversion in the study area transitions from 2.4 km3 in the natural period to 2.9 km3 in variation period A, and then increases to 3.8 km3 in variation period A. These reasons together have caused changes in runoff in the Qin River Basin.




5.2. The Impact of Climate Change on Basin Hydrological Systems


A study conducted by scholars has revealed that the Loess Plateau has generally exhibited a trend of warming and drying over the past half-century, which is consistent with our own findings [76]. Specifically, within the Qin River Basin, precipitation displayed a downward trend from 1971 to 2000; however, temperatures rose. The response of runoff to precipitation changes is mainly reflected in two aspects. On the one hand, changes in precipitation directly affect the amount of recharge received by the basin. On the other hand, the precipitation conversion rate of surface runoff indirectly affects the runoff of the basin. The decrease in precipitation has led to a corresponding decline in recharge within the Qin River Basin. Our simulation results reveal that during the study period, the conversion ratio between precipitation and runoff continuously decreased: from 0.58 in the natural period to 0.47 in variation period B. The diminution in the conversion ratio is multifaceted. Rising temperatures and improved vegetation conditions enhance the evaporation capacity of the basin, while the increased soil water conservation capacity results in more precipitation being absorbed into the soil. Therefore, in the last three decades of the 20th century, the decrease in precipitation and the rise in temperature in the Qin River Basin were one of the reasons for the decrease in runoff in the basin.




5.3. Quantitative Results Comparison of Hydrological Response


Runoff-R, the Budyko method, and GBHM simulation were used to calculate     C   C l i m a t e     and     C   H u m a n     in the two variation periods, as well as analyze the difference in calculation results of the three methods and conduct qualitative and quantitative analysis of the main driving factors of basin runoff change (Figure 8).



In variation period A, the results of the three methods showed that climate change was the main driving factor of runoff change during the flood season. The calculation results of     C   C l i m a t e     was between 67.28% and 95.53%. The     C   C l i m a t e     calculated using GBHM was between those of the Runoff-R and Budyko methods.



In variation period B, the control weight of climate change on runoff change was still greater than that of human activities. Compared with variation period A,     C   C l i m a t e     was reduced in variation period B. The     C   C l i m a t e     calculated using Runoff-R decreased by 13.58%, which was the largest reduction among the three methods. The     C   C l i m a t e     values calculated using Runoff-R, the Budyko method, and GBHM simulation was 81.95%, 65.80%, and 76.77%, respectively.



In the calculation results of all three methods,     C   H u m a n     showed an upward trend, which is related to the increase in NDVI, rapid urbanization in the lower reaches and reservoir regulation and irrigation. Field investigations have shown that the Qin River basin underwent a phase of rapid construction of small reservoirs and terraces in the 1970s, which persisted until the 1990s. Human intervention resulted in significant modifications to the hydrologic system of the basin. During these three decades, the focus of water and soil conservation measures gradually shifted from engineering measures to natural restoration measures, with afforestation and hillside closure becoming the main means. However, water and soil conservation measures remain one of the important factors affecting runoff changes in the basin [77]. In variation period A, the average     C   C l i m a t e     of all three methods was 83.26%. In variation period B,     C   C l i m a t e     decreased, and the average     C   C l i m a t e     calculated of three methods was 74.84%. Human activities played an important role in the changes in runoff; however, human activity disturbances had a limited impact on the changes in runoff. It is believed that during both variation periods, the runoff change in the Qin River basin during the flood season was primarily affected by climate change.




5.4. Applicability of Quantitative Detection Methods


Because its calculation method is simple, Runoff-R considers only the impact of meteorological changes on runoff changes and ignores changes in the underlying surface. Therefore, when there is a large amount of precipitation, the results obtained using Runoff-R are relatively inaccurate, and the calculated     C   C l i m a t e     is larger. To prevent the impact of flood disasters on agricultural production, the Qin River basin has built many reservoirs and dams to regulate and store precipitation. However, statistical methods cannot accurately express this interference of human activity. The Budyko method has gained significant traction in assessing changes in runoff across the Loess Plateau, primarily because of its distinctive feature of considering variations in the underlying surface, setting it apart from other simplistic statistical methods [78]. This attribute endows the Budyko method with the capability of generating more dependable calculation results by avoiding unstable outcomes caused by anomalous fluctuations in precipitation or temperature during a particular year. Although the Budyko method considers both meteorological and underlying surface changes, its principle is to simplify the complex underlying surface changes into a parameter that cannot fully express the characteristics of the underlying surface. Therefore, the accuracy of this method remains questionable. In contrast, the GBHM simulation method comprehensively considers the meteorological factors, underlying surface factors, and hydraulic engineering measures. This method is complex, time-consuming, and difficult to perform. However, it is more accurate in reflecting the runoff process of the basin via physical equations.



In general, the distributed hydrological model simulation can more accurately express the rule of basin runoff change; however, the statistical model still has its application value, which can be used to verify the simulation results of the distributed hydrological model. For example, Lyu et al. [29] used GBHM to study the Chabagou River basin on the Loess Plateau and used statistical methods to verify the results. The results of the statistical model were relatively accurate in regions with less human disturbance or small basin areas. Since the 1970s, large-scale WSCM and water conservancy projects have been conducted on the Loess Plateau; however, their distribution in the basin has been uneven; thus, it is likely that the results of the statistical model cannot completely realize the study of basin runoff. Therefore, it is necessary to explore their spatial dynamics further. For example, in this study of the Qin River basin, in variation period A, the upper and middle reaches were the main regions with     C   H u m a n     > 50%, and in variation period B, the lower reaches of the basin were the main regions with     C   H u m a n     > 50%. This result cannot be obtained by studying only time-series changes. Statistical methods and hydrological model simulations can be used in the study of small basins because the change in the underlying surface of small basins is relatively small, and the spatial research value is limited. Accordingly, the spatial simulation of hydrological models is necessary for the study of large basins. A comprehensive study of the complex and changeable regional runoff changes in the Loess Plateau from the perspective of time-series change, and spatial dynamics can provide a valuable reference value for water resource management and ecological protection of the basin.





6. Limitations and Future Challenges


In fact, climate change and human activities do not independently affect changes in watershed runoff, and they also have mutual impacts [79]. For example, building large reservoirs or large-scale afforestation can affect regional climate change. In this case, it is difficult to determine which driving factor has caused the change in runoff in the basin. We can only explore the relationship between these driving factors and the runoff changes during natural periods. This makes determining the natural period one of the key issues. How to more accurately determine the natural period will be the focus of our future research.



With increasing human activity and rapid urbanization in the Loess Plateau, the evolutionary mechanism of the runoff process in the basin will become more complicated; moreover, the uncertainty of runoff simulations to increase. Therefore, it is necessary to study the basin runoff evolutionary mechanism that is affected by typical human activities and optimize the structure of the model accordingly to improve the simulation accuracy of the model in follow-up research.




7. Conclusions


We explored the spatiotemporal variation characteristics of hydrometeorological elements, LULC, and NDVI. We quantitatively detected the contribution rate of each driving factor to runoff changes and further discussed the advantages of each method. Finally, we explored the spatial changes of different driving factors in the basin in the latter 30 years of the 20th century. The conclusions of this study are as follows:




	(1)

	
The runoff and precipitation during the flood season from 1971 to 2000 displayed an insignificant decreasing trend, and the temperature showed an insignificant increasing trend.




	(2)

	
Under the disturbance of intense human activities, the LULC and NDVI of the basin have undergone changes. Grassland and construction land have become the fastest-growing land types. The NDVI showed a solid increasing trend, and the improved area accounted for 94.96% of the basin.




	(3)

	
A comprehensive evaluation of     C   C l i m a t e     and     C   H u m a n     in the Qin River basin was conducted via various models. Climate change was determined to be the main driving factor of runoff change in the two variation periods A and B, and the average     C   C l i m a t e     was 83.26% and 74.84, respectively. The quantitative simulation results of the distributed hydrological model and the calculation results of the two hydrological statistical model were compared and analyzed; the quantitative simulation results of the hydrological model had the best accuracy.




	(4)

	
In variation period A, the area of     C   H u m a n     > 50% was primarily distributed in the upper reaches of the basin, showing a centralized distribution. Compared with variation period A, the area of     C   H u m a n     > 50% in the upstream river source area of variation period B was significantly reduced. In the downstream urban area,     C   H u m a n     > 50% expanded significantly.









The findings of this study can be expected to assist with the implementation of sustainable basin management and will be of value for basin managers and planners.
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Figure 1. Location of the study area and hydrological stations: (a) location of the Loess Plateau in China; (b) location of the Qin River basin in the Loess Plateau; (c) spatial distribution of elevation and locations of meteorological stations. 
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Figure 2. M–K and T-test results of hydrological and meteorological elements in the Qin River Basin. 
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Figure 3. Spatial transfer map of Qin River basin in variation periods A and B. (The red dashed boxes with numerical labels represent areas with numerous and concentrated types of LULC changes. For ease of viewing, we have enlarged and displayed these eight patches). 
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Figure 4. Spatial variation trend of NDVI in Qin River basin for 1982–2000 years. (The red dotted boxes represent the areas where degradation is concentrated in the basin). 
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Figure 5. Simulation results of meteorological and hydrological elements. (natural period denotes 1971–1981; variation period A denotes 1982–1991; variation period B denotes 1992–2000). 
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Figure 6. Spatial distribution characteristic map of     C   H u m a n     (variation period A denotes 1982–1991; variation period B denotes 1992–2000). 
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Figure 7. (a) denotes water diversion situation in the study area (The different colors denotes different periods: green denotes the natural period; blue denotes variation period A; yellow denotes vVariation period B, and the red dotted line represents the average value for the corresponding period.); (b) denotes construction of reservoirs in the study area. 
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Figure 8. Comparison of     C   C l i m a t e     and     C   H u m a n     calculated by three methods. 
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Table 1. Main parameters used for simulations using the GBHM model.
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	Parameter
	Value
	Parameter
	Value





	Maximum surface water storage (mm)
	11
	Slope shape factor
	0.21



	Hydraulic conductivity of topsoil (mm/h)
	1.2
	Crop coefficient
	0.8



	Hydraulic conductivity of subsoil (mm/h)
	1.6
	Manning coefficient
	0.05



	Hydraulic conductivity of unsaturated soil (mm/h)
	0.4
	Channel roughness
	0.06










 





Table 2. Trend analysis of runoff, precipitation and temperature using the Spearman rho (Sp) and Mann–Kendall (M–K) tests.
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	Statistical Elements
	Sp
	M-K
	Overall Trend





	Runoff
	−3.15 *
	−3.02 *
	Downward *



	Precipitation
	−1.18
	−1.23
	Downward



	Temperature
	4.41 *
	3.55 *
	Upward *







Note: * denotes the significant change trends that passed the significance test (p < 0.05).













 





Table 3. Abrupt change analysis of runoff, precipitation and temperature using the Mann–Kendall (MK) tests and Sliding T-test (T-test).
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	Statistical Elements
	M-K
	T-Test
	Period





	Runoff
	1977, 1981
	1982, 1991
	Natural period: 1971–1981



	Precipitation
	1986, 1989, 1998
	1984, 1993
	Variation period A: 1982–1991



	Temperature
	1991, 1994
	1982, 1990
	Variation period B: 1992–2000










 





Table 4. Results of dynamic changes in single land use in the Qin River Basin.
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Period

	
Single LULC Dynamics (%)




	
Grassland

	
Farmland

	
Construction Land

	
Forest

	
Water






	
Natural period

	
−0.034

	
0.024

	
0.206

	
−0.002

	
0.001




	
Variation period A

	
0.357

	
−0.091

	
−0.095

	
−0.078

	
−0.002




	
Variation period B

	
0.292

	
−0.067

	
0.303

	
−0.08

	
–0.001











 





Table 5. NDVI trends in the Qin River basin.
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Statistical Elements

	
M-K Trend Test

	
Hurst Index




	
ZValue

	
Significance

	
Hvalue

	
Persistence






	
Variation period A

	
1.76

	
Non-significant

	
0.74

	
Strong persistence




	
Variation period B

	
5.34

	
Significant

	
0.81

	
Strong persistence











 





Table 6. Assessment of runoff depth, actual evaporation, and soil water changes based on GBHM simulation results. (P denotes precipitation; R denotes runoff depth; E denotes actual evaporation; S denotes soil water).






Table 6. Assessment of runoff depth, actual evaporation, and soil water changes based on GBHM simulation results. (P denotes precipitation; R denotes runoff depth; E denotes actual evaporation; S denotes soil water).





	
Period

	
Precipitation (mm)

	
Runoff Depth

	
Actual Evaporation

	
Soil Water




	
(mm)

	
R/P

	
(mm)

	
E/P

	
(mm)

	
S/P






	
Natural period

	
14.6

	
8.51

	
0.58

	
4.73

	
0.32

	
2.71

	
0.19




	
Variation period A

	
13.07

	
7.01

	
0.54

	
4.78

	
0.37

	
2.85

	
0.22




	
Variation period B

	
12.55

	
5.92

	
0.47

	
4.61

	
0.38

	
2.88

	
0.23











 





Table 7.     C   C l i m a t e     and     C   H u m a n     calculated using Runoff-R.
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Change Segments

	
Runoff Depth

	
Climate Change

	
Human Activities




	
Real Value

	
Simulated Value

	
Variation

	
      C   C l i m a t e      

	
Variation

	
      C   H u m a n      






	
Natural period

	
34.3 mm

	

	

	

	

	




	
Variation period A

	
20.97 mm

	
21.57 mm

	
12.74 mm

	
95.53%

	
0.6 mm

	
4.47%




	
Variation period B

	
14.93 mm

	
18.42 mm

	
15.88 mm

	
81.95%

	
3.5 mm

	
18.05%











 





Table 8.     C   C l i m a t e     and     C   H u m a n     calculated using Runoff-R.
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Change Segments

	
Climate Change

	
Human Activities




	
Contribution

	
      C   C l i m a t e      

	
Contribution

	
      C   H u m a n      






	
Variation period A

	
13.15 mm

	
67.28%

	
6.39 mm

	
32.72%




	
Variation period B

	
8.13 mm

	
65.80%

	
4.23 mm

	
34.20%











 





Table 9.     C   C l i m a t e     and     C   H u m a n     calculated using the GBHM.
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Change Segments

	
Climate Change

	
Human Activities




	
Contribution

	
      C   C l i m a t e      

	
Contribution

	
      C   H u m a n      






	
Variation period A

	
6.17 mm

	
86.96%

	
0.93 mm

	
13.04%




	
Variation period B

	
4.54 mm

	
76.77%

	
1.38 mm

	
23.23%
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