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Introduction: The Danjiang River Basin has experienced significant alterations to its runoff patterns in recent years, primarily as a result of climate change and anthropogenic activities.

Methods: This study aims to investigate these factors’ influence on the basin’s runoff between 1960 and 2016 using the Mann–Kendall (M-K) test and Accumulative Anomaly Curve (AAC) to assess the abrupt change characteristics of runoff. Furthermore, the study evaluates the effects of climate and anthropogenic factors on runoff evolution using eight independent Budyko hypotheses.

Results: The findings indicate that annual precipitation in the basin remained stable (P > 0.1), while annual runoff decreases significantly to −4.08 mm/a (P < 0.05) and the annual potential evapotranspiration slightly decreases to −1.76 mm/a (P < 0.05). The study also reveales that the reduction of runoff is primarily attributable to anthropogenic activities, contributing between 133.66 and 147.50%, while climate change contributes between −33.66 and −47.50%.

Discussion: The increased vegetation cover in the basin is identified as the primary cause of the reduction in runoff production and increase in evapotranspiration. Additionally, the construction of hydraulic engineering facilities in the basin is found to have had some impact on reducing runoff. These findings have significant implications for water resource management and soil and water conservation in the Danjiang River Basin.
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1. Introduction

Access to water resources is essential for the economic, social, and sustainable development of human society. However, the current shortage of water resources has become a cause for concern. River runoff, as a critical component of water resources, significantly affects the water cycle (Ching and Mukherjee, 2015; Miao et al., 2016). Recently, the increasing influence of climate change and anthropogenic activities on water resources patterns has made it necessary to identify the main driving factors of changes in river runoff. As a result, numerous scholars have adopted various quantitative analysis methods to study changes in river runoff under the influence of climate change and anthropogenic activities (Brown et al., 2005; He et al., 2017, 2022; Wang et al., 2019; Yang et al., 2021). Research has shown that changes in runoff in the basin are mainly caused by the combined effects of anthropogenic activities and climate change. Climate change primarily includes precipitation and evapotranspiration, while anthropogenic activities mainly alter surface parameters such as afforestation, land use pattern changes, and hydraulic engineering construction, which affect the basin’s underlying surface parameters and thus influence runoff (Zhao et al., 2017; Qing et al., 2018; He et al., 2019; Zhou et al., 2020). Although hydrological models and Multiple Statistical Analysis (MSA) have been used to quantitatively analyze runoff variations in the basin, these methods can pose challenges in model and parameter calibration (Xu, 1999; Li et al., 2009). The hydrothermal coupling equilibrium equation theory, proposed by Budyko, is an effective means of analyzing long time series variations in watershed runoff. The theory’s simplicity and limited number of parameters in the equation reduce parameter uncertainty, and it has been widely used in recent years (Jiang et al., 2022).

The Danjiang River Basin is a crucial area for water resources management in China. This study’s results provide valuable information for decision-making and planning in the region. By analyzing the drivers of runoff changes using Budyko-based methods, this study can help identify key factors affecting runoff and inform effective water resource management strategies. The South-North Water Transfer Project, which heavily relies on the Danjiang River Basin as a water source, highlights the significance of this research in ensuring water security in the area. Furthermore, the study’s findings contribute to a broader understanding of how climate change and anthropogenic activities impact water resources and can potentially guide water resource management strategies in other watersheds facing similar challenges.



2. Study area and data sources


2.1. Study area

The Danjiang River Basin, which is situated in Shaanxi Province, China, covers an area between 33°05′−34°05′ N and 109°30′−110°05′ E (Figure 1). The basin is dominated by the Danjiang River, a prominent river that flows for 390 kilometers through the region. The river originates from the south of the Qinling Mountains and runs from northwest to southeast, passing through Shangzhou, Danfeng, and Shangnan before entering Henan Province, where it flows into the Danjiangkou Reservoir. The Jingzi Guan Hydrology Station is responsible for monitoring the basin, which has a drainage area of 7,060 km2, an average annual precipitation of 961.58 mm, and an average annual runoff of 1.54 billion m3. The basin’s topography results in precipitation primarily occurring during summer and autumn, with the heaviest rainfall taking place from June to September. The basin’s vegetation is predominantly vertically differentiated, consisting of coniferous forests and mixed forests. This information has been previously documented in studies by Zhang et al. (2016), Li et al. (2018), and Xu et al. (2019).
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FIGURE 1
The location and research area of the meteorological station in this study (The coordinate frameofthemapisGCS_Xian_1980).




2.2. Data sources

The meteorological data utilized in this study are sourced from the National Meteorological Information Centre (NMIC) and covered a time frame ranging from 1960 to 2016. To conduct this analysis, data from a total of nine meteorological stations situated within the Danjiang River Basin and surrounding regions are included. The daily runoff data for the Jingzi Guan Hydrological control Station are acquired from both the Hydrological Data of the Yangtze River Basin and the Hydrological Yearbook of the People’s Republic of China. The Digital Elevation Model (DEM) data utilized is retrieved from the Geospatial Data Cloud, and the spatial resolution is 30-meter. The Normalized Difference Vegetation Index (NDVI) data with a spatial resolution of 8 km spanning from 1982 to 2016 is sourced from the National Data Center for Earth System Science, Ministry of Science and Technology, China. Finally, the Land Use and Land Cover (LUC) data used in this research are obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences, and covered the period from 1980 to 2015, the spatial resolution of the LUC is 30-meter.




3. Methodology


3.1. Linear trend analysis and mutation test of hydrometeorological elements

The study employes linear trend estimation and M-K test developed by Mann (1945) and Kendall (1975) to analyze the long-term trends of annual runoff depth, annual rainfall, and annual potential evapotranspiration in the Danjiang River Basin from 1960 to 2016. M-K test method has been widely used to test the trend and mutation point of annual runoff series in watershed (Liu et al., 2018). If the Z value of the statistic tested by M-K method is positive, the sequence shows an upward trend, otherwise it shows a downward trend. If |Z| > 1.96, it indicated that the temporal trend is significant at the 0.05 significance level. The Z value is calculated as follows (Lou et al., 2019):

First, construct an order column S for the time series xn, where, xi and xj are the observed value of time series i and j, respectively (i < j).
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And:
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When n > 10, the statistic S roughly followed the normal distribution, and the mean E(S) = 0, Var(S) = n(n−1) (2n+5)/18. The statistical variables were normalized as:
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To better identify abrupt changes in interannual variation, the study used the AAC method developed by He et al. (2016) and the M-K test to identify abrupt change points in the runoff of the Danjiang River Basin. This approach allowed for the division of the basin into base and change periods, ensuring accurate and reasonable identification of abrupt changes in the basin. The M-K abrupt test expressed as follows:

Define the statistic Sk:
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Where the mean and Var of Sk can be represented by the following formula:
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Standardize Sk:
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Where UF1 = 0, given the significance level α, if | UFk| > Uα, showed that the sequence had obvious trend change. Reference this method to the inverse sequence can get the UBk.



3.2. Budyko framework

For a given watershed under a long time series, its balance equation of water quantity can be expressed as:
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Where P, E, Q, and ΔS represented in annual precipitation, annual actual evaporation, runoff depth and the change of basin water storage, the ΔS for a given watershed can be neglected in a long time series (Hang and Guan, 2011).

This study utilizes eight Budyko-based methods, which are categorized into two types: non-parametric and parametric equations. Table 1 provides the detailed equations used in the analysis, where the first four are non-parametric and the last four are parametric, as outlined by Wu and Miao (2017). These equations use precipitation (P), potential evapotranspiration (E0), and runoff (Q) to calculate their respective parameters, as listed in Table 1. To determine the drought index Φ, the ratio of potential evapotranspiration to precipitation is calculated, with values greater than 1 indicating wetter regions and values less than 1 indicating drier areas, as per the definition provided by Liu and Zhang (2013).


TABLE 1    The eight Budyko-Based equations and the n, m, w ∂ indicate the characteristic parameters of the subsurface of the basin.

[image: Table 1]

Based on the equation for estimating actual evapotranspiration in the table, we could assume that P (precipitation) and E0 (potential evapotranspiration) are independent variables in the basin. Therefore, the change of watershed runoff caused by climate change can be expressed as follows:
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The runoff elasticity coefficient of climate can be defined as:
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Equation (9) can be expressed as:
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Where, [image: image] can be expressed as the precipitation elastic coefficient of runoff; [image: image] is expressed as the potential evapotranspiration elastic coefficient of runoff. Where εP can be calculated according to the following formula:
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Therefore, Equation (12) can be expressed as follows:
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In the whole long time series, the period variation of runoff can be represented by the following formula:
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[image: image] represents the annual average runoff in the change period, [image: image] represents the annual average runoff in the baseline period, and [image: image] represents the total change in the period.

For a specific area, the total variation of runoff can also be expressed as:
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[image: image] is the runoff change that caused by climate and [image: image] denotes the change in runoff from anthropogenic activities. On this basis, equations (18) and (19) are used to obtain the degree of influence of climate activities and anthropogenic activities on runoff change.
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4. Results


4.1. Variation trend of hydrometeorological elements in Danjiang River Basin

Recently, the acceleration of the water cycle in the Danjiang River Basin, caused by the increase in global temperature, has significantly impacted precipitation and evapotranspiration, ultimately affecting the runoff in the basin. Figure 2 presents the interannual variations of the hydrological elements in the basin between 1960 and 2016. Statistical analysis of the data indicates that the annual runoff depth in the basin decreased significantly at a rate of −4.083 mm/a (P < 0.05). The average annual runoff depth is 216.8/mm, with a maximum of 957.6/mm (in 1964), and a minimum of 44.5/mm (in 1999), demonstrating large inter-annual variation. However, the overall variation trend of annual precipitation in the basin is small and shows an insignificant downward trend (P > 0.1). The average annual precipitation is 730/mm, with a maximum of 1136.8/mm (in 1964) and a minimum of 528.7/mm (in 1986). Additionally, the annual potential evapotranspiration exhibites an insignificant decreasing trend, with a decreasing rate of −1.764 mm/a (P < 0.05). The average annual potential evapotranspiration is 961.58/mm, with an annual maximum potential evapotranspiration of 1124.8/mm (in 1978) and an annual minimum potential evapotranspiration of 825.1/mm (in 1989).
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FIGURE 2
Statistical analysis of interannual variation of hydrometeorological elements in Danjiang River Basin: (A) precipitation, (B) potential evapotranspiration, (C) run off depth.




4.2. Mutation analysis

The identification of abrupt changes in runoff is achieved through the use of the AAC and M-K tests in the Danjiang River Basin. Figure 3 demonstrates that the runoff exhibited significant increases during 1960–1971 and 1981–1985, and significant decreases during 1972–1980 and 1989–2016. The M-K test is then employed to analyze the time series of the basin’s runoff from 1960 to 2016. The results of the test indicate that the runoff depth of the basin displayed a clear downward trend that surpassed the critical threshold of the significance level 0.05 between 1994 and 2016. The intersection analysis of UF (upper fluctuation) and UB (lower fluctuation) suggest that the mutation years of the long time series are 1975, 1982, and 1985. The combination of the results of the AAC and M-K test leads to the determination of the year of runoff mutation, which occurs in 1982.
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FIGURE 3
M-K test (A) and AAC (B) in the Danjiang River Basin during 1960–2016.




4.3. Attribution recognition of runoff changes

The available information suggests that significant changes have occurred in the hydrological elements of the Danjiang River Basin over the years (Table 2). The annual runoff depth has experienced a notable decline, while annual precipitation has shown a less pronounced downward trend. Although potential evapotranspiration has also decreased, the trend is not statistically significant. The application of the AAC and M-K tests facilitated the identification of abrupt change points in runoff, with the year 1982 being determined as the year of mutation. This event marks the division of the entire period into two parts: the base period (1960–1982) and the change period (1983–2016). Within the latter period, the mean annual precipitation and mean annual runoff depth decreased, while the mean annual evapotranspiration increased, and the drought index decreased.


TABLE 2    Characteristics of hydrometeorological elements in base period and change period.

[image: Table 2]

The study also evaluates the Budyko-based methods by comparing the εp and εE0 values in the base period (1960–1982) and changing period (1983–2016) (Table 3). The value range of εp in the base period is 1.81–2.65, and the first four nonparametric Budyko-based methods is 2.45–2.65, the last four parametric Budyko-based methods in the base period is 1.79–1.84; The value range of εp in the changing period is 2.26–2.61, with the first four nonparametric Budyko-based methods is 2.31–2.61, and last four parametric Budyko-based methods is 2.26–2.43. The range of εE0 in the base period is −0.81–−1.65, with the first four nonparametric Budyko-based methods ranging from −1.45–−1.65 and the last four parametric Budyko-based methods ranging from −0.7−0.84. In the changing period, the range of εE0 is −1.26–−1.61, with the first four nonparametric Budyko-based methods ranging from −1.26–−1.61 and the last four parametric Budyko-based methods ranging from−1.26–−1.43. Comparison of εE0 values between the base period and the changing period show no significant differences in the eight Budyko-based methods, indicating that changes in E0 have little effect on the runoff changes in the basin.


TABLE 3    The εp and εE0 of eight Budyko-based methods in base and change periods.
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Based on our analysis, it can be deduced that precipitation (P) exhibits a significant positive correlation with runoff changes, while evapotranspiration (E0) displays a significant negative correlation with runoff changes in the Danjiang River Basin. The eight Budyko-based methods employed in this study have produced consistent outcomes with regards to the association between P, E0, and runoff changes, although the magnitudes of εE0 and εp have shown variability based on the specific approach employed. The implications of these findings are crucial for water resource management in the Danjiang River Basin and other similar regions, particularly in the context of climate change and its resulting variability.

Based on the data presented in the text, it is evident that the eight Budyko-based methods yield a range of values for the contribution of climate change to runoff change, spanning from −33.66 to −47.50% (Table 4). These results signify that climate change has been a restraining factor for the reduction of runoff in the Danjiang River Basin. In contrast, the contribution of anthropogenic activities to runoff changes ranged from 133.66 to 147.50%, indicating that human activities have been the primary driving force behind the reduction of runoff. The first four nonparametric methods yield Pc (climate change contribution) values ranging from −41.05 to −47.50%, while the Ph (anthropogenic contribution) values are between 141.05 and 147.50%. The Pc values for the last four parametric methods are −33.66 to −36.60%, and the Ph values range from 133.66 to 136.60%.


TABLE 4    Contributions of climate change and anthropological activities to runoff changes based on eight Budyko-based methods.
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5. Discussions

One possible explanation for the phenomenon observed in this study is the impact of anthropogenic activities on the hydrological processes and water balance of the watershed. Activities such as land use change and water resource utilization can significantly alter the water cycle. For instance, deforestation and urbanization can increase surface runoff and reduce infiltration, thus leading to changes in the water cycle. Similarly, dam construction and irrigation can directly affect the availability of water for runoff (Liao et al., 2018). These human activities can have a significant impact on runoff changes, and in some cases, their effect may outweigh that of climate change.

Normalized Difference Vegetation Index is a normalized index to measure the health of vegetation growth and could accurately describe the density of vegetation leaves. The increase of NDVI increases canopy interception and evapotranspiration of vegetation, and reduces watershed runoff (Lei et al., 2023). Therefore, this study analyses the NDVI of the Danjiang River Basin during the period of change. As shown in Figure 4, NDVI of the Danjiang River Basin shows an obvious upward trend during 1982–2016 (P < 0.05), with an increase rate of 0.0047/a, which peaks in the last year of the study period. This trend indicates that the Danjiang River Basin have a good vegetation cover, and also indicates that the runoff variation during the change period is affected by vegetation cover, which reduces the runoff of the basin. The observed increase in NDVI in the Danjiang River Basin aligns with previous research highlighting the crucial role of vegetation cover in regulating the hydrological cycle and mitigating runoff (Zhang et al., 2016). Various factors, including climate change, ecological restoration initiatives, and shifts in land use practices, may contribute to the rise in NDVI. However, further investigation is necessary to discern the underlying drivers of this trend and their implications for hydrological processes in the basin.
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FIGURE 4
Variation trend of NDV in the Danjiang River Basin during 1982–2015.


The land use of the basin has also changed through the analysis of land use in Danjiang River Basin. It can be found from Table 5 that the land use is mainly arable land, grassland and forest, accounting for 95% of the total area. Forest and grassland are the most widely distributed, accounting for 76% of the total area, and there is a small amount of water and construction land. By comparing the land use ratio of the five periods from 1980 to 2015, it shows that the urban, rural, industrial, mining and residential land increase from 46.86 km2 in 1980 to 75.69 km2 in 2015, the construction land increases by 28.83 km2, and the land use of other types remained basically unchanged. This suggests that the expansion of urbanization and construction land has had a notable impact on the reduction of the basin’s runoff, as these land uses typically exhibit a lower infiltration rate and a higher surface runoff. Conversely, the rise in forest and grassland area may have played a part in the increase in NDVI and vegetation cover, ultimately resulting in a decrease in runoff. In sum, it is evident that land use changes have played a pivotal role in the reduction of runoff in the Danjiang River Basin.


TABLE 5    Land cover change in the Danjiang River Basin during 1960–2016 (km2).
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Based on the aforementioned analysis, it can be inferred that human activities, specifically land use change and the construction of hydraulic facilities, were the primary drivers of runoff reduction in the Danjiang River Basin during the period under investigation. Conversely, the impact of climate change on runoff reduction was found to be relatively minor. The increasing trend of NDVI in the basin suggests that vegetation cover played a role in reducing runoff. Nevertheless, it is important to acknowledge that this study did not fully investigate the influence of soil texture and landscape changes on runoff reduction, and thus, further research is warranted to comprehensively assess their contributions to runoff reduction in the basin.



6. Conclusion

This study employed the Budyko climate elasticity model to compare eight methods for quantitatively evaluating runoff in different periods of the Danjiang River Basin. The study aimed to examine the impacts of climate change and human activities on the runoff. Results showed that from 1960 to 2016, the basin exhibited a significant decreasing trend in runoff, with a rate of −4.083/a, while potential evapotranspiration showed a slight decreasing trend and precipitation remained stable. The study identified anthropogenic activities as the primary factor for the reduction in runoff, with a contribution rate in the range of 136.6 to 147.5%. Conversely, the contribution of climate change to the reduction in runoff ranged from −33.66 to −47.50%. The study concluded that while climate change hindered the reduction in runoff, anthropogenic activities contributed to it.
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