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Abstract: The consequence of climatic change and anthropogenic environmental modifications is
a notable diminution in runoff across arid and semi-arid regions. For the sustainable management
of regional water resources, it is crucial to comprehend the impacts of climatic and anthropogenic
factors on runoff patterns. The Zuli River was designated as the study area for this study, and the
Mann–Kendall test, double cumulative curve method, slope change ratio of cumulative quantity
method, and elasticity coefficient method were employed to identify mutation points and to quantify
the relative impacts of climatic variation and human activities on runoff. The results revealed a
statistically insignificant downward trend in mean annual precipitation, a significant declining trend
in runoff, and an evident increasing trend in potential evapotranspiration and temperature between
the years 1957 and 2019. The analysis revealed that the point of sudden change in runoff at Huining
station occurred in 1992, whereas the mutation point at Guo Chengyi station was identified in 1985
and that at Jingyuan station in 1995. The contribution of climate change to runoff was found to
range from 28.7% to 58.5%, while the contribution of human activities to runoff ranged from 41.5% to
71.3%, based on different methodologies. Therefore, human activities were recognized as the main
factor affecting the variations in runoff within the Zuli River Basin, while climate change acts as
a secondary contributor. The results of the study hold considerable importance for enhancing the
scientific understanding of hydrological processes within the basin and for guiding regional water
administration strategies.

Keywords: climate change; human activities; cumulative slope change method; elasticity coefficient
method; Zuli River Basin

1. Introduction

The cycle of hydrology refers to the cyclical processes of matter and energy within
Earth’s system, including precipitation, evapotranspiration, and runoff [1]. Runoff repre-
sents a fundamental component of the cycle of hydrology, and its fluctuations are influenced
by a diverse array of factors; the most significant alterations are primarily influenced by
climate variation and anthropogenic activities [2]. Climate change refers to the contin-
uous alteration in temperature over a prolonged period. This can result in alterations
in precipitation, soil water content, and potential evapotranspiration, which can subse-
quently influence runoff [3]. Human actions exert a direct effect on the distribution of water
resources in both spatial and temporal dimensions by interfering with the underlying hy-
drological processes. These actions involve, particularly, land use alteration, the operation
and administration of water engineering projects, and the extraction and reflux of surface
and groundwater [4]. In recent decades, the phenomenon of global warming, coupled
with the escalation of anthropogenic factors, has brought about diverse changes in the
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processes that define the water cycle. The rising prevalence of extreme phenomena related
to hydrography, such as droughts and floods, has presented a significant challenge to the
normal functioning of urban areas and the utilization of water resources [5,6]. Therefore,
an in-depth comprehension of the patterns and determinants of runoff evolution is critical
to the effective scientific management and utilization of water within these regions.

A prominent topic of discussion within the domain of hydrological science is the
analysis of attribution concerning river runoff. Researchers have undertaken numerous
analyses and investigations into the factors contributing to variations in runoff across
diverse geographic regions and temporal contexts [7–10]. The objective of these studies has
been to systematically elucidate the primary mechanisms driving changes in runoff over
recent years. Many researchers have performed further studies on the contribution of runoff
in changing environments by employing a range of methodologies, including empirical
statistics, the elasticity coefficient method, and hydrological modeling [11–13]. Li et al. [14]
carried out an attribution study of the factors influencing runoff in the Lancang–Mekong
Basin from 1954 to 2000 based on the soil and water assessment tool model, and the findings
demonstrated that the influence of human activities on runoff exhibited a gradual increase,
whereas the effect of climatic change demonstrated a gradual decline. Jalali et al. [15]
adopted three distinct methodologies to estimate the influence of climatic change and
anthropogenic activity on streamflow variability: climatic elasticity, a least-squares support
vector machine, and a soil and water assessment tool. The findings indicated that climatic
change accounted for a reduction in runoff ranging from 38% to 67%, while human activ-
ities contributed to a decrease in runoff of between 33% and 62%. Although they have
obtained better results in different places using different methods, compared to the different
methods, empirical statistical analyses have the benefit of requiring fewer input data and a
relatively simple computational process. They lack physical mechanisms [16]. In contrast
to statistical analysis techniques, hydrological models are founded upon discernible physi-
cal mechanisms, mirror the dynamics of runoff processes, and can be deployed across a
range of temporal scales [17]. However, they necessitate precise data, are computationally
intricate, and are marred by considerable uncertainty. The elasticity analysis methods
are founded upon the assumptions posited by Budyko; they are extensively utilized to
ascertain the causes of alterations in runoff in a variety of watersheds. This is due to the
method’s advantages, which include a limited number of parameters, a simple structure,
high interpretability, and high accuracy, but this method does not fully encompass the
runoff change process [18]. The integration of statistical techniques and elasticity coeffi-
cients to identify the reasons for runoff variations can not only reflect the process of runoff
change but also have high accuracy and strong interpretation.

Most of the studies examining the influence of climatic environmental change and hu-
man actions on runoff have employed a single assessment methodology, which has resulted
in a notable degree of uncertainty in the resulting findings. For example, Gao et al. [19] and
Zuo et al. [20] conducted attribution analysis studies on runoff from the same catchment us-
ing different methodologies, resulting in conflicting conclusions. Gao et al. [19] concluded
that the principal factor influencing runoff reduction is climate change, while Zuo et al. [20]
suggested that anthropogenic factors were dominant in the evolution of runoff. It can be
observed that there is frequently a considerable degree of ambiguity in the findings derived
from disparate methodologies applied to the same geographical area. In the past few years,
numerous studies have utilized diverse methodologies to assess the contribution of climate
alteration and anthropogenic actions in relation to runoff, with the aim of minimizing
uncertainty and improving the reliability of their findings [21–23]. Wu et al. [21] employed
ten distinct methodologies to assess the influence concerning the variation of climate and
anthropogenic actions with respect to changes in the runoff within the Yanhe River Basin.
Their findings reveal that elasticity-based approaches and hydrological modeling yielded
comparable outcomes, whereas estimates derived from empirical statistics exhibited incon-
sistencies. To gain a deeper comprehension of the impact regarding climatic alterations and
the human element on alterations with respect to runoff, it is of the utmost importance to
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carry out a comparative investigation of the diverse methodologies employed in a given
catchment area.

The influences of climatic variation and anthropogenic actions on hydrological pro-
cesses are particularly pronounced in semi-arid regions, resulting in significant environmen-
tal degradation and water crises in these areas. The Zuli River is an important first-class
tributary of the Yellow River. It is situated within an arid and semi-arid climate zone.
The Zuli River Basin has experienced rising temperatures and human influence for the
last few years, which has resulted in changes to the runoff. Current studies concentrate
on the drivers of the change in water quality, vegetation change, and patterns of water–
sediment evolution [24–26]. Few scholars have conducted comprehensive attribution
analyses; moreover, scholars have not employed diverse methodologies for the comparison
and examination regarding the effect of disparate elements on runoff. Therefore, this study
aimed to (1) analyze the trends in precipitation, temperature, potential evapotranspira-
tion, and runoff from 1957 to 2019 and study the sudden change points of the runoff at
different hydrological stations, (2) apply empirical statistical methodologies and elasticity
coefficients to carry out a quantitative evaluation regarding the effect of various factors
on runoff, and (3) compare of uncertainties in results drawn through different methods
and identify the anthropogenic and climatic elements that generate changes in runoff. This
research offers useful pointers for the scientific management of the Zuli River.

2. Materials and Methods
2.1. Study Area

The Zuli River is situated in the northwest of China, within the province of Gansu.
It constitutes a tributary in the upper part of the Yellow River. The geographic extent
ranges are 35◦16′ N~36◦34′ N and 104◦13′ E~105◦35′ E. The basin encompasses an area
of 10,647 km2, with the main stream measuring 220 km in length [27] (Figure 1). The
region possesses semi-arid climatic features, including a persistent shortage of rainfall and
significant spatial as well as temporal variability of rainfall, which gradually diminishes
from south to north. The annual rainfall is 301 mm, with over 70% occurring during the
rainy season [28]. The mean annual temperature is 3.6~8.8 ◦C, the annual sunshine hours
are between 2430~2680 h, and the frost-free period is 130~170 days [29].
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2.2. Data Source

The runoff (R) data were sourced from the “Gansu Provincial Water Resources Bulletin”
(slt.gansu.gov.cn) and the Gansu Provincial Hydrological Bureau (Table 1). Runoff data
belong to the annual dataset. The meteorological data utilized in this study were acquired
from the National Meteorological Information Centre (http://data.cma.cn) and cover
the period from 1957 to 2019. This dataset included daily precipitation, wind speed,
sunshine duration, relative humidity, and maximum and minimum daily temperatures.
The potential evapotranspiration (ET0) was determined based on the principles outlined in
the Penman–Monteith equation, employing ET0 calculation software for this purpose. The
mean potential evapotranspiration and precipitation (P) across the basin’s surface were
determined utilizing the Thiessen Polygon methodology, implemented through ArcGIS
10.6. The land use type data within the watershed were sourced from the Resource and
Environment Science and Data Centre of the Chinese Academy of Sciences, with a spatial
resolution of 30 m × 30 m (https://www.resdc.cn/). The land use dataset was reclassified
and analyzed using ArcGIS 10.6 software.

Table 1. Data basic information statistics.

Stations Types Altitude/m Years of Data

Huining
Hydrologic station

1710.0
1957~2019Guo Chengyi 1520.0

Jingyuan 1398.0

Hua Jialing
Meteorological

station

2450.6
Huining 2012.2

1957~2019Dingxi 1897.5
Jingyuan 1398.2

2.3. Methods
2.3.1. Trend and Mutation Analysis

The Mann–Kendall trend test was employed to analyze the trends of annual precipi-
tation, annual potential evapotranspiration and annual runoff within the Zuli River. The
results obtained by this method are both intuitive and accurate and are not disturbed by a
few outliers [30]. The premise of the trend test [31–33] is as follows:

For the sequence X1, X2, · · · , Xn, first determine the number of occurrences of (Xi, Xj,
j > i). Then determine all the dual values (Xi, Xj, j > i). Number of occurrences of

Xi < Xj (set as p). If all the values in order are greater than the previous value, it is an
upward trend, p = (n − 1) + (n − 2) + · · ·+ 1, which is an arithmetic progression, and
the sum is (n−1)n

2 . If the sequence is reversed, then p = 0, indicating a downward trend.
It can be demonstrated that for a trendless sequence, the mathematical expectation of p is
E(p) = n(n−1)

4 .
The statistics of this test:

U =
τ

[Var(τ)]
1
2

(1)

where:
τ =

4p
n(n − 1)

− 1 (2)

Var(τ) =
2(2n + 5)
9n(n − 1)

(3)

where τ is the statistic, U is a standardized statistic, Var(τ) is the variance of τ, and n is
sequence length. As n increases, U tends to normalize to a normalized normal distribution.

The null hypothesis states that there is no distinguishable trend. When the signifi-
cance level α is provided, the critical value Uα/2 can be identified in the table of normal
distribution. When |U| < Uα/2, the null hypothesis is accepted, indicating that the trend is

slt.gansu.gov.cn
http://data.cma.cn
https://www.resdc.cn/
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not statistically remarkable. When |U| > Uα/2, the null hypothesis is rejected, suggesting
that the observed trend is of significance. In the trend test, α = 0.05.

For runoff mutation point analyses, the M-K mutation testing method was applied, with
the double cumulative curve serving as an auxiliary test for the mutation point. The precise
methodology in regard to the M-K test is outlined within the existing literature [34–36].

The initial step is to construct the order column, Sk, for the time series X.

Sk = ∑n−1
j=1 ri, K = 2, 3, 4, . . . n (4)

ri =

{
1, xi > xj
0, xi ≤ xj

(5)

If the sequence of time is supposed to be stochastically independent, define the statistic
UFk, the formula is as follows:

UFk =
[Sk − E(Sk)]

[Var(Sk)]
1
2

(6)

where:

E(Sk) =
n(n − 1)

4
(7)

Var(Sk) =
n(n − 1)(2n + 5)

72
(8)

UFk is the standard normal distribution statistic, Var(Sk) is the variance of Sk, and n
is the length of the sequence. E(Sk) is the mean value of Sk.

UFi represents the standard normal distribution, which is derived from a series of
statistical calculations based on the time series data X1, X2, . . ., Xn. Given the significance
level α, if UFi > α, it indicates that there is a notable alteration in the trend of the series.
Repeating the process again for the time series x in reverse order Xn, . . ., X2, X1, while
making UFk = −UBk (k = n, n−1, . . ., 1) and UB1 = 0. Analyzing the plotted UFk and UBk
curves, when the value of UBk is greater than 0, it suggests an ascending tendency within
the sequence, and a value of less than 0 suggests a declining tendency; when it exceeds
any of the critical lines, it suggests a notable upward or declining tendency. If the UF and
UB were calculated and the significance level (α = 0.05) was taken, then the critical value
Uα/2 = ±1.96; if the UF curve intersects with the UB curve and lies within the critical value
range, this point is identified as the mutation point.

2.3.2. Double Cumulative Curve Method (DCC)

The double cumulative curve method is a commonly employed approach for the trend
testing and mutation analysis of a long series of hydrological elements [37]. First, the time
series before and after mutation was determined by mutation analysis. Prior to mutation,
the data were divided into a base period, and after mutation, they were divided into a
change period. Subsequently, the cumulative rainfall–cumulative runoff relationship for
the base period was established as follows:

∑ R = K∑ P + b (9)

where K represents the slope, b represents the intercept, ∑R denotes the cumulative runoff,
and ∑P denotes the cumulative rainfall.

∆QH = R21 − R22 (10)

∆QC = R22 − R11 (11)

∆QH and ∆QC are the quantitative effects associated with human actions and climatic
variations, respectively. R21 is the measured value of runoff during the period of change,
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R22 is the cumulative rainfall for the change period brought into the fitted equation to
obtain the modelled value of runoff, and R11 is the measured value of runoff in the base
period.

The effect of both human actions and climatic variations on changes in runoff is
expressed as:

CH =

(
∆QH
∆R

)
× 100% (12)

CC =

(
∆QC
∆R

)
× 100% (13)

where Cc represents the contribution of climatic change to alterations in runoff and CH
represents the contribution of human activities to changes in runoff. ∆R is the difference
between the measured runoff in the base period and the change period.

2.3.3. Slope Change Ratio of Cumulative Quantity (SCRCQ) Method

The SCRCQ approach, respectively, formulates a linear equation between the influenc-
ing factor and the year in the base period and the mutation period, enabling the calculation
of the contribution of the influencing factor based on the ratio of the slope rate of change.
The contribution of human-related activities to the change in runoff can then be estimated as
1 min the contribution of climatic variation to change in runoff. The formulae are as follows:

SKR = [(KR1 − KR0)/KR0]× 100% (14)

SKP = [(KP1 − KP0)/KP0]× 100% (15)

SKE = [(KE1 − KE0)/KE0]× 100% (16)

where SKR, SKP, and SKE represent the rates of variation in R, P, and ET0 compared to the
baseline period. KR1, KP1, and KE1 are the slopes of cumulative R, P, and ET0 over time
for the period of change. KR0, KP0, and KE0 are the slopes of cumulative R, P and ET0 over
time for the base period.

In general, there exists a favorable connection between runoff and precipitation, while
an inverse correlation is observed among potential evapotranspiration and runoff. The
contribution rate formulae for each influencing factor are as follows:

CE = −[SKE/SKR]× 100% (17)

CP = [SKP/SKR]× 100% (18)

where CE and CP represent the rates of contribution of ET0 and P to runoff.
Therefore, considering the factors of water and heat comprehensively, the contribution

proportion of climatic variations to runoff alteration is as follows:

CC = CE + CP (19)

In cases where only the effects of climatic alteration and human actions on changes
the in runoff are considered, the contribution of human actions to changes in annual runoff,
excluding the effects of climatic alteration, can be quantified as follows:

CH = 1 − CC (20)

2.3.4. Penman–Monteith Formula

In 1998, the United Nations Food and Agriculture Organization (FAO) formally pro-
posed the Penman–Monteith formula as a standard methodology for the computation of
ET0 [38]. The formula for calculating ET0 is as follows:
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ET0 =
0.408∆(Rn − G) + r 900

T+273 u2(es − ea)

∆ + r(1 + 0.34u2)
(21)

where ET0 represents potential evapotranspiration (mm/d). Rn denotes the net radiation
on the crop surface, MJ/(m2·day). G represents soil heat flux, MJ/(m2·day). T represents
the average daily temperature at a height of 2 m above sea level, ◦C. u2 is the wind speed
at a height of 2 m, m/s. es is saturated vapor pressure, kPa. ea represents the actual water
vapor pressure, kPa. es − ea is the saturated vapor pressure difference, kPa. ∆ is the slope
of saturated water vapor pressure curve. r is the humidity meter constant, kPa/◦C [39].

2.3.5. Elasticity Coefficient Method

The Budyko framework is a valuable tool for examining the interplay between climate
variables and long-term water balance [40,41]. The model was initially developed as a non-
parametric model but has since given rise to a multitude of formulas in diverse functional
forms, many of which are based on the Budyko assumptions. The purpose of these formulas
is to integrate the effects of other elements on the balance of water. The Budyko equation,
in conjunction with a water balance equation, enables runoff depth to be characterized as a
function of other parameters. Assuming that potential evapotranspiration and precipitation
are mutually independent, the elasticity coefficients of runoff with respect to each of these
variables can be defined, enabling the determination of the contribution of each factor to
the variation in runoff [42]. Although all Budyko-type equations are designed to describe
the partitioning of P into E and R under two distinct physiological constraints, the specific
form of the Budyko equation differs from those of the others. There are three empirical
equations that have been widely used in different regions of China owing to their simplicity
and ease of implementation [43]. The calculation framework is as follows:

Climatic alteration results in variations in P and ET0, which subsequently result in
alterations in runoff dynamics. Through the examination of the elasticity coefficients
pertaining to runoff in relation to P and ET0, the quantitative reaction of runoff to climatic
change can be articulated as follows:

∆Qc =
εp∆PR

P
+

εE0 ∆ET0R
ET0

(22)

In the equation, ∆Qc represent the variation of runoff response to climatic variation;
εp and εE0 are the elastic coefficients of runoff to P and ET0, respectively. ∆P and ∆ET0
represent the variations in P and ET0, respectively.

According to the long-term water balance equation, runoff depth is expressed as
Q= P − Ea; along with the Budyko hypothesis, the actual evapotranspiration Ea is a
function of the dryness index ∅ = ∆ET0

P .
The elastic coefficient is calculated as follows:

εp = 1 +
∅F′(∅)

1 − F(∅)
; εp + εE0 = 1 (23)

Among them, F(∅) and F′(∅) can be computed using the Budyko hypothesis [44–46],
as shown in Table 2.

Table 2. F(∅) and F′(∅) based on the Budyko hypothesis.

Source Literature F(∅) F′(∅)

OL’DEKOP ∅tanh( 1
∅ ) tanh( 1

∅ )−1{
∅[cosh ( 1

∅ )]
2
}

PIKE (1 +∅−2)
−0.5 1{

∅3[1+(1/∅)2]
1.5}

FU 1 +∅− (1 +∅α)
1
α , α = 2.5 1 − (1 +∅α)

1
α −1∅α−1
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3. Results
3.1. Trend Analysis of Hydrometeorological Elements

The R at the Guo Chengyi station showed a fluctuating downward trend from 1957
to 2019 (Figure 2), with a reduction rate of 0.0075 × 108 m3/a. After the trend test,
|U| = 3.0783 > U (0.05/2) = 1.96; the R at the Guo Chengyi station exhibited a notable
decreasing tendency. The R at Jingyuan station showed a fluctuating downward trend from
1957 to 2019, and the mean annual R exhibited a decline at a rate of 0.016 × 108 m3/a. The
trend test revealed that |U| = 3.8615 > U (0.05/2) = 1.96; therefore, the R at the Jingyuan
station presented a remarkable downward tendency (Figure 2). The R at the Huining
station showed a fluctuation downtrend tendency from 1957 to 2019, with a decline rate
that was 0.0035 × 108 m3/a. After the trend test, |U| = 6.0929 > U (0.05/2) = 1.96, so the
R at the Huining station showed a notable declining trend. Therefore, the R presented a
significant downward from 1957 to 2019.
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The P from 1957 to 1967 and from 2009 to 2019 showed a fluctuating upward trend
and from 1968 to 2008 showed a fluctuating downward trend. Overall, there is a decreasing
trend in P from 1957 to 2019; the rate of decline is 0.95 mm/a (Figure 3a). The trend test
value |U| = 1.7622 < U (0.05/2) = 1.96, indicating that the P did not show a significant
plunging trend in this study area. ET0 showed a sliding trend in 1957~1967 and 1972~1992,
an upward trend in 1968~1971, and a fluctuating upward and downward trend from 1993
to 2019. In general, the ET0 indicator exhibited an upward trend from 1957 to 2019, with a
growth rate of 0.78 mm/a. The trend test value |U| = 2.8061 > U (0.05/2) = 1.96, indicating
that ET0 showed a significant upward trend in this study area (Figure 3b). The annual
mean T demonstrated an upward trajectory, with a rate of increase of 0.045 ◦C/a. In terms
of stages, the average annual T change trend from 1957 to 1995 was relatively stable, and
the upward trend from 1996 to 2019 was more obvious (Figure 3c). The trend test value
|U| = 6.2818 > U (0.05/2) = 1.96, indicating that the average annual T showed a significant
upward trend.
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3.2. Runoff Mutation Analysis

During 1957–1970, the statistical value of the UF was greater than 0, indicating that R
at this stage demonstrated an increasing trend. The UF statistics were less than 0 from 1971
to 2019, indicating that the R followed a decreasing trend. The statistics exceeded the 0.05
significance level of 2001~2009, proving that a significant downward trend was observed
in the R levels during this period. The statistical distributions of UF and UB converged
in 1985, with the juncture occurring within the range of critical value testing (α = 0.05).
Consequently, it is posited that 1985 represents a point of mutation at the Guo Chengyi
station (Figure 4b). The UF statistics of R were greater than 0 at Huining Station from 1957
to 1974, indicating that R in this stage manifested a growth trend. The UF statistics were less
than 0 from 1975 to 2019, confirming that the R exhibited a declining trend. The statistics
exceeded the significance level of 0.05 between 1993 and 2019, evidencing that the R showed
a notable declining trend throughout this period. The statistical curves for UF and UB
intersected in 1992, with the intersection point located within the critical value’s test range
(α = 0.05); therefore, it was considered that a mutation point occurred at Huining station
in 1992 (Figure 4a). The R was greater than 0 for the Jingyuan station during 1957–1965,
indicating that the R manifested a rising tendency in this period of time. The statistical UF
was less than 0 in 1966~2019, indicating that the runoff demonstrated a declining trend.
The statistical value for 2003~2019 exceeded the significance level of 0.05, indicating that R
showed a significant decreasing trend during this period. The two statistical distributions
corresponding to the variables UF and UB converged in 1995, with the point of intersection
falling within the critical value test range (α = 0.05); therefore, it was considered that 1995
was the year in which a mutation was observed in the R from Jingyuan station (Figure 4c).
Huining station is situated in the upper part of the Zuli River, with the R change point
occurring in 1992. The Guo Chengyi station is situated in the central part of the Zuli
River, with the R change point occurring in 1985. The Jing Yuan station is situated in the
downstream area of the Zuli River, with the R change point occurring in 1995. The abrupt
alterations observed at various hydrological monitoring stations can primarily be attributed
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to the impact of anthropogenic activities. The JingHui Irrigation Project represents the most
critical human activity with the potential to impact R abruptness. This project is situated in
the middle and lower reaches of the Zuli River. Irrigation was initiated in 1973, which had
a definite influence regarding the annual R of the downstream Guo Chengyi Hydrological
Station, so the mutation point of the Guo Chengyi Station was related to this project earlier.
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The abrupt point of R in the Zuli River basin appeared after 1980. To determine the
rationality of the mutation, the mean values of the annual R pre- and post-mutation of the
three stations and the rate of change of the mean value (compared with the previous period)
are given (Table 3). The R changed significantly from the fore-and-aft to the mutation point.
The average change rate anteroposterior to the mutation at Huining station was as high as
64.7%, Jingyuan station was 38.8%, and Guo Chengyi station was 37.3%; this indicated that
the results of the mutation analyses conducted at the three stations were reliable.

Table 3. Mean value and its change rate before and after runoff mutation.

Station Mutational
Site

Pre-Mutation
Mean/108 m3

Mean After
Mutation/108 m3

Mean Change Rate
Before and After

Mutation/%

Huining 1992 0.17 0.06 64.7
Guo Chengyi 1985 0.67 0.42 37.3

Jingyuan 1995 1.21 0.74 38.8

3.3. Attribution Analysis

The Jingyuan hydrological station is positioned in the downstream area of the Zuli
River Basin, and it is also the last important control station of the Yellow River outbound
section in Gansu and is representative. Therefore, Jingyuan Hydrological Station was
chosen as the control station for the attribution analysis of the Zuli River, and the runoff
mutation point of Jingyuan Station was 1995, so the base period was 1957~1994 and the
change period was 1995~2019.

3.3.1. DCC Method

The linear fitting curve for each stage exhibited an R2 value exceeding 0.99 (Figure 5),
indicating a markedly high degree of correlation and satisfactory fitting effect. For the base
period, the regression formula related to P and R was: ∑R = 0.00305∑P + 2.6081. Addition-
ally, the calculated R can be obtained by taking the accumulated P in the change period
into the regression equation of the base period. To calculate the climate and human impacts
on runoff, the annual average values are used, considering the different durations of the
baseline and change periods. Compared with the base period, the runoff volume decreased
by 0.47 × 108 m3/a during the change period. Human factors were responsible for 66.0% of
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the decline in runoff, while climatic factors contributed 34.0% (Table 4). Therefore, human
activities are the main factors causing R changes.
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Table 4. Contribution rate of climate change and human activities to runoff change.

Time Precipitation/mm
Runoff and Its Variation/108 m3 Human

Activities
Climatic
Change

R11 R21 R22 ∆R CH/% CC/%

1957~1994 381.41
1.21 0.74 1.05 0.47 66.0 34.01995~2019 344.66

3.3.2. SCRCQ Method

The cumulative P slope changed from 381.74 mm/a before 1995 to 340.98 mm/a,
with a change rate of −10.7% (Figure 6a). The slope of cumulative R prior to 1995 was
1.16 × 108 m3/a. Moreover, the slope after 1995 was 0.67 × 108 m3/a, with a change rate
of −42.2% (Figure 6b). The slope of cumulative ET0 anteroposterior to 1995 changed from
940.11 mm/a to 975.32 mm/a, with a change rate of 3.8% (Figure 6c), and the impact rate
on runoff was 8.9% (Table 5). The R was influenced by climatic variation at a rate of 34.2%,
with human actions contributing 65.8%. Therefore, human activity represents a significant
contributing factor to alterations in runoff patterns.

3.3.3. Elasticity Coefficient

During the base period, the average yearly P was 381.41 mm, compared to 244.66 mm
during the change period. During the base period, the yearly average ET0 was 936.63 mm,
while it was 976.96 mm during the period of change. The R for the base period was
11.3 mm, and that in the change period was 6.9 mm. The impact of various factors on R
variation was quantified using three functional forms aligned with the Budyko hypothesis.
The contribution rate of climatic factors to R was approximately 28.7~58.5%, and the
contribution rate of human factors was approximately 41.5~71.3% (Table 6). It can be
inferred that human actions were the primary cause of the decrease in R, aligning with the
findings from empirical statistical analysis.
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Table 6. Contribution rate of climatic change and human activities to runoff change.

Budyko εP ∆Qc/mm ∆QH/mm CC/% CH/%

OL’DEKOPE 2.18 −2.58 −1.82 58.5 41.5
PIKE 1.60 −1.78 −2.62 40.5 59.5
FU 1.22 −1.26 −3.14 28.7 71.3

4. Discussion
4.1. Comparison of the Quantitative Results

The combined effect of anthropogenic factors and climatic variation has resulted
in distinctive features and differences in the process of hydrological changes within the
basin, which have a notable influence on the evolution of water within the basin [47]. In
exploring the reasons for the variations in runoff, the quantitative outcomes computed by
the elasticity-based and empirical methods were found to be largely consistent. The rate of
contribution of climatic factors on runoff decrease was found to range from 28.7% to 58.5%
(with an average of 39.2%), whereas the rate of contribution of human actions was observed
to range from 41.5% to 71.3% (with an average of 60.8%) (Figure 7). The foundations and
frameworks of the disparate quantitative techniques vary. Consequently, an integrated
methodology that incorporates a multitude of techniques is likely to be more compelling
than the exclusive reliance on a single technique. It is clear that human actions are the
leading cause of runoff alterations in the Zuli River during the period from 1957 to 2019.
The outcomes of our study align with prior findings. For example, in the arid Shiyang River
Basin of northwestern China, Xue et al. [16] used the double mass curve method for an
attribution analysis, which showed that anthropogenic actions were the principal element
affecting runoff changes, followed by climatic variations and upstream runoff. Bai and
Zhao [48] conducted an analysis of the impacts of climate change and human activities on
runoff from major river basins in China since 1950; the results demonstrated that reduced
precipitation was the primary factor contributing to the decline in runoff in the southern
regions, whereas in the northern regions, human activities were the primary reason for the
decrease in runoff.

Water 2024, 16, x FOR PEER REVIEW 14 of 19 
 

 

accounting for the impact of inter- and intra-annual climate change, including extreme 
weather conditions, seasonal variations, and the impact of snowpack variability [49]. The 
uncertainty associated with the structure and parameters of the models used can also in-
fluence the accuracy of the quantitative results obtained from hydrological model calcu-
lations. Another factor contributing to uncertainty is the quality of the meteorological and 
hydrological data [50]. Collectively, these uncertainties affect the results of model calcula-
tions to some extent. To achieve a more refined understanding of how climatic variation 
and human activities influence runoff, it would be advantageous for future research to 
utilize hydrological models. 

 
Figure 7. Comparison of the quantitative results. DCC denotes the double cumulative curve method. 
OL’DEKOP, PIKE, and FU denote three assumptions of the elasticity coefficient method. 

4.2. Impact of Human Activities on Runoff 
Human activities have direct and indirect impacts on the hydrological cycle, and 

the effects of human activities are multifaceted [51]. Some human activities result in 
increased runoff, whereas others lead to decreased runoff. These effects occur concur-
rently, which makes it challenging to discern individual contributions. Land cover change 
is a significant factor that influences runoff, reflecting the far-reaching impact of human 
activities on this process [52]. Consequently, a comprehensive investigation of the pro-
cesses governing land use change and its impact on runoff is of paramount importance in 
the context of the Zuli River Basin. Accordingly, high-resolution (30 m) land use data for 
three time periods (1980, 2000, and 2015) were selected to facilitate the comprehension of 
the impact of land use change on runoff between 1957 and 2019 (Figure 8). 

The results of the statistical analysis indicated that the predominant land cover type 
in the Zuli River area was grassland, which accounts for approximately 57% of the total 
area. This was followed by farmland, which accounted for approximately 40% of the total 
area. As evidenced by the data presented in Table 7, the areas of forestland, farmland, and 
urban land, increased by 0.4%, 0.2%, and 0.3%, respectively, between 1957 and 2019. Con-
versely, the area of grassland decreased by 0.9%, respectively (Table 7). The characteristics 
of the water cycle vary according to the specific land use type, with corresponding differ-
ences in the hydrological effects [53]. An increase in forestland can effectively enhance soil 
infiltration and retention capacity, ensure soil integrity and water retention capacity, and 
also decelerate the flow of rainfall water, thus inhibiting surface runoff. In semi-arid re-
gions, evapotranspiration from forestlands is considerably higher than that from the sur-
face [54]. Moreover, it has been demonstrated that afforestation will result in an increase 
in the average annual evapotranspiration rate by between 2.7% and 11.1% [55]. Conse-
quently, it can be concluded that the expansion of forestland contributed to a reduction in 
runoff from the Zuli River. The expansion of urbanization and human activity has resulted 
in a notable increase in the extent of built-up areas within cities. This is likely to further 
intensify the urban heat island effect, thereby reducing the runoff from watersheds [56]. 
However, the prevalence of extensive impermeable surfaces on built-up land, coupled 

Figure 7. Comparison of the quantitative results. DCC denotes the double cumulative curve method.
OL’DEKOP, PIKE, and FU denote three assumptions of the elasticity coefficient method.

In this study, the contribution of anthropogenic actions to runoff, as calculated by the
two empirical statistical methods, was 66.0% and 65.8%, respectively. The calculations are
essentially identical. In contrast to empirical statistics, the elasticity-based method em-
ploys a more physically plausible mechanism for calculating runoff and is more consistent
with the actual hydrological cycle. Furthermore, the conclusions derived from different
Budyko-based methods may vary (Figure 7). The Budyko assumption of OL’DEKOP differs
from the other two assumptions, and it is possible that the parameter estimation results in
disparate outcomes. However, some uncertainty remains in these estimates. The purpose
of elasticity-based modeling is to analyze the long-term consequences of climate change
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and human activities on water balance. However, such modeling is not capable of account-
ing for the impact of inter- and intra-annual climate change, including extreme weather
conditions, seasonal variations, and the impact of snowpack variability [49]. The uncer-
tainty associated with the structure and parameters of the models used can also influence
the accuracy of the quantitative results obtained from hydrological model calculations.
Another factor contributing to uncertainty is the quality of the meteorological and hydro-
logical data [50]. Collectively, these uncertainties affect the results of model calculations
to some extent. To achieve a more refined understanding of how climatic variation and
human activities influence runoff, it would be advantageous for future research to utilize
hydrological models.

4.2. Impact of Human Activities on Runoff

Human activities have direct and indirect impacts on the hydrological cycle, and the
effects of human activities are multifaceted [51]. Some human activities result in increased
runoff, whereas others lead to decreased runoff. These effects occur concurrently, which
makes it challenging to discern individual contributions. Land cover change is a significant
factor that influences runoff, reflecting the far-reaching impact of human activities on this
process [52]. Consequently, a comprehensive investigation of the processes governing land
use change and its impact on runoff is of paramount importance in the context of the Zuli
River Basin. Accordingly, high-resolution (30 m) land use data for three time periods (1980,
2000, and 2015) were selected to facilitate the comprehension of the impact of land use
change on runoff between 1957 and 2019 (Figure 8).
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The results of the statistical analysis indicated that the predominant land cover type in
the Zuli River area was grassland, which accounts for approximately 57% of the total area.
This was followed by farmland, which accounted for approximately 40% of the total area.
As evidenced by the data presented in Table 7, the areas of forestland, farmland, and urban
land, increased by 0.4%, 0.2%, and 0.3%, respectively, between 1957 and 2019. Conversely,
the area of grassland decreased by 0.9%, respectively (Table 7). The characteristics of the
water cycle vary according to the specific land use type, with corresponding differences
in the hydrological effects [53]. An increase in forestland can effectively enhance soil
infiltration and retention capacity, ensure soil integrity and water retention capacity, and
also decelerate the flow of rainfall water, thus inhibiting surface runoff. In semi-arid regions,
evapotranspiration from forestlands is considerably higher than that from the surface [54].
Moreover, it has been demonstrated that afforestation will result in an increase in the
average annual evapotranspiration rate by between 2.7% and 11.1% [55]. Consequently,
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it can be concluded that the expansion of forestland contributed to a reduction in runoff
from the Zuli River. The expansion of urbanization and human activity has resulted in
a notable increase in the extent of built-up areas within cities. This is likely to further
intensify the urban heat island effect, thereby reducing the runoff from watersheds [56].
However, the prevalence of extensive impermeable surfaces on built-up land, coupled with
the diminished permeability and water retention capacity of soils, will likely contribute
to an increase in surface runoff. It can be observed that the Zuli River Basin is subject to a
complex array of influencing factors. A more comprehensive examination of the contextual
environment of the basin and the interplay between these factors is essential for a nuanced
understanding of the response of runoff to land use change.

Table 7. Land use change from 1980 to 2015 in the Zuli River Basin.

Land Use Type
Area Variation/Km2

1980 Percentage 2000 Percentage 2015 Percentage

Farmland 4199.6 39.2% 4247.7 39.7% 4214 39.4%
Forestland 165.4 1.5% 168.0 1.6% 210.9 1.9%
Grassland 6163.5 57.6% 6101.6 57.0% 6064.8 56.7%

Water body 6.1 0.1% 4.5 0.04% 10.2 0.1%
Urban land 147.5 1.4% 160.2 1.5% 183.5 1.7%

Unused land 19.8 0.2% 19.8 0.2% 18.2 0.2%

The primary anthropogenic influences on runoff within the basin include the adoption
of integrated soil and water conservation management practices, as well as the functioning
of inter-basin water transfer initiatives. Soil and water conservation strategies primarily
encompass the establishment of silt dams, the implementation of afforestation initiatives,
and the cultivation of grass. The initiatives aimed at soil erosion protection and ecological
construction within the basin commenced in the 1970s. Subsequently, during the 1980s
and 1990s, there was a notable increase in both the extent of vegetation and the quantity of
silt dams in the region. As of 2016, the degree of erosion control in the watershed reached
60.3% [57]. The large-scale implementation of these measures has reduced the rate of
erosion on subsurface slopes, resulting in an improvement in the soil’s infiltration capacity
and an augmentation of the storage capacity for surface rainwater runoff. These alterations
have resulted in a suppressive effect on runoff generation, which has indirectly facilitated
a decrease in the runoff volume within the basin [58]. The Jinghui Irrigation Project is
the initiative that exerts a more significant influence on the runoff of the Zuli River and
facilitates the transfer of water from various regions in the upper reaches of the Yellow River
into the basin. The initiation of the project occurred in 1971, with its completion achieved
in 1973, facilitating the irrigation of 20,000 ha of agricultural land within the basin. Since
the irrigation project began, the irrigated area and the amount of water transferred have
increased considerably. The total volume of irrigation water increased from 2.973 × 107 m3

in the 1970s to 8.365 × 107 m3 at the beginning of the twenty-first century, and the extent
of irrigated land increased from 0.2 × 104 ha in 1973 to 1.68 × 104 ha in 2005 [59]. By
the end of 2013, the amount of water transferred from the Yellow River to the Zuli River
Basin was about 2.86 billion m3. The water supply to the Jinghui Irrigation Project in 1973
provided a significant level of compensation for the surface water deficit in the receiving
area. However, despite the diversion of surface water, natural precipitation in the region
has not led to a substantial increase in runoff, primarily due to the impacts of population
growth [60]. As a result, the relationship between anthropogenic alterations to the surface
and regional runoff is distinctly evident.

4.3. Impact of Climate Change on Runoff

Climatic change has significant impacts on hydrological processes in watersheds, and
its impacts on runoff are mainly reflected in changes in P and ET0 [61]. P contributes
positively to runoff, whereas ET0 has a negative contribution. Based on the results of this
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study, it was shown that the Zuli River exhibited an overall decline in P, accompanied by an
increase in ET0, this has resulted in a corresponding reduction in runoff (Figures 2 and 3).
The meteorological factors considered in this study are P and ET0, and if a more compre-
hensive analysis is required, other factors such as insolation, temperature, and wind speed
need to be taken into account. Moreover, the evaluation of the impact of anthropogenic
activities and climatic variation on runoff variability is contingent upon an assumption
of independence between these two factors. Indeed, there is an interconnection between
these factors, and the role of P and ET0 in affecting runoff cannot be entirely ascribed to
natural phenomena [62]. The influence of human actions on the land surface also indirectly
affects the contribution of meteorological factors, including P and ET0, to the formation of
runoff; this suggests that the theoretical value of the impact of human activities on runoff
is relatively low [63]. Therefore, additional research is required to accurately quantify the
effects of diverse human activities and their interactions with the climate.

5. Conclusions

This research conducted an examination of the trends associated with hydro-meteoro-
logical parameters regarding the Zuli River over the period from 1957 to 2019. Furthermore,
the contributions of climate change and human activities to runoff changes were quantified
by employing a range of methodological approaches. The results of this research offer a
significant reference point for the administration of water within the Zuli River Basin. The
principal conclusions are as follows:

(1) The results indicated a notable decline in the annual runoff within the Zuli River
Basin; precipitation showed an insignificant downward trend. In contrast, the ET0
and the average annual temperature demonstrated a notable increasing trend.

(2) The analysis of M-K mutations revealed that 1992 was the year when runoff at Huining
station experienced a mutation point, the mutation point for runoff at Guo Chengyi
station occurred in 1985, and the point of mutation for runoff at Jingyuan station
occurred in 1995.

(3) The three attribution analysis methods indicated that the influence of climatic change
on the reduction in runoff in the Zuli River ranged from 28.7% to 58.5%, whereas
the activities of humans contributed to a diminution in runoff, with effects ranging
from 41.5% to 71.3%. Therefore, human interventions were the predominant factor
in the decrease in runoff from the Zuli River. The assessment of the impacts of
human activities and climate change on runoff variability is contingent upon the
assumption of independence between the two factors, which are in fact interlinked.
Consequently, to accurately determine the impacts of diverse factors on runoff, the
role and interconnections between these factors need to be further investigated.
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