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Abstract: The Loess Plateau is the main soil erosion area within the Yellow River Basin. Quantifying
the contribution rate of climate change and human activities to runoff change can provide support
for water resources management in the Yellow River Basin. Kuye River Basin is located in the Loess
Plateau. As a first-class tributary of the Yellow River, it was selected as the study area. Runoff
from the Kuye River Basin has decreased significantly since the 1990s owing to climate change and
anthropogenic coal mining. The main objective of this study was to quantify the contribution and
sensitivity of climate change and anthropogenic activities to runoff changes using three popular
Budyko and elasticity coefficient methods, as well as to compare the similarities and differences
among the three methods. The results show that: (1) Through four mutation point test methods, the
change point of runoff in the study period of Kuye River Basin is 1997. (2) The elasticity coefficients
calculated by the three Budyko methods showed that during the study period, the runoff was more
sensitive to changes in precipitation, followed by the catchment surface characteristic parameters and
the potential evapotranspiration. (3) All three Budyko methods can yield reasonable contributions
of climate change and human activity to runoff changes. The three methods together indicate that
the influence of the catchment surface characteristic parameters is the most important factor for the
runoff variation in the Kuye River.

Keywords: climate change; attribution analysis; Budyko hypothesis; human activities

1. Introduction

Significant changes have occurred in the global climate system. The IPCC [1] report
notes that global climate change is a growing problem, with the average global temperature
rising by 1.53 ◦C. Over the previous centuries, climate change has resulted in serious global
impacts, including increased rainfall intensity, frequent extreme weather events, and rising
sea levels. Climate change also has a serious effect on the water cycle, as an important
medium for the exchange of materials and energy in the natural climate, thus attracting
significant attention [2,3]. Hydrological processes [4] in river basins have also changed
in the context of global climate change [5,6] As a key link in the water cycle, runoff is
not only an important pathway between surface water and atmospheric water, but it is
also closely related to the development of human society. Moreover, with the continuous
societal development and progress, changes in the conditions of basin substrates also
affect regional hydrological processes. The joint interference of both factors yields a highly
complex runoff process. Therefore, a comprehensive understanding of the causes of runoff
changes [7] in watersheds and the mechanisms of their hydrothermal balance is necessary
to provide an effective scientific basis and potential adaptation policies for watershed and
land resource management [8,9].
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Attribution analyses of runoff changes are a debated issue in the current hydrological
research. Climate change and human activities are generally thought to be the main factors
that influence changes in runoff; the core issue of runoff attribution lies in the distinction
between the effects of climate change and human activities. The methods used in recent
runoff attribution studies can be divided into three main categories: general statistical mod-
els, coupled hydrothermal models, and hydrological models. Among general statistical
models, double-mass curves (DMCs) are a common method for the analysis of the evolution
of hydro-meteorological elements [10], which are useful for comparative analyses. DMCs
are characterized by low data requirements and high transferability, thus rendering them
more practical than water balance equations and hydrological models in hydrologic benefit
evaluations [11]. Jin et al. [12] used the DMC method to detect the contribution of climate
change and human activities to runoff reductions of −20 and 120%, respectively, while
delineating the specific contribution of human activities. A Pirnia et al. [13] used the DMC
method to analyze the runoff variability in the Tajan River Basin, Iran, which showed that
the contributions of climate change and human activities to the predicted runoff reduction
were 24.68 and 75.32% for the dry season climate contribution of −30.68%, while human
activity was 130.68% during the same period. Essentially, the DMC method uses mathemat-
ical and statistical models to attribute the runoff, allowing distinction among subfactors;
the lack of physical mechanisms in the DMC method itself makes its application relatively
limited. Hydrologic models are the most widely used for runoff change attribution analysis.
There are two types of hydrologic models: one with a simple structure and parameters that
lacks physical meaning, known as the lumped hydrologic model [14], and the distributed
hydrologic model [15], which accounts for this shortcoming; its parameters represent the
climate characteristics and subsurface conditions of a basin, which can accurately describe
the hydrologic processes. The Soil and Water Assessment Tool [16] (SWAT) model can
accurately reflect the spatial variability of complex hydrologic processes in watersheds;
previous studies have used SWAT models to attribute runoff variability in different water-
sheds [17–19] The SWAT model has a strong physical mechanism, which can accurately
reflect watershed production and sink processes and provide a deeper understand of the
causes of runoff changes. However, this model requires a large amount of data and the
model database requires an extended development period. The coupled hydrothermal
model based on the Budyko hypothesis, which accounts for the water balance, energy
balance, basin substrate conditions, and interaction of various factors within the basin, has
become a tool for investigating the complex relationships among the hydrological elements
of a basin, which has been widely used in recent years for attribution analyses of runoff
changes in different basins [20,21]. Li et al. [22] used the Budyko framework to analyze the
attribution of runoff changes in the main tributaries along the middle reaches of the Yellow
River, China, as well as exploring the spatial and temporal distribution characteristics of the
impact that human activities have on runoff. Liu et al. [23] applied the Choudhury–Yang
equation to calculate the contribution to runoff variability in the Lancang River Basin,
concluding that precipitation variability is the main cause of runoff variability. Meanwhile,
many empirical formulas have been derived based on the Budyko hypothesis; most studies
have selected the Choudhury and Yang equation. Fewer studies compare the consistency
and uncertainty in the quantitative results calculated by different Budyko methods [24].
In this paper, we selected three widely used Budyko methods, as well as the elasticity
coefficient method, to investigate runoff changes in the Kuye River Basin. The similarities
and differences between the three methods were compared while deriving the factors that
affect runoff changes and the sensitivity of runoff to the influencing factors.

The hydrological data of Wenjiachuan hydrological station show the annual variation
in the measured runoff and average precipitation at the watershed surface from 1956 to
2018 at the Kuye River hydrological station, which showed a significant decreasing trend
in the annual runoff, but no significant decreasing trend in the annual precipitation. From
this, we speculated that runoff changes in the Kuye River Basin may mainly influenced
by human activities. Yang et al. [25] used the Choudhury and Yang equation to obtain
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the impact of climate change and human activities on runoff change in the Yellow River
Basin from 1961 to 2010; therefore, this study aims to quantify the effects that climate and
anthropogenic changes have on runoff in a longer time series and compare the differences
between the three methods using runoff observation data, combining trend analysis, and
the three Budyko methods. First, we analyzed the hydrometeorological data using a Mann–
Kendall trend test and multiple change point test. We then applied the three Budyko
methods to calculate the elasticity coefficients of climate and human activities with respect
to runoff changes, finally deriving the contribution of climate change and human activities
to changes in the runoff. This study provides a reference for the selection of different
Budyko methods in terms of runoff change attribute analyses in similar watersheds, as
well as a scientific basis for water resource utilization and land management in Shaanxi.

2. Study Area and Data
2.1. Study Area

The study area is the Kuye River Basin, a first-class tributary of the Yellow River,
located upstream of the Wenjiachuan hydrological station, between 108◦28′ E–110◦45′ E
and 38◦22′ N–39◦50′ N. This basin is located in the middle reaches of the Yellow River,
originating in the Inner Mongolia Autonomous Region, passing through the Ijinholo
Banner territory and Fugu County in Shaanxi Province, and flowing into the Yellow River
in Shenmu County, China. The total length of the river is 242 km, with a basin area of
8706 km2. The Kuye River Basin has an arid to semi-arid continental climate with notable
seasonal changes in precipitation. The spatial and temporal distribution of precipitation
is highly uneven: June to September precipitation accounts for 75–81% of the annual
precipitation, where the precipitation in July and August accounts for 50–60% of the annual
precipitation, mainly as heavy rainfall. Spatially, precipitation is less in the north and
west and greater in the east. The average multi-year runoff in the Kuye River Basin is
5.042 × 108 m3, the average annual precipitation ranges from 161.63 to 681.76 mm, and the
average annual temperature ranges from 6.06 to 9.34 ◦C. Figure 1 shows the geographical
location of the Kuye River Basin and the spatial distribution of the meteorological and
hydrological stations.

2.2. Data Sources

The observed daily runoff data for 1956–2018 from Wenjiachuan station were obtained
from the Yellow River Conservancy Commission (http://www.yrcc.gov.cn/) (accessed on
1 October 2021). Annual runoff was calculated based on the watershed area. Daily meteo-
rological data from five national meteorological stations for 1956–2018 were obtained from
the National Meteorological Center (http://data.cma.gov.cn) (accessed on 1 October 2021),
including precipitation, temperature (mean, maximum and minimum), sunshine hours,
and mean wind speed, which were interpolated using the distance direction weighting
method to obtain watershed-scale meteorological data. Potential evapotranspiration was
calculated using the FAO-modified Penman–Monteith formula:

ET0 =
0.408(Rn −G) + γ 900

273+T U2(eS − ea)

∆ + γ(1 + 0.34U2)
(1)

where ET0 is the reference evapotranspiration (mm day−1), Rn is the net radiation at the
crop surface (MJ m−2 day−1), G is the soil heat flux density (MJ m−2 day−1), T is the mean
daily air temperature at a height of 2 m (◦C), U2 is the wind speed at a height of 2 m (m s−1),
es is the saturation vapor pressure (kPa), ea is actual vapor pressure (kPa), es−ea is the
saturation vapor pressure deficit (kPa), ∆ is slope vapor pressure curve (kPa ◦C−1), and γ
is the psychrometric constant (kPa ◦C−1).

http://www.yrcc.gov.cn/
http://data.cma.gov.cn
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The Normalized difference vegetation index (NDVI) data from the Grotto River Basin
were obtained using the “Long Time-Series Chinese Vegetation Index Dataset–GIMMS
NDVI” from the Western China Environmental and Ecological Science Data Center. The
GIMMS NDVI data are monthly data at a spatial resolution 8 km from 1981 to 2015. The
annual average NDVI values of the Kuye River Basin were calculated based on this dataset
as the basic data for analyzing the 30-year substrate preparation changes in the basin. Land
use data were used as a source to analyze the changes in land use that occurred in 1980
and 2018 using Landsat remote sensing image data from U.S. Landsat.
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3. Methodology
3.1. Trend Test and Mutation Analysis Methods
3.1.1. Mann–Kendall Trend Analysis

The Mann–Kendall trend test, which is a widely used statistical method recommended
by the World Meteorological Organization, can effectively determine the significance of the
trend of a natural process [26,27]. In this study, the trends in the runoff depth, precipitation
and potential evapotranspiration were obtained via Mann–Kendall trend analysis, which
is a simple calculation process with intuitive and accurate results.

S =
n−1

∑
j=1

n

∑
i=j+1

sgn
(
xi − xj

)
(2)

where

sgn
(
xi − xj

)
=


1 xi > xj

0 xi = xj

−1 xi < xj

(3)

where
Var(S) = n(n− 1)(2n + 5)/18 (4)

Z =


(S− 1)/

√
Var(S) S > 0

0 S = 0
(S− 1)/

√
Var(S) S < 0

(5)

where Xi and Xj are the values corresponding to years i and j in the time series, n is the
length of the time series data, and Z is the trend of time series data; if Z > 0, the time
series data shows an increasing trend over time. Otherwise, the time series data show a
decreasing trend over time. When |Z| > Z (1−α/2), the null hypothesis is rejected and the
time series data show a significant trend. Z (1−α/2) denotes the area to the right of the
density function quantile, which uses the lower quantile. The value of Z (1−α/2) can be
obtained from the normal distribution table, and the corresponding value of Z (1−α/2) is
1.96 at a significance level of α = 5% [28].

3.1.2. Mutation Analysis Methods

Due to both climatic variability and human activities, the hydrological series has a
significant variation in its statistical pattern around a certain point in time, which is defined
as the variation point of the series. There is significant uncertainty associated with the
testing of mutation points, such that it is necessary to accurately obtain the mutation points
of runoff occurrence during the study period. In this study, the Pettitt test method [29],
cumulative distance level method, moving t-test method, and Yamamoto method [30] were
used to detect mutation points in the runoff depth data in the Kuye River Basin, Pettitt
test method [31] is a non-parametric test that assumes the existence of a trend in the series
and determines the time of mutation by examining the time of change in the mean value
of the time series. The first step is to find the first-level mutation point in the entire time
series; the original series is then divided into two sequences to continue to detect the new
mutation point, such that there may be more than one mutation point. Finally, the mutation
point should be obtained according to the specific cause analysis, which determines the
mutation by testing the significance of the difference between the means of two random
samples. For the time series, we first artificially set a base year, divided the series into
two subsequences, and calculated the mutation index S/N (i.e., the signal-to-noise ratio)
of the base year, which is defined as a mutation when S/N > 1.0, and a strong mutation
when S/N > 2.0. The cumulative distance level method is a mean–based test, which can
determine the degree of data point dispersions and long-term trends and mutation times in
the time series by observing the difference product curve. The results of the four methods
were then combined to divide the time series of the runoff depth into two periods: the base
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period (assumed to be the natural condition without human activities) and the impacted
period (human activities).

3.2. Identification of Runoff Change Attribution
3.2.1. Budyko Hypothesis

The hydrological elements of the basin across a long-term scale follow the water
balance equation, expressed as follows:

R = P− ET + ∆S (6)

where R is the mean annual runoff, P is the mean annual precipitation, ET is the mean
annual actual evapotranspiration, and ∆S is the change in the water storage change in a
basin, which approaches zero over an extended long period.

Budyko [32] suggested that the balance between the atmospheric water supply to
the land surface and atmospheric evaporation demand determines long-term average
evapotranspiration (ET) from the land surface, which led to the Budyko hypothesis. The
moisture supply can be expressed in terms of precipitation, while the net radiation or
potential evapotranspiration represents the atmospheric evaporative demand, thus leading
to the general form of the Budyko hypothesis:

ET
P

= f
(

ET0

P

)
= f(Φ) (7)

where ET0 is the potential evapotranspiration, P is the precipitation, and Φ is the dryness,
which is the ratio of potential evapotranspiration to precipitation.

The initial Budyko hypothesis [33] did not consider certain characteristics, such as
subsurface and watershed areas. Based on this, several studies have proposed a series of
Budyko empirical formulas that reflect the subsurface factors in a single parameter [34,35]
and their theoretical derivations and verifications have been subsequently carried out.
Among these forms, the equations of Fu, Yang and Choudhury, and Wang and Tang
(Table 1) were selected in this study for attribution identifications of the runoff changes in
the Kuye River from 1956 to 2018.

Table 1. Three Budyko-type equations for estimating actual evapotranspiration employed in
this study.

Formula Parameter References

ET/P = [1 + ET0/P − (1 + (ET0/P)ω)]1/ω ω Fu [24,36,37]
ET/P = 1/[1 + (P/ET0)n]1/n n Yang and Choudhury [38,39]

ET/P =
1+ET0/P−

√
(1+ET0/P)2−4ε(2−ε)ET0/P

2ε(2−ε)
ε WANG and TANG [40]

Notes: ω and n are the hydrothermal coupling control parameters and ε is the ratio
of the initial evaporation to the total evaporation (later expressed uniformly as ni). These
parameters can be obtained from the equations in Table 1, combined with Equation (6).

Based on the equations in Table 1 combined with the water balance equation, we can
obtain the following:

R = P−

P + ET0 − P
(

1 +
(

ET0

P

)nFU
) 1

nFU

 (8)

R = P− P× ET0

(PnCY + ET0nCY)
1

nCY

(9)
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R = P−
P + ET0 − P×

√(
1 + ET0

P

)2
− 4nWT(2− nWT)

ET0
P

2nWT(2− nWT)
(10)

3.2.2. Elasticity Coefficient

Scchaake [41] derived an equation for the sensitivity of runoff to climate variables
based on the Budyko curve, introducing the climate elasticity coefficient, which is defined
as the ratio in the rate of change in the runoff to the rate of change in a climate factor.
Subsequently, several studies introduced multiple elements to establish a multi-parameter
climate elasticity coefficient model [42], which can be expressed as follows:

εx =
∂R/R
∂xi/xi

(11)

where εx is the elasticity coefficient of the runoff to the independent variables and xi
represents P, ET0 and n.

The elasticity coefficients corresponding to the three Budyko-based methods can be
derived from Equations (8)–(10).

3.2.3. Quantifying Contributions of Changes in the Climate and Subsurface Factors to
Runoff Changes

Based on the abrupt change point test, the changes in runoff depth, precipitation,
potential evapotranspiration, and subsurface parameters from the base period to the
anthropogenic period were expressed as follows:

∆R = R2 − R1 (12)

∆P = P2 − P1 (13)

∆ET0 = ET02 − ET01 (14)

∆ni = ni2 − ni1 (15)

where ∆R, ∆P, ∆ET0, and ∆ni are the magnitudes of change from the base period to the
anthropogenic period.

Assuming that P, ET0, and ni in Equations (8)–(10) are independent variables,
Equations (8)–(10) can be expressed as R = f (P, ET0, ni). We can then obtain the total
differential of R, which can be written as follows:

dR′ = dRP + dRET0+dRni =
∂f
∂P

dP +
∂f

∂ET0
dET0 +

∂f
∂ni

dni (16)

where dR′ is the total value of the change in the runoff change caused by P, ET0,and n, and
dRX is the change in the runoff change caused by P, ET0 and ni.

Therefore, the contribution of climate change (P, ET0) and the subsurface, ni, to runoff
changes can be calculated as follows:

ηx =
dRx

dR
× 100% (17)

where ηx is the contribution of the runoff change in P, ET0, and ni.
The relative error (RE) was adopted to quantify the performance of the elasticity

coefficient method, which was defined as follows:

RE =
Rcal − Robs

Robs
× 100% (18)

where Rcal and Robs are the values of the calculated and observed runoff depths, respectively.
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4. Results and Analysis
4.1. Trend Analysis of Hydrometeorological Variables

Our analysis of the variability in the hydroclimatic data in the Kuye River Basin during
the study period is the basis of this study and can also partially reflect the reasonableness
of the study results. Figure 2 shows the results of the Mann–Kendall trend test. Potential
evapotranspiration showed a non-significant increasing trend in the first 23 years and
a significant decrease from 1984 to 2005. The runoff depth showed a non-significant
increase from 1956 to 1982 and a significant decrease from 1996 onward. Figure 3 shows the
interannual trends in the precipitation, potential evapotranspiration, and runoff depth in
the Kuye River Basin from 1956 to 2018, where precipitation shows a fluctuating increasing
trend during the study period, whereas the potential evapotranspiration and runoff show
a decreasing trend.
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Based on our results, we can conclude that the precipitation, potential evapotranspi-
ration, and runoff depth do not have a significant correlation; the decrease in the runoff
depth was more significant compared with the decrease in precipitation.

4.2. Change Point Analysis of Runoff

To obtain accurate runoff change points, we used four methods (i.e., the Pettitt test
method, cumulative distance level method, moving t-test method and Yamamoto method)
to examine the runoff depth during the study period, as shown in Figure 4. For the Pettitt
test method, the change point for the runoff occurred in 1997. The results of the cumulative
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distance level method, the Yamamoto method and the moving T method are all for 1996
and 1998.
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Thus, by synthesizing the results of the above four methods, we used 1997 as the
change point of the runoff, which is consistent with the results reported by Song et al. [43].
This result is consistent with the timing of the massive coal mining in the Kuye River
Basin and the implementation of the Chinese government’s “return of farmland to forest”
policy. This means that from 1997 to the present, a large number of anthropogenic activities
have affected the natural ecological processes in the Kuye River Basin. The study period
was classified as the base period from 1956 to 1996 and the anthropogenic impact period
from 1997 to 2018. Table 2 lists the characteristic values of the hydroclimatic variables
for each period. Based on the hydroclimatic characteristics of the two different periods
and the catchment surface characteristics corresponding to the three Budyko methods,
the relative rate of change in the runoff depth compared to the base period decreased
by 210.2%, whereas the precipitation and potential evapotranspiration showed a slight
increase. In contrast, the catchment surface characteristic parameters increased by 25.14,
34.05, and 54.88% in the three Budyko methods. Additionally, there was no significant
change in the drought index compared with the base period, indicating that there was no
significant difference in the degree of warmth or wetness between the two periods. We can
therefore roughly conclude that the main influence on the change in runoff was the change
in the surface characteristics of the basin.
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Table 2. Meteorological data and the parameters (n) of three Budyko formula for two periods.

Period P/mm ET0/mm R/mm nFU nCY nWT R/P ET0/P

1956–1996 411.414 1133.043 74.197 1.983 1.249 0.279 0.180 2.752
1997–2018 413.986 1171.982 27.554 2.649 1.894 0.619 0.076 2.830

Relative change (%) 0.06 3.33 −210.20 25.14 34.05 54.88 −170.9 2.71

4.3. Attribution analysis of Kuye River Runoff Changes
4.3.1. Sensitivity Analysis of Runoff Depth to Changes in Climatic Factors and Catchment
Surface Characteristic Parameters

From the elasticity coefficients calculated via the three Budyko methods in Table 3, the
potential evapotranspiration and catchment surface characteristic parameters are negatively
correlated with the runoff, while precipitation is positively correlated with the runoff.
During the base period, the Wang and Tang equation yielded that for each 1% increase
in the potential evapotranspiration or n parameter, n decreased the runoff depth by 0.929
or 0.506%, whereas for each 1% increase in the precipitation, the runoff depth increased
by 1.928%. For each 1% increase in the precipitation, potential evapotranspiration, or n
parameter during the anthropogenic impact period, the runoff depth increases by 2.267%,
decrease by 1.267%, or 2.762%. The equation in Fu showed that for each 1% increase in
the precipitation, potential evapotranspiration, or n parameter during the base period, the
runoff depth increased by 1.924%, decrease by 0.923 or 2.98%. For each 1% increase in
the precipitation, potential evapotranspiration, or n parameter during the anthropogenic
impact period, the runoff depth will increase by 2.6% or decreased by 1.6 and 3.72%.
Choudhury and Yang showed that for each 1% increase in the precipitation, potential
evapotranspiration or n parameter during the baseline period, the runoff depth increased
by 2% or decreased by 1 and 1.917%. For each 1% increase in the precipitation, potential
evapotranspiration or n parameter during the anthropogenic impact period, the runoff
depth increased by 2.72% or decreased by 1.715 or 2.72%. Moreover, the absolute value
of the elasticity coefficient of precipitation was the largest based on the Wang and Tang
and Choudhury and Yang equations during the base period while the n parameter is
the largest for the Fu equation. Within the anthropogenic impact period, the elasticity
coefficients of the n parameter are the largest for the three Budyko methods, indicating
that the depth of runoff in the Kuye River Basin was increasingly sensitive to the elasticity
coefficients, regardless of the method. Overall, the values of all of the elasticity coefficients
increased, indicating that the watershed became more sensitive to these three factors and
less sensitive to other factors that were not considered to have an impact on the runoff
depth in this study.

Table 3. Sensitivity of R to P, ET0 and n for the three Budyko methods 1956–1996 (base period) and 1997–2018 (anthropogenic
impact period) in the Kuye River.

Period

Elasticity Coefficient

Wang & Tang Fu Choudhury & Yang

εP εET0 εn εP εET0 εn εP εET0 εn

1956–1966 1.928 −0.929 −0.506 1.924 −0.923 −2.98 2.00 −1.00 −1.917
1997–2018 2.267 −1.267 −2.762 2.600 −1.600 −3.72 2.72 −1.715 −2.750

Figures 5–7, show the trends in the elasticity coefficients for the precipitation, potential
evapotranspiration and n parameter from 1956 to 2018, respectively. For the precipitation
elasticity coefficient, the sensitivity of the runoff depth from the Choudhury and Yang equa-
tion was the highest during the baseline period, while the sensitivity of the Wang and Tang
equation was higher in the anthropogenic impact period. The elasticity coefficients of the
three methods were comparable for the potential evapotranspiration elasticity coefficient
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and n parameter; the absolute values for the elasticity coefficients for the three methods
fluctuated and increased within the anthropogenic impact period. Generally, the trends
in the three methods were consistent, and the absolute values of the elasticity coefficients
fluctuated and increased during the study period, indicating the increased sensitivity of
the runoff depth to these three factors. Compared with the other two equations, the Wang
and Tang equations for the three elasticity coefficients yielded increased fluctuations.

Land 2021, 10, x FOR PEER REVIEW 13 of 19 
 

  
Figure 5. Elasticity coefficients of precipitation for three Budyko methods from 1956 to2018. 

 
Figure 6. Elasticity coefficients of the potential evapotranspiration for the three Budyko methods 
from 1956 to 2018. 

  
Figure 7. Elasticity coefficients for the n parameter for the three Budyko methods from 1956 to 
2018. 

Figure 5. Elasticity coefficients of precipitation for three Budyko methods from 1956 to2018.

Land 2021, 10, x FOR PEER REVIEW 13 of 19 
 

  
Figure 5. Elasticity coefficients of precipitation for three Budyko methods from 1956 to2018. 

 
Figure 6. Elasticity coefficients of the potential evapotranspiration for the three Budyko methods 
from 1956 to 2018. 

  
Figure 7. Elasticity coefficients for the n parameter for the three Budyko methods from 1956 to 
2018. 

Figure 6. Elasticity coefficients of the potential evapotranspiration for the three Budyko methods
from 1956 to 2018.

4.3.2. Attribution Identification of Runoff Change

The contributions of P, ET0, and n to the change in the runoff depth was calculated
using the three Budyko methods based on Equation (17). From Tables 4–6, the Wang and
Tang [40] equation showed that the contribution of precipitation-induced increases in the
runoff depth was approximately 0.73 mm, as compared with the baseline period, and the
contribution of the potential evapotranspiration change to the decrease in the runoff depth
of 2.86 mm was 5.08%; however, changes in the n parameter led to a decrease in the runoff
depth of 54.19 mm, where the contribution of the change in the n parameter to the change
in the runoff depth was 96.22%. The other two equations also obtained similar results. The
equation in Fu [36,37] showed that during the anthropogenic impact period, the precipita-
tion variation increased the runoff depth by 0.75 mm with a contribution of 1.26% while
the potential evapotranspiration and n parameter variations decreased the runoff depth by
2.17 and 58.29 mm with a contribution of 3.63 and 97.64%, respectively. The Choudhury
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and Yang [38,39] equation yielded increments in the runoff depth due to precipitation
of 0.78 mm. The reduction in the runoff depth due to potential evapotranspiration was
approximately 2.34 mm and the reduction in the runoff depth due to the n parameter was
59.81 mm. The contributions of these three factors were 1, 3, and 97%.
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Table 4. Contributions of P, ET0 and n to runoff depth change by Wang and Tang equation.

Base Period Impacted Period dRP dRET0 dRn dR dR′ RE (%)
Contribution Ratio (%)

ηP ηET0
ηn

1956–1996 1997–2018 0.73 −2.86 −54.19 57.91 56.32 −2.7 1.30 −5.08 −96.22

Note: The table “−” indicates decrease.

Table 5. Contributions of P, E0 and n to runoff depth change by Fu equation.

Base Period Impacted Period dRP dRET0 dRn dR dR′ RE (%)
Contribution Ratio (%)

ηP ηET0
ηn

1956–1996 1997–2018 0.75 −2.17 −58.29 57.91 59.70 −3.01 1.26 −3.63 −97.64

Note: The table “−” indicates decrease.

Table 6. Contributions of P, E0 and n to runoff depth change by Choudhury and Yang equation.

Base Period Impacted Period dRP dRET0 dRn dR dR′ RE (%)
Contribution Ratio (%)

ηP ηET0
ηn

1956–1996 1997–2018 0.78 −2.34 −59.78 57.91 61.34 5.59 1.28 −3.81 −97.47

Note: The table “−” indicates decrease.

The relative errors between the difference in the runoff depths calculated by the three
methods and the change values for the actual runoff depths in the two periods were 2.7,
3.01, and 5.59%. This shows that the methods used and the results obtained in this study
can reasonably assess the effects that climate change and human activities have on changes
in the runoff.
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5. Discussion and Conclusions
5.1. Discussion

The results of the three Budyko methods are similar in terms of their contribution
to the runoff variability, which indicates that the three methods are well suited to the
Kuye River Basin. From the analysis of the influence that the elasticity coefficients of
the climatic factors and surface characteristic parameters have on runoff changes, the
trends and values from the Fu and Choudhury and Yang equations are similar, mainly
because the n parameter in both equations represents the hydrothermal coupling control
parameter, which combines many factors, such as the soil and vegetation in a watershed.
The n parameter in the Wang and Tang equation is defined as the ratio between the initial
evaporation and total evaporation, which refers to the evaporation of the vegetation and
topsoil; as the soil conditions in the Kuye River Basin do not vary significantly, the results
are similar. We suggest that the strong fluctuation in the n parameter in the Wang and Tang
equation, starting around 2000, is related to the significant increase in the NDVI values
beginning in the year characterized by an abrupt change, as shown in Figure 8b.

In the Budyko hypothesis, runoff is mainly influenced by meteorological factors
(precipitation, potential evapotranspiration) and surface characteristic parameters. Among
the subsurface factors, land use and NDVI play a significant role. Yan et al. [44] analyzed
the NDVI value as a characteristic parameter of the lower bedding surface based on land
use directly and in the attribution identification of runoff changes in the source area of
the Yellow River. According to Table 7, the 1980–2018 land use transfer matrix, it can be
seen that for the Kuye River Basin land use change is greater for construction land and
grassland, among which 160.36 km2 and 549.68 km2 of cropland and grassland evolved
into construction land, while only 4.47 km2 and 29.25 km2 of construction land were
converted into cropland and grassland during the same period. The massive coal mining
in the northern part of the Kuye River Basin, which started in the 1990s, became one
of the important factors in the anthropogenic alteration of the substratum in the basin;
Jin et al. [45] used the SIMHYD–PML hydrological model to assess the contribution of
coal mining to the reduction in runoff of up to 59%, and the large amount of fallowing
and reforestation of the Kuye River Basin started after 2000 for policy reasons, which also
led to a good improvement in NDVI. Figure 8a shows the change of vegetation cover in
the basin between 1980 and 2018 (b) shows the NDVI trend fit [46]. The changes in land
use and vegetation cover jointly determine the values of Catchment surface characteristic
parameters in the Budyko method. However, there are still some uncertainties in this study:
observational uncertainty in meteorological station data; interpolation of precipitation
and potential evapotranspiration data for the study area may deviate from the actual
distribution. Furthermore, the presence of many silt dams or man-made water extraction
projects in the Kuye River Basin can also be a factor in the assessment error, and this part
of water should be included in the influence in future studies.

Table 7. Land use transfer matrix for 1980–2018.

Land Use Type (km2) Construction
Land Cropland Forest Grassland Unused Land Water Area 2018 Total

Converted to Construction land 25.93 160.36 42.16 549.68 48.83 35.15 862.11
Converted to Cropland 4.47 492.55 16.11 670.05 56.21 24.50 1263.90

Converted to Forest 5.54 43.91 75.83 263.40 30.01 7.30 425.98
Converted to Grassland 29.25 803.62 156.46 3949.78 502.60 82.40 5524.11

Converted to Unused land 3.79 20.71 10.86 164.17 165.68 19.35 384.56
Converted to Water area 2.85 25.18 6.41 78.33 16.66 45.47 174.91

1980 Total 71.84 1546.34 307.83 5675.41 819.99 214.16 8635.57
Change 790.27 −282.44 118.15 −151.3 −435.43 −39.25
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5.2. Conclusions

In this study, trends in the precipitation, runoff depth, and potential evapotranspi-
ration from 1956 2018 were analyzed using MK trend test methods. Four methods were
also used to detect the change points in the runoff depth over the past 63 years. Then,
based on the Budyko hypothesis, three single-parameter controlled Budyko methods were
selected, and the elasticity coefficient method was used to analyze the changes in climate
change (precipitation and potential evapotranspiration) and human activities (catchment
surface characteristics). Finally, the contribution of climatic and anthropogenic factors
to changes in the runoff in the Kuye River Basin was quantitatively evaluated, and the
differences in the contribution of the three different Budyko methods to changes in the
runoff and sensitivity of the influencing factors were compared and analyzed. The results
showed that precipitation had a non-significant fluctuating upward trend, with a rate of
1.166 mm/decade, while the potential evapotranspiration had a decreasing trend, with
a rate of 2.459 mm/decade. The runoff depth had an overall decreasing trend, with a
rate of 1.159 mm/decade, which decreased significantly from 1996. The study period was
divided into a base period, from 1956 to 1996, and anthropogenic impact period, from
1997 to 2018, based on the results of the four mutation tests. According to the results
of the elasticity coefficients calculated via the three Budyko methods, during the study
period, the runoff was more sensitive to changes in the precipitation, followed by the n
parameter and potential evapotranspiration. For the precipitation elasticity coefficient,
the sensitivity of the runoff depth from the Choudhury and Yang [38,39] equation was
the highest during the base period while the sensitivity of the Wang & Tang [40] equation
was higher in the anthropogenic impact period. Compared with the other two equations,
the three elasticity coefficients from the Wang and Tang [40] equation fluctuated more.
Within the range of relative errors, the relative contributions of the precipitation, potential
evapotranspiration, and catchment surface characteristic parameters to the runoff were
1.30, −5.08, and −96.22% for the Wang and Tang [40] equation, respectively; the Fu [36,37]
equation yielded relative contributions of precipitation, potential evapotranspiration, and
catchment surface characteristic parameters to the runoff of 1.26, −3.63, and −97.64%,
respectively, and the Choudhury and Yang [38,39] equation yielded relative contributions
of precipitation, potential evapotranspiration and catchment characteristic parameters
to the runoff of 1.28, −3.81, and −97.47%, respectively. Together, these three methods
indicate that the influence of subsurface components is the most important factor for runoff
variations in the Kuye River Basin.

Author Contributions: Methodology, J.Z.; software, J.Z.; validation, T.N.; formal analysis, Y.L.;
investigation, J.Z.; resources, Y.H.; data curation, J.Z.; writing—original draft preparation, J.Z.;
writing—review and editing, X.J.; visualization, Y.H.; supervision, Y.H.; project administration, Y.H.
and X.J.; funding acquisition, Y.H. and X.J. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the Special Funds of the National Natural Science Founda-
tion of China (Grant No.42041004), National Science Fund (51779209), and the Natural Science Basic
Research Plan in Shaanxi Province of China (Grant No.2021JQ-449).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pachauri, R.K. Intergovernmental panel on climate change (IPCC): Keynote address. Environ. Sci. Pollut. Res. 2002, 9, 436–438.

[CrossRef]
2. Fang, H. The Effect of Soil Conservation Measures on Runoff, Soil Erosion, TN, and TP Losses Based on Experimental Runoff

Plots in Northern China. Water 2021, 13, 2334. [CrossRef]
3. Li, Z.; Lyu, S.; Chen, H.; Ao, Y.; Zhao, L.; Wang, S.; Zhang, S.; Meng, X. Changes in climate and snow cover and their synergistic

influence on spring runoff in the source region of the Yellow River. Sci. Total Environ. 2021, 799, 149503. [CrossRef]

http://doi.org/10.1007/BF02987598
http://doi.org/10.3390/w13172334
http://doi.org/10.1016/j.scitotenv.2021.149503


Land 2021, 10, 1061 17 of 18

4. Yang, D.; Yang, Y.; Xia, J.J. Hydrological cycle and water resources in a changing world: A review. Geogr. Sustain. 2021, 2, 115–122.
5. Wang, H.J.; Yang, Z.S.; Saito, Y.; Liu, J.P.; Sun, X.X.; Wang, Y. Stepwise decreases of the Huanghe (Yellow River) sediment load

(1950–2005): Impacts of climate change and human activities. Glob. Planet. Chang. 2007, 57, 331–354. [CrossRef]
6. Guo, S.; Guo, J.; Hou, Y.; Xiong, L.; Hong, X. Prediction of future runoff change based on Budyko hypothesis in Yangtze River

basin. Adv. Water Sci. 2015, 26, 151–160.
7. Zhang, D.; Wang, W.S.; Yu, S.Y.; Liang, S.Q.; Hu, Q.F. Assessment of the Contributions of Climate Change and Human Activities

to Runoff Variation: Case Study in Four Subregions of the Jinsha River Basin, China. J. Hydrol. Eng. 2021, 26. [CrossRef]
8. Olabanji, M.F.; Ndarana, T.; Davis, N.; Archer, E. Climate change impact on water availability in the olifants catchment (South

Africa) with potential adaptation strategies. Phys. Chem. Earth 2020, 120. [CrossRef]
9. Dias, L.F.; Aparicio, B.A.; Nunes, J.P.; Morais, I.; Fonseca, A.L.; Pastor, A.V.; Santos, F.D. Integrating a hydrological model

into regional water policies: Co-creation of climate change dynamic adaptive policy pathways for water resources in southern
Portugal. Environ. Sci. Policy 2020, 114, 519–532. [CrossRef]

10. Mu, X.; Zhang, X.; Gao, P.; Wang, F. Theory of Double Mass Curves and Its Applications in Hydrology and Meteorology. Hydrology
2010, 30, 47–51.

11. Gao, P.; Li, P.F.; Zhao, B.L.; Xu, R.R.; Zhao, G.J.; Sun, W.Y.; Mu, X.M. Use of double mass curves in hydrologic benefit evaluations.
Hydrol. Process. 2017, 31, 4639–4646. [CrossRef]

12. Jin, S.F.; Zheng, Z.Y.; Ning, L.K. Separating variance in the runoff in Beijing’s river system under climate change and human
activities. Phys. Chem. Earth 2021, 123. [CrossRef]

13. Pirnia, A.; Golshan, M.; Darabi, H.; Adamowski, J.; Rozbeh, S. Using the Mann-Kendall test and double mass curve method to
explore stream flow changes in response to climate and human activities. J. Water Clim. Chang. 2019, 10, 725–742. [CrossRef]

14. Niel, H.; Paturel, J.E.; Servat, E. Study of parameter stability of a lumped hydrologic model in a context of climatic variability. J.
Hydrol. 2003, 278, 213–230. [CrossRef]

15. Yang, J.; Castelli, F.; Chen, Y. Multiobjective sensitivity analysis and optimization of distributed hydrologic model MOBIDIC.
Hydrol. Earth Syst. Sci. 2014, 18, 4101–4112. [CrossRef]

16. Priya, R.Y.; Manjula, R. A review for comparing SWAT and SWAT coupled models and its applications. In Proceedings of the
International Conference on Mechanical, Electronics and Computer Engineering (ICMECE)-Materials Science, Kancheepuram,
India, 22 April 2020; pp. 7190–7194.

17. Li, Y.Y.; Chang, J.X.; Wang, Y.M.; Jin, W.T.; Guo, A.J. Spatiotemporal Impacts of Climate, Land Cover Change and Direct Human
Activities on Runoff Variations in the Wei River Basin, China. Water 2016, 8, 220. [CrossRef]

18. Li, C.Y.; Fang, H.Y. Assessment of climate change impacts on the streamflow for the Mun River in the Mekong Basin, Southeast
Asia: Using SWAT model. Catena 2021, 201. [CrossRef]

19. Pirnia, A.; Darabi, H.; Choubin, B.; Omidvar, E.; Onyutha, C.; Haghighi, A.T. Contribution of climatic variability and human
activities to stream flow changes in the Haraz River basin, northern Iran. J. Hydro-Environ. Res. 2019, 25, 12–24. [CrossRef]

20. Vora, A.; Singh, R. Satellite based Budyko framework reveals the human imprint on long-term surface water partitioning across
India. J. Hydrol. 2021, 602, 126770. [CrossRef]

21. Wang, H.N.; Lv, X.Z.; Zhang, M.Y. Sensitivity and attribution analysis of vegetation changes on evapotranspiration with the
Budyko framework in the Baiyangdian catchment, China. Ecol. Indic. 2021, 120. [CrossRef]

22. Li, H.; Shi, C.; Sun, P.; Zhang, Y.; Collins, A.L. Attribution of runoff changes in the main tributaries of the middle Yellow River,
China, based on the Budyko model with a time-varying parameter. CATENA 2021, 206, 105557. [CrossRef]

23. Liu, H.; Wang, Z.; Ji, G.X.; Yue, Y.L. Quantifying the Impacts of Climate Change and Human Activities on Runoff in the Lancang
River Basin Based on the Budyko Hypothesis. Water 2020, 12, 3501. [CrossRef]

24. Wu, J.; Miao, C.; Wang, Y.; Duan, Q.; Zhang, X.J. Contribution analysis of the long-term changes in seasonal runoff on the Loess
Plateau, China, using eight Budyko-based methods. J. Hydrol. 2016, 545, 263–275. [CrossRef]

25. Yang, D.; Zhang, S.; Xu, X. Attribution analysis for runoff decline in Yellow River Basin during past fifty years based on Budyko
hypothesis. Sci. Sin. Technol. 2015, 45, 1024–1034.

26. Liu, J.L.; Chen, J.; Xu, J.J.; Lin, Y.R.; Yuan, Z.; Zhou, M.Y. Attribution of Runoff Variation in the Headwaters of the Yangtze River
Based on the Budyko Hypothesis. Int. J. Environ. Res. Public Health 2019, 16, 2506. [CrossRef]

27. Ji, G.X.; Song, H.Y.; Wei, H.J.; Wu, L.Y. Attribution Analysis of Climate and Anthropic Factors on Runoff and Vegetation Changes
in the Source Area of the Yangtze River from 1982 to 2016. Land 2021, 10, 612. [CrossRef]

28. Sang, Y.F.; Wang, Z.G.; Liu, C.M. Comparison of the MK test and EMD method for trend identification in hydrological time series.
J. Hydrol. 2014, 510, 293–298. [CrossRef]

29. Ryberg, K.R.; Hodgkins, G.A.; Dudley, R.W. Change points in annual peak streamflows: Method comparisons and historical
change points in the United States. J. Hydrol. 2020, 583. [CrossRef]

30. Yamamoto, R.; Iwashima, T.; Sanga, N.K.; Hoshiai, M. An analysis of climatic jump. J. Meteorol. Soc. Jpn. 1986, 64, 273–281.
[CrossRef]

31. Pettitt, A.N. A Non-Parametric Approach to the Change-Point Problem. J. R. Stat. Soc. Ser. C 1979, 28, 126–135. [CrossRef]
32. Budyko, M.I. Climate and Life; Academic Press: San Diego, CA, USA, 1974.
33. Pike, J.G. The estimation of annual run-off from meteorological data in a tropical climate. J. Hydrol. 1964, 2, 116–123. [CrossRef]

http://doi.org/10.1016/j.gloplacha.2007.01.003
http://doi.org/10.1061/(ASCE)HE.1943-5584.0002119
http://doi.org/10.1016/j.pce.2020.102939
http://doi.org/10.1016/j.envsci.2020.09.020
http://doi.org/10.1002/hyp.11377
http://doi.org/10.1016/j.pce.2021.103044
http://doi.org/10.2166/wcc.2018.162
http://doi.org/10.1016/S0022-1694(03)00158-6
http://doi.org/10.5194/hess-18-4101-2014
http://doi.org/10.3390/w8060220
http://doi.org/10.1016/j.catena.2021.105199
http://doi.org/10.1016/j.jher.2019.05.001
http://doi.org/10.1016/j.jhydrol.2021.126770
http://doi.org/10.1016/j.ecolind.2020.106963
http://doi.org/10.1016/j.catena.2021.105557
http://doi.org/10.3390/w12123501
http://doi.org/10.1016/j.jhydrol.2016.12.050
http://doi.org/10.3390/ijerph16142506
http://doi.org/10.3390/land10060612
http://doi.org/10.1016/j.jhydrol.2013.12.039
http://doi.org/10.1016/j.jhydrol.2019.124307
http://doi.org/10.2151/jmsj1965.64.2_273
http://doi.org/10.2307/2346729
http://doi.org/10.1016/0022-1694(64)90022-8


Land 2021, 10, 1061 18 of 18

34. Porporato, A.; Daly, E.; Rodriguez-Iturbe, I. Soil Water Balance and Ecosystem Response to Climate Change. Am. Nat. 2004, 164,
625–632. [CrossRef] [PubMed]

35. Milly, P.C.D.; Dunne, K.A. Macroscale water fluxes-2. Water and energy supply control of their interannual variability. Water
Resour. Res. 2002, 38. [CrossRef]

36. Fu, J. On the calculation of evaporation from land surface. Atmos. Sci. 1981, 5, 25–33. (In Chinese)
37. Fu, G.; Charles, S.P.; Chiew, F.J. A two-parameter climate elasticity of streamflow index to assess climate change effects on annual

streamflow. Water Resour. Res. 2007, 43, 2578–2584. [CrossRef]
38. Yang, H.; Yang, D.; Lei, Z. New analytical derivation of the mean annual water-energy balance equation. Water Resour. Res. 2008,

44, 893–897. [CrossRef]
39. Choudhury, B.J. Evaluation of an empirical equation for annual evaporation using field observations and results from a biophysical

model. J. Hydrol. 1999, 216, 99–110. [CrossRef]
40. Wang, D.; Tang, Y.J. A one-parameter Budyko model for water balance captures emergent behavior in darwinian hydrologic

models. Geophys. Res. Lett. 2014, 41, 4569–4577. [CrossRef]
41. Schaake, J.C. From climate to flow. In Climate Changeand US Water Resources; Waggoner, P.E., Ed.; John Wiley: New York, NY,

USA, 1990; pp. 177–206.
42. Wang, W.; Zou, S.; Shao, Q.; Xing, W.; Chen, X.; Jiao, X.; Luo, Y.; Yong, B.; Yu, Z. The analytical derivation of multiple elasticities

of runoff to climate change and catchment characteristics alteration. J. Hydrol. 2016, 541, 1042–1056. [CrossRef]
43. Song, J.; Yang, Z.; Xia, J.; Cheng, D.J. The impact of mining-related human activities on runoff in northern Shaanxi, China. J.

Hydrol. 2021, 126235. [CrossRef]
44. Yan, D.; Lai, Z.; Ji, G. Using Budyko-Type Equations for Separating the Impacts of Climate and Vegetation Change on Runoff in

the Source Area of the Yellow River. Water 2020, 12, 3418. [CrossRef]
45. Luan, J.; Zhang, Y.; Tian, J.; Meresa, H.K.; Liu, D. Coal mining impacts on catchment runoff. J. Hydrol. 2020, 589, 125101. [CrossRef]
46. Bai, J.; Di, L.; Bai, J. NDVI and Regional Climate Variation Since the Implementation of Revegetation Program in Northern

Shaanxi Province, China. IEEE J. Sel. Top. Appl. Earth Obs. Remote. Sens. 2014, 7, 4581–4588. [CrossRef]

http://doi.org/10.1086/424970
http://www.ncbi.nlm.nih.gov/pubmed/15540152
http://doi.org/10.1029/2001WR000760
http://doi.org/10.1029/2007WR005890
http://doi.org/10.1029/2007WR006135
http://doi.org/10.1016/S0022-1694(98)00293-5
http://doi.org/10.1002/2014GL060509
http://doi.org/10.1016/j.jhydrol.2016.08.014
http://doi.org/10.1016/j.jhydrol.2021.126235
http://doi.org/10.3390/w12123418
http://doi.org/10.1016/j.jhydrol.2020.125101
http://doi.org/10.1109/JSTARS.2014.2365590

	Introduction 
	Study Area and Data 
	Study Area 
	Data Sources 

	Methodology 
	Trend Test and Mutation Analysis Methods 
	Mann–Kendall Trend Analysis 
	Mutation Analysis Methods 

	Identification of Runoff Change Attribution 
	Budyko Hypothesis 
	Elasticity Coefficient 
	Quantifying Contributions of Changes in the Climate and Subsurface Factors to Runoff Changes 


	Results and Analysis 
	Trend Analysis of Hydrometeorological Variables 
	Change Point Analysis of Runoff 
	Attribution analysis of Kuye River Runoff Changes 
	Sensitivity Analysis of Runoff Depth to Changes in Climatic Factors and Catchment Surface Characteristic Parameters 
	Attribution Identification of Runoff Change 


	Discussion and Conclusions 
	Discussion 
	Conclusions 

	References

