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In recent decades, global climate change, especially human activities, has led to profound changes in the hydrological cycle and
hydrological processes in watersheds. Taking the Yue River watershed in the Qinling Mountains in China as the study area, the
Mann–Kendall test and Pettitt mutation test method were used to analyze the various characteristics of hydrological and climatic
elements from 1960 to 2018. +en, the elastic coefficient method based on the Budyko framework was used to estimate the elastic
coefficient of runoff change on each influencing factor. +e results showed that the annual runoff decreased at a rate of
0.038×108m3/a (P> 0.05), and a significant abrupt change occurred in 1990. +e annual precipitation and potential evapo-
transpiration (ET0) increased and decreased, with change rates of 0.614mm/a and −0.811mm/a (P> 0.05), respectively. +e
elasticity coefficients of precipitation, ET0, and the underlying surface were 1.95, −0.95, and −0.85, respectively, indicating that
annual runoff wasmost sensitive to the change in precipitation, followed by the change in ET0, and had the lowest sensitivity to the
change in the underlying surface. Underlying surface change is the main factor of runoff decrease; the contribution is 89.07%.+e
total contribution of climate change to runoff change is 10.93%, in which the contributions of precipitation and ET0 are 17.59%
and −6.66%, respectively. +e NDVI reflecting underlying surface change has been increasing since 1990, which is an important
reason for the runoff decrease.

1. Introduction

+e sixth IPCC Climate Change Assessment report points
out that the rate of warming in recent decades has not been
seen in thousands of years and is occurring almost every-
where on Earth, reversing a long-term global cooling trend.
High latitudes in the Northern Hemisphere are projected to
warm two to four times faster than global warming levels [1].
+e report also points out that global climate change is
formed by the joint action of natural factors and human
activities, confirming that human activity is causing extreme
weather [1]. +e continuous rise of global temperature ac-
celerates the global water cycle, exacerbates extreme hy-
drological events, and leads to the redistribution of water
resources at different scales. Runoff is one of the main
sources of water available to humans. Significant changes in

runoff have been observed in many regions of the world
[2–5], and many studies focus on the driving factors of
runoff change, among which climate change and human
activities are considered to be the two major factors [6, 7].
Climate change affects the runoff process through meteo-
rological factors such as precipitation, temperature, and
sunshine, and the influence of human activities is mainly
reflected in land use and land cover change [8].

+ere are three main methods to quantify the impacts of
climate change and human activities on runoff. +e pairing
watershed experiment method is limited to small watersheds
and requires a large workforce and material resources [9].
+e other two methods are based on hydrological models
and statistical analysis [10]. +e hydrological model has a
good physical foundation, but it requires more data and
parameter calibration [11]. Paired watershed experiments
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(including controlled and treated basins) are a classic
method for quantifying the hydrological response to climate
change and human activities. However, this method is only
suitable for small watersheds [9]. +e elasticity coefficient
method based on the Budyko frame is often used in runoff
change attribution because of its simple principle, certain
physical basis, easy access to required data, fewer parame-
ters, and high reliability [3, 12]. Yang et al. [13] used the
Choudhury–Yang formula to quantitatively distinguish the
effects of climate change and underlying surface change on
runoff in the Yellow River Basin. He et al. [14] found that the
change in the underlying surface was the main reason for the
decrease in runoff in the Ba River basin of the Qinling
Mountains by using the Budyko framework. Xia et al. [15]
quantitatively estimated the impact of climate change and
human activities on runoff in the upper reaches of the
Hanjiang River by using six derivative formulas of the
Budyko theory.

+e Qinling Mountains are the boundary between the
subtropical zone and the warm temperate zone in China, and
they are regarded as the symbol of the boundary between
northern and southern China, which has special geo-
graphical significance. +e relationship between the water
cycle in the Qinling Mountains and the response of climate
change and human activities and the changing pace of the
water cycle in the North and the South has attracted wide
attention. +e Han River is the core water conservation area
of the middle route of the South-to-North Water Transfer
project. +e Yue River is an important tributary of the upper
Han River. Due to the limitations of basin physical geog-
raphy, hydrometeorological data, and other conditions,
there are few types of research on the attribution of runoff
change in the Yue River watershed. He et al. [16] used a
comparative analysis of the runoff changes in the Wei River
basin and the upper reaches of the Hanjiang River and
concluded that the change in the underlying surface was the
main reason for the decrease in runoff. Zhang et al. [17]
quantitatively analyzed the impact of human activities and
precipitation changes on runoff in the Yue River watershed
by establishing a statistical model of the relationship between
precipitation and runoff and concluded that runoff changes
were largely influenced by human activities, accounting for
62%. To date, most scholars have used attribution analysis of
runoff change in the Yue River watershed through statistical
models, which lack a certain physical basis.

+e Yue River is in the upper reaches of the Han River.
Due to the impact of global warming, the runoff process has
changed significantly, and the contradiction between the
supply and demand of water resources has become in-
creasingly prominent in the Yue River watershed. +erefore,
it is of great practical significance to carry out attribution
analysis of runoff change in the Yue River watershed for
rational allocation and sustainable utilization of water re-
sources in the watershed. In this study, the contributions of
climate change and underlying surface change to runoff
change in the Yue River watershed were separated and
quantified using the Budyko frame, aiming to provide a
theoretical basis for water resource planning and manage-
ment and river ecosystem protection.

2. Study Area and Data

2.1. Study Region. +e Yue River is a tributary of the Han
River, which belongs to the Yangtze River basin and is
95.2 km long. +e Yue River watershed is located between
108°26′-109°00′E and 32°28′-33°20′N. +e length of the flow
domain is approximately 75 km, and the surface area is
2830 km2. +ere are seven meteorological stations and one
hydrological station in and around the watershed. +e
distribution of the stations and digital elevation model
(DEM) is shown in Figure 1.

2.2.Data Source andProcessing. For meteorological data, the
monthly average temperature, monthly average maximum
temperature, monthly average minimum temperature,
monthly relative humidity, monthly average wind speed,
monthly sunshine duration, and monthly precipitation of
the above seven stations from 1960 to 2018 were selected, the
data were obtained from the China Meteorological Data
Network (http://data.cma.cn/), and the simple kriging
spatial interpolation method was used to calculate the wa-
tershed average [2]. +e runoff of Chang Qiang Pu (CQP)
Station in the Yue River watershed from 1960 to 2018 was
obtained from the Hydrology Bureau of the Yangtze River
Water Resources Commission. +e normalized differential
vegetation index (NDVI) was obtained from the GIMMS
NDVI dataset from 1982 to 2015 provided by NASA (https://
ecocast.arc.nasa.gov/data/pub/gimms/), and the spatial
resolution was 8 km.

3. Methodology

3.1.TrendandMutationAnalysis. +eMann–Kendall (M-K)
test was used to analyze the trends of climate factors and
runoff. +e Pettitt mutation test was used to analyze the
mutation of annual runoff in the Yue River watershed. +e
M-K test was proposed by Mann [18] and has been widely
used in trend analysis of climate and hydrological series
[19, 20]. +e Pettitt mutation test [21] method is a non-
parametric test method. Its principle is to construct statistics
for the order column corresponding to the climate sequence,
and the time corresponding to the maximum value of sta-
tistics is the possible mutation point.

3.2. Attribution Analysis of Runoff Change

3.2.1. Budyko Frame. Based on the Budyko frame, the elastic
coefficient method estimates the climatic elastic coefficient
and the underlying surface elastic coefficient, thus realizing
the separation and quantification of the influence of climate
change and underlying surface change on runoff [13].
Budyko theory is based on the water balance equation,
whose expression is as follows:

R � P − E − ΔS, (1)

where R is the average annual runoff depth (mm); P is the
average annual precipitation in the watershed (mm); E is the
annual average actual evapotranspiration (mm) of the
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watershed; and ΔS is the change amount of water storage in
the watershed. It is generally believed that when the analysis
is on a long time scale and the watershed is a closed wa-
tershed, ΔS can be ignored.

After years of research, Budyko found that the actual
evaporation on a long time scale is determined by the
balance between precipitation and ET0. Based on this hy-
pothesis, Choudhury and Yang deduced the coupled

hydrothermal balance equation [22, 23] of the watershed,
and its expression is as follows:

E �
P × ET0

P
n

+ ET0
n

( 
(1/n)

, (2)

where ET0 is the annual average potential evapotranspira-
tion (mm) of the watershed and n is the underlying surface
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Figure 1: +e location of the Yue watershed.
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parameter, which mainly reflects the underlying surface
characteristics of the watershed, such as topography, soil,
and vegetation. By combining equations (1) and (2), the
average P, ET0, and R of the watershed are known and ΔS are
ignored so that n can be estimated.

ET0 can be calculated by the FAO Penman–Monteith
formula [24], and the expression is

ET0 �
0.408Δ Rn − G(  + c(900/T + 273)μ2 es − ea( 

Δ + c 1 + 0.34μ2( 
, (3)

where ET0 is the potential evapotranspiration (mm); Δ is the
slope of the saturated vapor pressure curve (kPa/°C); Rn is the
net radiation of the ground surface (MJ/(m2·d)); G is the soil
heat flux (MJ/(m2· d)); c is the hygrometer constant (kPa/°C);
T is the average temperature (°C); μ2 is the wind speed at a
height of 2m (m/s); es is the saturated vapor pressure (kPa);
and ea is the real water vapor pressure (kPa). In the formula,
Δ, Rn, G, c, es, and ea can all be obtained from the monthly
mean temperature, monthly mean maximum temperature,
monthly mean minimum temperature, monthly relative
humidity, and monthly sunshine hours of each station.

3.2.2. Elastic Coefficient of Runoff to Climate and Underlying
Surface. According to equations (1) and (2), the equation of
the watershed can be expressed as R� f(P, ET0, n). +e degree
of influence of each influencing factor on runoff variation can
be expressed by the elastic coefficient ε, which is expressed as

εx �
zR

zx
×

x

R
(4)

where εx is the elastic coefficient of runoff change on influ-
encing factor x; x is precipitation, ET0, or n; and precipitation
and ET0 are the mean values of the flow domain. +e elasticity
coefficient is the percentage change of runoff relative to the
average annual value caused by an increase in the impact factor
x by 1%. +e positive (negative) value of the elasticity coeffi-
cient indicates that the runoff increases (decreases) with the
increase in the impact factor x. Let φ � ET0/P, the precipi-
tation elasticity coefficient (εp), ET0 elasticity coefficient (εET0

),
and underlying surface elasticity coefficient (εn) be obtained by
using equation (4). +e calculation formula is as follows:

εP �
1 + φn

( 
(1/n+1)

− φn+1

1 + φn
(  1 + φn

( 
(1/n)

− φ 
,

εET0
�

1

1 + φn
(  1 − 1 + φ− n

( 
(1/n)

 
,

εn �
ln 1 + φn

(  + φn ln 1 + φ− n
( 

n 1 + φn
(  − 1 + φn

( 
(1/n+1)

 
.

(5)

3.2.3. Contribution of Influencing Factors to Runoff Change.
+e study period was divided into two periods by using the
Pettitt mutation test. +e period before the mutation was

called the baseline period, and the runoff was less affected by
the underlying surface and was considered to be runoff in the
natural period of the watershed. +e abrupt change is called
the change period, and the runoff change is mainly affected
by human activities. +e actual runoff change from the base
period to the change period can be expressed by ΔR, that is,

ΔR � R2 − R1 (6)

Generally, the influence of climate change on runoff is
mainly caused by changes in precipitation and ET0. Since
there is no large-scale water conservancy project in the study
area, the influence of human activities on runoff change can
be considered to be mainly caused by the change in the
underlying surface. According to the precipitation elasticity
coefficient, ET0 elasticity coefficient, and underlying surface
elasticity coefficient of runoff, the runoff changes caused by
the corresponding influencing factors can be calculated,
which can be expressed as

ΔRx � εx

R

x
Δx, (7)

whereΔRx is the runoff change caused by the impact factor x

and Δx is the change amount of the impact factor x in the
two periods.

According to the variation in runoff caused by each
influencing factor obtained by the hydrothermal coupling
balance equation, the variation in runoff obtained by
equation ΔR′ is expressed as follows:

ΔR′ � ΔRP + ΔRET0
+ ΔRn. (8)

+erefore, the calculation formula of the contribution of
each influencing factor to runoff change is as follows:

Cx �
ΔRx

ΔR′
, (9)

where Cx is the contribution of runoff change caused by the
impact factor x and x is P, ET0, or n.

4. Results

4.1. ;e Trends of P, ET0, and R. From 1960 to 2018, the
annualR and ET0 in the Yue River watershed generally showed
a decreasing trend with decreasing rates of −1.358mm/a
(Figure 2) and −0.811mm/a (Figure 3), respectively, while the
annual rainfall showed a slightly increasing trend with an
increase of 0.614mm/a (Figure 4). None of them passed the
significance level test of 0.05, indicating that the downward
and upward trend were insignificant. +e M-K test showed
that R and rainfall showed decreasing and increasing trends,
respectively, from 1960 to 2018. However, the variation trend
was insignificant (P> 0.05), while ET0 showed a significant
decreasing trend (P< 0.05).

4.2. RunoffAbruptTest. +e Pettitt mutation test was used to
detect the mutation of the annual runoff series from 1960 to
2018, and the results showed that the annual runoff had a
mutation in 1990 (Figure 5).
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4.3. Elasticity of Runoff to Climatic Factors and Underlying
Surface. Based on the mutation analysis results, the study
period was divided into the base period (1960–1991) and
the change period (1992–2018). +e R, precipitation, and
ET0 of the CQP station during the change period decreased
by 23.71%, 2.43%, and 1.90% compared with the base
period, while n showed an upward trend and increased by
32.62% compared with the baseline period (Table 1).
Compared with the baseline period, the dryness index
(ET0/P) increased slightly (0.96%), while the runoff coef-
ficient (R/P) decreased 23.68%. +e elastic coefficients P,
ET0, and n of runoff on the influencing factors of the CQP
station were 2.15, −1.15, and −0.89 (Table 1), respectively,
indicating that a 1% increase in P, ET0, and n would in-
crease the R by 2.15%, decrease by 1.15%, and decrease by
0.89%, respectively. +erefore, the change in R at the CQP
station is positively correlated with rainfall and negatively
correlated with ET0 and n changes. Since the absolute value
of the elastic coefficient reflects the sensitivity of runoff to
the influencing factors, runoff in the Yue River watershed is

the most sensitive to rainfall and the least sensitive to
underlying surface changes.

4.4.Attribution ofRunoffVariation. +e R variations caused
by P, ET0, and n changes are −14.19mm, 5.38mm, and
−71.88mm, respectively. +erefore, the R variation cal-
culated based on the Budyko frame is −80.7mm, while the
actual R variation in the study area is −78.7mm, and the
error between the two is −2.00mm (Table 2), indicating
that the elastic coefficient method based on the Budyko
framework is suitable for the attribution of runoff change in
the study area. Both P and n changes had a positive
contribution to runoff change in the study area, with
17.59% and 89.07%, respectively, while ET0 had a negative
contribution to runoff change, with a contribution of 6.66%
(Table 2). +erefore, the change in the underlying surface is
the main factor causing the decrease in runoff in the Yue
River watershed.

5. Discussion

+e abrupt change in runoff in the Yue River watershed
obtained in this study occurred in 1990, which is the same as
that of Zhang et al. [17], since the research period of this
study is 1960–2018, while that of Zhang et al. [17] is
1960–2010, and the researchmethods used are different (that
is, this study is based on the Budyko hypothesis, while Zhang
et al. [17] used a statistical model); therefore, in terms of the
contribution of the underlying surface to runoff in the Yue
River watershed, 89% is obtained in this study, while 62% is
obtained in the study of Zhang et al. [17], and the results are
different.

Studies have shown that the underlying surface pa-
rameter n is mainly related to soil, topography, and vege-
tation [25, 26]. On the long time scale, the factors of soil and
topography are stable, and the changes in underlying surface
parameters are mainly related to the changes in vegetation.
+erefore, to further study the effect of underlying surface
change on runoff, NDVI was used to analyze the vegetation
cover change in the Yue River watershed.
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+eNDVI values showed an increasing trend in the base
period, with an increasing rate of 0.023/(10a) (P> 0.05)
(Figure 6), and the rising rate increased to 0.027/(10a)
(P< 0.05) during the change period. Since runoff changes
occurred in 1990, the NDVI was divided into 1982–1990 and
1991–2015. +e average NDVI from 1982 to 1990 was 0.815,
while the average NDVI from 1991 to 2015 was 0.846

(Figure 6). +e spatial distribution of NDVI differences
between 1991–2015 and 1982–1990 showed that only 2.63%
of NDVI decreased compared with 1982–1990, indicating an
overall increase in vegetation coverage in the Yue River
watershed (Figure 7). Vegetation can block surface runoff,
increase infiltration time, and improve the soil, making the
soil texture more porous and increasing infiltration,

Table 2: Attribution of runoff change in the Yue River watershed.

Watershed △Rp (mm) ΔRET0
(mm) △Rn (mm) △R (mm) △R′ (mm) δ (mm) CP (%) CET0

(%) Cn (%)

Yue River −14.19 5.38 −71.88 −78.7 −80.7 −2.00 17.59 −6.66 89.07
Note: △Rp represents changes in runoff caused by changes in P; △RET0 represents changes in runoff caused by changes in ET0; △Rn represents changes in
runoff caused by changes in n;△R represents actual runoff depth;△R′ represents calculated runoff depth; δ represents the difference between△R′ and△R;CP
represents the contribution of P to runoff change; CET0 represents the contribution of ET0 to runoff change; Cn represents the contribution of n to runoff
change.
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Table 1: Hydrometeorological characteristic values in the Yue River watershed.

Watershed Period R P ET0 n R/P ET0/P Elasticity coefficients
mm mm mm — — — εp εET0

εn

Yue River Period I (1960–1990) 332.4 883.3 918.2 1.41 0.38 1.04 1.81 −0.81 −0.81
Period II (1991–2018) 253.6 861.8 900.7 1.87 0.29 1.05 2.15 −1.15 −0.89

Note: R represents runoff depth; P represents precipitation; ET0 represents potential evapotranspiration; n represents underlying surface feature parameters;
R/P represents runoff coefficient; ET0/P represents drought index; εp represents elasticity coefficient of precipitation; εET0 represents elasticity coefficient of
ET0, and εn represents elasticity coefficient of underlying surface feature parameters.
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resulting in reduced runoff. Studies [27] have shown that a
series of ecological restoration policies in China have in-
creased vegetation coverage, which is one of the important
reasons for the decrease in runoff in many river basins in
China.

6. Conclusions

Based on the Budyko frame, this study used the Man-
n–Kendall test method and the Pettitt mutation test
method to quantitatively analyze the effects of climate
change and underlying surface change on runoff change in
the Yue River watershed. +e research conclusions are as
follows:

(1) During 1960–2018, R showed a decreasing trend
(P> 0.05), with a rate of change of 1.358mm/a, and
an abrupt change occurred in 1990. P showed an
increasing trend with a change rate of 0.614mm/a
(P> 0.05), and ET0 showed a downward trend with a
change rate of 0.811mm/a (P> 0.05).

(2) +e elasticity coefficients of P, ET0, and n are 1.95,
−0.95, and −0.85, respectively, indicating that annual
runoff change is the most sensitive to P, followed by
ET0, and has the lowest sensitivity to n.

(3) Underlying surface change is the main factor of
runoff increase; the contribution is 89.07%. +e total
contribution of climate change to runoff change is
10.93%, in which the contributions of P and ET0 are
17.59% and −6.66%, respectively.

(4) From 1982 to 2015, NDVI showed an increasing
trend. +e vegetation coverage gradually increased,
which became an important factor leading to runoff
reduction in the Yue River watershed.

Data Availability

For meteorological data, the monthly average temperature,
monthly average maximum temperature, monthly average
minimum temperature, monthly relative humidity,
monthly average wind speed, monthly sunshine duration,
and monthly precipitation of the above seven stations from
1960 to 2018 were selected, the data were obtained from the
China Meteorological Data Network (http://data.cma.cn/),
and the simple kriging spatial interpolation method was
used to calculate the watershed average [2]. +e runoff of
Chang Qiang Pu (CQP) Station in the Yue River watershed
from 1960 to 2018 was obtained from the Hydrology
Bureau of the Yangtze River Water Resources Commission.
Normalized Differential Vegetation Index (NDVI) was
obtained from the GIMMS NDVI dataset from 1982 to
2015 provided by NASA (http://data.tpdc.ac.cn/en/data);
the spatial resolution was 8 km.
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