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The underlying surface parameters in the Budyko framework (such as parameter nin
the Choudhury—Yang equation) are crucial for studying the relationship between
precipitation, evapotranspiration, and runoff. Itis important to accurately quantify the
influence of climate and human activities on the evolution of underlying surface
characteristic parameters. However, due to the spatiotemporal heterogeneity of
underlying surface parameters, it is often difficult to accurately quantify these
relationships. In this study, taking the Kuye River Basin located in the northern
Loess Plateau as the research object, we first used trend analysis and non-linear
regression methods to estimate the evolution characteristics of runoff and
underlying surface parameter n. We then determined the contribution of runoff
changes by using the elasticity coefficient method under the 9-year moving average
window. The results showed that: 1) the Kuye River Basin runoff underwent a sudden
change in 1997, and the complex human activities are the main reasons for the sharp
runoff decrease. 2) In addition to precipitation and potential evapotranspiration,
temperature changes will alter the basin’s underlying surface parameters, ultimately
changing the runoff. Moreover, climate change first inhibited and then promoted the
runoff reduction trend. 3) Human activities, represented by changes in vegetation
coverage and coal mining, considerably influenced runoff evolution in Kuye River
Basin. More importantly, the change of runoff in the Kuye River Basin caused by coal
mining is approximately four times that of the normalized vegetation index. This
study can improve the applicability of the Budyko framework in the Loess Plateau
sub-basin and provide scientific guidance for water resource management.

KEYWORDS

attribution analysis, runoff change, time-varying budyko framework, climate vibration,
underlying surface change

1 Introduction

With global climatic and drastic changes in land use or vegetational cover in most areas,
river runoff in many river basins in China has changed considerably (Xue et al., 2021; Gao et al.,
2022; Yang et al., 2022). Since 1999, the Chinese government has implemented large-scale
projects, such as returning farmland to forest and ecological restoration, which have intensified
human activities in the Loess Plateau and indirectly affected the region’s underlying surface
properties (Liu J. et al, 2021; Li H. et al,, 2022). Changes in precipitation and evaporation
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directly alter regional runoff. The rainfall that falls to the forest canopy
and plant leaf surface through redistribution increases the
transpiration, absorption, and interception of vegetation, which will
indirectly affect the hydrological cycle process of the basin (Bruno
et al, 2022; Zhang et al.,, 2022) and change the runoff in the basin.

With the gradual increase in the environmental impact of global
change, hydrologists have recognized that hydrologic model
parameters show periodic change characteristics (Bittner et al,
2021). The hydrological model needs many calibrated parameters,
however, the Budyko framework needs only calibrated one parameter.
Therefore, it is very important to clarify the relationship between
underlying surface parameters, climate factors, and human factors.
The model has been widely used in land surface hydro-thermal
coupling simulation and evolution mechanism analysis (Yang et al,
2021; Li and Quiring, 2022). Several methods have been proposed for
studying the Budyko hypothesis, among which the p-fu (Xing et al.,
2018; Ning et al,, 2019), Choudhury-yang (Zhang et al., 2018; Meng
et al, 2019; Hou et al.,, 2022), and Wang and Tang (Yao and Wang,
2022) formulas are commonly used. In the Budyko formula, the
underlying surface parameter n reflects the influence of catchment
characteristics and determines the shape of the Budyko curve. (Fang
et al., 2016; Fu and Wang, 2019). However, the climate and the
underlying surface are linked through the water cycle. Therefore, it
is necessary to quantitatively separate climatic factors from the
underlying surface factors through a series of methods to assess the
contribution of climate and underlying surface factors to runoff
change more accurately.

Relevant studies show that the underlying surface parameter n is
closely related to climate factors. Ning et al. (2017) reported that the
underlying surface parameter n is closely related to the climate
anomaly index. Wang et al. (2021) reported that it is related to,
among others, the Arctic Oscillation and El Nifio. In addition, human
activities are closely related to the underlying surface parameter n.
Jiang et al. (2015) found that it is related to agricultural irrigation area.
Wang et al. (2022) used the long short-term memory network method
to reveal that it is closely related to the land-use type in the Loess
Plateau. Guo et al. (2017) indicated that the amount of coal mining in
the KRB increased significantly after 2000. Therefore, when
constructing the correlation between the underlying surface
parameter n and its related climate and human factors, the local
closely related and representative influencing factors should be fully
considered to improve the simulation accuracy of the Budyko model.

The Kuye River Basin (KRB) is an ecologically fragile area in the
Loess Plateau (Zheng et al., 2021; Li X. et al,, 2022). Recently, the
significant reduction in runoff has seriously affected local industry,
agriculture, quality of life, and other aspects (Yi et al., 2022; Zhang M.
et al., 2019). Therefore, studying the spatiotemporal rule of runoff
evolution in the KRB can provide insights into implementing and
improving ecological restoration measures. Furthermore, based on the
Budyko hypothesis framework, errors caused by the complexity and
uncertainties of the parameters in hydrological models can be solved
effectively (Zhang et al., 2015; Huang et al., 2022).

The aims of this study were as follows: 1) to show the evolution of
runoff and meteorological variables and human activities variables
(including vegetation coverage, water and soil conservation measures,
and coal mining); 2) to accurately quantify the correlation between the
time-varying parameter n) of the underlying surface in the 9-year
moving window of the Budyko equation, climate, and human activity
factors. Furthermore, the empirical formula of the underlying surface
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parameter n obtained by non-linear fitting in this study can improve
the estimation accuracy of runoff and evapotranspiration; and 3) to
quantify the contribution of climate change and human activities to
runoff changes in the KRB by using the elasticity coefficient method.

2 Materials and methods
2.1 Study area and data sources

2.1.1 Study area

The KRB is located in the middle reaches of the Yellow River
Basin, a first-level tributary of the middle reaches of the Yellow River.
The total lengths of the mainstream, drainage area, and channel-
specific drop are approximately 242 km, 8,706 km?, and 3.44%,
respectively. KRB is “high in the northwest, low in the southeast,”
and located in the southeast corner of the Mu Usu Desert (Figure 1).
The long-term average annual precipitation is approximately 387 mm/
year. Most of these precipitation events occur during the rainy season
(June-September) in the form of high-intensity rainstorms. KRB has a
typical arid and semi-arid climate with an uneven spatial distribution
of precipitation and runoff, and its annual average temperature is
approximately 7.6°C. Most runoff production modes in the basin are
hyperosmotic. The spatial distribution pattern of precipitation and
runoff in the basin is “more prevalent in the east, less in the west, more
in the south, and less in the north” (Guo et al., 2017).

The spatial distribution patterns of underlying surface conditions
in the basin are complex. The upper reaches are aeolian grassland
areas, and the middle and lower reaches are loess gullies. Moreover,
vegetation is scarce. Coupled with soil erosion dominated by hydraulic
and wind erosion, the soil erosion in the basin is not optimistic. In the
1980s, large-scale ecological restoration measures were implemented,
such as returning farmland to forest or grassland and soil and water
conservation. During the early 21st century, The KRB’s human
activities, mainly including Coal Mining, Returning Cropland to
Forestland, and Water and soil conservation measures changed
significantly. The above engineering measures changed the basin’s
underlying surface, water, and sediment conditions.

2.1.2 Data sources

The 1981-2018 annual runoff data of the KRB were obtained from
the China Hydrological Yearbook which was organized and compiled
by the Ministry of Water Resources. In addition, the meteorological
data, including daily precipitation, daily maximum temperature, daily
minimum temperature, wind speed, sunshine duration, and water
pressure, were obtained from 35 conventional meteorological stations
in the KRB and its surrounding areas from the National
Meteorological Information Center of the Chinese Meteorological
Administration (http://data.cma.cn/).

The high-resolution radiometer (AVHRR) normalized vegetation
index (NDVI) data between 1981 and 2018 were obtained from the
Global Inventory Monitoring and Modeling Studies (GIMMS3g
dataset) with a time resolution of 15 days. The spatial resolution
was 8km, and the annual and monthly NDVI data were
synthesized in ENVI 5.0 using the maximum synthesis method.
Leaf area index (LAI) data between 1981 and 2018 were obtained
using an AVHRR from the National Earth System Science
Data Center. The 30-m precision land-use data of 1980, 1995,
2005, and 2015 were obtained from the geospatial data cloud
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(http://www.gscloud.cn/). Coal mining data over the years were obtained
from the “National Economic and Social Development Statistical
Bulletin” and coal administration departments of counties and cities in
the basin. Each county’s annual coal mining volume from 1981 to
2018 was obtained from the “Statistical Bulletin of National Economic
and Social Development” and “Coal Management Department” of the
KRB county. The annual coal mining volume of KRB can be calculated
from the geographical location of each large coal mine.

2.2 Budyko framework

According to Budyko’s actual
evapotranspiration in a basin can be expressed as a function of

potential evapotranspiration and precipitation combined with the

theory, the long-term

water-balance equation over the years (Dzikiti et al,, 2022; Fang
et al., 2022). The water-balance formula is the basis of Budyko’s
theory and can be expressed as

P-E-R-AS=0 (1)

where R is the average annual runoff (mm) and E is the average annual
evaporation (mm). AS is the variation in water storage in the basin,
which is approximately 0 for the closed basin on a multiyear-time

Frontiers in Earth Science

60° E 80°E 100° E 120°E 140°E 109°0'E 109°30'E 110°0'E 110°30E 111°0E
Z T T T T T T T T
4
2 N N
- A 2000 km ¢ A c A
Z
=3
1
Z a
b
g
L
g
z B
o N
g o
A Hydrologic station
iz | === National boundary ®  Weather station %
ar . . T . 19
&| $5 Yellow River Basin W%e .|| — KuyeheRiver %
DEM (m) et || DEM (m)
w8405 R w1575
z 1 v 1
N ) . B .
L B 12
S g
Z 4
ol 1a
@ a
—— Yellow River
9 Kuyehe River Basin
DEM (m)
w6119
-
FIGURE 1
Location of the KRB in the Loess Plateau of China. (A) China, (B) The Loess Plateau, (C) The Kuye River Basin.

scale. Based on this, Choudhury and Yang et al. proposed the
Choudhury-Yang formula (Yang et al., 2007):

PXETO

T BT @

Combined with equations (Xue et al., 2021; Yang et al., 2022), the
average annual runoff of the basin can be expressed as:

PXETO

R=P-——— ",
(P" + ET,")""

(©)
where ET) is the basin’s potential evapotranspiration (mm) and n is
the characteristic parameter of the underlying surface of the basin.

2.3 Pettitt abrupt analysis

In this study, a non-parametric mutation detection method, the
Pettitt mutation (Zhang et al., 2015), was used to identify the runoff
mutation time of KRB and to divide the base and human activity
periods. The Mann—Whitney (Zhang Z. et al., 2019) statistics K, and N
were used to test two samples of the same population; the
corresponding statistic p of K; was calculated. p <0.05 indicates a
significant mutation point in the statistical series.
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2.4 Fitting underlying surface parameters with
different factors

The semi-empirical expression based on the time-varying
parameters of the underlying surface in the middle reaches of the
Loess Plateau was established via an inter-annual scale by referring to
the multiple linear least squares regression method previously
described (Li et al., 2021) as follows:

n = afpar” x exp(cT,) x REM? (4)

where fp4r is the vegetation index, T}, is the average annual temperature,
and REM is the number of soil and water conservation measures.
Considering the rationality of the factors influencing the underlying
surface parameters and location of the KRB in the Loess Plateau
region, a non-linear regression method was used to fit the relationship
between the underlying surface characteristic parameters and related
factors. The expressions for the time-varying parameters of the
underlying surface are derived as follows:

n=ax" x exp (cy) x z* (5)

n="n. X Ay X My (6)

where x, y, and z represent vegetation-, climate-, and human activity-
related factors, respectively, in the KRB; and a, b, ¢, and d are
constants. n. represents the component of underlying surface

parameter n related to climate factors, y; represents the
component of underlying surface parameter n related to vegetation
factors, ny,, represents the component of underlying surface parameter

n related to human activity factors.

2.5 Elasticity coefficient

The elasticity coefficient of runoff to climatic and underlying
surface is based on the Budyko curve (Liu et al, 2020). Assuming
the drought index factor & = (%), the elastic coefficient of each
factor to runoff can be expressed as:

_ 1+ gn)%+l _ gt )
(1+2M[(1+eom" - o]
1
REERG g[1-(1+o™)"] ®
In(1+2")+2"In(1+2™") ©)

T+ en[1- (1+ 2"

Where ¢p is the elastic coefficient of precipitation to runoff, egr, is the
elastic coefficient of potential evapotranspiration to runoff, ¢, is the
elastic coefficient of underlying surface parameters to runoff.

Moreover, combining Formula 5 and Formula 9, it is not difficult
to obtain the elastic coefficient of vegetation, climate, and human
activity related factors in the underlying surface parameters, which can
be derived as follows:

TABLE 1 Hydrological sequence evolution of KRB.

Hydrological elements p ETO R n
Annual mean value 39331 1,017.04 41.66 1.82
Z value 111 2.60 -349 504
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Where ¢, is the elastic coefficient of vegetation related factor to
runoff, g is the elastic coefficient of climate related factor to runoff, ¢,
is the elastic coefficient of human activity related factor to runoff. § a”

on

the derivative of n with respect to x, 5 is the derivative of n w1th

respect to y, aZ is the derivative of n with respect to z.

2.6 The contributions of climate change and
human activities on runoff evolution

According to the Pettitt mutation test, the study period can be
divided into the baseline and human activity periods. The 9-year
sliding averages of p, R, ET\, and n of the base period were used as the
base period. Therefore, the variation in runoff caused by changes in
precipitation, potential evapotranspiration, and the underlying surface
coefficient can be expressed as

OR R
ARP = a—PAP = EP—AP (13)
OR R
ARET@ = aET AETO SETDET AETO (14)
OR
AR, = a—An = s,, An (15)

where ARp represents the runoff change caused by precipitation
change, ARgr, represents the runoff change caused by potential
evapotranspiration change, and AR, represents the runoff change
caused by the underlying surface parameters.

Therefore, the contribution of each variable to runoff change is
calculated as follows:

AR

Mp = A—If x 100% (16)
AR

Mir, = Af:“ x 100% 17)
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Runoff changes and Pettitt test statistics of runoff in the KRB (A) Runoff changes of KRB from 1981 to 2018 (B) Pettitt test statistics of runoff in the KRB.

AR,

100%
AR X (J

M = (18)

where 1, 115, and 7, are the contribution of precipitation, potential

evapotranspiration, and human activities to runoff change,
respectively. And where:
AR, = AR, +AR,, +AR,, (19)
0 0
An = —nAnc + —nAnhl + —nAnhz (20)
on, ony, ony,
on
3 = Np1 X Npp 21
ne
0
7 N X My (22)
ony,
)
o N X Ny (23)
anhz

where ARp, ARgr,, AR, represent the runoff change caused by precipitation
change, potential evapotranspiration change, underlying surface characteristic
respectively. Resulting in the characteristic parameters of the underlying
surface. Therefore, the variation in watershed runoff caused by climatic and
human activity changes can be expressed as:

R( 0
AReimate = ARp + ARpr, + £ <—nAnE> (24)
n \ on,
R 0O o
ARhumun &y iAnhl + & iAnhZ (25)
ony, n ony,

2.7 Simulation assessment of evaporation and
runoff

In this study, three accuracy evaluation methods, i.e., coefficient of
determination (R?), root mean square error (RMSE), and Nash
efficiency coefficient (NSE), were used to evaluate evapotranspiration,
calculated using the non-linear stepwise regression method and the
linear fitting method, and constant underlying surface parameters.
Degree of fit with actual watershed evapotranspiration.

R> represents the squared error between the observed and
simulated values; the larger the R* value, the better the model
fitting effect. The RMSE represents the sample standard deviation
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of the difference between the predicted and observed values
and accounts for the dispersion of the sample. The smaller the
RMSE, the better the model fitting effect. NSE represents
the degree of fit between the simulated value of the model and the
observer, similar to R*. However, its value ranges between -1 and one;
the closer it is to 1, the better the simulation effect. The three
coefficients were calculated using the following formulas:

2
R = Y (i = y) (xi — %) (26)
VEL 0= ) (- 7
N 2
RMSE = W @7)
N . 2
NSE=1- 4225 ((i _};))2 (28)

where N represents the number of samples; x; represents the observed
data of variable i; y; represents the simulated data of variable i; X and y
represent the average values of the observed and simulated data,
respectively.

3 Results

3.1 Trend analysis of the annual hydroclimatic
variables and artificial factors

To better understand the runoff evolution of the KRB between
1981 and 2018, the MK trend and Pettitt mutation tests were used to
analyze the trends of the hydrometeorological series. Table 1 shows the
results of the trend analysis. The mean annual runoff depth for the
semi-arid KRB was 41.66 mm, showing an extremely significant
decreasing trend of 1.05 mm/year. The average annual precipitation
was 393.31 mm, showing an increase of 2.06 mm/year; this trend was
the
evapotranspiration and underlying surface factor were 1,017.04 mm

not significant. However, annual average potential
and 1.82, which showed a significant trend of increasing at a rate of
1.46 mm/year and 0.034/year, respectively. It can be preliminarily
recognized from the Budyko formula that the significant reduction of

KRB runoff in recent years may be closely related to the complex
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TABLE 2 Change of elastic coefficient of each factor in two periods.

Time window p/mm ETO/mm

1981-1989 370.87 1,002.95 60.31

1982-2018 387.86 1,016.52 38.57

10.3389/feart.2022.1092409
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human activities in the study area, such as returning farmland to
forests, water and soil conservation, water conservancy projects and
other ecological restoration measures, resulting in significant changes
in regional runoff. Figure 2A shows that the runoff changes of KRB
from 1981 to 2018. Figure 2B shows that 1997 was the year of the
runoff mutation in the study area. Therefore, 1997 was taken as the
runoff mutation point, with 1981-1997 and 1998-2018 as the base and
human activity periods, respectively.

3.2 Selection of the impact factors for the
time-varying parameter

It should be noted that the above climate factors and human

factors which related to the underlying surface parameter n change
with time. Therefore, the time-varying characteristics of n should
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Correlation between climate and human activity factors and underlying surface parameters. (A) p, (B) ETo, (C) ne, (D) npy, (E) npa.
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also be considered. According to the research of Li et al. (2017) and
Zhang et al. (2001), the water storage capacity is 0 for more than
5-10 years. In order to better study the time-varying characteristics
of the underlying surface parameter n and its attribution to runoff,
the 9-year moving average window is adopted in this study. After
removing the factors with smaller influencing factors, we conducted
a non-linear regression on the time-varying parameters and
influencing factors of the underlying surface; the results are
shown in Figure 4. Regarding climatic factors, the time-varying
parameters of the underlying surface had an insignificant positive
correlation with precipitation, a significant positive correlation with
potential evapotranspiration (p < 0.005), a highly significant positive
correlation with air temperature (p < 0.001), and a highly significant
negative correlation with air temperature (p < 0.001). Regarding
vegetation influencing factors, the time-varying parameters of the
underlying surface were positively and significantly correlated with

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1092409

Huang et al. 10.3389/feart.2022.1092409
A °_
N 1
-30 - ||‘
a5 | i dRoh
B ° . " ; A
_10_
g—zo-
_30_
—40 b dRh(ndvi) dRh(coal)
20 . i i . A
10 F I I
oL l il a1l
c | BT TR
<o nm
il ||||
_30_
—40 F mm dRc ke dRh
D adf ' '
~ 300
IS
g 20
E JJJ i
i, .|JJJJ.|JII.I.|.|J.I.IJ.|.|.|
Z '| | rl
'é;-IOO
S 200 -
—300 | I PEN ETO Tp B NDVIEE CM
_400 1 1 1 1
1990 1995 2000 2005 2010
Year
FIGURE 4

Attribution and contribution rate analysis of variables to runoff: (A) underlying surface parameters of n, and n., (B) NDVI and Coal Mining, (C) Climate and

human activities, and (D) contribution rate of runoff to each factor.

the NDVI and LAI (p < 0.001). Finally, regarding anthropogenic
factors, the time-varying parameters of the underlying surface were
positively correlated with coal mining and REM (p < 0.001).

The influencing factors mentioned above were substituted into
Eq. 8, and stepwise non-linear regression was conducted with time-
varying parameters of the underlying surface. Finally, the
expression with the highest fitting degree between the time-
varying parameters of the underlying surface and the relevant
factors in the KRB was obtained as follows:

n=exp (0.023T,) x NDVI*'"® x 1.840(CM"*™) (R* = 0.93, P < 0.001)
(29)

where T, represents the KRB’s average annual temperature,

NDVI represents the KRB’s average annual vegetation
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normalization index, and CM represents the KRB’s average
annual coal mining.

3.3 The climate and artificial factor elasticity
of runoff

The study (1981-2018) was divided into two periods, namely,
the baseline period (1981-1989) and the post-baseline periods
(1990-2018), based on the 9-year sliding average results of the
influencing factors of runoff. According to Eq. s 7—12 and 29, the
mean value of the &,, ep, egr,» En(T,)> En(NDVT) and &, cm) for the two
periods can be calculated. The results are shown in Table 2.

It can be seen from the elastic coefficient results of the two
periods that the elastic coefficient of runoff to precipitation is the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1092409

Huang et al.

80

+ Obsevered R
-~ Simulated R with constant n
— Simulated R with nonlinear-fitting n
Simulated R with linear-fitting n

N
<
T
.
.
L

Runoff (mm)
g

20 |

R2=0.39  RMSE~=14.80mm  NSE~=0.16

Ryo’=0.97 RMSE,,,=5.08mm  NSE,,=0.91

R;,2=0.93  RMSE;,=7.50mm  NSE;,=0.78

1 1 1 1 1 1
1985 1990 1995 2000 2005 2010 2015
Year

FIGURE 5

Comparison of Simulated runoff by using time-varying underlying
surface parameters, linear fitting underlying surface parameters, and
constant underlying surface parameters with observed runoff.

largest, and the elastic coefficient of runoff to coal mining is the
smallest. It shows that KRB precipitation and local coal mining
will directly affect the runoff. Relative to the baseline period, the
&n(r,) was basically unchanged in the post-baseline periods.
However, the ep increased by 0.41, the epr, and &, cm)
decreased by 0.40 and 0.43, respectively, and the e&,npvi)
decreased by only 0.02.

The annual average change of runoff elasticity coefficient
under the 9-year moving average window is shown in Figure 3.
The ep showed a very significant increase from 1985 to 2014. On
the contrary, egr, and &,cm) showed a very significant decrease,
&unvpvy) showed a significant decrease, and En(T,) showed an
insignificant decrease. In general, KRB runoff is more sensitive
to precipitation, potential evapotranspiration, and coal mining.

3.4 Quantitative attribution of runoff variation

The 1985 runoff eigenvalue was taken as the center. Between
1986 and 2014, the change in the characteristic parameters of the
underlying surface caused by climatic change and human activities,
resulting in a change in the runoff, is shown in Figure 4 a). Climatic
factors and human activities were the main reasons for the sharp
decrease in runoff in KRB. Moreover, runoff change caused by
human activities was significantly greater than that caused by
climatic change.

Figure 4 b) shows that between 1986 and 2014, the runoff
change caused by the change in coal mining volume was larger than
that caused by the change in vegetation coverage, as the measures of
water and soil conservation and returning farmland to forests in the
KRB have been implemented since the 1970s. In addition, the
implementation of these projects was eased in the late 1980s.
However, since the late 1980s, the coal mining volume in the
KRB has increased annually. Therefore, the impact of coal
mining on runoff is significantly greater than that of other
anthropogenic activities.

Figure 4 c) shows that climatic change inhibited the sharp decrease
of runoff in the basin. In contrast, changes in human activity have
always facilitated the sharp decrease in runoff in the basin. However, the
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evolution of climatic factors has accelerated the reduction of watershed
runoff since 1995, consistent with the research results of Li et al. (2021).

It can be seen from Figure 4 d) that coal mining has the largest
positive contribution rate to the sharp decrease of KRB runoff, and the
maximum contribution rate even exceeded 300%. On the contrary,
precipitation greatly inhibited the reduction of KRB runoff.
Additionally, potential evapotranspiration and temperature
contributed less to runoff evolution. It is worth noting that from
1995 to 2014, the contribution rates of precipitation, potential
evapotranspiration, temperature, vegetation cover, and coal mining
to runoff reduction were—15%, 4%, 9%, 14%, and 88%, respectively.

4 Discussion

4.1 Runoff simulation comparison with linear
relationship and constant parameter n

Previous studies have shown that underlying surface parameters
have a linear relationship with vegetation coverage. This model has a
good fit between the underlying surface parameters and vegetation
coverage in 26 large basins (area > 300,000 km®) worldwide.
However, in small basins (area < 50,000 km?), the linear
relationship between vegetation coverage and underlying surface
parameters is relatively weak (Li et al., 2013). Compared with the
simulation results obtained using constant and linear fitting
underlying surface parameters, the runoff simulated by time-
varying underlying surface parameters is closer to the observed
runoff (Figure 5). The stepwise non-linear regression method in
this study considers the influence of three representative factors:
climate, vegetation, and human activities. The time-varying
parameter Budyko formula is suitable for the small watershed of
KRB, which is influenced by human activities.

A comparison of variables (Figure 5) revealed that the method
used in this study successfully separated climatic factors other than
land use and vegetation cover in the underlying surface characteristic
parameters (that is, the impact of temperature), leading to an increased
contribution rate of climatic factors and a decreased contribution rate
of human activities to runoff change. Therefore, considering the
impacts of climate change in the future, watershed runoff evolution
should be closely monitored.

4.2 The inclusion of coal mining in the
characteristic parameters of this catchment
area

Bao et al. (2019) used the Yellow River water-balance model to
illustrate that coal mining in the KRB significantly impacts runoff
reduction in the basin. Moreover, it has become the leading factor in
runoff reduction (Guo et al.,, 2017; Liu Y.et al., 2021; He et al., 2022).
This is because a large amount of coal mining will cause surface
subsidence, leading to the formation of many underground graves and
water diversion cracks, causing severe damage to the groundwater
system and changes in the underlying surface conditions of the basin.
Therefore, the significant impact on river runoff is directly reflected in
the reduction of surface runoff. In addition, Wang et al. (2022) used
the long short-term memory network method to reveal a high
correlation between the time-varying parameters of the underlying
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surface and the area fraction of different land-use types in most basins
of the Loess Plateau. Notably, it significantly correlated with the
proportion of building area. Therefore, in this study, we explicitly
considered the main local construction engineering industry (coal
mining) and discussed its impact on the time-varying parameters of
the underlying surface.

Figure 6 shows that the time-varying parameter n has a significant
positive correlation with coal mining volume (R* = 0.9056, p < 0.001).
The impact of large-scale soil and water conservation measures on the
Loess Plateau since the 1980s has increased vegetation coverage.
According to Luan et al. (2020) and our results presented in
Figure 7, the local coal resources in the KRB have significantly
increased since 1997; the coal mining volume between 2005 and
2014 is the most evident. Furthermore, the land use change of the
basin during the study period showed no significant change in the
proportion of the building-type area of the basin during 1980-1995.
Moreover, the basin’s proportion of building-type area between
1995 and 2018 increased significantly, primarily owing to the
relatively developed local coal mining industry, leading to the
transformation of local land-use types. The above analysis suggests
that the change in the underlying surface characteristic parameters in
the KRB is more closely linked to the change in coal mining volume
than to vegetation coverage.

4.3 Limitations

Errors and uncertainties still exist in estimating the underlying
surface characteristic parameters in the KRB. For example, Wang et al.
(2022) showed that different land-use area changes would have different
impacts on the underlying surface characteristic parameters of the basin.
Chen et al. (2018) affirmed that vegetation types would also affect the
evolution characteristics of runoff in the basin. Furthermore, the
conditions for establishing the Budyko formula are based on the
water-balance equation, which assumes that the soil water change
variable equals 0 over a long period. However, with urbanization,
Bruno et al. (2022) found that the soil water change variable was not
equal to 0. Therefore, the Budyko formula requires improvement.
Changes in other natural factors, such as sunspots and El Nio-
Southern Oscillation (ENSO) events, alter watershed runoff. In
addition, owing to the spatial heterogeneity of the basin’s underlying
surface characteristics, there will be errors in quantifying the impact of
climate and human activities on runoff. Therefore, more high-precision
data are required to improve the adaptability of the Budyko formula.

5 Conclusion

In this study, we first used the Choudhury-Yang formula and
sensitivity analysis to clarify the evolution of watershed runoff
characteristics caused by changes in climate and human activities.
Second, the non-linear regression method was used to quantify the
impact and contribution rate of changes more accurately in climate
and human activities on the evolution of watershed runoff
the
conclusions are as follows:

characteristics under 9-year time window. The main

1) The basin’s runoff experienced a sudden change in 1997; the KRB
runoff in the human activity period decreased by 30.65 mm
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compared with the average annual runoff in the base period.
The main factor affecting KRB runoff change is the change in
the underlying surface parameters; moreover, the underlying
surface parameters of the watershed showed a significant
increase between 1981 and 2018.

S
~

According to the results of the non-linear regression, the main
factors affecting the runoff change in the basin are the coal mining
volume, followed by the NDVI, precipitation, temperature, and
potential evapotranspiration. In addition, the change in basin
temperature is an influencing factor for the change in the
basin’s underlying surface parameters. The contribution of coal
mining to the KRB runoff evolution is approximately four times
that of the NDVI change. Therefore, we should focus on the
exploitation of the KRB coal resources in the future.

Compared with constant underlying surface parameter simulation,
using the non-linear regression method can more accurately
estimate the runoff of the basin; the Nash coefficient of KRB
runoff simulated by it can reach 0.91, which can effectively improve
the applicability of the Budyko framework.
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