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Abstract: The serious soil erosion problems and decreased runoff of the Loess Plateau may aggravate
the shortage of its local water resources. Understanding the spatiotemporal influences on runoff
changes is important for water resource management. Here, we study this in the largest tributary of
the Yellow River, the Weihe River Basin. Data from four hydrological stations (Lin Jia Cun (LJC), Xian
Yang (XY), Lin Tong (LT), and Hua Xian (HX)) and 10 meteorological stations from 1961–2014 were
used to analyze changes in annual runoff. The Mann–Kendall test and Pettitt abrupt change point
test diagnosed variations in runoff in the Weihe River basin; the time periods before and after abrupt
change points are the base period (period I) and change period (period II), respectively. Within the
Budyko framework, the catchment properties (ω in Fu’s equation) represent land surface changes;
climate variability comprises precipitation (P) and potential evapotranspiration (ET0). All the stations
showed a reduction in annual runoff during the recording period, of which 22.66% to 50.42% was
accounted for by land surface change and 1.97% to 53.32% by climate variability. In the Weihe River
basin, land surface changes drive runoff variation in LT and climate variability drives it in LJC, XY,
and HX. The contribution of land surface changes to runoff reduction in period I was less than that in
period II, indicating that changes in human activity further decreased runoff. Therefore, this study
offers a scientific basis for understanding runoff trends and driving forces, providing an important
reference for social development, ecological construction, and water resource management.

Keywords: climate variability; land surface change; runoff; Budyko framework; elasticity coefficient;
Weihe River Basin

1. Introduction

In a long-term hydrological system, changes in runoff can be influenced by many factors, such
as climate change (including natural and anthropogenic climate change) and land surface changes
(including changes in vegetation and agricultural irrigation and changes in water quantity and quality
caused by various types of water use), which has triggered a series of questions about the water
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cycle [1,2]. In recent years, many river runoff values have shown decreasing trends, but it remains
unclear whether these changes were caused by climate warming or human activities, and their relative
contributions are also poorly understood. In response to this problem, domestic and foreign researchers
have begun to attempt to quantitatively distinguish the impacts of human activities and climate change
on hydrological processes. Due to the enormous influence of changes in rivers, ecological systems,
social development, global climate, and recreation, many people are interested in understanding the
trends of river changes and their driving forces. The response of runoff to land surface change in
the Loess Plateau of China accounted for more than 50% of the decrease in mean annual runoff [3].
The impacts of climate variability and land surface changes on runoff in the upper reaches of the Yellow
River Basin in China indicate that land use changes were responsible for more than 70% of the decrease
in runoff in the 1990s [4]. Climate change has also led to changes in global precipitation patterns [5], and
human activities have changed the spatial and temporal distribution of water resources [6]. The extent
of the total change in runoff in the Loess Plateau and the degrees of influence of various factors on this
change are variable. The integrated consequences of climatic variability and human activities are the
main drivers impacting runoff change [7]. Climate variability is of vital importance if water resource
management systems are to be sustainable [8]. Land use and water resources are closely linked in
comprehensive management, in which land use is a key factor in the allocation of water resources
in watersheds [9]. A considerable global variability of catchment hydrological processes has been
observed in most basins throughout the world, and quantifying the effects of climate variability and
human activities is crucial for the management and sustainable development of water resources [10].

Quantitative attribution methods have been developed to isolate the hydrological effects of
climate variability and land surface changes [11], including the following: (i) statistical methods [12],
(ii) the Budyko-based elasticity coefficient method [13], and (iii) hydrological modelling [14].

It is difficult to explain the physical mechanisms between runoff and climatic factors using
statistical methods, thus long-term historical hydrological and meteorological data are usually
required [4,15]. Regression relationship analyses [16], time-trend analyses [17,18], and change abrupt
point analyses are the main statistical methods used in these studies. Vogel et al. [19] adopted the
regional multivariate regression model and suggested that a 1% increase in precipitation would result
in a 1.9% increase in annual runoff in the upper reaches of the Colorado River. Xu [12] showed that
climate change can explain the observed reductions in natural runoff (72.9%) and annual observed
runoff (78.6%) by using linear regression to assess the impact of climate change and human activities
on the annual changes in runoff. Zhao et al. [20] used linear regression to analyze sediment load and
runoff in the Yangtze River from 1953 to 2010 and showed that 72% of runoff and 14% of sediment
load decreased due to the effects of climate change.

Schaake [21] originally proposed utilizing the elasticity coefficient to evaluate the effects of
precipitation and potential evapotranspiration on changes in runoff. The most widely utilized methods
based on the elasticity coefficient method include the nonparametric method and an analytical method
based on the Budyko framework [22,23]. The Budyko hypothesis is a coupled water–energy balance
equation developed by Budyko himself when conducting global water and energy balance analysis.
The Budyko hypothesis indicates that actual evapotranspiration is controlled by the availability of
water and energy by annual precipitation and potential evapotranspiration, respectively, on an annual
scale. This approach is based on the principle of water–energy balance in terms of the long-term
variability of hydrometeorological variables; it is a simple and practical approach used to study the
hydrological response of the basin to environmental changes. The Budyko hypothesis is a useful
way to investigate the relationship between hydrological processes, climate change, and land change
characteristics [24,25]. The improved Budyko-based elasticity coefficient method [13] was proposed
to assess the impact of climate change and human activities on runoff reduction; it was found that
human activities accounted for 71–78% and climate change accounted for 22–29% of the changes in
runoff reduction. The hydrological response to climate change and human activities in the Jingjiang
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River Basin from 1961 to 2009 was determined using the Budyko hypothesis; the results showed that
climate change accounted for >63% of the decrease in runoff [26].

The hydrological model was first used to predict changes in runoff caused by changes in land
surface [27], which has recently become a major method by which to distinguish the hydrological
response between climate variability and land surface change. In hydrological models, which include
sound physical mechanisms, time-series continuity, and large amounts of observation data in their
model structures and parameters, variations in the uncertainty associated with the model calibration
will yield different results; for example, in the SWAT (Soil and Water Assessment Tool), TETIS, and
Xinanjiang models, the parameters are often controversial due to the calibration and uncertainty of
each model [28–30]. In recent years, a simple water balance model called the Budyko curve has been
widely utilized to distinguish the effects of climate variability and land surface changes on runoff
response [24,31].

The objectives of this study are as follows: (i) to statistically determine the trend and abrupt
change points in the runoff data for the period 1961–2014; (ii) to differentiate between the effects
of climate variability and land surface changes in time and space based on the elasticity coefficient;
and (iii) to discuss the associations between different factors and their corresponding quantitative
attributions. These findings will deepen our understanding of the runoff response to climate variability
and land surface changes in the Weihe River Basin, which is essential for improving soil conservation
measures and the sustainable development of water resource management.

2. Materials and Methods

2.1. Study Area

The Loess Plateau (35–41◦ N, 102–114◦ E) covers a total area of 624,000 km2; it is located in
the middle and upper reaches of the Yellow River, and it comprises an ancient loess deposit. The
Wei River Basin (WRB; latitude 33.5◦ N–37.5◦ N; longitude 103.5◦ E–110.5◦ E), which is the largest
tributary of the Yellow River (China), originates north of the Niaoshu Mountains at an altitude of
3485 m in Gansu Province; it then flows for 818 km, with a drainage area of 13.5 × 104 km2, which
accounts for 17.9% of the total area of the Yellow River Basin (Figure 1). The WRB runs from east to
west through Gansu, Ningxia, and Shaanxi Provinces, and it plays an important role in the social,
ecological, and economic development of these regions [32]. The watershed length of Shaanxi Province
is approximately 502.4 km, with a basin area of approximately 6.67 × 104 km2; this region is where the
well-known Guanzhong Plain in northwest China is located. The WRB is characterized by a warm,
semihumid continental monsoon climate with high precipitation and temperatures in summer and
low precipitation and temperatures in winter [33,34]. The annual mean temperature in the WRB
varies from 7.8 ◦C to 13.5 ◦C. The precipitation throughout the entire basin ranges from 558–750 mm,
with over 60% of the annual precipitation falling in the summer monsoon period between June and
September [35].
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Figure 1. Geographic location of Weihe River basin and its hydrological and meteorological stations.

2.2. Data Collection

The monthly runoff data obtained from the 4 hydrological stations at Lin Jia Cun (LJC), Xian
Yang (XY), Lin Tong (LT), and Huan Xian (HX), which were available for the period 1961–2014, were
used in this study (WRB) and were collected from the Yellow River Conservancy Commission. LJC
is located in the upper reaches of the WRB, XY is located in the middle stream, and LT and HX are
located downstream. The control areas of the LJC, XY, LT, and HX stations are 30.661 km2, 46.827
km2, 97.299 km2, and 106.498 km2, respectively and they account for 22.7%, 34.7%, 72.2%, and 79%
of the catchment, respectively. Daily metrological data (1961–2014) were collected from 10 stations
in the WRB from the National Meteorological Data Sharing Service Platform (http://data.cma.cn),
including daily precipitation and mean, maximum, and minimum temperature data at a height of 2 m;
mean relative humidity and wind speed data at a height of 10 m; and daily sunshine duration data.
The potential evapotranspiration data were calculated using the Penman–Monteith equation outlined
in FAO-56 [36].

2.3. Methodology

2.3.1. Trend Analysis and Breakpoint Test

The nonparametric Mann–Kendall test method [37,38] is an effective tool for identifying trends.
In this paper, the Mann–Kendall test method was used to examine the trend of hydrological data
variables with the runoff series of the watershed, with a significance level of 0.05, and the magnitude
and direction of the trend were also calculated. A positive trend indicates that the sequence has an
increasing trend; a negative trend indicates that it has a decreasing trend. The Pettitt abrupt change
point test [39] is a nonparametric method that can be used to detect abrupt changes in various variables.
A given continuous time series (n1, n2, . . . , nT) is divided into a base period (period I; n1, n2, . . . , nT)
and a change period (period II; nt + 1, nt + 2, . . . , nT), which is calculated based on the characteristic
hydroclimatic values of the 2 subperiod series, then the degree of hydrologic climate change between
the 2 subperiods is estimated.

http://data.cma.cn
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2.3.2. Budyko Framework

The water–energy balance based on the Budyko hypothesis describes the relationship between
precipitation (P), potential evotranspiration (ET0), and runoff. In this study, the water balance in a
given watershed is calculated using the following equation:

Q = P − ET − ∆S (1)

where Q is the runoff, P is the precipitation (mm), ET is the actual evapotranspiration, and ∆S is
the change in water storage in the basin. The Budyko hypothesis assumes that under stable water
balance conditions, the water storage capacity of the watershed can be neglected on a large time scale.
According to Budyko [20], ET is a function of P, ET0, and the controlling parameter ω (which represents
land surface conditions). For simplicity, Fu’s equation is expressed in the following form [40]:

ET
P

= 1 +
ET0

P
−
[

1 +
(

ET0

P

)ω]1/ω

(2)

or
E

ET0
= 1 +

P
ET0

−
[

1 +
(

P
ET0

)ω]1/ω

(3)

where ω is a model parameter that is based on land cover, vegetation, soil infiltration, topography, and
hydraulic properties. The water–energy coupled balance equation can be expressed in the following
form:

Q = P ×
[

1 +
(

ET0

P

)ω] 1
ω

− ET0 (4)

or

Q = ET0 ×
[

1 +
(

P
ET0

)ω] 1
ω

− ET0 (5)

Thus, the parameter ω in Fu’s equation can be calculated based on ET0, Q, and P, according to
Equations (4) and (5).

2.3.3. Sensitivity Analysis

Based on Equations (4) and (5), the following differential forms can be used to assess the change
in runoff:

dQ =
∂Q
∂p

dp +
∂Q
∂E0

dET0 +
∂Q
∂ω

dω (6)

Schaake [19] first proposed a method using climate elasticity to predict the impact of climate
change on runoff and expressed the p, ET0, and land surface change elasticity coefficients of runoff as
εP = dQ/Q

dP/P , εET0 = dQ/Q
dET0/ET0

, and εω = dQ/Q
dω/ω , respectively.

In this method, ∅ = ET0
P , εP, εET0 , and εω can be obtained as follows:

εP =
(1 +∅ω)1/ω+1 −∅ω+1

(1 +∅ω)
[
(1 +∅ω)1/ω −∅

] (7)

εETO =
1

(1 +∅ω)
[
1 − (1 +∅−ω)1/ω

] (8)

εω =
ln(1 +∅ω ) +∅ω ln(1 +∅−ω)

ω(1 +∅ω)[1 − (1 +∅−ω)1/ω (9)
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According to Equations (7)–(9), the εP, εET0 , and εω elasticity coefficients of annual runoff can be
deduced based on P, ET0, and land surface data, which reflect the average hydrological climate and
underlying surface characteristics of the basin over many years.

2.3.4. Contribution Analysis

To differentiate between the effects of climate variability and human activities on runoff, the study
period was divided into 2 subperiods: the base period (period I) and the change period (period II).
According to Equation (6), the changes in mean annual runoff are caused by changes in climate and
human activities, and total changes can be expressed as:

Q (all) = Con(P) + Con(ET0) + Con(ω) (10)

where Q (all) is the total change in annual mean runoff due to climate variability and human activities
and Con(P), Con(ET0), and Con(ω) are the contributions of changes in P, ET0, and land surface,
respectively, to changes in Q. The contribution of each variable to the change in runoff can be
expressed as follows:

E_Con(P) =
Con(P)
Q (all)

× 100% (11)

E_Con(ET0)
=

Con(ET0)

Q (all)
× 100 (12)

E_Con(ω) =
Con(ω)

Q (all)
× 100% (13)

where E_Con(P), E_Con(ET0)
, and E_Con(ω) are the percentages representing the contribution of each

variable to the total decrease in runoff. These contributions can be explored and used to provide
information for water resource management.

3. Results

3.1. Changes in Long-Term Hydrometeorological Variables

The Mann–Kendall trend was applied to detect the trend and significance of variables during the
period 1961–2014. As indicated in Table 1, at all four hydrological stations in the WRB, the annual
runoff showed a significant downward trend (at confidence levels of 0.05 (*) and 0.01 (**)). The annual
runoff at LJC, XY, LT, and HX decreased by 0.45, 0.71, 0.75, and 0.83 mm yr−1, respectively, representing
2.4%, 1.9%, 1.2%, and 3.0%, respectively, of the corresponding annual runoff. In addition, the four
stations showed minor downward trends in P, which decreased in LJC, XY, LT, and HX by 0.66, 0.77,
0.50, and 1.08 mm yr−1, respectively. ET0 showed an insignificant upward trend in LJC and significant
decreases in XY and HX. To summarize, runoff and precipitation exhibit the same downward trend,
thus indicating that climate variability may have an important impact on the reduction of runoff.

The Pettitt abrupt change point test was applied to detect the change points in the annual runoff
series during the period 1961–2014 at these four hydrological stations. The results show that the abrupt
changes in annual runoff at LJC, XY, and HX occurred in 1993 and at LT in 1990. These four abrupt
change points are thus basically consistent, as they all occurred in the early 1990s. The entire research
period was then divided into two subperiods to quantify the effects of changes in climate variability
and human activities on runoff. The runoff data at the four hydrological stations before the abrupt
change points exhibited a downward trend, with LJC and XY exhibiting a significant downward trend.
After the abrupt change points, the runoff data exhibited an upward trend, with significant increases
at XY and HX.
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Table 1. Averages and slope of runoff (R), precipitation (P), and potential evotranspiration (ET0) in the Weihe River basin during 1961–2014. LJC, Lin Jia Cun; XY, Xian
Yang; LT, Lin Tong; HX, Hua Xian.

LJC XY LT HX

Period I
1961–1992

Period II
1993–2014 Whole Period I

1961–1992
Period II

1993–2014 Whole Period I
1961–1989

Period II
1990–2014 Whole Period I

1961–1992
Period II
1993–2014 Whole

R (mm yr−1)
Average 25.2128 10.4614 19.203 47.4119 23.6098 37.7147 77.511 49.6476 64.6113 77.5528 45.9295 64.6693

Slope −0.40782 * 0.14971 −0.45334 ** −0.85665 * 0.94667 ** −0.708 ** −0.99952 0.68827 −0.75 ** −0.96486 1.3153 * −0.83407 **

P (mm yr−1)
Average 543.6715 508.4231 529.311 576.6696 531.1751 558.1348 574.4519 535.9655 556.6342 606.7371 551.992 584.4335

Slope 0.26493 4.375 −0.66121 −0.23257 6.8705 * −0.76634 −0.30765 3.8812 −0.49851 −0.53298 6.001 * −1.0773

ET0 (mm yr−1)
Average 952.904 976.4785 962.5085 976.0936 968.8985 973.1623 988.01 995.2711 991.3716 1020.1251 1013.678 1017.4987

Slope −2.6822 * 1.2068 0.23939 −4.4722 ** −0.40235 −1.2491 * −3.2497 * 1.9376 −0.054167 −4.3096 ** −1.6731 −1.175 *

* p < 0.05; ** p < 0.01.
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At all four hydrological stations, P (except at LJC) and ET0 showed a downward trend in period I,
and ET0 showed a significant downward trend; in period II, P and ET0 both exhibited an increasing
trend at all stations except for HX.

3.2. Elasticity Coefficients on Runoff

The catchment property (ω) characterizes the water balance parameters based on the long-term
mean annual values of ET0, runoff depth, P, and the actual evapotranspiration data (E = P − Q)
covering the entire period of the study (1961–2014). In Fu’s equation, the optimization problem of
parameter ω is solved by using the programming solution tool in Excel to more accurately express the
elasticity coefficient. As shown in Table 2, the optimal values of ω for LJC, XY, LT, and HX are 2.94,
3.10, 2.47, and 2.92, respectively.

Table 2. Elasticity coefficients of runoff to climate variability and land surface change; the best
calibration value of ω.

Station ω Period εET0 εP εω

LJC 2.94
Whole −2.62 3.62 −2.60

1961–1992 −2.58 3.58 −2.49
1993–2014 −2.66 3.66 −2.77

XY 3.10
Whole −2.74 3.74 −2.59

1961–1992 −2.71 3.71 −2.49
1993–2014 −2.78 3.78 −2.74

LT 2.47
Whole −2.11 3.11 −2.25

1961–1989 −2.08 3.08 −2.16
1990–2014 −2.14 3.14 −2.35

HX 2.92
Whole −2.56 3.56 −2.47

1961–1992 −2.53 3.53 −2.36
1993–2014 −2.61 3.61 −2.64

Table 2 shows that runoff is positively correlated with P and negatively correlated with ET0 and
ω; these trends are exactly the same in each sub-basin and subperiod. The ranges of the elasticity
coefficients of ET0, P, and ω are −2.08 to −2.78, 3.08 to 3.78, and −2.16 to −2.77, respectively. From
these results, we can conclude that when P, ET0, and ω all decrease by 1%, the annual runoff of
each typical watershed will decrease by 3.08–3.78, increase by 2.08–2.74, and increase by 2.16–2.77,
respectively. The changes in the elasticity coefficient due to climate change decreased from big to small,
followed by XY, LJC, HX, and LT; in contrast, the changes in the elasticity coefficient due to human
activities decreased from LJC to XY, HX, and LT. The elasticity coefficients of the four hydrological
stations, ET0, P, and ω were greater after than before the abrupt change. It can be seen from Figure 2
that the elasticity coefficients (P, ET0, and ω) are higher in the upstream region of ZJS and the vicinity
of the XY hydrological station than in the XY and HX stations, which is consistent with the data shown
in Table 2.

Figure 2 shows the annual elasticity coefficients of the four hydrological stations from 1961 to
2014; this not only shows the annual changes in the elasticity coefficients due to climate variability
and land surface changes, but also reflects the spatial variability of the sensitivity of the WRB to these
variables. In terms of the absolute values of the elasticity coefficients, those of climate change (ET0 and
P) and land surface change (ω) in LJC, XY, and HX are higher than those in LT. The absolute value
observed at the LT hydrological station is smaller than those observed at the other three stations, which
may indicate that the effects of human activities at the LT station are relatively small.
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Figure 2. Spatial variation characteristics of the elasticity coefficient of runoff in the Weihe River Basin:
elasticity coefficient of (a) precipitation; (b) potential evapotranspiration; (c) land surface change.
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3.3. Attribution Analysis of Runoff Reduction

Changes in either of these factors, i.e., climate change (P and ET0) or land surface change (ω),
may lead to changes in runoff. The influence of changes in all variables on runoff was estimated
using hydrological sensitivity analysis and Equations (11)–(13). Table 3 shows that from 1961 to 2014
in the WRB, the decrease in P had a positive effect on runoff, with an average contribution rate of
47.6%; ET0 and ω mainly had negative effects on runoff, with average contribution rates of 14.8% and
37.6%, respectively. Table 3 also shows that at the LJC, XY, and HX hydrological stations, the average
proportions of P, ET0, and ω decreased in the order p > ω > ET0, in which the proportion of P at LJC
and HX always exceeded 50%. It can be seen that in terms of the three indicators (P, ET0, ω), the
change in P has the greatest effect on the change in runoff, the change in ω has an intermediate effect,
and the change in ET0 has the smallest effect.

Table 3. Contributions of P, ET0, and ω to changes in runoff.

Station Period RC_(P) (%) RC_(ET0) (%) RC_(ω) (%)

LJC
Period I 1961–1992 9.38 39.05 51.58
Period II 1993–2014 50.51 5.27 44.22
Whole 1961–2014 51.76 7.46 40.78

XY
Period I 1961–1992 5.6 46.46 47.94
Period II 1993–2014 47.72 1.13 51.15
Whole 1961–2014 37.58 25.74 36.68

LT
Period I 1961–1989 12.07 50.07 37.87
Period II 1990–2014 52.31 9.59 38.1
Whole 1961–2014 47.61 1.97 50.42

HX
Period I 1961–1989 14.22 49.02 36.76
Period II 1993–2014 43.51 4.77 51.71
Whole 1961–2014 53.32 24.02 22.66

The main factors affecting the changes in runoff during periods I and II at different hydrological
stations are different. At all stations except LJC, the proportions of P and ω in period II increased
relative to those in period I; however, the proportions of ET0 in period I were significantly lower
than those in period II. The decrease in runoff at LJC and LT for period II (the change period, i.e.,
1993–2014 for LJC and 1990–2014 for LT) was controlled by changes in P (which contributed 50.51%
and 52.31%, respectively). However, land surface change was the main controlling factor at XY and HX
for period II (the change period, i.e., 1993–2014 for XY and HX). Based on these results, we conclude
that precipitation and land surface changes were the main driving forces of the changes in runoff
observed at these hydrological stations.

4. Discussion

Assessing the continuity and integrity of data is becoming a fundamental problem that cannot be
ignored in data-based research. During the preparation, analysis, and presentation of data, confirming
its continuity and integrity guarantees the completeness, validity, and accuracy of the results. Data from
four hydrological stations and 10 meteorological stations were used in the study area; however, these
data may not be sufficient to cover the Weihe River Basin, which has a drainage area of 13.5 × 104 km2.
This may thus limit the calculation of the PET data and the accuracy of the estimated runoff. The
quantitative estimation was based on the assumption that climate variability and land surface changes
are independent. However, land surfaces interact with climate systems, especially at the catchment
scale [4]. The data used in the hydrological sensitivity analysis method were derived from periodic
runoff data, which are not affected by long-term human activities and are thus used for calibration
of the model. In the Weihe River Basin during the runoff observation period, disturbances were
caused by human activities, such as the building of reservoirs and dams [41,42], which may restrict the
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accuracy of the observation data and model parameters. The expansion of the Taylor series based on
the Budyko equation may be another cause of data uncertainty. The first-order Taylor expansion has
been widely studied and used in many studies; however, with the decrease in P and increases in ET0

and ω, uncertainty in the data will increase. Therefore, eliminating this uncertainty to improve the
accuracy of prediction is a key issue that needs to be resolved in future research.

Based on the Budyko equation of Fu and taking P, ET0, and Q as variables, the parameter ω

was determined using the programming solution function in Excel. The precision of the hydrological
model parameters can be improved by using the ω value determined by the programming solution
function to better explain the accuracy of runoff reduction in the WRB. The catchment characteristic
parameter ω in the Budyko equation is related to topography [43], soil [44], vegetation [45,46], and
climate seasonality [47]. The land surface changes in the WRB were mainly due to the implementation
of water and soil conservation and ecological restoration activities. In the short term, the soil properties
and topographic changes remain unchanged, while changes in the vegetation cover and climate
are considered to influence the characteristic parameter ω. The normalized difference vegetation
index (NDVI) is the most widely used index to characterize vegetation coverage (V) status and can
adequately reflect vegetation cover, growth vitality, and biomass. All other conditions being similar,
the parameter ω of a drainage basin with a larger vegetation cover is generally larger than that of a
drainage basin with smaller vegetation coverage. Generally, the average NDVI has fluctuated upward
in recent decades in the WRB. The relationship between V and ω showed a similar interannual change
from 1961 to 2014, which indicated that the change in vegetation had a positive effect on ω.

In addition to changes in vegetation, changes in soil and water conservation measures have
significantly altered the surface, including biological measures (e.g., afforestation and pasture
improvement) and engineering measures (e.g., dams, terraces, and reservoirs). For example, by
the end of 2000, more than 3150 reservoirs had been built in the Yellow River Basin, including 171 large-
and medium-sized reservoirs with a total capacity of 22.6 km3. A study conducted by Liang et al. [48]
indicated that key dams (e.g., the LJC dam) have altered land surface changes and resulted in noticeable
changes in the hydrological regime [49], which could intercept stormwater runoff for a short period
during flood seasons and allow more time for infiltration [50]. Land surface changes caused by the
impact of soil and water conservation measures, such as the construction of reservoirs and dams,
could significantly change the availability of natural water resources in the region. Moreover, many
studies have shown that climate change cannot be regarded as a unilateral phenomenon, which means
that the climate drive and feedback of local infrastructure such as dams cannot be ignored. Soil and
water conservation, especially the implementation of the “returning farmland to forests and grassland”
policy in 1999, has thus affected the hydrological processes in this area. From 1959 to 2006, the terraced
field area increased from 5.30 to 285.40 104 km2, and the growth rate has only increased since then.
Zhang et al. [51] previously showed that the conversion of sloping farmland to terraces can result in a
significant decrease in runoff. It can be seen that the implementation of soil and water conservation
measures has achieved significant ecological benefits and has had temporal and spatial effects on
hydrological processes in recent years; however, these measures are also one of the most important
reasons for the decrease in runoff.

Due to the high-scale dependence of runoff on rainfall, the impact of land surface change has
been limited; however, climate change has been the main driving force of large-scale changes [12].
Table 3 shows that the relationship between runoff, average annual precipitation, and ω was relatively
close and that this change has exhibited good consistency in the WRB. The runoff values of almost all
hydrological stations in the WRB obviously decreased in the 1990s; in terms of climate change, runoff
was more sensitive to changes in precipitation than it was to changes in potential evapotranspiration.
Zuo et al. [52] concluded that the impacts of climate variability and land surface changes on runoff
were 31%–51% and 33%–65%, respectively, which is consistent with the results obtained in this study.
The WRB contains rainfall-recharge rivers, thus changes in its precipitation-runoff have continually
been a focus of scholars. However, as can be seen in Table 3, whether in the total period or in the
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subperiod, the proportion of ω is always relatively small (i.e., below 50%). There is no significant
relationship between ω and V. At the four hydrological stations, the proportion of ω was greater than
that before the abrupt change (i.e., the abrupt change for LJC, XY, and HX occurred in 1993 and at LT
occurred in 1990). Previous studies have proposed that the best vegetation in the WRB occurred in
1990, indicating that the ecological environment there generally improved from the 1980s to the 1990s.
In 2000, V (vegetation coverage) was significantly worse than it was in other years, but it improved
from 2000 to 2005; nevertheless, there was a small decline in 2007. Generally speaking, the average V
value has fluctuated upward in recent decades in the WRB.

When comparing period I and period II (in Table 3), P and ω increased almost at all stations
in period II, which may be due to the fact that the ω part represents the V value, and with the
increase of V, the precipitation significantly increased. Wang et al. [11] concluded that the contribution
of climate variability and land surface change to runoff evolution temporally varies, which is in
line with the results of periods I and II. This has considerable significance for water resources
utilization management. The traditional water management strategies do not adequately take into
account hydrological regime changes over time, especially changes in climatic conditions. Climate
variability also greatly impacts stakeholders, e.g., farming households and government decision
makers. Stakeholders, in return, deal with climate variability in a host of ways, e.g., with water
use rights and regulations. Incorporating climate variability puts forward new thinking on the
development of water resources [9,53]. Changes in climate conditions alter the processes of the
hydrological cycle and affect the structure of the water resources system, bringing new challenges
to the development and utilization of water resources worldwide. Consequently, we recommend
that adaptive management of water resources should be implemented to match environmental
changes. Adaptive management enables regional river and reservoir systems to sustain and even
strengthen the interests of all stakeholders in the context of climate change [54]. Finally, through the
implementation of a strict water resources management system, adaptive countermeasures including
extensive development of water resources could be achieved.

5. Conclusions

The annual changes in climate variability and land surfaces in the WRB are based on data
collected from meteorological and hydrologic stations from 1961 to 2014, and quantitative analysis
of the contributions of runoff change can be an effective part of the water management of the Loess
Plateau. Taking stations LJC, XY, LT, and HX as examples, the runoff data were analyzed by trend
analysis and the mutation point test, and the entire period was divided into two subperiods (base
period and change period). The elasticity coefficient method, which is based on the Budyko framework,
was used in this study. The runoff data of all hydrological stations showed a significant downward
trend. The abrupt change points of the four stations were basically consistent and occurred in the
early 1990s. Runoff was positively correlated with precipitation and negatively correlated with
potential evapotranspiration and ω, which were exactly the same in each sub-basin and subperiod.
Three indicators (P, ET0, ω) contribute the most to changes in runoff; the change in P has the largest
contribution, the change in ω has an intermediate contribution, and the change in ET0 has the smallest
contribution. The proportion of land surface change is relatively small, owing partly to the construction
of soil and water conservation facilities, such as check dams and terraces, and partly to the measures
of returning farmland to forests and grassland.

Two avenues should be explored in future research. For one thing, the empirical formula of
parameter ω should be calculated through a stepwise regression analysis, and subsequently, mean
annual and interannual changes should be predicted. Such measures would ultimately propose
a universal equation of to apply to different watersheds, providing a powerful tool for assessing
water–energy balance using the Budyko hypothesis. For another, during the snowy season, a warming
climate may lead to less precipitation in the form of snow, which not only alters the temporal
distribution of annual runoff, but also leads to a reduction in the total annual runoff. Therefore,
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the effect of snow on runoff as well as its related process on the catchment scale will be discussed.
How snow couples with the Budyko hypothesis needs to be answered in future research.
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