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Editorial

Yellow River Basin Management under Pressure. The Present
State, Restoration and Protection: Lessons from a Special Issue
Qiting Zuo 1,2 , Xiangyi Ding 3, Guotao Cui 4 and Wei Zhang 2,*

1 School of Water Conservancy Engineering, Zhengzhou University, Zhengzhou 450001, China
2 Yellow River Institute for Ecological Protection & Regional Coordinated Development, Zhengzhou University,

Zhengzhou 450001, China
3 Department of Water Resources, China Institute of Water Resources and Hydropower Research,

Beijing 100038, China
4 Sierra Nevada Research Institute, University of California, Merced, CA 95343, USA
* Correspondence: zhangwei88@zzu.edu.cn

Ecological protection and high-quality development in the basin of the Yellow River,
known as China’s “Mother River” and “the cradle of Chinese civilization”, have been
receiving increasing attention because of the important role they play in China’s economic
and social development, and its cultural heritage. Under ongoing climate change and
intense human activities, the Yellow River basin is facing crucial challenges, e.g., flooding,
water security, water resource shortage, water pollution, and ecological environment degra-
dation, which seriously affects the sustainable development of the regional economy and
society. Meanwhile, significant differences in key characteristics across the upper, middle,
and lower reaches call for joint management efforts, including integrated management,
water conservancy, and ecological environment restoration. This Special Issue focusses
on the current state, challenges, and suggestions relating to Yellow River basin manage-
ment and sustainable development under pressure, aiming to help improve ecological
protection and achieve high-quality development. The following topics, including the man-
agement, restoration and protection of the Yellow River basin, and harmonious regulation
of the human–water relationship were systematically studied. The main themes are listed
as follows:

(1) Current state and characteristics of Yellow River basin management;
(2) Influence of the changing environment on the characteristics of the Yellow River;
(3) Harmonious regulation of the human–water relationship;
(4) Integrated management under a changing environment.

This Special Issue aims to exhibit scientific research on the themes mentioned above.
This Special Issue includes sixteen original contributions focused on Yellow River

basin management under pressure. Considering the unique regional characteristics of
the Yellow River in China, the contributions mainly result from research conducted by
universities and R & D institutions in China.

The sixteen articles in this Special Issue can be divided into four categories: cate-
gory A: “The characteristics of Yellow River basin management”; category B: “Influence of
the changing environment on the characteristics of the Yellow River”; category C: “Harmo-
nious regulation of the human–water relationship”; category D: “Integrated management
under a changing environment”. References [1–6] belong to category A; References [7–10]
belong to category B; References [11–13] belong to category C; References [14–16] belong to
category D.

In category A “The characteristics of Yellow River basin management”, Junjie Xu et al. [1]
systematically studied the trends of hydrological elements in the Weihe River basin
(1970–2019) by using the M–K analysis method. Seldom significant changes in the po-
tential evapotranspiration and precipitation were observed in the Weihe River basin among
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1970–2019. In the study by Guosheng Duan et al. [2], the transportation of cohesive bank-
collapsed materials in a sharply curved channel was simulated, while the quantities of the
collapsed materials that transformed into suspended and bed loads were comprehensively
analyzed. Based on the transverse distribution formula of the river section, and the water
and sediment factors, Linjuan Xu et al. [3] investigated the asymmetry of the cross-sectional
shape as well as the water and sediment factors, along with the transverse distribution
in the wandering reaches of the lower Yellow River. Xiaoxia Tong et al. [4] studied the
characteristics and causes of changing groundwater quality in the boundary line between
the middle and lower Yellow River (right bank), and the relationship between the hydro-
chemical evolution of river water and groundwater. Mingcan Gao et al. [5] studied the
spatial and temporal evolution and the human–land relationship at early historic sites in
the middle reaches of the Yellow River in the Sanhe Region, by using the GIS technology.
Jiandong Li et al. [6] analyzed the aggregation characteristics of early settlements in the
Zhengzhou ancient Yellow River distributary area based on the data of distributaries, lakes
and swamps, and early settlements of the ancient Yellow River.

For the category B “Influence of the changing environment on the characteristics
of Yellow River”, the article of Yadi Run et al. [7] analyzed the dynamics of land and
water resources and the utilization of cultivated land of the Yellow River beach area by
using Landsat and Sentinel-2A/B images, and data from the Third National Land Survey.
Zhizhuo Zhang et al. [8] measured the dynamics of water use level (by using SBM-DEA
Model) compared with economic and social developments of the Yellow River basin, and
the spatial and temporal evolution of composite water use indices in nine provinces of the
Yellow River basin from 2012 to 2018. The article by Jialu Li et al. [9] analyzed the occurrence
and ecological risk assessment of heavy metals in the Wuliangsuhai Lake, Yellow River
basin, and the heavy metals in sediment interstitial water, surface sediments, and sediment
cores. Shuangyan Jin et al. [10] analyzed the return period of “7.20” rainstorm in the
Xiaohua section of the Yellow River in 2021, based on the maximum rainfall data of different
periods and the “7.20” rainstorm data of the section from Xiaolangdi to Huayuankou of the
Yellow River in 2021.

In the category C “Harmonious regulation of the human–water relationship”,
Jiawei Li et al. [11] studied the regulation of the harmonious relationship between wa-
ter, energy, and food of the nine provinces along the Yellow River basin by using the WEF
harmony framework. The article by Wenge Zhang et al. [12] studied the water allocation
rights of coordinated development on water–ecology–energy–food, which has built a water
allocation rights model with the goals of fairness, efficiency, and coordinated development.
Zuotang Yin et al. [13] studied the multi-scale spatiotemporal characteristics of soil erosion
and its influencing factors in the Yellow River basin, by using the revised universal soil loss
equation (RUSLE) and optimal parameters-based geographical detector (OPGD).

For the category D “Integrated management under a changing environment”, the
article by Xinjian Guan et al. [14] focused on the water allocation rights of irrigation water
users in irrigation districts of the Yellow River basin, establishing a double-level water
allocation rights model of national canals–farmer households in irrigation districts by
using the Gini coefficient method. Fang Wan et al. [15] investigated the ecological water
demand and ecological water supply in the Wuliangsuhai Lake (the largest shore lake in
the upper reaches of the Yellow River), and proposed potential ways to meet the require-
ments for ecological water demand. The article of Yifei Zhang et al. [16] investigated the
environmental regulation, local government competition, and high-quality development of
78 prefecture-level cities in the Yellow River basin by using panel data.

Author Contributions: Writing—original draft preparation, Q.Z.; review and editing, X.D.; review
and editing, G.C.; Writing—original draft preparation, W.Z. All authors have read and agreed to the
published version of the manuscript.
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Trend and Attribution Analysis of Runoff Changes in the Weihe
River Basin in the Last 50 Years
Junjie Xu , Xichao Gao, Zhiyong Yang * and Tianyin Xu

Department of Water Resources, China Institute of Water Resources and Hydropower Research, Beijing 100038,
China; xjj782280377@163.com (J.X.); 999gaoxichao@163.com (X.G.); sampolarlicht@outlook.com (T.X.)
* Correspondence: yangzy@iwhr.com

Abstract: In recent years, the Weihe River basin has experienced dramatic changes and a sharp
decrease in runoff, which has constrained the sustainable development of the local society, economy,
and ecology. Quantitative attribution analysis of runoff changes in the Weihe River basin can help to
illustrate reasons for dramatic runoff changes and to understand its complex hydrological response.
In this paper, the trends of hydrological elements in the Weihe River basin from 1970 to 2019 were
systematically analyzed using the M–K analysis method, and the effects of meteorological elements
and underlying surface changes on runoff were quantitatively analyzed using the Budyko theoretical
framework. The results show that potential evapotranspiration and precipitation in the Weihe River
basin have no significant change in 1970–2019; runoff depth has an abrupt change around 1990 and
then decrease significantly. The study period is divided into the base period (1970–1989), PI (1990–
2009), and PII (2010–2019). Compared with the base period, the elasticity coefficients (absolute values)
of each element show an increasing trend in PI and PII. The sensitivity of runoff to these coefficients
is increasing. The sensitivity of the precipitation is the highest (2.72~3.17), followed by that of the
underlying surface parameter (−2.01~−2.35); the sensitivity of the potential evapotranspiration is
the weakest (−1.72~−2.17). In the PI period, the runoff depth decreased significantly due to the
combination effects of precipitation and underlying surface with the values of 6.18 mm and 13.92 mm,
respectively. In the PII period, rainfall turned to an increasing trend, contributing to the increase
in runoff by 11.80 mm; the further increase in underlying surface parameters was the main reason
for the decrease in runoff by 22.19 mm. The significant increase in runoff by 8.54 mm because of
the increased rainfall, compared with the PI periods. Overall, the increasing underlying surface
parameter makes the largest contribution to the runoff changes while the precipitation change is also
an important factor.

Keywords: Weihe River basin; Budyko framework; runoff changes; climate change; underlying
surface parameters; human activities

1. Introduction

The problem of water resources will become the most important natural resource
problem facing mankind in the 21st century, and the exploitation of water resources in
northern China has exceeded the carrying capacity of the resource environment, indicating
that the situation facing water resources is very serious [1]. In recent years, the combined
effects of climate change and human activities have led to significant changes in the river
runoff of many rivers and further intensification of water scarcity, which seriously threatens
social development and human life [2]. Exploring trends and turning points in runoff
change and revealing the main drivers of runoff change play a key role in future water
resources prediction [3].

Runoff change is a complex dynamic process as an integrated response to climate
change and human activities in a watershed. The effects of climate change and human
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activities on hydrological processes have become a hot research topic. Currently, statis-
tical analysis methods [4], hydrological modeling methods [5], and elasticity coefficient
methods based on the Budyko framework [6] are the main methods to study the impact
of climate change and human activities on hydrological water resources. The elasticity
coefficient method based on the Budyko framework integrates the coupled hydrothermal
equilibrium of the watershed and establishes the relationship between watershed runoff
and precipitation, evaporation, and underlying surface characteristics, which is easy to
calculate and has been validated in many watersheds [7–9].

In recent years, significant changes in runoff and other hydrometeorological elements
have occurred in the Weihe River basin, causing widespread concern. Zuo et al., used
a sensitivity coefficient approach based on the Budyko framework and a hydrological
modeling approach to estimate the effects of climate change and human activities on runoff
in the Weihe River basin. They found that the impact of human activities on the control
basins of the upper and middle reaches of the Weihe River at Linjiacun, Weijiabao, and
Xianyang hydrological stations, and the control basins of the lower reaches of the Jinghe
River at Zhangjiashan station, accounted for greater than 50% of the runoff changes [10].
Sun et al., found that the intensification of potential evapotranspiration due to climate
warming contributed negatively to runoff changes by more than 60%, which was higher
in absolute value than the positive contribution of precipitation [11]. Shi et al., found that
the contribution of human activities to runoff changes in the Weihe River source area was
close to 50% [12]. Zhang et al., found that intense human activities were the main cause
of runoff reduction, and their contribution to the reduction in runoff was over 60% [13].
Although many previous studies have been conducted to analyze runoff changes in the
Weihe River basin, the results are not entirely consistent (Table 1). The contribution of
potential evapotranspiration, precipitation, and human activities to runoff changes in the
Weihe River basin varies widely among the results obtained in each article due to different
study periods, hydrological stations, and methods. However, generally, they indicate that
the modification of the underlying surface by human activities has gradually become a
major factor affecting runoff changes.

Table 1. Past studies in Weihe River basin.

Researcher Main Influencing Factors Contribution Rate

Zuo Human activities More than 50%
Sun Potential evapotranspiration More than 60%
Shi Human activities 48.87%

Zhang Human activities More than 60%

Most of the previous studies were based on the period before the 2010s and did not
explore the continuous changes of runoff in the Weihe River in the last 10 years. In order
to deeply analyze the characteristics and causes of runoff changes in the Weihe River
basin in recent years, this paper conducted a trend and abrupt change point test for each
hydrological element in the Weihe River basin and selected the base period and change
periods based on abrupt change points. This paper applies the Budyko framework to
analyze the contributions of precipitation, potential evapotranspiration, and underlying
surface characteristics to runoff variability and conducts an attribution analysis of runoff
variability to provide a theoretical basis for the integrated management and sustainable
use of water resources in the Weihe River basin and similar areas.

2. Study Area

The Weihe River is the largest tributary of the Yellow River, located in the Yellow River
hinterland (103◦57′–110◦17′ E, 33◦42′–37◦24′ N), originating in the Wushu Mountain in
Weiyuan County, Dingxi City, Gansu Province, and flowing through three provinces, Gansu,
Ningxia, and Shaanxi, east to Tongguan County, Shaanxi Province, where it joins the Yellow
River, with a main stream length of 818 km and a basin area of 134,800 km2. The Weihe
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River has many tributaries, and the tributaries on both sides of the river are asymmetrically
distributed. The water system on the south bank originates from the Qinling Mountains
and flows through the rocky mountainous areas, which are mostly tributaries with a short
course and more water and less sand. The water system on the north bank is developed on
the Loess Plateau, with a large water catchment area and serious soil erosion, and is the
main sand-producing area in the watershed. The largest tributary is the Jing River, with a
length of 455.1 km and a basin area of 45,400 km2; the second largest tributary is the Bei
Luo River, with a length of 680 km and a basin area of 26,900 km2. The Weihe River basin
is located in the transition zone between arid and humid and has a temperate monsoon
climate with an average annual temperature of 7.8 ◦C~13.5 ◦C, annual precipitation of
300~800 mm, annual potential evaporation of 700~1400 mm, and annual evaporation of
400~700 mm. Combining the runoff information from the hydrological stations of Huaxian
and Zhuangtou, the average multi-year runoff of the Wei River is 6.385 billion m3 (Table 2).

Table 2. Hydrological information of the Weihe River basin.

Area Watershed Area
(104 km2)

Runoff
(104 m3/a)

Runoff Depth
(mm/a)

Rainfall
(mm/a)

Period
(Year)

Weihe River
Basin 14.48 638,525.14 48.34 526.11 1970~2019

3. Data and Methodology
3.1. Data Collection and Preprocessing

In this paper, annual runoff information from 1970 to 2019 at two hydrological stations
in Zhuangtou and Huaxian was collected; the sum of runoff from the two hydrological
stations is usually used as the annual runoff of the Weihe River basin [14]. Precipitation and
daily data from ground stations including wind speed (m·s−1), daily maximum temperature
(◦C), daily minimum temperature (◦C), sunshine hours, barometric pressure (kPa), elevation
(m), and relative humidity (%) were taken from China Meteorological Data Service Centre
(http://www.nmic.cn/ (accessed on 6 July 2021)), and meteorological data from 1970
to 2019 for 16 stations in the Weihe River basin were selected (Figure 1). The missing
data of meteorological stations were interpolated with inverse distance weights using the
complete data of nearby stations. The potential evapotranspiration (ET) was estimated
using the Penman–Monteith Equation, recommended by the World Food and Agriculture
Organization (FAO), and the Tyson polygon method was applied to calculate the surface
rainfall and surface potential evapotranspiration of the watershed. The expression of the
Penman–Monteith correction formula is as follows [15]:

ET =
0.408∆(Rn − G) + γ 900

Tmean+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(1)

where ET is the potential evapotranspiration (mm·d−1), Rn is the net all-wave radiation
at the canopy surface (MJ·m−1·d−1), G is the soil heat flux density (MJ·m−2·d−1), Tmean
is the daily air temperature at 2 m above ground level (◦C), u2 is the wind speed at 2 m
above ground level (m·s−1), es is the saturation vapor pressure (kPa), ea is the actual vapor
pressure (kPa), ∆ is the slope of the saturated vapor pressure curve versus air temperature
(kPa·◦C−1), γ is the psychrometric constant (kPa·◦C−1).
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Figure 1. Distribution of meteorological and hydrological stations in the Weihe River basin.

3.2. Methodology

The overall research line of this paper is that the Mann–Kendall nonparametric analysis
method was used to examine the trends and abrupt change points of each hydrological
element in the Weihe River basin, and to select the base and change periods based on the
abrupt change points. The Budyko framework is applied to explore the contribution of
precipitation, potential evapotranspiration, and underlying surface parameters to runoff
variability and to conduct attribution analysis of runoff variability.

3.2.1. Mann–Kendall Analysis Method

The Mann–Kendall analysis was used to perform trend and mutation tests, which are
easy to calculate, have a clear meaning, and are not disturbed by some outliers. They are
widely used in the analysis of hydrometeorological and other series, as described in the
literature [16].

3.2.2. Runoff Change Attribution Identification Based on the Budyko Framework

1. The Budyko Framework

The water balance equation for a closed basin can be expressed as:

P = Q + E + ∆S (2)

where P is precipitation (mm), Q is runoff (mm), E is evaporation (mm), and ∆S is the
variation of water storage in the basin. For a long period, ∆S is approximately 0 and
can be neglected. Therefore, the multi-year water balance equation can be simplified
as: P = Q + E.

The actual evapotranspiration of a watershed depends on the available water supply
and available heat, and Budyko [6] proposed that on a multi-year time scale, the multi-
year average evapotranspiration depends on the multi-year average rainfall (P) and the
multi-year average potential evapotranspiration (ET), expressed in the formula as:

E
P
= f

(
ET
P

, n
)

(3)

where n is the underlying surface parameter of the basin.

8
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Based on the Budyko framework, many studies have derived many different analytic
forms, the more commonly used of which is the Choudhury–Yang [17] equation, the
expression as:

E =
ETP

(Pn + ETn)
1
n

(4)

where n is the watershed underlying surface parameter, which reflects the characteristics of
the watershed underlying surface, related to topography, soil, vegetation, etc., and changes
mainly by human activities. n can be obtained by back-calculating the multi-year average
Q, ET, and P and considering P, ET, and n as mutually independent variables in the above
equation [18].

2. Climate Elasticity Analysis Method

The variation in runoff can be attributed to the combined effect of climatic and un-
derlying surface factors, where climatic factors mainly include precipitation and potential
evapotranspiration. Assuming that the factors are independent of each other, the following
equation can be obtained according to the water balance equation [18]:

∆Q ≈ ∂Q
∂P

∆P +
∂Q

∂ET
∆ET +

∂Q
∂n

∆n (5)

where ∆Q, ∆P, ∆ET, and ∆n are the changes in the average runoff depth, rainfall, potential
evapotranspiration, and underlying surface parameters at different time periods, respec-
tively. ∂Q

∂P , ∂Q
∂ET , ∂Q

∂n are the sensitivity coefficients of runoff depth to precipitation, potential
evapotranspiration, and parameters of the underlying surface, respectively, and the partial
derivatives are obtained by combining Equations (2) and (4):





∂Q
∂P = 1− 1

[
( P

ET )
n
+1
] 1

n +1

∂Q
∂ET = − 1

[
( ET

P )
n
+1
] 1

n +1

∂Q
∂n = ETP

[
ETn lnET+Pn lnP

n(ETn+Pn)1+ 1
n
− ln(ETn+Pn)

n2(ETn+Pn)
1
n

]
(6)

Using Equation (6), the elasticity coefficients and the contribution to the change in
runoff can be calculated for each factor:

εx =
∂Q
∂X

x
Q

(7)

δQx =
∂Q
∂X ∆X

∂Q
∂P ∆P + ∂Q

∂ET ∆ET + ∂Q
∂n ∆n

× 100% (8)

where εx is the elasticity coefficient of X factor, δQx is the contribution of X factor to the
change of runoff, ∂Q

∂X ∆X indicates the contribution of X factor to the change of runoff.

4. Results
4.1. Analysis of Hydrometeorological Elements
4.1.1. Trend Analysis

Overall, the trends of annual Q, ET, P and runoff coefficient (a) detected by the M–K
trend test are summarized in Table 3. The study period is 50 years, and the significance
level of 0.05 is±1.96. If the M–K method statistic of Q is greater than 1.96 or less than−1.96,
it indicates that the increase or decrease in Q is significant. Otherwise, the change is not
significant, and the sign of the M–K method statistic represents the increase or decrease.

9
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Table 3. M–K test for hydrometeorological elements in the Weihe River basin.

Elements M–K Method
Statistic

0.05
Significance

Level
Significance Linear Fitting

Formula
Maximum
Value/mm

Minimum
Value/mm

Extreme
Value Ratio

Runoff depth, Q −2.05

±1.96

Significant y = −0.4167x + 879.52 109.31 16.48 6.63
Potential evapo-

transpiration,
ET

−0.04 Not significant y = 0.1464x + 695.76 1072.17 865.16 1.24

Precipitation, P 0.61 Not significant y = 0.7675x − 1004.6 758.16 347.74 2.18
Runoff

coefficient, a −3.29 Significant y = −0.0008x + 1.7665 0.16 0.04 4

Q change showed a significant decreasing trend, with an M–K test statistic of −2.05.
ET showed a non-significant increasing trend, with an M–K method statistic of −0.04. P
showed a weak increasing trend, with an M–K method statistic of 0.61. Runoff coefficient
showed a significant decreasing trend and the M–K method statistic is −3.29, as detailed in
Table 3. From about 1990 to the early 2000s, Q decreased significantly compared with the
previous period (Figure 2). The decrease in P at this stage is a factor, but the decline rate of
P is much lower than that of Q. Therefore, the influence of underlying surface change on
runoff may increase sharply, and the underlying surface becomes the most important factor
to runoff. The underlying surface factors include terrain, soil, etc., among which human
activities and vegetation are most important.

Figure 2. Trend of hydrological elements in the Weihe River basin. (a) Runoff Depth. (b) Potential
Evapotranspiration. (c) Precipitation. (d) Runoff Coefficient.

10
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4.1.2. Mutation Point Detection

The M–K method was applied to detect mutation points for runoff depths from 1970
to 2019 in the Weihe River basin in Figure 3. Ufk is obtained from the M–K trend test. If
Ufk is greater than the significance level, it indicates that the change is significant. Ubk is
obtained by arranging the studied sequences in reverse order and using the M–K trend test.
The significance level of 0.05 is ±1.96. If Ufk and Ubk intersect and are at the significance
level, the intersection is likely to be a mutation point.

Figure 3. Detection of M−K mutation points of annual runoff depth in the Weihe River basin.

There are three intersections of Ufk and Ubk curves, the first two intersections are in
the pre-series period and therefore excluded, and the third point is around 1990 and at the
0.05 significance level. Therefore, 1990 is likely to be the onset of the mutation.

4.2. Analysis of Hydrometeorological Elements

According to the previous paper, Q in 1990 is most likely the starting point of the
mutation in runoff; therefore, 1970~1989 is set as the base period. In this paper, we focus on
the runoff changes in the Weihe River basin in the 2010s, so we set 1990~2009 as the change
period PI and 2010~2019 as the change period PII. ET increased steadily during the two
change periods (Table 4). During the PI period, P and Q have a similar decline, but the
change rate of Q is much greater than that of P. During the PII period, there was a larger
increase in P and a certain degree of recovery in Q.

Table 4. Changes in hydrometeorological elements in the Weihe River basin in different periods.

Periods\
Elements

Precipitation Runoff Depth Potential Evaporation

Average
Value/mm

Amount of
Change/mm

Rate of
Change

Average
Value/mm

Amount of
Change/mm

Rate of
Change

Average
Value/mm

Amount of
Change/mm

Rate of
Change

Base periods 526.90 - - 59.09 - - 979.73 - -
PI 504.11 −22.79 −4.33% 38.32 −20.77 −35.15% 990.04 10.31 1.05%
PII 568.55 41.65 7.90% 46.86 −12.23 −20.70% 998.74 19.01 1.94%

Each elasticity coefficient indicates that Q is positively correlated with P and nega-
tively correlated with ET and n. The elasticity coefficients (absolute values) of P are the
largest, with 2.72, 3.06, and 3.17 for each period, reflecting that Q is most sensitive to P
(Table 5). The elasticity coefficients of n are −2.01, −2.35, and −2.18 for each period. The
elasticity coefficients of ET are the smallest: −1.72, −2.06, and −2.17 for each period. The
three elasticity coefficients (absolute values) show an increasing trend, indicating that the
sensitivity of runoff to P, ET, and n increases at the same time, and Q is more susceptible
to more drastic changes than the base period, with increased uncertainty and increased
chances of flood and drought disasters.
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Table 5. Elasticity coefficients of each hydrological element in the Weihe River basin at different
periods.

Periods\Elasticity
Coefficients

Underlying Subsurface
Parameter, n εP εET εn

Base period 2.06 2.72 −1.72 −2.01
PI 2.35 3.06 −2.06 −2.35
PII 2.52 3.17 −2.17 −2.18

4.3. Runoff Change Attribution Identification

Overall, n contributed the most to the variation of Q, followed by P, and, lastly, ET.
During PI, all factors had a decreasing effect on Q. An increase of 0.29 in n led to a

decrease of 13.92 mm in Q with a contribution of 66.11% (Figure 4) and was the main cause.
A decrease of 22.79 mm in P led to a decrease of 6.18 mm in Q with a contribution of 29.36%
and was the secondary factor. An increase of 10.31 mm in ET, resulting in a decrease in Q
by 0.95 mm with a contribution of 4.53%, was the least influential factor.

Figure 4. Contribution of various factors to runoff changes in the Weihe River basin.

During PII, the trend shift in P increased by 41.65 mm, resulting in an increase in
Q of 11.80 mm, with a contribution of −95.56%, offsetting part of the decrease in Q. An
increase in n of 0.46, resulting in a decrease in Q of 22.19 mm with a contribution of 179.65%
(Figure 4), and was the main cause. An increase in ET of 19.01 mm, resulting in a decrease
in Q of 1.96 mm with a contribution of 15.91%, was the least influential factor on Q.

The above shows that changes in each factor cause different degrees of runoff changes
over time. ET and n are negatively correlated with Q, and P is positively correlated with Q.
Among them, n contributes the most to Q changes, and P also has a great impact on Q. ET,
because of its own small amount of change, contributes the least to Q changes.

From Table 6, we can see that there is a slight difference between the actual runoff
depth variation and the calculated runoff depth variation, and the difference between the
simulated and actual values in PI and PII periods are less than 0.3 mm, with a relative error
of no more than 2%, and the simulated results are very close to the actual values.

12
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Table 6. Identification of attribution of runoff changes in the Weihe River basin.

Periods\Elements ∂Q
∂P ∆P/mm ∂Q

∂ET ∆ET/mm ∂Q
∂n ∆n/mm ∆Q/mm

∂Q/∂P ∆P +
∂Q/∂ET ∆ET +
∂Q/∂n ∆n/mm

Difference/mm

PI −6.18 −0.95 13.92 −20.77 −21.06 0.29
PII 11.80 −1.96 22.19 −12.23 −12.35 0.12

5. Discussion

The results obtained in this paper, where elevated n is the main cause of the sharp
decrease in Q, are consistent with previous studies [10,13,19], but the contribution of P to
the change in Q is significantly different from previous studies. In this paper, we conclude
that P increases during the PII period and contributes to an increase in Q. Zuo et al.,
conclude that climate change (P and ET) contributes 29% to 65% to the decrease in runoff
at each hydrological station in the Weihe River basin [10]. Bai et al., conclude that the
combination of both climate change and human activities leads to a significant decrease
in runoff in the Weihe River main stream [20]. Bi et al., and Liu et al., also reached similar
conclusions [21,22]. The differences in the above findings are most likely related to the
different study periods, with P elevated in the 2010s compared with the 2000s and 1990s,
and an increasing effect on Q. The former study period was probably in the dry phase
of the hydrological cycle, and the decrease in precipitation had a significant decrease in
runoff.

n is an important factor influencing runoff variation. In this paper, the variation of
n and its effect on Q are analyzed in three periods. To further reflect the changing state
of n, the meteorological and hydrological data for the whole time period were subjected
to a 10-year sliding average, and the corresponding n was obtained by back-calculating
Equation (4). The change of n actually shows the influence of other factors (underlying
surface) on runoff change after excluding P and ET. The increase in n indicates that the
influence of underlying surface change on Q increases, and in this paper, the value of n
is negatively correlated with Q. The increase in its value indicates a stronger effect on
Q reduction. As can be seen from Figure 5, n is in a fluctuating rising state throughout
the period, with a significant continuous rising phase after 1995, followed by a gradually
declining phase in the 2000s, and finally, a significant rising trend starting around 2008.
This indicates that the underlying surface began to change more drastically around 1995
and 2008 than before due to human activities. The overall upward trend in n is likely
related to increased artificial water withdrawal activity, and a study using reduced natural
runoff would likely remove this trend.

Figure 5. 10-year sliding average n values in the Weihe River basin.

The construction of soil and water conservation projects, the expansion of forest area,
the intensification of human water extraction activities, the change of watershed water
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storage, and the construction of various water conservancy projects to a certain extent make
the process of converting rainfall into runoff more complicated, and the water brought
by rainfall is kept in the watershed for a longer period of time, increasing the degree of
wetness in the watershed, so the runoff in the watershed will show a decreasing trend for
a period of time, which is reflected in the n a significant increase. After a period of time,
the vegetation coverage and wetness of the watershed reach a certain stage, and n is likely
to remain more stable or even decline. In 1995, the middle reaches of the Yellow River
protection forest creation project began to be implemented, and the first trials were carried
out in Shaanxi and other forest areas. The Weihe River basin has since been subsumed
under the project of protection forest construction [23,24]. The change in n from 1995 until
the end of the 2000s is consistent with the pattern of change described above. In 2008, the
Shaanxi provincial government launched the comprehensive management project of the
Weihe River basin in Shaanxi Province, accelerating the construction of watershed water
conservation and ecological projects, forest ecosystem protection and restoration projects,
green ecological projects of the Weihe River channel and inter-basin water transfer, etc.
From around 2008, n again showed an increase, but this state is likely not to last for a long
time and is more likely to remain stable or decline in the future.

The impact of future global climate change on the Weihe River basin cannot be ac-
curately simulated, but the increase in temperature and precipitation is recognized and
determined at present, which will lead to the change of hydrothermal conditions in the
Weihe River basin. The increase in atmospheric temperature and the humidity of the
watershed will change the potential evapotranspiration. The increase in precipitation and
potential evapotranspiration provides basic conditions for the increase in evaporation. At
the same time, the vegetation coverage of the Weihe River basin is also growing rapidly,
which makes the change of evaporation more rapid. The increase in precipitation has a
positive effect on runoff, but evaporation has the opposite. A very important point is that
in the future, Hanjiang to Weihe River Project will add 1.5 billion·m3 per year of water to
the Weihe River. Therefore, there will be many uncertainties in future runoff changes in
the Weihe River basin, which require more research on future climate change and human
activities.

6. Conclusions

In this paper, the trend and mutation of hydrometeorological elements in the Weihe
River basin from 1970 to 2019 were analyzed using the Mann-Kendall test. the contribution
of climate and underlying surface changes to runoff changes were identified by the elasticity
coefficient method which is based on the Budyko framework. The main findings are as
follows:

1. Runoff in the Weihe River basin shows a decreasing trend during 1970–2019 with an
abrupt change in 1990 and then decreasing significantly; potential evapotranspiration
and precipitation increases slightly during 1970–2019, with the rate of 1.46 mm and
7.68 mm per decade, respectively.

2. According to the elasticity coefficients of each period, runoff is the most sensitive
to precipitation (2.72~3.17), second most sensitive to underlying surface parameter
(−2.01~−2.35), and least sensitive to potential evapotranspiration (−1.72~−2.17).
Underlying surface parameter and potential evapotranspiration were negatively
correlated with runoff, while precipitation was positively correlated.

3. During 1990–2009, the increase in underlying surface parameter led to a decrease in
runoff by 13.92 mm, which contributed 66.11% to the runoff variation. The effect of
precipitation and potential evapotranspiration was a secondary factor. The combi-
nation effects of precipitation, potential evapotranspiration and underlying surface
parameter changes resulted in a significant decrease in runoff by 21.06 mm. During
2010–2019, underlying surface parameter increased further, resulting in a 22.19 mm
decrease in runoff, accounting for 179.65% of runoff change; precipitation turned to
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an upward trend, which led to a 11.80 mm (accounting for −95.56% of the total runoff
change) increase in runoff.

4. In the future, climate change, precipitation, evaporation, and runoff in the Weihe River
basin are likely to increase. The increase in vegetation coverage and the interference of
human activities will add more uncertainties to the change in the Weihe River runoff.
In summary, the runoff of the Weihe River will increase in the future, which requires
more comprehensive assessment of climate change and human activities.
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Abstract: This study presents an integrated analysis of cohesive bank-collapsed material transporta-
tion in a high-curvature channel with a non-cohesive riverbed. A numerical model was established
to simulate the erosion and transportation of collapsed materials in a 180◦ U-bend channel after
verification. The novel aspect of this study is that the quantities of the collapsed materials that
transformed into suspended and bed loads were comprehensively analyzed. The results show that
finer collapsed sediments were only transformed into suspended loads after being eroded, while the
coarser particles transformed into both suspended loads and bed loads. When the flow charge was
30 L/s, the quantity of collapsed materials (S1 and S2) that transported downstream was smaller, and
coarser materials transformed into suspended loads with a ratio of 88.12–99.86% and bed loads with
a ratio of 11.18–0.14%. When the flow charge was 55 L/s, due to the greater shear stress, the quantity
of collapsed materials (S1 and S2) that transported downstream was greater, and the ratio ranged
from 46.65% to 49.88% and from 50.12% to 53.35%, respectively. This research provides theoretical
and practical benefits that reveal the mechanisms of channel bend evolution.

Keywords: bank collapse; sediment transportation; numerical simulation; curved channel; cohesive

1. Introduction

Riverbank collapse is a key process in river morphodynamics that can affect channel
mobility, floodplain evolution, and pollution transportation. Large amounts of sediments
come into alluvial rivers, leading to a series of social and environmental problems, including
farmland loss, embankment destruction, river turbidity, and river eutrophication [1,2].

Given the importance of riverbank collapse, it is not surprising that many studies have
been carried out on this subject in these past decades. For cohesive riverbanks, one focus of
recent work has been the mechanism of riverbank collapse and the relative influence of
the factors that control mass failure [3]. In such studies, collapse processes were divided
into three steps: (1) bank toe erosion, (2) tension cracks generated on top of a bank, and
(3) mass failure on flat or cambered planes [4–6]. Simultaneously, the respective roles of
bank shapes [7], near-bank hydrology [8], positive and negative pore pressures [9], high
confining water pressures [10], and riparian vegetation coverages [11], as well as bank
materials were quantified in the modelization of riverbank collapse [12]. In addition, several
bank stability models based on limit equilibrium were established to evaluate cohesive
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bank stability and predict collapse volumes [13,14]. These notable contributions present
much benefit for predicting channel bend evolution processes, especially for the rivers with
drastic riverbank collapse [15].

In a curved channel with drastic riverbank collapse, the evolution processes become
more complicated under the interaction between collapsed materials and near-bank hy-
drology [16]. After bank collapse occurs, collapsed sediments that accumulated at the bank
toe will change the original channel topography, which can affect the velocity distribution
and provide a sediment source [17]. Previous studies noted that collapsed materials can
reduce the near-bank shear stress [18,19], further increase the near bank resistance, and
make the high velocity area shift away from the riverbank [20,21]. Yu et al. [22] found
that the presence of a collapsed block can cause greater downstream bank retreat, while a
smaller near-bank velocity can protect the bank against erosion occurring upstream of the
block end. Xie et al. [23] noted that the average wall shear force between the collapse body
and the toe decreases when the collapsed body is located upstream of the apex of bend.
The opposite situation occurs when the collapse body is located downstream of the apex of
bend. Based on these qualitative analyses, some mathematical models were developed by
changing bank erosion parameters to reflect protection from collapsed materials [15,24–27].
Nevertheless, these studies mainly emphasized the influence of collapsed materials on flow
distributions.

In fact, channel hydrology reacts on collapsed materials at the same time. One impor-
tant manifestation is the accumulation and transportation of collapsed materials. Though
some studies qualitatively describe the transportation based on flume experiments and
theory of sediment movement [22,28,29], there has been no uniform approach for quantify-
ing the transportation of collapsed materials directly until now because of its difficulty to
observe either in natural rivers or laboratory flume experiments. Instead, many studies
introduced assumptions about the transportation of collapsed materials when simulating
channel evolution processes by coupling water–sediments equations, bed evolution equa-
tions, and bank stability models. Some studies considered collapsed cohesive sediment
as wash loads that were carried away instantaneously, with none being accumulative [9].
Some studies classified the collapsed materials based on particle size. Particles finer than
0.062 mm were considered as wash load, while the coarser particles were considered as
bed sediments that were distributed uniformly across the bed area between the bank toe
and the boundary of the near bank sediment routing segment, a distance equal to twice
the bank height. Zong et al. [30] considered 50% of collapsed materials as wash load; the
others accumulated at the bank toe with triangular silting shapes. Duan et al. [31] proposed
that the volume of accumulated sediments is decided by sediment carrying capacity and
assumed that sediment accumulated at the sediment deposition angle. Then river evolution
process was simulated through water–sediment and bed evolution equations. Though
these assumptions were indirectly demonstrated by comparing simulated and measured
results, the further fraction of reworked collapsed materials, transported either as bed load
or as suspended load, was rarely involved. As this further fraction can influence channel
downstream morphology significantly in natural alluvial rivers, it is essential to quantify
the different transport patterns of collapsed materials.

In this study, scenarios with cohesive collapsed materials and non-cohesive sediments
in a 180◦ U-bend channel were simulated by a numerical model established based in
Delft3D to evaluate the transportation of the collapsed materials in a sharply curved
channel and quantify the suspended and bed loads that are transformed from collapsed
materials.
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2. Materials and Methods

In this study, a three-dimensional mathematical model established in Delft3D was
adopted [32], which is comprised of a flow model and a sediment transport model.

2.1. Flow Model

The three-dimensional bend flow model (k-εmodel) in the σ coordinate system was
applied to the Reynolds-averaged Navier–Stokes equations for incompressible free surface
flow to obtain the flow velocities in the ξ, η and σ directions.

(1) Definition of σ-co-ordinate.

The σ co-ordinate system is defined as:

σ =
z− ζ

d + ζ
=

z− ζ

H
(1)

where z is the vertical coordinate in physical space; ζ is the free surface elevation above the
reference plane (at z = 0), m; d is the depth below the reference plane, m; and H is the total
water depth, m.

H = d + ζ (2)

(2) Continuity equations.

In coordinate system σ, continuity equations can be transformed as follows:
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where t is the time, s; (Gξξ)1/2 and (Gηη)1/2 are the coefficients used to transform curvilinear
to rectangular coordinates, m; ξ and η are horizontal curvilinear coordinates; U is depth-
averaged velocity in ξ direction, m/s; V is depth-averaged velocity in η direction, m/s; and
Q is the contributions per unit area due to the water discharge, m/s.

Q = H
∫ 0

−1
(qin − qout)dσ + P− E (4)

where qin is the local source of water per unit of volume, 1/s; qout is the local sink of water
per unit of volume, 1/s; P is precipitation, m/s; and E is evaporation, m/s.

(3) Momentum equations.
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where u, v, and ω are the velocities in the ξ, η and σ directions, respectively, m/s; f is
the Coriolis parameter, 1/s; ρ0 is the reference density of water, kg/m3; Pξ and Pη are
the gradient hydrostatic pressures in the ξ and η directions, kg/(m2s2); Fξ and Fη are the
turbulent momentum fluxes in the ξ and η directions, m/s2; Mξ and Mη are the sources or
sinks of momentum in the ξ and η directions, m/s2; and νV is the vertical eddy viscosity,
m2/s.
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The vertical velocity ω in the adapting σ-coordinate system is computed from the
continuity equation:
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(4) Turbulent model: k-εmodel.
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where k is turbulent kinetic energy, m2/s2; Pk is production term in transport equation
for turbulent kinetic energy, m2/s3; Bk is buoyancy flux term in transport equation for
turbulent kinetic energy, m2/s3; ε is dissipation in transport equation for turbulent kinetic
energy, m2/s3; Pε is production term in transport equation for the dissipation of turbulent
kinetic energy, m2/s4; Bε is buoyancy flux term in transport equation for the dissipation
of turbulent kinetic energy, m2/s4; c1ε, c2ε and c3ε are constant coefficients; Dk and Dε are
eddy diffusivities of k and ε.
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v3D = c′µL
√
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cµ = cDc′µ (14)

where L is the mixing length, m; cµ is the calibration constant, cµ = 0.09; cµ
′ is a constant in

Kolmogorov–Prandtl’s eddy viscosity formulation; and cD is a constant relating the mixing
length, turbulent kinetic energy and dissipation in the k-εmodel.
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c1ε = 1.44 (19)

c2ε = 1.92 (20)

c3ε = 0 (21)
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2.2. Sediment Transport Equation

(1) Suspended sediment transport equation
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where c(l) is the mass concentration of the sediment fraction (l), kg/m3; u, v, and w are
the flow velocities in the x, y, and z directions, m/s; εs,x

(l), εs,x
(l) and εs,x

(l) are the eddy
diffusivities of the sediment fraction (l), m2/s; and ws

(l) is the sediment settling velocity of
the sediment fraction (l), m/s.

(2) Bed load transport equation

The reference concentration is calculated as:
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where ca
(l) is the mass concentration at reference height a, kg/m3; D*

(l) is the nondimen-
sional particle diameter; and Ta

(l) is the nondimensional bed shear stress.
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where ρs is the density of sediment, kg/m3; ws is the sediment setting velocity, m/s; M is
the sediment mobility number due to waves and currents; and Me is the excess sediment
mobility number.

2.3. Model Verification

The numerical model was verified by simulating water flume experiments that studied
the interaction between the riverbank and bed sediments, as described in the literature [33].
The flume experiments were constructed at the State Key Laboratory of Water Resources
and Hydropower Engineering Sciences at Wuhan University to simulate riverbank collapse
in Dengkou Reach of the Yellow River. The slope of flume was 1‰. The flow conditions
were designed as: (1) discharge 30 L/s; (2) water depth 0.14 m; (3) water level 0.24 m.
Water flume sizes, section settings, and sediment distributions were organized as shown
in Figure 1. The erodible sediments were placed only on the shaded part of the water
flume. The particle sizes of all the bed and bank sediments that collected from Dengkou
Reach of the Yellow River are listed in Figure 2. Additionally, Table 1 lists the physical
properties of cohesive sediments. The flow velocity was measured by an acoustic Doppler
velocity (ADV) profiler; by mounting the probe to a rigid scaffold, any possible vibration of
the probe due to flow action was minimized. When the experiment was completed, the
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bed level was measured by a transparent mesh plate at typical sections after the water
was drained.
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Figure 2. Particle distribution of cohesive and non-cohesive sediments.

Table 1. Physical properties of cohesive sediments.

Moisture Content (%) Porosity (%) Cohesion (KPa) Internal Frictional Angle (◦)

6.75 37.2 17.2 21.5

A basin of 188 × 24 computational cells, where each was approximately 0.01 m2

at 0.2 m long and 0.05 m wide, was positioned with an initial bed slope of 1‰ in the
rectangular flume along the flow direction, as shown in Figure 3.

The inlet and outlet boundary conditions shown in Figure 3 were set to be the dis-
charge (30 L/s) and water level (0.24 m), respectively. All cohesive and non-cohesive grains
had a density of 2650 kg/m3, as the dry densities were set to 500 kg/m3 and 1600 kg/m3,
respectively, based on measurements. The settling velocities of cohesive sediments that
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ranged from 0.04 to 0.46 mm/s in this research were calculated using the formula de-
rived by Dou [34]. For cohesive sediments, the critical bed shear stress for erosion ranged
from 0.2 to 1.8 N/m2; here we calculated using the formula in the literature [35,36]. The
critical bed shear stress for deposition can be obtained using the formula in the litera-
ture [37]. The background horizontal viscosity and diffusivity values were set to 0.0005 and
0.0001 m2/s, respectively.

Water 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 3. Morphologic grid in calculate areas. 

The inlet and outlet boundary conditions shown in Figure 3 were set to be the dis-
charge (30 L/s) and water level (0.24 m), respectively. All cohesive and non-cohesive 
grains had a density of 2650 kg/m3, as the dry densities were set to 500 kg/m3 and 1600 
kg/m3, respectively, based on measurements. The settling velocities of cohesive sedi-
ments that ranged from 0.04 to 0.46 mm/s in this research were calculated using the 
formula derived by Dou [34]. For cohesive sediments, the critical bed shear stress for 
erosion ranged from 0.2 to 1.8 N/m2; here we calculated using the formula in the litera-
ture [35,36]. The critical bed shear stress for deposition can be obtained using the formula 
in the literature [37]. The background horizontal viscosity and diffusivity values were set 
to 0.0005 and 0.0001 m2/s, respectively. 

A bed stratigraphy model containing 5 layers was used to track the evolution of the 
bed sediment. A time step of 0.03 s was adopted to obey all stability criteria, and the 
simulation time was 3 h when riverbank collapse did not occur. To avoid numerical in-
stabilities caused by supercritical flow in shallow areas, a grid cell was considered dry if 
its depth was shallower than 0.01 cm. Boundary fitted grids were used in this model so 
that all erosion and deposition fluxes were applied to the bottom cell face. 
(1) Velocity verification 

Because the main object of this study was to quantify the transformation of collapsed 
materials, the depth-averaged velocity played a more important role in longitudinal di-
rection. Thus, the depth-averaged velocities from numerical simulation and flume ex-
periments were selected to verify the adopted model. The average velocities in Sections 1, 
3–7 were adopted to verify the simulated velocities with the measured velocities in the 
water flume experiments, as shown in Figure 4. Figure 5 presents the comparison be-
tween simulated and measured velocities at the same location in every selected section. 
The simulated velocities were moderately consistent with the experimental velocities, 
supporting the validity of the flow model. 

 

Figure 3. Morphologic grid in calculate areas.

A bed stratigraphy model containing 5 layers was used to track the evolution of
the bed sediment. A time step of 0.03 s was adopted to obey all stability criteria, and
the simulation time was 3 h when riverbank collapse did not occur. To avoid numerical
instabilities caused by supercritical flow in shallow areas, a grid cell was considered dry if
its depth was shallower than 0.01 cm. Boundary fitted grids were used in this model so
that all erosion and deposition fluxes were applied to the bottom cell face.

(1) Velocity verification

Because the main object of this study was to quantify the transformation of collapsed
materials, the depth-averaged velocity played a more important role in longitudinal direc-
tion. Thus, the depth-averaged velocities from numerical simulation and flume experiments
were selected to verify the adopted model. The average velocities in Sections 1, 3–7 were
adopted to verify the simulated velocities with the measured velocities in the water flume
experiments, as shown in Figure 4. Figure 5 presents the comparison between simulated
and measured velocities at the same location in every selected section. The simulated
velocities were moderately consistent with the experimental velocities, supporting the
validity of the flow model.
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(2) Bed level verification

Bed sediment transportation was verified by comparing bed levels between simulated
and measured results in Sections 1, 3, 4, 5, 6, and 7 separately, as shown in Figure 6. Due
to the existence of the transverse effect, the water at the surface in the curve channel will
flow towards the concave bank, whereas the water at the bottom will flow in the opposite
direction, which will carry sediments. Thus, the bed levels near the convex bank were
higher than those near the concave bank in both simulated and experimental scenarios,
as depicted in Figure 6. It can also be seen that the adopted model is accurate enough to
investigate the evolution of flume bottom variation.
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2.4. Simulated Scenario
2.4.1. Location of Collapsed Materials

Two scenarios listed in Table 2 were simulated by using the adopted numerical model
to determine the location of collapsed materials under different flow conditions (30 L/s
and 55 L/s). The water shear stress distribution of the curved channel, as the main driving
force on riverbank collapse [28], was simulated without collapsed materials to determine
the probable location of collapsed material accumulation. As bank collapse occurs in the
downstream of the bend exit [38], the collapsed materials were set to accumulate at the
location in situ, circled by a dotted line in Figure 7, where the water shear stress was greater.

Table 2. Simulated scenarios settings.

Simulated
Scenarios

Flow Charge of
Inlet (L/s)

Water Level of
Outlet (m) Time Step (s) Simulated

Time (h)

1 30 0.24 0.03 8
2 55 0.24 0.03 8
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2.4.2. Composition of Collapsed Materials

In natural rivers, the shape of collapsed materials accumulated at the bank toe is very
difficult to measure and predict due to its irregularity. Based on the existing research [30,31],
the shape of collapsed materials is assumed to be right-angled trapezoidal in the cross-
sectional direction, as shown in Figure 8a. The length of the collapsed materials is deter-
mined by the area in the dotted line (Figure 7), and the total thickness of the collapsed
materials was 50 mm (Figure 8a). Since the critical size of coarse and fine sediment in the
Yellow River was 50 µm [39], two typical particles were selected to represent coarser and
fine sediment, i.e., 37 µm (S1) and 74 µm (S2), based on the particle size distribution of the
riverbank (Figure 2). It can also be obtained that the ratio of particles coarser than 50µm to
finer than 50µm approximately equals to 3; thus, the ratio of VS1 to VS2 equals 3, where VS1
and VS2 represent the volumes of S1 and S2, respectively. Bed sediments were made of one
typical particle size, 490 µm (S3), and the thickness was 100 mm, as shown in Figure 8.

2.4.3. Scenario Settings in Simulation for Transportation of Collapsed Materials

The riverbank was fixed except for the collapsed materials and the bed sediments,
as the main purpose of this study was to evaluate the quantities of collapsed materials
transforming into suspended loads and bed loads. Based on the determined location and
composition of collapsed materials, the grid and bed levels in the numerical model are
shown in Figure 8b. The simulated scenario settings in Table 2 were used for boundary
conditions. New section labels named based on grid numbers along the flow direction
were also used in the following article to analyze the simulated results more conveniently.
To ensure that the flow reached a steady state, river geomorphology was incorporated after
30 min. The simulated results based on the verified numerical model were analyzed in
Section 3.
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3. Results
3.1. Curved Channel Evolution Process

The variation in the riverbed elevation is an important performance factor in the
curved channel evolution process. Figure 9 presents the bed levels at different times.
As mentioned in Section 2.4, the river topography module began to run after 30 min of
hydrodynamic pre-operation with a flow charge of 30 L/s or 55 L/s. There were three
obvious characteristics in the curved channel evolution process. First, the bed level at the
bend inlet decreased because sediments were washed downstream. Second, the bed level
of the convex bank was higher than that of the concave bank over time due to the existence
of cross circulation and surface pressure differences. Third, the bed level changed more
dramatically when the flow charge was larger. Taking bed levels at 02:00:00 as an example,
when the flow charge was 55 L/s, the bed levels of the bend inlet and concave bank were
obviously lower, while the bed levels of the convex bank downstream of the bend outlet
were obviously higher. This is attributed to the larger water shear stress and sediment
carrying capacity of a larger flow charge with the same constant water level.

Figure 10 describes the bed level changes in typical sections (M114, 118 and 121) in
collapsed materials reached at different moments. Whether the flow charge was 30 L/s or
55 L/s, the bed levels of the right bank, where collapsed materials accumulated, decreased
as collapsed materials were eroded by water flow. For the left bank, the bed level changes
were more complicated. When the flow charge was 30 L/s, the bed levels of the left bank
increased as time progressed. When the flow charge was 55 L/s, the bed levels of the left
bank increased in the first 2 h and then decreased because a larger flow charge was more
conducive to sediment transportation [40]. After 2 h, there were fewer sediments upstream,
and the sediments that were previously deposited on the left bank were transported
downstream under the action of water flow when the flow charge was 55 L/s.
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3.2. Quantities of the Collapsed Material Transformation and Transportation
3.2.1. Quantities of the Eroded Collapsed Materials

The quantities of the eroded sediment fractions can be obtained by arranging the
remaining sediments on the riverbed at different moments. Figure 11 shows the remaining
quantities of S2 on the riverbed at the beginning and end of the simulation when the flow
charge was 30 L/s. The eroded quantity of S2 can be obtained by calculating the difference.
Tables 3 and 4 list the erosion quantities of different sediment fractions at different moments.
When the flow charge was 55 L/s, the erosion quantities of both sediment fractions were
larger because of the larger water shear stress. Whether the flow charge was 30 L/s or
55 L/s, the erosion quantity of S2 was larger than that of S1. The main driving force was the
water shear stress in the cohesive sediment erosion process, while the resistance provided
the cohesive force, friction, gravity of particles, and electrochemical force effects. When the
particle size was finer, the electrochemical force was greater and played a more important
role than other resistances [41].
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Table 3. Erosion quantities of the collapsed materials (30 L/s).

1 h 2 h 4 h 6 h 8 h

S1 (kg) 0.013 0.036 0.064 0.086 0.107
S2 (kg) 0.559 1.268 2.306 3.085 5.670

Total (kg) 0.561 1.274 2.320 3.111 5.777

Table 4. Erosion quantities of the collapsed materials (55 L/s).

1 h 2 h 4 h 6 h 8 h

S1 (kg) 0.040 0.164 0.392 0.550 0.655
S2 (kg) 4.068 6.769 7.428 7.574 7.599

Total (kg) 4.108 6.933 7.820 8.124 8.254

3.2.2. The Quantities of the Suspended and Bed Loads

After the collapsed materials were eroded, they were transported downstream as
suspended loads or bed loads. Several typical sections (M122, M124, M126, M128, and
M130) downstream of the collapsed reach were adopted to calculate the quantities, as listed
in Tables 5 and 6. When the flow charge was 30 L/s, the quantities of both suspended and
bed loads flowing through sections decreased downstream. When the flow charge was
55 L/s, the quantities of the suspended loads flowing through all sections were almost the
same as that of the bed load.

Table 5. Quantities of the suspended and bed loads through typical cross sections (30 L/s).

M122 M124 M126 M128 M130

Suspended loads (kg) 5.224 2.587 0.097 0.0895 0.0825
Bed loads (kg) 0.553 0.192 0.013 0.0005 0.0005

Total (kg) 5.777 2.779 0.110 0.090 0.083

Table 6. Quantities of the suspended and bed loads through typical cross sections (55 L/s).

M122 M124 M126 M128 M130

Suspended loads (kg) 2.542 2.361 2.310 2.276 2.182
Bed loads (kg) 2.423 2.537 2.490 2.378 2.327

Total (kg) 4.965 4.898 4.800 4.654 4.509

3.2.3. Percentage of Sediment Fractions in Suspended and Bed Loads Transforming from
the Collapsed Materials

Tables 7 and 8 list the percentage of different sediment fractions in suspended loads
and bed loads that were transformed from the collapsed materials. No bed load was
obtained from S1 in any section and the flow charge was either 30 L/s or 55 L/s—i.e., all
the collapsed materials at S1 were transported as suspended loads, while the S2 collapsed
materials were transported as both suspended and bed loads after erosion. When the flow
charge was 30 L/s, the percentage of S1 suspended loads ranged from 2.05% to 11.64%,
whereas that of S2 ranged from 88.36% to 97.95%. When the flow charge was 55 L/s,
the percentage of S1 ranged from 5.15% to 6.46%, whereas that of S2 ranged from 93.54%
to 94.85%.
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Table 7. Quantities and percentage of sediment fractions flowing through cross sections as suspended
and bed loads (30 L/s).

Section Fractions M122 M124 M126 M128 M130

Suspended loads (kg)
S1 0.107 0.115 0.009 0.009 0.0096
S2 5.117 2.472 0.089 0.0805 0.0729

Total 5.224 2.587 0.097 0.0895 0.0825

Bed loads (kg)
S1 0 0 0 0 0
S2 0.553 0.192 0.013 0.0005 0.0005

Total 0.553 0.192 0.013 0.0005 0.0005
Percentage of sediment

fractions in suspended loads
S1 2.05% 4.45% 9.28% 10.06% 11.64%
S2 97.95% 95.55% 90.72% 89.94% 88.36%

Percentage of sediment
fractions in bed loads

S1 0 0 0 0 0
S2 100% 100% 100% 100% 100%

Table 8. Quantities and percentage of sediment fractions flowing through cross sections as suspended
and bed loads (55 L/s).

Section Fractions M122 M124 M126 M128 M130

Suspended loads (kg)
S1 0.131 0.132 0.133 0.133 0.141
S2 2.411 2.229 2.177 2.143 2.041

Total 2.542 2.361 2.310 2.276 2.182

Bed loads (kg)
S1 0 0 0 0 0
S2 2.423 2.537 2.490 2.378 2.327

Total 2.423 2.537 2.490 2.378 2.327
Percentage of sediment

fractions in suspended loads
S1 5.15% 5.59% 5.76% 5.84% 6.46%
S2 94.85% 94.41% 94.24% 94.16% 93.54%

Percentage of sediment
fractions in bed loads

S1 0 0 0 0 0
S2 100% 100% 100% 100% 100%

Tables 9 and 10 list the percentage of S2 collapsed materials transforming into sus-
pended and bed loads in typical sections. When the flow charge was 30 L/s, approximately
88–99.8% of S2 collapsed materials was transported as suspended loads, and only ap-
proximately 0.2–12% was transported as bed loads. When the flow charge was 55 L/s,
approximately 47–50% was transported as suspended loads, and approximately 50–53%
was transported as bed loads.

Table 9. Percentage of S2 collapsed materials transforming into suspended and bed loads (30 L/s).

M122 M124 M126 M128 M130

Suspended loads (kg) 5.117 2.472 0.089 0.0805 0.0729
Bed loads (kg) 0.553 0.192 0.013 0.0005 0.0001

S2 (kg) 5.670 2.664 0.101 0.081 0.073
Percentage of suspended loads 90.24% 92.79% 88.12% 99.38% 99.86%

Percentage of bed loads 9.76% 7.21% 11.88% 0.62% 0.14%

Table 10. Percentage of S2 collapsed materials transforming into suspended and bed loads (55 L/s).

M122 M124 M126 M128 M130

Suspended loads 2.411 2.229 2.177 2.143 2.041
Bed loads 2.423 2.537 2.490 2.378 2.327

S2 4.834 4.766 4.667 4.521 4.368
Percentage of suspended loads 49.88% 46.77% 46.65% 47.40% 46.73%

Percentage of bed loads 50.12% 53.23% 53.35% 52.60% 53.27%
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4. Discussion

Quantifying the transformation and transportation of collapsed materials in a curved
channel is challenging because there are many influencing factors, such as flow velocity,
water level, topography, and sediment characteristics. In addition, the suspended and
bed loads will also transform mutually in the process. Nevertheless, under specific flow
conditions, when sediments transportation is at equilibrium state, the quantity of the
suspended and bed loads across typical sections would barely change [42]. Based on this,
the results listed in Tables 7 and 8 were reasonable.

This study could be considered as a classic attempt to quantify the transportation
of cohesive collapsed materials with non-cohesive riverbed, since there is rarely litera-
ture on this problem. The results not only demonstrate the existing theory of sediment
transportation but also provide the ratio of suspended and bed loads that transformed
from collapsed materials under certain flow conditions. At the same time, there are also
several assumptions based on previous literature, such as the shape of collapsed material
accumulation and the composition of collapsed materials. These reasonable assumptions
would bring benefits in the numerical simulation of sediment transportation incontestably.
However, they can also make the experimental results reified and difficult to apply to
general phenomena.

Finally, as a key factor influencing sediment characteristics, particle size distribution
plays an important role in the transformation and transportation of collapsed materials.
Under certain flow conditions, sediment particle transport patterns differ. In this study,
finer particles (S1) were only transported as suspended loads, while coarser particles (S2)
were transported as both suspended and bed loads. For the same particle size distribution,
the transport patterns were also different under different flow conditions [43]. Thus, it is
essential to consider flow conditions and particle size distributions comprehensively when
predicting natural river evolution processes.

5. Conclusions

Numerical studies were conducted to investigate the transformation and transporta-
tion of cohesive collapsed materials in a 180◦ sharply bent flume. The findings can be
summarized as follows:

(1) Under the designed flow conditions, finer particles (S1) are only transformed into
suspended loads, while coarser particles (S2) transformed into both suspended and
bed loads.

(2) In terms of the quantities of suspended loads across typical downstream sections,
the percentage of S1 collapse materials ranges from 2.05% to 11.64%, while that of S2
ranges from 88.36% to 97.95% when the flow charge is 30 L/s. When the flow charge
is 55 L/s, the percentage of S1 collapse materials ranges from 5.15% to 6.46%, while
that of S2 ranges from 93.54% to 94.85%.

(3) When the flow charge was 30 L/s, the quantity of collapsed materials (S1 and S2)
that transported downstream was smaller and approximately 88–99.8% coarser parti-
cles (S2) were transformed into suspended loads, while only 0.2–12% of them were
transported as bed loads. When the flow charge was increased to 55 L/s, due to the
greater shear stress, the quantity of collapsed materials (S1 and S2) that transported
downstream was greater, and approximately 47–50% of S2 particles were transformed
into suspended loads, while approximately 50–53% were transformed into bed loads.

(4) Because the flow conditions and composition of sediment applied in the numerical
model were consistent with that of the flume experiment described in Section 2.3, the
simulation results not only could be scientific support for predicting river evolution
process along the collapsed reach of the Yellow River but also can present reference
for numerical models for simulating the transportation of collapsed materials.

Furthermore, additional outcomes must be highlighted in future studies. First, as the
particle size distribution of riverbanks and beds in nature ranges widely, more sediment
fractions of collapsed materials and riverbeds should be added in the following simulations.
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Second, since the quantities of riverbank collapse events largely vary in natural rivers,
different quantities of collapsed materials should be considered in future studies.
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Abstract: The construction of a river regulation project has changed the cross-sectional shape of a
river and significantly impacted the evolution of the river regime. In this paper, an asymmetry index
was proposed to characterize the changes in the shape of the river cross-section and the distribution
of water and sediment factors. According to the transverse distribution formula of the river section
and water and sediment factors, the asymmetry of the cross-sectional shape as well as water and
sediment factors along with the transverse distribution in the wandering reach of the lower Yellow
River before and after the construction project was calculated, respectively. The results showed that
the cross-sectional shape of the river channel before and after the building was asymmetric, and the
cross-sectional shape of the river channel after the construction was more asymmetric than that of the
free development channel without engineering constraints; at the same time, under the action of a
limited control boundary, the asymmetry of cross-section flow velocity and sediment concentration
and other water and sediment factors along the transverse distribution were more prominent, the
flow velocity and sediment concentration along the transverse distribution increased, the river flow
was more concentrated, and the sediment transport capacity of the channel improved significantly
under a large flow (5000 m3/s). This study revealed the positive effect of river regulation projects
on the river regime evolution of the wandering river and provided new ideas for the study of river
regime evolution.

Keywords: cross-sectional shape; asymmetry; water and sediment factor; transverse distribution;
wandering river channel

1. Introduction

In wandering river channels under natural conditions, the incoming water, sediment
conditions, and boundary conditions are complex and changeable. The riverbed is wide
and straight. The sandbars are dotted in the river channel, the branches are crisscrossed
vertically and horizontally, and their shapes are different. The positions of the beaches and
water often change. Taking the Yellow River as an example, the Baihe Town Gaocun reaches
the lower reaches of the Yellow River, which is a typical wandering river. The length of the
reach is 299 km, the distance between the embankments on both banks is generally ~10 km,
the maximum width is 20 km, and the longitudinal gradient of the river is 1.72–2.65‱.
The riverbed section is wide and shallow and the channel width is 1.5–3.5 km. Under
natural conditions, the river channel is densely covered with sandbars, scattered water flow,
and numerous branching streams, sometimes up to 4–5 strands [1–3]. The river regime
changes frequently and the river facies coefficient under flat beach flow is 20–40. Since the
1980s, the wandering section of the lower Yellow River has been regulated. During the
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“National Projects of the Eighth Five-Year Plan” period, the Yellow River regulation workers
analyzed the laws of the evolution of the wandering river channel in the lower Yellow
River and put forward the “slightly curved regulation scheme”. After the implementation
of the scheme, the swing range of the main stream and boundary of the wandering river
channel was significantly reduced and the river regime of most river sections was initially
controlled, which protected the embankment’s safety and relieved the downstream flood
control pressure to a certain extent. Since 2006 especially, the process of river regulation
has been accelerated, the density of regulation works has increased significantly, and the
“wide, shallow, scattered, and chaotic” channel shape has been significantly improved [4–6].
At present, there are still some challenges in the wandering river regime which require
thorough investigation and excellent river regulation engineering measures [7,8]. River
regulation works mainly include control, guidance, and dangerous works [9]. Under the
action of regulation works, the wandering range of the river regime has been effectively
controlled [10] from 5.5 km in 2000 to 3 km in 2006. In recent years, the swinging range of
the main slide of some rivers has become smaller, mostly within 0.5 km.

At the same time, a long-term series of studies on the stabilization of the wander-
ing river regime reported many relevant results that provide constructive opinions on
improving the stability of the wandering river regime. Yaoxian et al. [11] found that the
longitudinal velocity distribution in a bend is related to the incoming water conditions
and boundary conditions through a large-scale bend model test and observation. Liu
Yan [12] adopted a slightly curved river regulation scheme to study the impact of changes
in the regulation engineering conditions on the river regime of the wandering river in the
lower reaches of the Yellow River. The author [8] also studied the change in water and
sediment conditions after the construction of Xiaolangdi reservoir. The mismatch between
the river regulation project and the new water-sediment relationship led to adjustment
of the downstream river regime and frequent occurrence of the abnormal river regime.
Hongwu et al. [13] studied the influence of the length of the regulation project on the
regulation effect of the wandering river section using the natural river model test, analyzed
the adaptability of the built regulation project to medium and small water [14], and dis-
cussed the variation law of river length in the straight river section [15,16]. Junhua et al. [7]
analyzed the role of downstream wandering river regulation in the new period, analyzed
the existing problems of wandering river, and proposed several control countermeasures
such as improving river regulation engineering measures. Xinjie [17] studied the impact
of beach area project on erosion and deposition in the lower Yellow River. The lower
Yellow River has a slightly curved river regulation. River regulation works have strong
constraints on the river channel; the riverbed deformation is mainly undercut, the channel
width depth ratio is reduced, the river cross-section tends to be narrow and deep, and
the river regime tends to be stable [18–20]. In the free-developing river bend, the river
boundary constraint is weak, the riverbed deformation is mainly widening, the river width
depth ratio increases, the river cross-section tends to be broad and shallow, and the river
regime changes significantly. The sediment transport capacity of the broad and shallow
areas is weaker than that of the narrow and deep areas, which easily aggravates river
sedimentation [21,22] and enhances the heterogeneity of riverbed composition, resulting in
a continuous change of section shape with water flow and poor stability of the river regime.
Following construction of the river regulation project, the evolution of the river regime is
limited to a certain extent, the swing range of the central slip of the wandering river channel
is significantly reduced, and the river facies relationship changes accordingly [23,24].

The study discussed how the construction of the river regulation project improved and
controlled the river regime, resulting in a new river bed shape, especially in the river section
where the river regulation works are relatively perfect and the river section is relatively
close to the mainstream. The impact on the river cross-section after the construction project
and the change in water and sediment transport and riverbed deformation caused by the
adjustment of river cross-section were also investigated. The riverbed evolution differs
from the natural river channel. The bend circulation in natural rivers causes a prominent
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asymmetry in the distribution of river sections and water and sediment factors. At present,
research on changing the shape of river sections after construction of the river regulation
project mostly remains at the level of qualitative description, and quantitative calculation
is rarely involved. This paper proposed an asymmetry index and calculation method to
characterize the river section shape and water and sediment factors. Using the formula for
the river section and water and sediment factors along with the transverse distribution, this
study quantitatively calculated the asymmetry of section shape and water and sediment
factors along with the transverse distribution of the typical reach of the wandering section
of the lower Yellow River before and after the construction project. This revealed the reasons
for the improvement in river sediment transport capacity after the construction project.

2. Materials and Methods
2.1. Construction of River Regulation Project in the Lower Yellow River

With the enhancement of river development and utilization in the last decade, accord-
ing to the laws of evolution of a wandering natural river channel, some river regulation
projects have been built alternately on the concave bank of the river channel which can
transport flood and sediment during large floods and maintain the stability of the river
regime in small and medium floods (Figure 1).
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Figure 1. River channel with a finite control boundary: (a) Local reach in the lower Yellow River;
(b) river regulation project in the lower Yellow River.

In order to reflect the construction of wandering river channel project, the density of
a river regulation project was defined as the ratio of the total length of the river regime
control project in the wandering river channel to the length of river channel. This index
indirectly reflects the restraint ability of river regulation project to the river regime. The
construction of the Baihe–Gaocun river regulation project of the wandering river in the
lower Yellow River was collected and river regulation project density from 1960 to 2014 was
drawn, as shown in Figure 2. The river regulation project here only included the control
project that restricted the river regime, excluding dangerous projects. As can be seen from
Figure 2, as of 2014, the density of the wandering river regime control project has reached
more than 70%.

2.2. Quantitative Characteristics of the Asymmetric Index

In natural rivers, water flow and riverbeds are intrinsically related. Water flow shapes
the riverbed, which in turn restricts water flow. Channel evolution occurs and constantly
changes its interactions, e.g., vertical evolution and horizontal evolution. The study of
lateral evolution involves bend circulation and other problems which are complex. The
asymmetry of the river cross-section is caused by bend circulation which affects the trans-
verse distribution of water and sediment factors, resulting in concave scouring and convex
siltation under certain water and sediment conditions. All erosion and deposition evolution
of the river is related to asymmetry; therefore, study of the river asymmetry is significant.

For the wandering channel, the asymmetry of the section shape and the distribution of
water and sediment factors on the section is obvious and there is a strong causal relationship
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between them. River regulation works in the wandering reach of the lower Yellow River
are arranged according to the asymmetric characteristics of water and sediment movement.
The limited engineering boundary is always arranged on one side of the river, and most of
the projects on the opposite side are not arranged. Hence, the river boundary condition was
termed the limited control boundary condition in this study. Therefore, the limited control
boundary is also an asymmetric boundary. After a large number of river regulation projects
were built in the lower Yellow River, the distribution of river water and sediment factors
in the cross-section has been strongly disturbed, which is bound to change significantly
under natural conditions and in turn affects the cross-sectional shape and the adjustment
of the river regime. Therefore, it is important to study the asymmetric variation law of the
channel cross-sectional shape and transverse distribution of water and sediment factors
under limited control boundary conditions.
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Here, we discussed some important characteristics of the asymmetry of water and
sediment factors along with the transverse distribution, focusing on the comparative
analysis of the overall characteristics of the asymmetry of water and sediment factors on
the left and right sides of the river. Taking the centerline of the river cross-section under
flat discharge as the axis, it was divided into left and right sides, and the square root of the
area ratio of each physical quantity on both sides was used to qualitatively describe the
asymmetry. Here, regardless of the left and right sides or the left or the right bank bend, the
large side index was used as the numerator and the small side as the denominator. Thus,
the asymmetry index ASi is expressed as

ASi =
√

imax/imin (1)

where i is any physical quantity, e.g., river cross-section, cross-sectional velocity, sediment
concentration, suspended sediment composition, and sediment-carrying capacity. ASi > 1,
and the greater the ASi, the stronger the asymmetry. When ASi = 1, the overall distribution
of each physical quantity on both sides of the river section is symmetrical.

According to the above definition, we derived a formula for the asymmetry index of
the overall distribution of the channel cross-sectional shape as well as water and sediment
factors on both sides of the channel cross-section (Equations (2)–(6)), marking the specific
contents of each element with the lower corner mark. The asymmetry index of the channel
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cross-sectional shape (ASA) as well as those of the overall distributions of velocity (ASV),
sediment concentration (ASS), average suspended sediment size (ASdcp), and sediment
carrying capacity (ASS*) on both sides of the river cross-section were obtained.

ASA =

√
Amax

Amin
(2)

ASV =

√
Vmax

Vmin
(3)

ASS =

√
Smax

Smin
(4)

ASdcp =

√
(dcp)max
(dcp)min

(5)

ASS∗ =

√
(S∗)max
(S∗)min

(6)

Using the above formula, the asymmetry of the channel cross-sectional shape and
the asymmetry of the water and sediment factor distribution caused by the asymmetric
adjustment of the channel cross-sectional shape were calculated. The calculation method
for the transverse distribution of river water and sediment factors is given below. Using
this method, the transverse distribution values of water and sediment factors could be
calculated and substituted into Equations (2)–(6) to obtain the quantitative indicators of the
asymmetry of the river cross-section and water and sediment factors.

2.3. Calculation Method for the Lateral Distribution of Water and Sediment Factors
2.3.1. Transverse Distribution of the Velocity

Through analyzing a large volume of measured data from the Yellow River, we observed
that the transverse distribution of velocity was mainly related to water depth. Therefore, the
formula for the velocity distribution along the transverse direction was as follows:

Vi

V
= C1(

hi

h
)

2
3

(7)

where V and Vi represent the average velocity of the section and the velocity at any point,
respectively; h represents the average section and water depth at any point, respectively;
C1 is the section shape coefficient of ~1, which can be obtained by mass conservation.

C1 =
Q

∫ b
a

V
h2/3 h5/3

i dy
(8)

where Q is the average flow of the section, y is the transverse coordinate, and a and b are
the starting point distances between the two ends of the river width of the section (b > a).

Hundreds of measured data sets from the lower Yellow River were used to verify
Equation (7). The average velocity range of the section was 0.10–3.56 m/s, of which the
data range covered the pre-flood and flood seasons. The results are shown in Figure 3.
Equation (7) could be used to accurately calculate the transverse distribution law of ve-
locity before flood season and during the flood season. This formula has comprehensive
considerations and convenient applications.

39



Water 2022, 14, 1214

Water 2022, 14, x FOR PEER REVIEW 6 of 18 
 

 

1
5/3
i2/3 d

b

a

QC V h y
h

=


 
(8)

where Q is the average flow of the section, y is the transverse coordinate, and a and b are 
the starting point distances between the two ends of the river width of the section (b > a). 

Hundreds of measured data sets from the lower Yellow River were used to verify 
Equation (7). The average velocity range of the section was 0.10–3.56 m/s, of which the 
data range covered the pre-flood and flood seasons. The results are shown in Figure 3. 
Equation (7) could be used to accurately calculate the transverse distribution law of ve-
locity before flood season and during the flood season. This formula has comprehensive 
considerations and convenient applications. 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 3. Verification of transverse velocity distribution by flow data before, and during flood sea-
son: (a) Tiexie, 24 April 1966 (before flood season); (b) Peiyu, 23 July 1966 (flood season); (c) Guan-
zhuangyu, 1 April 1966 (before flood season); (d) Huayuankou, 23 May 1966 (flood season); (e) 
Tiexie, 2 July 1966 (flood season); (f) Guanzhuangyu, 24 July 1966 (flood season). 

2.3.2. Transverse Distribution of Sediment Concentration 
As the non-uniformity of water depth and resistance distribution along the river 

width of the wandering channel is prominent, the distribution of sediment transport ca-
pacity along the river width is quite different, resulting in obvious differences in the dis-
tribution of sediment concentration along the river width in the process of sediment 
transport. Through analyzing a large volume of measured data of the Yellow River, Enhui 
et al. [25] observed that the transverse distribution law of sediment concentration is not 
only related to hydraulic factors and sediment concentration but also closely related to the 
composition of suspended sediment. The finer the suspended sediment composition, the 
more uniform the transverse distribution of the sediment concentration. Therefore, in ad-
dition to introducing the sediment concentration factor, the suspension index ω/ku* was 
also introduced to reflect the thickness of the suspended sediment composition, and the 
transverse distribution formula of sediment concentration was established as follows [25]: 

s s
V V

* *
(0.1 1.6 1.3 ) (0.2 2.6 )

i i i
2 ( ) ( )

S S
ku kuS h VC

S h V

ω ω
− + + +

=  (9)

Figure 3. Verification of transverse velocity distribution by flow data before, and during flood season:
(a) Tiexie, 24 April 1966 (before flood season); (b) Peiyu, 23 July 1966 (flood season); (c) Guanzhuangyu,
1 April 1966 (before flood season); (d) Huayuankou, 23 May 1966 (flood season); (e) Tiexie, 2 July
1966 (flood season); (f) Guanzhuangyu, 24 July 1966 (flood season).

2.3.2. Transverse Distribution of Sediment Concentration

As the non-uniformity of water depth and resistance distribution along the river
width of the wandering channel is prominent, the distribution of sediment transport
capacity along the river width is quite different, resulting in obvious differences in the
distribution of sediment concentration along the river width in the process of sediment
transport. Through analyzing a large volume of measured data of the Yellow River, Enhui
et al. [25] observed that the transverse distribution law of sediment concentration is not
only related to hydraulic factors and sediment concentration but also closely related to
the composition of suspended sediment. The finer the suspended sediment composition,
the more uniform the transverse distribution of the sediment concentration. Therefore, in
addition to introducing the sediment concentration factor, the suspension index ω/ku* was
also introduced to reflect the thickness of the suspended sediment composition, and the
transverse distribution formula of sediment concentration was established as follows [25]:

Si

S
= C2(

hi

h
)
(0.1−1.6 ωs

ku∗ +1.3SV)

(
Vi

V
)
(0.2+2.6 ωs

ku∗ +SV)

(9)

where S and Si represent the average sediment concentration of the section and at any
point, respectively; SV is the volume sediment concentration, and SV = S/2650; h, hi, Vi,
and V have the same meaning as previously described. C2 is the section shape coefficient
of ~1, which could be obtained from sediment conservation.

C2 =
Q

∫ b
a qi(

hi
h )

(0.1−1.6 ωs
ku∗ +1.3SV)

(Vi
V )

(0.2+2.6 ωs
ku∗ +SV)dy

(10)

where qi is the unit width flow at any point of the section, ωs is the settling velocity of
particles, calculated by Equations (11)–(14) [26]; k is the Carmen constant, which was
calculated using Equation (15); u* is the average frictional velocity of the section, and
u∗ =

√
ghJ, J = 2‱; Q has the same meaning as before.
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ωs = ω0(1−
SV

2.25
√

d50
)

3.5
(1− 1.25SV) (11)

ω0 = 2.6(
dcp

d50
)0.3ωpe−635d0.7

cp (12)

ωp =
1

18
γs − γ

γ
g

d50
2

ν
(13)

d50

dcp
= 0.75 (14)

k = 0.4− 1.68
√

Sv(0.365− Sv) (15)

More than 150 measured data sets from the lower reaches of the Yellow River were
used to verify Equation (9). The average flow sediment concentration of the section ranged
from 3 kg/m3 to 480 kg/m3, including both floodplain and non-floodplain flood data
(Figure 4). The verification results showed that Equation (9) could not only accurately
calculate the transverse distribution law of sediment concentration in non-floodplain floods
but also calculate the transverse distribution law of sediment concentration in the floodplain
flood main channel, beach, and mixing area. The formula is suitable for both general and
high sediment-laden flows, and the factors considered in the formula are comprehensive
and easy to apply.
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concentration flood.

2.3.3. Lateral Distribution of the Suspended Sediment Composition

In natural rivers, the distribution of velocity and sediment concentration along the
river width is uneven, which also leads to an uneven distribution of suspended sedi-
ment composition along the river width, and the suspended sediment composition in the
mainstream area is generally coarse.

Based on the analysis of the measured data in the lower reaches of the Yellow River, the
following formula for the distribution of the average particle size of suspended sediment
along the river width was obtained:

dcpi

dcp
= C3(

Si

S
)

0.6
(

Vi

V
)

0.1
(16)

where dcp is the average suspended sediment particle size of the section, dcpi is the average
suspended sediment particle size at any point of the section, and C3 is the section shape
coefficient, which could be obtained from the sediment conservation.

C3 =
QS

∫ b
a [qiSi(

Si
S )

0.6
(Vi

V )
0.1
]dy

(17)

Based on the suspended sediment gradation data measured by Tiexie–Xinzhai in the
lower Yellow River in 1966 and corrected according to the suspended sediment gradation
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correction method, the average particle size was calculated and verified using Equation
(16). The average dcp range of the section was 0.01–0.06 mm (Figure 5). The results showed
that the calculated results were satisfactory regardless of the size and concentration of
suspended sand.

Water 2022, 14, x FOR PEER REVIEW 8 of 18 
 

 

composition along the river width, and the suspended sediment composition in the main-
stream area is generally coarse. 

Based on the analysis of the measured data in the lower reaches of the Yellow River, 
the following formula for the distribution of the average particle size of suspended sedi-
ment along the river width was obtained: 

cpi 0.6 0.1i i
3

cp

( ) ( )
d S VC
d S V

=  (16)

where dcp is the average suspended sediment particle size of the section, dcpi is the average 
suspended sediment particle size at any point of the section, and C3 is the section shape 
coefficient, which could be obtained from the sediment conservation. 

3
0.6 0.1i i

i i[ ( ) ( ) ]d
b

a

QSC S Vq S y
S V

=


 

(17)

Based on the suspended sediment gradation data measured by Tiexie–Xinzhai in the 
lower Yellow River in 1966 and corrected according to the suspended sediment gradation 
correction method, the average particle size was calculated and verified using Equation 
(16). The average dcp range of the section was 0.01–0.06 mm (Figure 5). The results showed 
that the calculated results were satisfactory regardless of the size and concentration of 
suspended sand. 

   

  

 

Figure 5. Verification of Formula (16) with different suspended sand particle size data: (a) dcp = 

0.0196 mm; (b) dcp = 0.026 mm; (c) dcp = 0.0357 mm; (d) dcp = 0.045 mm; and (e) dcp = 0.0509 mm. 

2.3.4. Sediment-Carrying Capacity of Water Flow 
Following sediment concentration, the physical properties and turbulent structure 

change, which impacts the flow energy loss, velocity, and sediment concentration distri-
bution. Therefore, to obtain a sediment-carrying capacity formula suitable for both gen-
eral flow and high sediment concentration flow, it is necessary to consider the influence 
of sediment on flow from the energy consumption graph of secondary flow. Hongwu et 
al. obtained a sediment-carrying capacity formula including all suspended sediments (for 
alluvial rivers, R ≈ h): 

3
0.62V

*
s m 50

s
m

(0.0022 )2.5[ ln( )]
6

S V hS
dk ghγ γ ω

γ

+
=

−
 

(18)
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(b) dcp = 0.026 mm; (c) dcp = 0.0357 mm; (d) dcp = 0.045 mm; and (e) dcp = 0.0509 mm.

2.3.4. Sediment-Carrying Capacity of Water Flow

Following sediment concentration, the physical properties and turbulent structure
change, which impacts the flow energy loss, velocity, and sediment concentration distribu-
tion. Therefore, to obtain a sediment-carrying capacity formula suitable for both general
flow and high sediment concentration flow, it is necessary to consider the influence of
sediment on flow from the energy consumption graph of secondary flow. Hongwu et al.
obtained a sediment-carrying capacity formula including all suspended sediments (for
alluvial rivers, R ≈ h):

S∗ = 2.5[
(0.0022 + SV)V3

k γs−γm
γm

ghωs
ln(

h
6d50

)]
0.62

(18)

Equation (18) adopts kg, m, and s as the unit system.
The verification process of the formula of sediment concentration distribution along

the transverse direction, the formula for suspended sediment composition distribution
along the transverse direction, and the general formula for flow sediment carrying capacity
is detailed in a previous report [25].

The lower Yellow River channel is constantly adjusted with changes in incoming water
and sediment and strives to adapt the water and sediment transport in the riverbed to the
incoming water and sediment. Adjustment of the riverbed is reflected in the adjustment of
the transverse shape of the river section. The cross-section of the lower Yellow River is a
compound cross-section. Different water and sediment conditions determine the adjust-
ment form and variation range of the cross-section. At the same time, the adjustment law of
the cross-section of the beach and main channel in the lower Yellow River is different. This
study mainly focused on the riverbed evolution under flat discharge, and the adjustment
of its cross-section is primarily reflected in the adjustment of the main channel. Therefore,
the change in the main channel was analyzed here.
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3. Results
3.1. Asymmetry of Wandering Channel without Engineering Constraints
3.1.1. Overall Change in the River Cross-Sectional Shape before and after Construction

The year 1960 was selected as the representative year for the free development river
bend without engineering constraints, and the year 2019 was selected as the representative
year under the action of the limited control boundary. According to the asymmetry index
formula proposed above, the asymmetry of the cross-sectional morphology of the free-
development river bend without engineering constraints in 1960 and the river channel
under the action of the limited control boundary in 2019 in the wandering section of the
lower Yellow River was calculated (Figure 6). In 1960, most of the asymmetry indexes of
the cross-section between Tiexie and Gaocun in the wandering section of the lower Yellow
River were in the range of 1.01–1.50 and the average value of the asymmetry indexes of
the entire wandering section was 1.19. Following construction of the project, most of the
cross-sectional shape asymmetry indexes of the river reach in 2019 were in the range of
1.10–1.70 and the average value of the asymmetry indexes of the entire wandering section
during this period was 1.33, indicating that there was a certain asymmetry in the cross-
section shape of the river before and after the construction project and the asymmetry of the
cross-section shape of the river after the construction project was greater than that without
the project, and that the river after the construction project was constrained by the project
boundary and the asymmetry of the cross-sectional shape was more prominent.
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3.1.2. Calculation of the Asymmetry Index of Water and Sediment Factors in the Free
Developing River Bend

In the 1950s and the 1960s, the lower reaches of the Yellow River belonged to a typical
wandering channel. The channel was wide and shallow, scattered, densely covered with
sandbars, the mainstream fluctuated, and the river regime changed sharply. It was difficult
to determine the obvious and compliant curved top and transition sections. The planned
river regulation in the wandering section of the lower Yellow River began in the 1970s
and 1980s. Therefore, the lower Yellow River before 1980 can be regarded as a quasi-
free development bend in the period without engineering constraints. Therefore, 1979
was selected as the representative year for the free development of the bend before the
construction of the wandering section of the lower Yellow River. To study the asymmetry of
the distribution of water and sediment factors in a typical section of a free developing river,
we selected the typical section based on two principles: (a) the river regime is relatively
stable and (b) at the reach where the mainstream swing is obvious, a relatively obvious
bend is observed as the bend top section, and the mainstream in the transition section is
relatively stable.

Based on these principles, the section between the Heishi River channel in the wander-
ing section of the lower Yellow River was selected as the representative section (Figure 7).
According to the river regime map before the flood in 1979 and the measured large section
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data of the section, the Liuyuankou and Jiahetan river channels were selected as the repre-
sentative sections of the transition section, and Heishi, Gucheng, and Mazhai were selected
as the representative sections of the bend top section without considering the variation of
gradient along the river width, and the gradient value was 2‱ and the roughness values
were 0.01, 0.012, and 0.015, respectively. According to Manning’s formula, the velocity
was calculated, the discharge was inversely deduced, and the calculated flat discharge was
5000 m3/s. The flat water level, flat area, and other characteristic parameters of each section
were calculated, and the transverse distribution of each water and sediment factor was
calculated using Equations (6), (8), (15), and (17). Finally, the scouring and silting balance
(S = 23 kg/m 3) of each section of the Heishi River section was determined using Equations
((1)–(5)) (scouring (S = 5 kg/m3), siltation (S = 50 kg/m3)). The asymmetry indexes of the
cross-sectional shape and water sediment factors under the three states and the calculation
results of the asymmetry indexes under the three states were not different (Table 1).
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section, B. Liuyuankou section, C. Gucheng section, D. Jiahetan section, E. Mazhai section, and F.
Hedao section.

Table 1 shows that: (a) the asymmetry index of each section under the three scouring
and silting states was >1, indicating that the river cross-section and the distribution of
water and sediment factors during the free development period had certain asymmetry.
(b) There was no obvious difference in the calculation results of asymmetry indexes of each
section under the three scouring and silting states, indicating that the overall change in the
asymmetry of the channel cross-sectional shape and water and sediment distribution under
different scouring and silting states during the period of free development of the river
bend was small. (c) Each asymmetry index of the section at the top of the river bend was
significantly greater than that of the transition section, indicating that during the period of
free development of the river bend, the shape and water and sediment distribution of the
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section at the top of the river bend were more asymmetric than that of the transition section.

Table 1. Asymmetry index of the Heishi–Hedao river reach.

Asymmetry
Index

Heishi
(Bend Top
Section)

Liuyuankou
(Transi-

tion
Section)

Gucheng
(Bend Top
Section)

Jiahetan
(Transition

Section)

Mazhai
(Bend Top
Section)

Hedao
(Transition

Section)

ASA 1.37 1.13 1.45 1.14 1.53 1.21
ASV 1.22 1.08 1.29 1.10 1.43 1.14
ASS 1.07 1.03 1.10 1.02 1.15 1.05

ASdcp 1.06 1.02 1.08 1.01 1.09 1.05
ASS* 1.30 1.11 1.38 1.13 1.43 1.19

Table 2 shows the verification of erosion and deposition balance, erosion, and depo-
sition of each section of the Heishi River reach. The results showed that when the flow
was 5000 m3/s, the sediment transport of each representative section under different scour-
ing and silting states had the following laws: (a) when the sediment concentration was
23 kg/m3, at left and right, the distribution of sediment concentration in the whole reach
was relatively uniform, and the river channel was basically in the balance state of erosion
and deposition, which is manifested in the micro-scouring state of the section at the top
of the bend and the micro silting state of the section at the transition section. (b) When
the sediment concentration was 5 kg/m3, the whole reach was in the entire cross-section
scouring state at the left and right. (c) When the sediment concentration was 50 kg/m3, the
whole reach was in the full section siltation state. According to the verification results, the
calculation results of river flow sediment-carrying capacity under various scouring and
silting states reflect the distribution of water and sediment factors in each section.

Table 2. Verification of scouring and silting state of each section of Heishi–Hedao river reach (5000 m3/s).

Scouring and
Silting State

of Section

Sediment
Concentration

(kg/m3) 1©

Calculation of the Sediment Carrying Capacity with Each Section (kg/m3)

Heishi
(Bend Top
Section)

Liuyuankou
(Transi-

tion
Section)

Gucheng
(Bend Top
Section)

Jiahetan
(Transi-

tion
Section)

Mazhai
(Bend Top
Section)

Hedao
(Transition

Section)

Average
Value 2©

Scouring
and Silting
Difference

1©– 2©
Scouring and

Silting Balance 23 25.84 22.47 25.63 21.95 22.80 19.04 22.96 0.04

Scouring State 5 12.53 10.90 12.43 10.64 11.05 9.23 11.13 −6.13
Siltation State 50 45.07 39.19 44.69 38.28 39.75 33.19 40.03 9.97

3.2. Asymmetry of Wandering Channel under Finite Control Boundary
3.2.1. Asymmetry of Channel Cross-Sectional Shape

The typical reach of the wandering section of the lower Yellow River was selected to
study the asymmetry of the river cross-section under the action of finite engineering. The
section selection principles were as follows: (a) the river regime of the reach is relatively
stable; (b) the curved top section works are closely combined with the water flow, the
main sliding works are better, and the river regime in the transition section is relatively
stable. Based on these principles, the section between Fanzhuang and Yuanfang in the
wandering section of the lower Yellow River was selected as the representative section
(Figure 8). According to the river regime map before the flood season in 2018 and the
measured large section data, the cross-sectional asymmetry indexes of the bend top section
and transition section with good engineering slip in this section were statistically analyzed
(Table 3). According to the river regime map, the sections of Sizhuang and Chenqiao are at
the top of the bend, and the project is relatively smooth. The three sections of Fanzhuang,
Gucheng, and Yuanfang are the transition section between the two curved tops. As shown
in Table 3, compared with the transition section, the cross-section at the bend top section
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had a stronger asymmetry. This shows that the shape of the river cross-section was more
asymmetric under the action of a limited control boundary.
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Table 3. Asymmetry index of wandering river bend top and transition section (scouring and silting
balance, S = 32 kg/m3).

Asymmetry
Index

Fanzhuang
(Transition

Section)

Sizhuang
(Bend Top
Section)

Gucheng
(Transition

Section)

Chenqiao
(Bend top
Section)

Yuanfang
(Transition

Section)

ASA 1.57 1.66 1.27 1.64 1.37
ASV 1.37 1.45 1.18 1.66 1.24
ASS 1.14 1.19 1.07 1.65 1.10

ASdcp 1.12 1.17 1.06 1.65 1.08
ASS* 1.49 1.58 1.23 1.66 1.32

3.2.2. Asymmetric Distribution of Water and Sediment Factors in the River Channel

To further analyze the influence of the asymmetric change in the cross-sectional
shape on the asymmetry of river water and sediment-transport capacity, we selected the
Fanzhuang–Yuanfang section of the lower Yellow River as the representative section. The
gradient value was 2‱ and the flat discharge was 5000 m3/s. The asymmetry indexes of
water and sediment factors under various scouring and silting conditions at each section of
the Fanzhuang–Yuanfang reach were calculated, as shown in Tables 3–5. The results showed
that: (1) the asymmetry indexes of water and sediment factors in the Fanzhuang–Yuanfang
reach were >1, indicating that after the construction project, the cross section of the reach
and the distribution of water and sediment factors had a certain asymmetry. (2) The
calculation results of cross-sectional erosion, deposition balance, and erosion state were
basically the same, which shows that the asymmetric distribution of river factors changed
slightly under the two erosion and deposition states. Compared with these two states, in
the state of cross-section deposition, the cross-sectional asymmetry index at the transition
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increased and the cross-section asymmetry index at the bend top decreased, indicating
that in the state of cross-section deposition, the cross-section riverbed deformation at the
bend top was small and the cross-section riverbed deformation at the transition was large.
(3) Each asymmetry index of the section at the bend top of the river section was larger than
that at the transition section, indicating that after the construction project, the distribution
of water and sediment factors at the bend top of the river section was more asymmetric
than that at the transition section.

Table 4. Asymmetry index of wandering river bend top and transition section (scouring state, S = 5 kg/m3).

Asymmetry
Index

Fanzhuang
(Transition

Section)

Sizhuang
(Bend top
Section)

Gucheng
(Transition

Section)

Chenqiao
(Bend top
Section)

Yuanfang
(Transition

Section)

ASA 1.57 1.66 1.27 1.64 1.37
ASV 1.37 1.45 1.18 1.66 1.24
ASS 1.13 1.18 1.06 1.65 1.09

ASdcp 1.12 1.16 1.05 1.65 1.08
ASS* 1.49 1.58 1.23 1.66 1.32

Table 5. Asymmetry index of wandering river bend top and transition section (silting state, S = 90 kg/m3).

Asymmetry
Index

Fanzhuang
(Transition

Section)

Sizhuang
(Bend Top
Section)

Gucheng
(Transition

Section)

Chenqiao
(Bend Top
Section)

Yuanfang
(Transition

Section)

ASA 1.57 1.66 1.27 1.64 1.37
ASV 1.48 1.28 1.39 1.21 1.53
ASS 1.30 1.18 1.25 1.14 1.33

ASdcp 1.13 1.07 1.10 1.06 1.14
ASS* 1.10 1.06 1.09 1.05 1.11

These results resembled the asymmetric results of the downstream swing channel
without engineering constraints. The difference was that after construction of the project,
compared with the cross-section scouring and silting balance and scouring state, the cross-
section riverbed deformation at the bend top was smaller and the cross-section riverbed
deformation at the transition was larger in the cross-section silting state.

Table 6 shows the verification of the erosion and deposition balance, erosion, and
deposition of each section. The difference between the set sediment concentration and
the calculated sediment-carrying capacity of the section under various states was small,
indicating that the above calculation reflected the distribution state of water and sediment
factors of each section.

Table 6. Validation of scouring and silting state of Fanzhuang–Yuanfang section (5000 m3/s).

Scouring and
Silting State of

Section

Sediment
Concentration

(kg/m3) 1©

Calculation of the Sediment Carrying Capacity with Each Section (kg/m3) Scouring
and Silting
Difference

1©– 2©
Fanzhuang
(Transition

Section)

Sizhuang
(Bend Top
Section)

Gucheng
(Transition

Section)

Chenqiao
(Bend Top
Section)

Yuanfang
(Transition

Section)

Average
Value 2©

Scouring and
Silting Balance 32 31.61 33.19 26.92 33.74 31.31 31.35 0.65

Scouring State 5 12.31 12.93 10.49 13.14 12.19 12.21 −7.21
Silting State 90 75.62 79.38 64.40 80.72 74.88 75.00 15.00

Based on the above calculation results, when the flow was 5000 m3/s, under the
condition of different sediment concentrations, the sediment transport of each section
obeyed the following laws: (a) when the sediment concentration was 32 kg/m3 at the left
and right, the sediment concentration distribution of the entire river section was relatively
uniform and the river channel was basically in a balanced state of erosion and deposition.
In particular, the section at the top of the bend was in a state of micro-erosion, and the
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section at the transition section was in the state of micro-deposition. (b) When the sediment
concentration was 5 kg/m3, the entire reach was in a full cross-section scouring state on
the left and right. (c) When the sediment concentration was 90 kg/m3, the entire reach
was in the full section siltation state. According to the calculation results of sediment
concentration and sediment-carrying capacity under various scouring and silting states at
a flow of 5000 m3/s before and after the construction project, the sediment concentration
and sediment-carrying capacity under various scouring and silting states improved after
the construction of the project, which indicated that the construction of a river regulation
project could improve the sediment transport capacity of the river after enhancing the
control effect on river regime stability.

4. Discussion
4.1. Adjustment of Cross-Sectional Shape and Distribution of Water and Sediment Factors before
and after Construction

Table 7 shows the comparison results of the asymmetric indexes of river section shape,
velocity, sediment concentration, suspended sediment composition, and sediment-carrying
capacity along with the transverse distribution before and after the construction project.
(a) The asymmetry of each factor of the section at the bend top of the river channel before
and after the construction project was significantly greater than that of the transition section.
(b) compared with that before the construction project, the asymmetry of the river cross-
section shape and water and sediment factors after the construction project was significantly
increased, which made the river cross-section flow more concentrated and the river regime
more stable. (c) Compared with that before the construction project, the overall increase in
cross-sectional shape and asymmetry index of the river channel at the top of the bend after
the construction project was 14–30%, and the overall increase in the cross-section shape
and asymmetry index of the river channel at the transition section was 6–20%.

Table 7. Comparison of asymmetry indexes of various factors before and after construction.

Section Asymmetry
Index

1979 (Before Construction) 2018 (After Construction) Asymmetry Index
Change (%)

Variation
Range Average Value 1© Variation

Range Average Value 2© ( 2©– 1©)/ 1©

Bend
Top

Section

ASA 1.37–1.53 1.45 1.64–1.66 1.65 13.79
ASV 1.22–1.43 1.31 1.45–1.65 1.56 19.08
ASS 1.07–1.15 1.11 1.19–1.65 1.42 27.93

ASdcp 1.06–1.09 1.08 1.17–1.65 1.41 30.56
ASS* 1.30–1.43 1.37 1.58–1.66 1.62 18.25

Transition
Section

ASA 1.13–1.21 1.16 1.27–1.57 1.40 20.69
ASV 1.08–1.14 1.11 1.18–1.37 1.26 13.51
ASS 1.02–1.05 1.03 1.07–1.14 1.10 6.80

ASdcp 1.01–1.05 1.03 1.06–1.12 1.09 5.83
ASS* 1.11–1.19 1.14 1.23–1.49 1.35 18.42

4.2. Sediment Transport Capacity of River Channel before and after Construction

Comparative analysis of Tables 2 and 6 revealed that in a large flow (5000 m3/s),
regardless of the scouring and silting state of the river (i.e., scouring, silting, or scouring
and silting equilibrium state), the sediment-carrying capacity of the river section was
improved to a certain extent after the construction project. Taking the scouring and silting
balance state of the river as an example, the average sediment-carrying capacity of a typical
section of a downstream swing river without engineering constraints is 23 kg/m3, and after
construction, the average sediment-carrying capacity of a typical section of a wandering
river channel was 32 kg/m3, which showed that the construction of river regulation works
did improve the sediment transport capacity of the river.
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Tables 8 and 9 showed the small flow before and after construction (flow: 800 m3/s).
The results showed that the sediment-carrying capacity of the river section slightly changed
after the construction of the project, indicating that the construction of the river regulation
project did not significantly improve the sediment-carrying capacity of the river channel at
small flows.

Table 8. Verification of scouring and silting state of each section before the construction project (800 m3/s).

State of Section Year

Sediment
Concentration

(kg/m3)
1©

Calculation of the Sediment Carrying Capacity with Each Section (kg/m3)

Heishi
(Bend Top
Section)

Liuyuankou
(Transition

Section)

Gucheng
(Bend Top
Section)

Jiahetan
(Transition

Section)

Mazhai
(Bend Top
Section)

Hedao
(Transition
Section)

Average
Value 2©

Scouring
and Silting
Difference

1©– 2©
Scouring and

Silting Balance 1979 7 9.06 8.77 6.06 5.59 7.86 4.84 7.03 −0.03

Table 9. Verification of scouring and silting state of each section after the construction project (800 m3/s).

State of Section Year

Sediment
Concentration

(kg/m3)
1©

Calculation of the Sediment Carrying Capacity with Each Section (kg/m3)

Fanzhuang
(Transition

Section)

Sizhuang
(Bend Top
Section)

Gucheng
(Transition

Section)

Chenqiao
(Bend top
Section)

Yuanfang
(Transition

Section)

Average
Value 2©

Scouring
and Silting
Difference

1©– 2©
Scouring and

Silting Balance 2018 7 8.21 7.33 5.47 7.04 6.12 6.83 0.17

4.3. Effect of Asymmetric Distribution of Water and Sediment Factors on River Bend Creep

In natural rivers, the flow structure that affects and is affected by the riverbed form
is often complex. In addition to the longitudinal flow, bend circulation occurs. Bend
circulation is closely related to the transverse evolution of the riverbed and transverse
sediment transport. The research showed that after the construction of the river regulation
project, under the action of the bend circulation, the cross-sectional shape and the non-
uniformity and asymmetry of the distribution of water and sediment factors at the bend
were more prominent than those in the transition section, which improved the sediment
transport capacity of the river to a certain extent. This is because, at the bend section,
circulation is an important factor that promotes sediment transport on the concave bank.
The circulation exerts a downward force on the concave bank to move the sediment from
the concave bank to the convex bank. Under the influence of bend circulation along the
horizontal axis, the surface flow with less sediment is inserted into the bottom of the
concave bank riverbed, resulting in scouring of the riverbed; in the bottom layer with
more sediment, the flow rises to the surface of the convex bank, resulting in siltation of the
convex bank riverbed. Over time, under the influence of the bend circulation, the concave
bank gradually retreats, and the convex bank extends forward and silts year by year. The
whole bend showed a trend of moving slowly downstream, and the plane form showed
that the river bend is creeping slowly.

5. Conclusions

(1) The construction of river regulation works had a stronger constraint on water
flow and river regime, particularly due to the increase in the density of river regulation
works. By comparing and analyzing the adjustment of river cross-section and water and
sediment factor distribution before and after the construction project, it was confirmed
that the construction of a river regulation project could enhance the asymmetry of the
river cross-section and water and sediment factor distribution, making river flow more
concentrated and river regime more stable.

(2) Compared with the river bend during the free development period, the asymmetry
of the river cross-section and water sediment factor distribution after the construction
project increased by 6–30% as a whole at the same flow (5000 m3/s). When the erosion and
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deposition of the lower channel were balanced, the sediment-carrying capacity of the flow
increased by 39%, and the sediment transport capacity of the channel increased significantly.

(3) Compared with no engineering constraints, the asymmetry of the cross-sectional
shape of the river under the action of the limited control boundary was stronger, which
could block the sediment supply on one side of the river regulation project and easily
cause a sudden change (significant increase) in the sediment gradient along the river at the
junction of the soft and hard boundary of the river, resulting in a decline in the river regime.
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Abstract: The alluvial plain in the middle and lower reaches of the Yellow River is an important
agricultural production base that affects groundwater quality. Groundwater quality in the region
is related to the residential and production uses of water by local residents. Samples of shallow
groundwater and river water were collected from the right bank of the middle and lower reaches of
the Yellow River to determine the evolution and causes of hydrochemical characteristics, and the
relationship between the hydrochemical evolution of river water and groundwater was explored.
The results showed that the shallow groundwater in the area received lateral recharge from the
Yellow River water. The closer to the Yellow River the groundwater was, the higher the SO4

2−,
Cl−, and Na+ concentrations and the lower the HCO3

− and Mg2+ concentrations were. Agriculture
and aquaculture has influenced and complicated the hydrochemical types of shallow groundwater
in recent decades. The groundwater in the area was jointly affected by water–rock interactions
and evaporation concentrations; a strong cation exchange effect was detected. Arsenic exceeded
the limit in some shallow groundwater, which was mainly distributed in the Yellow River alluvial
plain and caused by the reductive sedimentary environment of the Yellow River alluvial plain.
The “three nitrogen”, NH4

+-N, NO2
−-N, and NO3

−-N, demonstrated sporadic local excesses in
shallow groundwater, which were related to human activities, such as aquaculture.

Keywords: water quality characteristics; cause; groundwater; middle and lower reaches of the
Yellow River

1. Introduction

Groundwater is a significant water resource and a major source of water for various
purposes [1]. In recent years, industrialization, urbanization, and economic growth have
had a significant impact on the groundwater environment in China. The hydrochemical
composition of groundwater is controlled by many factors, including hydrogeological
conditions, geological structure, climate, topography, elevation, and human activities.
Through the analysis of groundwater hydrochemical characteristics, it can indicate the
lithology of the groundwater, the meteorological hydrology and environmental charac-
teristics, the water–rock interactions, and reflects the groundwater circulation pathway,
groundwater system characteristics, and evolution laws [2]. Assessing groundwater quality
and identifying pollutant risks are essential for managing groundwater resources.

Since the 1960s, scholars have paid attention to the hydrochemical characteristics of
major rivers on various continents, focusing on their ion sources, migration and transfor-
mation processes, and transport fluxes; studying the change process and mechanism of
watershed hydrochemical characteristics has led to discussions regarding the protection
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strategies and mechanisms of the watershed ecological environment [3–5]. The analysis of
the hydrochemical characteristics of groundwater can assist in identifying hydrogeochemi-
cal interactions within groundwater and surrounding environments and in revealing the
evolution of hydrochemical processes and is of great significance for the development and
utilization of groundwater resources and pipelines.

In recent years, scholars at home and abroad have begun to study the temporal and
spatial changes and evolution laws of groundwater chemistry [6]. Liu et al. analyzed the
hydrochemical evolution of the North China Plain from the recharge area to the discharge
area under the influence of human activities and its impact on the enrichment of fluorine
in groundwater. The results show that the land subsidence caused by the excessive ex-
ploitation of groundwater and the release of F− in pore water are the main reasons for the
excessive fluoride in groundwater [7]. Sainath et al. collected and analyzed 33 groundwater
samples in a cross-section of the Pravara River Basin, using the Water Quality Index (WQI)
and Wilcox plots to infer water quality [8]. For the spatial analysis of water quality, Xu [9]
established a river water quality monitoring platform in Jiaxing by GIS, which can visually
display the information of river monitoring points and pollution sources on the map to
provide support for further pollution control measures. Zhao et al. [10] used two spatial
interpolation methods such as Kriging and radial basis function to analyze the situation
of water pollution in Liangzi Lake and analyze the spatial distribution of water quality.
Spatial analysis combined with GIS can fully understand the distribution of water quality,
which plays an important role in exploring pollution sources and pollution control.

Water quality is an important issue related to people’s life and health. The hydro-
chemical analysis of sampled water is an essential stage in understanding water quality.
At present, statistical analysis [11], ion ratio [12], and isotope tracing [13] have been widely
used in the determination of groundwater hydrochemistry and water quality evolution.
Sun et al. used the Shukarev classification method, Piper’s three-line diagram, Pearson’s
correlation, Gibbs diagrams, and ion ratio diagrams to analyse the chemical character-
istics and formation mechanism of groundwater in the Dalian area. In this study area,
the chemical types found in groundwater were mainly HCO3

−·Cl-Ca2+, and they showed
obvious regional distribution characteristics [14]. Wang et al. used Piper diagrams and
isotope analyses to explore the characteristics and spatial changes in the main anions and
cations and stable isotopes of hydrogen and oxygen in water and exposed the formation of
river water chemical components by combining Gibbs diagrams, endmember diagrams,
and correlation analyses [15]. Using the Piper diagrams, Gibbs, principal component
analysis, a correlation matrix, and a forward derivation model, Liu et al. analysed the
distribution characteristics and control factors of hydrochemistry and hydrogen and oxygen
stable isotopes of shallow groundwater in the Fenhe River Basin and revealed the water
cycle and water quality evolution process of the basin [16]. Practice has proven that these
hydrochemical analysis methods can effectively reveal the chemical characteristics and
formation mechanism of groundwater in a region, determine the hydrochemical process of
the region, and have important value for the development, utilization, and protection of
groundwater resources.

For the analysis of hydrochemistry in the Yellow River Basin, Hu et.al first reported
chemical and hydrochemical data [17]. Zhang et al. collected 10 water samples from
10 locations to discuss the weathering process and chemical flux of the Yellow River [18].
Li et al. analyzed 14 water samples collected along the Yellow River and roughly estimated
the contribution of silicate, carbonate, evaporation, and atmosphere to the hydrochemistry
of the Yellow River [19]. Zhang et al. used the forward model to calculate the silicate
weathering of the Yellow River and its CO2 consumption rate [20]. Liu used multivariate
statistics and geochemical modeling to study the evolution of water chemistry in the upper
reaches of the Yellow River irrigation area [21]. The lower reaches of the Yellow River (the
Henan section) are an important industrial and grain base in Henan Province. Over the past
20 years, due to economic development and increasing human demands, human activities
in the middle and lower reaches of the Yellow River (the Henan section) have intensified,
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resulting in an interaction between natural factors and intense human activities that is caus-
ing an evolution in groundwater chemical characteristics in this region [22,23]. Yellow River
water is transformed into groundwater through lateral seepage. Under the influence of
rock weathering, evaporation and concentration, and human activities, the hydrochemical
types of groundwater along the coast are changing [24,25]. On the right bank of the Yellow
River, there are loess hills, piedmont alluvial plains, flood plains, Yellow River floodplains,
and others, and Yellow River floodplain tourist areas, villages, farms, ecological parks,
and so on. Compared with the left bank, human activities are more frequent. In addition,
the 7.20 flood in Zhengzhou in 2021 attracted widespread attention. Due to the complex
hydrogeological conditions on the right bank of the Yellow River, little is known about
the impact of natural and human factors on groundwater chemistry. In this context, it is
necessary to understand the hydrochemical evolution and water quality of the Yellow River
and groundwater in the middle and lower reaches of the Yellow River in Henan.

The change in groundwater quality on the right bank of the middle and lower reaches
of the Yellow River is related to the evaluation, utilization, and planning of local water
resources and plays a very important role in the sustainable use of groundwater [26–28].
What are the main sources and mechanisms of groundwater pollution in the Yellow River
Basin? In recent years, research on the middle and lower reaches of the Yellow River has
mainly focused on water quality protection, water resource utilization, and changes in
water and sediment [29–31]. There are few studies on the main sources and mechanisms
of groundwater pollution on the right bank. The Yellow River in the right section of
the Yellow River is overhanging the river, which has close interaction with groundwater.
It is an important research topic to study the influence of the surface water of the Yellow
River on groundwater and pay attention to the hydrogeochemical evolution process and
genesis of the groundwater, which is of great importance to protect groundwater and
the ecological environment along the Yellow River. This study selected the Taohuayu to
Huayuankou section on the right bank of the Yellow River as the study area. Based on the
four groundwater quality test datasets for 1990, 2011, 2020, and 2021, the hydrochemical
evolution characteristics and causes of shallow groundwater in the middle and lower
reaches of the Yellow River were examined. The main objectives of this study were to
(1) analyse the spatial distribution of hydrochemical characteristics of shallow groundwater
in the study area, (2) reveal the main sources of groundwater pollution and the evolution
characteristics in the study area in recent years, and (3) explore the formation mechanism of
main groundwater pollution sources. The results of this study can provide a scientific basis
for the rational exploitation and utilization of groundwater and the protection of water
resources in this area [32].

2. Date and Materials
2.1. Study Area

The overall terrain in the study area is high in the west and low in the east. The land-
form is bounded by the Beijing–Guangzhou Railway. To the west of the railway and to the
north of the Ku River are the loess hills, and to the south of the Ku River is a piedmont
alluvial plain, and east of the railway is the Yellow River alluvial plain (Figure 1). The topog-
raphy of the loess hilly area is sharply undulated, with gullies in the edge area, for which
the cutting depth can reach 15~20 m. The gully valley is mostly of the wide-mouthed
‘U’ type. The gully is mainly composed of multilevel vertical gully walls where various
microgeomorphology types, such as loess columns and steep loess slopes, have developed.
The surface layer is Malan loess covered by the upper Pleistocene, and the underlying
middle Pleistocene is brown-red loess. The loess is rich in carbonate and the soil layer is
deep and loose, and the soil erosion is serious, resulting in strong mechanical erosion and
chemical weathering. The topography of the piedmont alluvial plain is relatively flat with
small fluctuations. The surface is upper Pleistocene alluvial silt with a thickness of approxi-
mately 20 m, and the lower part is middle Pleistocene alluvial silty clay, silt, and silty sand.
The Yellow River alluvial plain can be further divided into flood plains and Yellow River
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floodplains. The floodplain (II1) is distributed south of the Yellow River embankment with
flat terrain. The surface layer is composed of a fine sand layer of late Holocene aeolian facies
and silty clay of alluvial facies. The lower part is 1~3 layers of brownish-grey dark grey silt
and silty clay interbedded layers. The Yellow River floodplain (II2) is distributed north of
the Yellow River levee. The floodplain width is generally 0.5~2 km. The floodplain contains
a series of distribution ditches; the larger parts of the ditches have a width of 100~500 m
and a depth of approximately 0.5~1.5 m. Rivers erode a large amount of sediment from
the upstream and deposit it in the downstream. The sediment in the Yellow River alluvial
plain is rich in carbonate, and carbonate weathering will provide Ca2+ and Mg2+ for river
water. The study area is monsoon climate, carbonate weathering is sensitive to monsoon
climate, and the weathering rate is affected by seasonal changes.
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The aquifers distributed in different geomorphic units in the study area present
different characteristics. The shallow aquifer floor of the loess hills is buried at a depth of
80~100 m and is mainly composed of silt and silty clay of the Quaternary Upper Pleistocene
and Middle Pleistocene. The infiltration of atmospheric rainfall forms the upper layer
of stagnant water. There is no stable phreatic surface, and the water abundance is weak.
The burial depth of the shallow aquifer bottom plate in the piedmont alluvial plain is
60~80 m, which is mainly composed of a fine sand layer of upper Pleistocene silt and
middle Pleistocene alluvial facies. The water-bearing sand layer is generally 3~5 layers,
and the single layer thickness is not large, approximately 5~8 m. The groundwater table
depth is 35~40 m, and it has obvious pressure-bearing properties.

The bottom plate of the shallow aquifer in the Yellow River alluvial plain is 60~80 m
deep and is composed of Holocene and Upper Pleistocene sand layers. The thickness of the
sand layer is 20~55 m, and the thickness gradually increases from west to east. There are
generally 2~3 layers of medium-fine sand layers in the vertical direction; the upper sand
layer is relatively coarse, and the lower sand layer is relatively fine (Figure 2). Shallow
groundwater is closely related to the hydraulics of the Yellow River. The aquifer is strongly
recharged by the lateral seepage of the Yellow River. The aquifer particles are coarse, thick,
and water-rich, and are the key research objects in this paper. The shallow groundwater
in the study area is mainly recharged by atmospheric precipitation, canal infiltration,
irrigation infiltration, and lateral infiltration of the Yellow River, and phreatic evaporation
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and artificial mining are the main discharge methods. The hydrochemical characteristics of
shallow groundwater in plain are affected by climatic conditions (rainfall, evaporation, etc.),
groundwater circulation conditions, aquifer medium, and human activities.
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2.2. Sample Collection

Combined with the actual situation of the study area, 13 shallow groundwater samples
in 1990, 5 in 2011, 32 in 2020 and 17 in 2021 were obtained, as were 1 Ku River sample
(1990) and 2 Yellow River samples (1 in 1990 and 1 in 2020). The spatial distribution of
the groundwater samples is shown in Figure 3. All samples were from civil wells with
a depth of less than 60 m and were defined as shallow aquifer groundwater from the
perspective of aquifer classification. The test items included pH, K+, Na+, Ca2+, Mg2+,
HCO3

−, SO4
2−, Cl−, TDS, NH4

+, NO3
−, NO2

−, and As. The As and NH4
+ test indexes

were separately sampled. The water samples of As were added with hydrochloric acid for
acidification protection, and the water samples of NH4

+ were added with sulfuric acid for
acidification protection. Samples were stored in 0~4 ◦C incubator after field sampling and
transferred to the laboratory for testing within 24 h. The pH was measured by portable pH
tester. K+, Na+, Ca2+, and Mg2+ were determined by inductively coupled plasma emission
spectrometer (iCAP6300). HCO3

− was determined by titration. SO4
2−, Cl−, and NO3

−

were determined by ion chromatograph (ICS-1100). TDS was determined by an analytical
balance (ME204E). NH4

+ and NO2
− were determined by a UV-Vis spectrophotometer (UV).

As was determined by double channel atomic fluorescence spectrometer (BAF-2000). In the
test of groundwater samples, adding 10% parallel samples for quality control, the error of
all repeated samples was less than 5%.
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2.3. Methods
2.3.1. Piper Diagram

Piper diagrams are widely used to study groundwater chemical types and can simply
and effectively reflect comprehensive information of water chemical types. The piper diagram
is drawn with the main ions in water, indicating the composition proportion of water quality
ions contained in the tested water sample and showing the water quality ions that play a major
role in the water sample in the piper diagram, so as to obtain the water chemical type of the
water sample, and determine which aquifer the water sample belongs to according to the
obtained water chemical type, as well as whether the water sample is a single source water or
mixed water.

The Piper diagram consists of three parts. The triangle below the left represents the
relative mole fraction of cations, and the triangle below the right represents the relative
mole fraction of anions [33]. The intersection point obtained by extending to the upper
rhombus represents the relative content of anions and cations in water samples. The water
quality ion information is represented in the two triangles at the bottom, and then an outer
extension line is made along the outermost edge of the triangle to the upper diamond
area. The two extension lines intersect at a point inside the upper diamond, and the
intersection point is marked. That is, it can comprehensively represent the composition
of water chemical components in water samples. Piper diagrams can intuitively show the
characteristics of hydrochemical types of samples.

2.3.2. Durov Diagram

The Durov plot uses the equivalent concentration to calculate the percentage content,
which is composed of three parts: the square projection area at the centre, the anion triangle
plot at the left side of the square projection area, and the cation triangle plot above the
square projection area [34]. To ensure the charge balance between anions and cations,
the Durov diagram stipulates that the sum of the anions is 50%, the sum of cations is 50%,
and the pH and TDS are increased, which are projected on the periphery of the square.
The Durov diagram shows more characteristics of TDS and pH values on the basis of the
Piper diagram.
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2.3.3. Spatial Analysis

A geographic information system can use various spatial analysis methods to man-
age spatial data information and analyse and process the phenomenon and process of
distribution in a certain region [35]. Spatial analysis uses computers to analyse digital
maps to obtain and transmit spatial information. Spatial analysis has a wide range of
applications, including water pollution monitoring, urban planning, flood disaster analysis,
and topography analysis. The prevention and control of water environmental pollution
involves a wide range of regions. In this paper, the water quality type and water quality
index are combined with the regional position to obtain the spatial distribution charac-
teristics of various water chemical types and the distribution of main ions in the study
area. The spatial analysis method can show the enrichment characteristics and variation
rules for different characteristic ions in the study area. At the same time, this method plays
an important role in studying the evolution relationship between Yellow River water and
regional groundwater.

3. Results
3.1. Change of Groundwater Levels

The direction of shallow groundwater runoff in this area is from north to south.
The main recharge methods include lateral infiltration of the Yellow River, precipitation infil-
tration, irrigation recharge, etc. The discharge methods include mining, overflow, and lateral
runoff discharge. The results of the groundwater level survey in the study area in April 2021
are shown in the left of Figure 4. The groundwater flow direction in the study area is from
northeast to southwest. The groundwater depth is 4~16 m. The groundwater depth and
hydraulic gradient gradually increase from northeast to southwest. The upstream hydraulic
gradient is approximately 3.2‰, and the downstream hydraulic gradient is approximately
1.6‰. The groundwater drawdown funnel is formed around the water source exploitation
well, and the groundwater gathers around the funnel. The groundwater contour becomes
dense, and the hydraulic gradient is the largest at the funnel. The groundwater level of the
study area in September after the July 20 rainstorm in Zhengzhou in 2021 is shown in the
right of Figure 5. Compared with April, the flow direction of groundwater did not change in
September. The groundwater depth is 4~16 m. The groundwater depth and hydraulic gradi-
ent increase gradually from northeast to southwest. The hydraulic gradient of groundwater
near the Yellow River in the upper reaches is approximately 1.6‰. Along the direction of
flow to the Ku River, the groundwater level is approximately 2 m higher than that in April,
and the hydraulic gradient is 12.8‰. The water level in April represents the water level
in the dry season of the study area, and the water level in September represents the water
level in the wet season. The changes of the wet and dry water levels at different water level
monitoring points are shown in Figure 5. The water level elevations of all monitoring points
fluctuate between 75 m and 95 m. The water level in the wet season is higher than that in
the dry season.

The fluctuation of the water level of the Yellow River in the study area is proportional
to the rainfall. With the increase in rainfall in the wet season, the water level of the Yellow
River rises. In the dry season, the water level of the Yellow River decreases, and the
groundwater level is lower than that of the Yellow River. The farther away from the Yellow
River the groundwater is, the greater the water level difference (Figure 6).
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3.2. Characteristics of Groundwater Quality
3.2.1. Results of Statistical Analysis

The chemical data of shallow groundwater and surface water in the study area from
1990 to 2021 were statistically analysed (Table 1). The results showed that compared with
1990, the HCO3

− in the Yellow River water increased significantly in 2020, changing from
166.6 mg/L to 452 mg/L and the pH value decreased slightly, changing from 8.15 to 7.66.
The groundwater in the study area was weakly alkaline, the TDS was 156~1250 mg/L,
and there was no obvious fluctuation in each year. Except for two sample points in 2021,
the groundwater quality met the III standard (≤1000 mg/L). The anions in groundwater
were mainly HCO3

−, and Na+ in cations was the most dominant ion. The contents of Ca2+

and Mg2+ were relatively equal. Compared with 1990, the SO4
2− content in groundwater

has generally increased in the last 30 years, and even reached four times by 2021. The in-
crease in SO4

2− was mainly due to the influence of human activities, a large number of
industrial wastewaters and domestic sewage in some areas, and the infiltration of farm
breeding waste into shallow groundwater. In the past three decades, a number of fish
pond farms have been developed in the study area, resulting in the increase in SO4

2− in
groundwater in some areas.

Table 1. Statistical analysis table of hydrochemical characteristics of sampling points.

HCO3− SO4
2− CI− K+ + Na+ Ca2+ Mg2+ TDS pH NO3− NH4

+ NO2− As

Yellow
River

1990 166.6 132.6 85.1 97.3 46.5 23.9 483 8.15 6 0.1 / /

2020 452 89.3 48.6 51.2 94.2 40.1 672 7.66 0.85 / 0.16 0.003

Shallow
ground-
water

1990
Min 238.60 2.40 23.80 8.70 62.30 25.00 311.10 7.30 0.000 0.000 / /
Max 497.30 69.60 65.90 83.30 92.00 35.40 553.50 7.90 10.000 0.360 / /

Mean 400.05 32.13 36.96 49.52 72.46 30.62 430.10 7.48 2.800 0.187 / /

2011
Min 279.65 10.57 33.15 25.84 60.14 25.79 339.99 7.75 0.46 / 0.003 /
Max 564.31 118.68 105.04 114.00 109.86 55.47 795.83 8.07 17.00 / 0.119 /

Mean 448.46 62.18 81.08 64.43 90.90 45.98 589.60 7.91 8.25 / 0.031 /

2020
Min 133.00 6.15 7.15 22.33 39.00 5.96 156.00 7.29 0.52 0.000 0.000 0.000478
Max 648.00 211.00 175.00 135.04 142.00 105.00 897.00 7.87 36.00 0.153 1.840 0.0492

Mean 414.79 95.87 80.08 81.48 88.63 46.71 565.42 7.54 7.25 0.061 0.133 0.00819

2021
Min / 39.20 9.40 68.70 / / 466.00 6.90 0.01 0.028 0.000 0.0007
Max / 361.00 172.00 220.00 / / 1250.00 7.90 2.48 1.130 0.283 0.0138

Mean / 135.70 86.94 102.54 / / 712.76 7.48 0.73 0.334 0.052 0.003982

Note: All units except pH are mg/L, “/” means none.

3.2.2. Characteristics of Groundwater Chemical Types

The Piper diagram represents the relative concentration of chemical components in
groundwater. The Durov diagram shows the characteristics of the TDS and pH values on
the basis of the Piper diagram [36]. AQQA software was used to draw the Piper diagram
(Figure 7) and the Durov diagram (Figure 8) of the hydrochemical types of groundwater in
the study area. The hydrochemical components of groundwater and Yellow River water
are shown in Figure 9. These figures show that the TDS of groundwater is low and basically
meets the Grade III standard for groundwater quality (1000 mg/L). Most of the cation
sinks of groundwater are in the middle position of the lower left triangle. In 1990 and 2011,
the anion sinks of the samples were in the lower left of the lower right triangle, and were,
namely, bicarbonate water. In 2020, some of the anions in the samples were in the middle
position, and the contents of SO4

2− and Cl− were high.
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The chemical types of shallow groundwater in 1990 and 2011 were single, mainly
HCO3-Na·Ca·Mg and HCO3-Na·Ca. HCO3-Na·Ca type water was distributed in the
southwestern part of the study area, and HCO3-Na·Ca·Mg type water was distributed in
the north-eastern part of the Yellow River. In 2020, the chemical types of groundwater
in the study area became more complicated and increased, and HCO3·SO4-Ca·Mg·Na
and HCO3·SO4·Cl-Ca·Mg·Na types were added. The anions were still dominated by
HCO3

−, and the contents of SO4
2− and Cl− increased locally. Spatially, the contents

of HCO3
− and Mg2+ were lower as they were closer to the water of the Yellow River,

while the contents of SO4
2−, Cl− and Na+ were opposite, and the closer they were to

the water of the Yellow River, the higher they were. The local groundwater types along
the Yellow River were HCO3·SO4·Cl-Na·Ca·Mg, HCO3·Cl-Na·Ca·Mg, HCO3·SO4-Na·Ca,
and HCO3·SO4·Cl-Na·Ca (Figure 10).
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3.2.3. Spatial Distribution Characteristics of Typical Indicators

Arsenic and “three nitrogen” in shallow groundwater in the study area exceeded the
standard. Arsenic, nitrate, nitrite, and ammonia nitrogen were selected to analyse their
concentration distribution characteristics (Figure 11). In 2020, the excessive points of arsenic
(>0.01 mg/L) in groundwater were distributed in lakes in the Yellow River Wetland Park
and Houliubei in Huiji District. The excessive points of three nitrogen were distributed
in irregular spots. The excessive points of nitrate (>20 mg/L) were distributed at the
intersections of Jiangshan Road, Lixihe West Street, and Huagang Road in Huiji District.
The excessive points of nitrite were distributed at the intersections of Qunying Road and
Taoyuan Road in Huiji District. In 2020, compared with 1990 and 2010, the nitrate content
overall increased, the nitrite content overall decreased, and the ammonia nitrogen content
overall decreased.
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3.3. Study of the Chemical Causes of Groundwater
3.3.1. Analysis Based on Gibbs Diagram

The Gibbs diagram can macroscopically show the main ions and their changing trend
in groundwater, judge the hydrochemical formation mechanism, and divide the controlling
factors into atmospheric precipitation, evaporation concentration, and rock weathering [37].
The Gibbs diagram of the groundwater and Yellow River water in the study area is shown
in Figure 12. It can be seen from the figure that the groundwater TDS in the study area is
medium, and the γ(Na+)/γ(Na+ + Ca2+) values of groundwater are mostly between 0.4 and
0.8, which are jointly affected by water–rock interactions and evaporation concentrations.
Among them, the Na+/(Na+ + Ca2+) ratio is more dispersed, indicating that the proportion
of Na+ in different spatial positions is different. The sampling points on the left side are
far away from the Yellow River and are mainly affected by rock weathering. The Na+

ratio is only 0.2. The groundwater sampling points on the right have an Na+ ratio ranging
from 0.4 to 0.8. These sampling points are close to the Yellow River and are close to
the γ(Na+)/γ(Na+ + Ca2+) value of the Yellow River water, indicating that the closer to
the Yellow River, the shallower the groundwater depth, the weaker the rock weathering,
and the stronger the evaporation.
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3.3.2. Analysis Based on the Ion Proportion Coefficient

The ion proportional coefficient method can be used to determine the origin of ground-
water and the source or formation process of groundwater chemical composition by the
milligram equivalent proportional coefficient of different ions [38].

The coefficient of γ(Na+)/γ(Cl−) can characterize the enrichment degree of Na+ in
groundwater, which is a sign of salt leaching and the accumulation intensity of ground-
water. Cl- in natural groundwater often comes from salt rock. The γ(Na+)/γ(Cl−) values
of groundwater in the study area are almost all greater than one (Figure 13), indicating
that Na+ has other major sources in addition to salt rock. Different from the groundwater
affected only by evaporation, the γ(Na+)/γ(Cl−) value of groundwater in the study area
does not remain constant but increases with an increasing Cl− concentration, indicating
that the groundwater in the study area is jointly controlled by the evaporation concen-
tration and the water–rock interaction. The coefficient of γ(HCO3

−)/γ(Cl−) can reflect
the hydrogeochemical process of anions in groundwater along the runoff path (Figure 13).
The ratio of the two is above the 1:1 isoline, indicating that calcite, dolomite, and other
minerals are dissolved in the study area.

Water 2022, 14, x FOR PEER REVIEW 13 of 17 
 

 

Figure 12. Gibbs map of groundwater in the study area. 

3.3.2. Analysis Based on the Ion Proportion Coefficient 

The ion proportional coefficient method can be used to determine the origin of 

groundwater and the source or formation process of groundwater chemical composition 

by the milligram equivalent proportional coefficient of different ions [38]. 

The coefficient of γ(Na+)/γ(Cl−) can characterize the enrichment degree of Na+ in 

groundwater, which is a sign of salt leaching and the accumulation intensity of ground-

water. Cl- in natural groundwater often comes from salt rock. The γ(Na+)/γ(Cl−) values of 

groundwater in the study area are almost all greater than one (Figure 13), indicating that 

Na+ has other major sources in addition to salt rock. Different from the groundwater af-

fected only by evaporation, the γ(Na+)/γ(Cl−) value of groundwater in the study area 

does not remain constant but increases with an increasing Cl− concentration, indicating 

that the groundwater in the study area is jointly controlled by the evaporation concen-

tration and the water–rock interaction. The coefficient of γ(HCO3−)/γ(Cl−) can reflect the 

hydrogeochemical process of anions in groundwater along the runoff path (Figure 13). 

The ratio of the two is above the 1:1 isoline, indicating that calcite, dolomite, and other 

minerals are dissolved in the study area. 

  

Figure 13. γ(Na+)/γ(Cl−) and γ(HCO3−)/γ(Cl−). Figure 13. γ(Na+)/γ(Cl−) and γ(HCO3
−)/γ(Cl−).

65



Water 2022, 14, 1846

The γ(Ca2+ + Mg2+)/γ(HCO3
−) ratio can reflect the dissolution characteristics of

carbonate rocks in groundwater (Figure 14). Most of the samples are located below the
1:1 isoline, indicating that the ratio of Ca2+ to Mg2+ to HCO3

− is slightly lower than one
based on the dissolution of carbonate rocks, which may result in cation exchange reactions
with Na+. Sample points are distributed in the carbonate dissolution area, indicating that
carbonate in groundwater is widely involved in the dissolution of carbonate minerals
(Figure 15).

Water 2022, 14, x FOR PEER REVIEW 14 of 17 
 

 

The γ(Ca2+ + Mg2+)/γ(HCO3−) ratio can reflect the dissolution characteristics of car-

bonate rocks in groundwater (Figure 14). Most of the samples are located below the 1:1 

isoline, indicating that the ratio of Ca2+ to Mg2+ to HCO3− is slightly lower than one based 

on the dissolution of carbonate rocks, which may result in cation exchange reactions 

with Na+. Sample points are distributed in the carbonate dissolution area, indicating that 

carbonate in groundwater is widely involved in the dissolution of carbonate minerals 

(Figure 15). 

 

Figure 14. γ(Ca2+ + Mg2+)/γ(HCO3−). 

 

Figure 15. γ(Ca2+ + Mg2+)/γ(HCO3−) and γ(SO42−)/γ (HCO3−). 

3.3.3. Analysis of Excessive Arsenic in Groundwater 

High-arsenic groundwater is generally distributed in alluvial plains and closed ba-

sins rich in organic matter. According to the data, the average As content in the Yellow 

River water is 0.00275 mg/L, which is not enough to cause excessive As in groundwater 

Figure 14. γ(Ca2+ + Mg2+)/γ(HCO3
−).

Water 2022, 14, x FOR PEER REVIEW 14 of 17 
 

 

The γ(Ca2+ + Mg2+)/γ(HCO3−) ratio can reflect the dissolution characteristics of car-

bonate rocks in groundwater (Figure 14). Most of the samples are located below the 1:1 

isoline, indicating that the ratio of Ca2+ to Mg2+ to HCO3− is slightly lower than one based 

on the dissolution of carbonate rocks, which may result in cation exchange reactions 

with Na+. Sample points are distributed in the carbonate dissolution area, indicating that 

carbonate in groundwater is widely involved in the dissolution of carbonate minerals 

(Figure 15). 

 

Figure 14. γ(Ca2+ + Mg2+)/γ(HCO3−). 

 

Figure 15. γ(Ca2+ + Mg2+)/γ(HCO3−) and γ(SO42−)/γ (HCO3−). 

3.3.3. Analysis of Excessive Arsenic in Groundwater 

High-arsenic groundwater is generally distributed in alluvial plains and closed ba-

sins rich in organic matter. According to the data, the average As content in the Yellow 

River water is 0.00275 mg/L, which is not enough to cause excessive As in groundwater 

Figure 15. γ(Ca2+ + Mg2+)/γ(HCO3
−) and γ(SO4

2−)/γ (HCO3
−).

3.3.3. Analysis of Excessive Arsenic in Groundwater

High-arsenic groundwater is generally distributed in alluvial plains and closed basins
rich in organic matter. According to the data, the average As content in the Yellow
River water is 0.00275 mg/L, which is not enough to cause excessive As in groundwater
(content >0.01 mg/L). There are many fish ponds in the study area, but the migration
ability of arsenic in the sediment and surface soil of fish ponds is weak. The water source
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protection area is along the Yellow River, and there are no other pollution sources in the
area. The possibility of groundwater arsenic exceeding the standard is very small. The sed-
imentary environment of sediment interbedded structures in the Yellow River alluvial
plain has strong reducibility, and arsenic-rich ferromanganese oxides or hydroxides in
primary sedimentary strata are released into groundwater due to reducibility dissolution.
At the same time, the groundwater runoff is not smooth, and strong cation exchange occurs.
The evaporation and concentration of groundwater aggravates the enrichment of arsenic.
In addition, in recent years, water level changes caused by agricultural irrigation and
water source replacement in the Yellow River region are potential factors that cause arsenic
concentration changes.

3.3.4. Analysis of Excessive Three Nitrogen in Groundwater

There are three main sources of “three nitrogen” pollution in groundwater: agriculture
and human activities, including human and livestock manure, fertilizers, pesticide use,
and sewage irrigation; urban industry, including wastewater, waste gas, and solid waste
caused by chemical fuel combustion; and the random emission of “three wastes” of life.
Under suitable natural geological conditions, these nitrogen-containing substances infiltrate
into the groundwater through the soil and the vadose zone and accumulate continuously,
resulting in an increasingly serious groundwater “three nitrogen” pollution. There is less
development of industry in the right bank of the middle and lower reaches of the Yellow
River and more development of fish pond aquaculture and other industries. The excess
of “three nitrogen” in groundwater may be related to aquaculture and human domestic
wastewater discharge.

4. Conclusions

(1) The shallow groundwater in the study area is weakly alkaline, and the TDS is low.
The groundwater chemical types are mainly HCO3

−Na·Ca·Mg and HCO3
−Na·Ca.

In the past 10 years, the hydrochemical types have become more complex, and the
contents of SO4

2− and Cl− have increased locally. The closer HCO3
− and Mg2

+ are to
the Yellow River, the lower the contents are, and the closer SO4

2−, Cl−, and Na+ are
to the Yellow River, the higher the contents are.

(2) The shallow groundwater in the study area is jointly affected by water–rock interac-
tions and evaporation concentrations. The closer to the Yellow River the groundwater
is, the shallower its buried depth, the greater the effect of evaporative concentration,
and the stronger the cation exchange. The water–rock interaction is manifested in the
dissolution of calcite, dolomite, and other carbonate minerals in the study area. At the
same time, the carbonate in groundwater is also widely dispersed.

(3) The arsenic content of shallow groundwater in the study area exceeds the local
standard. The exceeding points are mainly distributed in the Yellow River alluvial
plain, and there is no class V (>0.05 mg/L) point. The class IV (≤0.05 mg/L) points
are mainly distributed in the Yellow River Wetland Park in Huiji District, Houliubei,
and other places. The possibility of the artificial pollution of excessive arsenic is very
small. The primary reductive sedimentary environment of sediment interbedded
structures, such as the Yellow River alluvial plain, intensifies the dissolution of arsenic-
rich ferromanganese oxides or hydroxides in the strata. At the same time, the strong
evaporation and strong cation exchange in the shallow groundwater depth region
aggravate the enrichment of arsenic.

(4) There are sporadic local excesses of “three nitrogen” in shallow groundwater in the
study area, which are attributable to previous fisheries and human domestic sewage
discharge. There are many fish ponds in the study area. The nitrogen element in
the feed that is put into the fish pond every day is the original source of ammonia
nitrogen and nitrite in the water body. Usually, the nitrogen element in the feed
that is not absorbed and utilized by the fish body is in the process of various mi-
croorganisms. Under the action, it is converted into ammonia nitrogen and nitrite in
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water. At present, domestic pond aquaculture basically discharges wastewater with-
out treatment. Nitrite, ammonia nitrogen, and organic nitrogen in domestic sewage,
domestic garbage and other discharges enter the groundwater through discharge,
leaching, and other channels, resulting in groundwater “three nitrogen” exceeding
the standard.
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Abstract: The Sanhe region in the middle reaches of the Yellow River is an important area for the
origin and development of early civilization in China. Many early sites, from the Paleolithic to the Xia,
Shang and Zhou Dynasties, remain in the region, all of which are important material carriers to record
the historical process from the emergence of human beings to the formation of early civilization. In
this study, all of the early archaeological sites in the research area were collected and loaded into
the GIS platform. With the help of kernel density estimation, adjacent index analysis, standard
deviation ellipse and other tools, the spatial and temporal distribution characteristics of these sites
were explored, and the correlation between the distribution of early sites and geographical factors was
explored through coupling analysis with the geographical environment. The results show that: (1) the
evolution of the spatial distribution characteristics of early sites in the time dimension can reflect the
development process of early civilization; (2) elevation, slope, aspect, topographic relief, hydrology
and other factors are closely related to the distribution characteristics of early sites in the Sanhe region,
and the correlation between site distribution and geographical factors is also different in different
periods; (3) under the combined effects of elevation, slope, aspect, topographic relief and hydrological
factors, the early sites show the existing spatial–temporal distribution characteristics. It is hoped
that this study can provide reference ideas for the origin and development of early civilization in the
future, as well as the discovery, protection and utilization of early sites.

Keywords: Sanhe region; early sites; spatial and temporal distribution; human-territorial
relationship; GIS

1. Introduction

The Sanhe region, located in the middle reaches of the Yellow River, is an important
area for the origin of early national civilization in China, and a large number of early sites
from the Paleolithic, Neolithic, and Xia, Shang and Zhou Dynasties are distributed in the
region. A systematic study of the spatial and temporal distribution characteristics of early
sites in the Sanhe region is of great empirical significance in revealing the development and
evolution of early civilizations.

At present, scholars have carried out relevant research on the spatial and temporal
distribution of ancient sites [1] which mainly involves the process of cultural evolution and
the driving factors for prehistoric human lifestyle [2,3]; the current situation of protection
and utilization of ancient sites, pointed out the problems of unreasonable protection zoning
and difficulties in displaying prehistoric sites, and proposed some development and utiliza-
tion models and ideas of ancient sites based on the experiences of protection and utilization
of ancient sites worldwide [4]. In addition, with the development and popularization of
GIS technology, GIS technology is gradually used in the study of human–land relations in
historical periods, and scholars are also keen to study and analyze the spatial distribution
characteristics of sites quantitatively and explore the connection between their distribution
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modes and the natural environment with the help of GIS tools, involving various disci-
plines such as archaeology, geography, architecture and cultural heritage. The main content
of previous research includes using GIS technology to analyze the relationship between
the distribution of sites and impact factors such as elevation, slope, coastline changes,
etc [5,6]. With the help of GIS technology, there are also studies that are used to guide
the conservation planning of cultural heritage and ancient sites [7]. In addition, there are
research studies about geodiversity evaluation [8,9], including methods of geodiversity
evaluation, such as Forte. J.P. put forward the application of kernel density estimation
in geodiversity assessment. In the existing research, geology, geomorphology, hydrology
and soil elements are usually regarded as important elements of geodiversity and used for
geodiversity evaluation [10]. Other studies have involved the influence of the geographical
environment on biodiversity; for example, He, F. studied the influence of altitude, aspect
and local environment on the diversity of diatoms and macroinvertebrates on Cangshan
Mountain [11].

The existing relevant GIS studies are mostly limited to the separate discussion of
geographical factors, but there are relatively few studies on the comprehensive analysis of
the correlation between geodiversity and cultural sites. This study applies the method of
geodiversity–diversity kernel density analysis to the research of cultural sites and improves
this kind of research.

The purpose of this study was to further examine the origin and evolution of early
civilization by analyzing the spatial and temporal distribution characteristics and human–
land relationship of early sites in the Sanhe region from the Paleolithic to the Xia, Shang
and Zhou Dynasties; to reveal the internal consistency between its distribution pattern and
the origin and evolution of early civilization; and to provide methods for the protection,
display and utilization of early sites in order to protect and preserve the Yellow River
culture, and to assist with the high-quality development of the Yellow River Basin.

2. Data and Methods
2.1. Research Scope
2.1.1. Time Scope

The Sanhe region in the middle reaches of the Yellow River has a long history and
abundant site resources. People have lived here since the Paleolithic Age, and kingdoms in
the early Xia, Shang and Zhou Dynasties established their capitals here. This study limits
the time to the historical stages, namely the Paleolithic Age, the Neolithic Age and the Xia,
Shang and Zhou Dynasties (including the Western Zhou Dynasty and the Eastern Zhou
Dynasty), from the appearance of early human beings to the appearance and formation
of early civilization. The distribution characteristics of the sites in these three periods are
analyzed to explore the development of a regular pattern of early civilization.

2.1.2. Spatial Scope

The Sanhe region is composed of the Hedong region, Henan region and Henei region.
Before the Qin and Han dynasties, the Sanhe region was only used as a generalized
geographical location [12], and whether there was a county or not in the pre-Qin period
does not have clear evidence in academic research. Until the Qin and Han Dynasties,
there was a clear administrative boundary. In the Qin Dynasty, the region was named
Hedong County [13], Hanei County and Sanchuan County, chronologically, and during the
Western Han Dynasty, it was named Hedong County, Hanei County and Henan County,
chronologically [14]. Compared with the Qin Dynasty, the area of the Sanhe region in the
Western Han Dynasty had expand. In this study, the research boundary is determined by
the Sanhe region map in the Qin and Han Dynasties depicted in the “Atlas of Chinese
History and the Records of the Sanhe Region in the pre-Qin Period” written by Tan Qixiang
(Figure 1), which roughly overlaps the city area of Yuncheng City and Linfen City in
Shanxi Province (namely the ancient Hedong region), Luoyang City and Zhengzhou City
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in Henan Province (namely the ancient Henan region), Jiyuan City, Jiaozuo City, Xinxiang
City, Anyang City and Hebi City (namely the ancient Henei region) [15].
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2.2. Data

The sites in this study are mainly chosen from the list of “China national key cultural
relics protection units”, provincial cultural relic protection units published on the website
of the Shanxi Provincial Cultural Relics Bureau (http://wwj.shanxi.gov.cn/, accessed on
20 May 2021), and municipal cultural relic protection units, county-level cultural relic
protection units, and unclassified cultural relic protection units in the Chinese Cultural
Relics Atlas—Shanxi volume; and the Henan Provincial Cultural Relics Bureau website
(http://wwj.henan.gov.cn/, accessed on 20 January 2022) announced the national key
cultural relics protection units in Henan Province, as well as the volumes on the immovable
cultural relic lists of Zhengzhou, Luoyang, Anyang, Hebi, Xinxiang, Jiyuan, and Jiaozuo
from the third Henan Provincial Cultural Relics survey. Among them, a total of 478
Paleolithic sites, a total of 2137 Neolithic sites, and a total of 2318 Xia–Shang-Zhou sites
are recorded.

The DEM elevation data was obtained from Google Maps. In addition, the slope, as-
pect, and topographic relief data were also based on the DEM elevation data and calculated
by GIS software. The data used in the research is raster elevation data. As the research area
is very large, high-precision data cannot be calculated in GIS software, so DEM elevation
data with a 9.5 m precision was selected. In fact, for a large research area, existing research
generally uses 30 m precision data provided by government websites, and its accuracy is
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difficult to guarantee. Therefore, the highest-precision data on the research area that could
be operated by computers was selected to improve the accuracy of the research results.

2.3. Methods
2.3.1. Adjacent Index

The spatial distribution types of the sites in the study area are determined through
adjacent index analysis of the sites. The adjacent index analysis results will return five
values: average observation distance, theoretical average distance, nearest neighbor index,
Z score and p value. p value represents probability; when the p value is lower, the observed
spatial pattern is unlikely to be generated in a random process (small probability). The
Z score is a multiple of the standard deviation. The higher the the Z value, the greater
the degree of aggregation. The classification rules of the spatial distribution types of sites
are as follows: if the adjacent index is less than 1, the spatial distribution type belongs to
the aggregation distribution type; if the nearest neighbor index is equal to 1, the spatial
distribution type is random; if the adjacent index is greater than 1, it belongs to uniform
distribution type. The calculation formula is as follows:

R =
r1

rE
= 2

√
Dr1 (1)

In the formula, r1 refers to the average value of the distance r1 between the nearest
neighbor points, and rE refers to the average distance of the nearest neighbor points in the
random distribution pattern. D refers to the density of all points, and finally the adjacent
index R is calculated [16,17].

2.3.2. Kernel Density Estimation

The kernel density estimation method can reflect the spatial distribution and aggrega-
tion characteristics of site points. The larger the kernel density, the denser the distribution
of sites. In addition, the kernel density map of geodiversity elements and the distribution
of cultural sites were superimposed, and the correlation between them was discussed. The
calculation formula is as follows:

fn(x) =
1

nh

n

∑
i=1

k(
x − Xi

h
) (2)

In the formula, the kernel density is estimated as the probability that the density
function f is at the point x, where k( x−Xi

h ) is the kernel function, h represents a search
radius greater than 0, and x − Xi means the distance (km) between the estimated point x
and the event Xi [18,19].

2.3.3. Standard Deviation Ellipse

The distribution direction of the sites in each period is determined by the standard
deviation ellipse. The long axis of the ellipse represents the main direction of the site
distribution, the short axis represents the secondary direction of the site distribution,
and the inclination angle of the ellipse represents the distribution trend of the sites. By
comparing the distribution trend and direction of the sites in each period, the evolution
characteristics of their spatial and temporal distribution can be obtained. The calculation
formula is as follows:

SDEX =

√
n
∑

i=1
(xi−x)2

n

SDEy =

√
n
∑

i=1
(yi−y)2

n

(3)
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In the formula, xi and yi are the coordinates of points, n is the total number of samples,
and {x,y} is the average center of all points.

tan θ = A+B
C

A = (
n
∑

i=1
x̃2

i −
n
∑

i=1
ỹ2

i )

B =

√
(

n
∑

i=1
x̃2

i −
n
∑

i=1
ỹ2

i )
2
+ 4(

n
∑

i=1
x̃i ỹi)

2

C = 2
n
∑

i=1
x̃i ỹi

(4)

In the formula, tan θ is the tangent of the ellipse rotation angle, and x̃i, ỹi is the
deviation of xy coordinates from the average center.

σx =

√
n
∑

i=1
(x̃i cos θ−ỹi sin θ)2

n

σy =

√
n
∑

i=1
(x̃i sin θ−ỹi cos θ)2

n

(5)

In the formula, σx is the length of the long axis of the ellipse, and σy is the length of
the short axis of the ellipse [20].

2.3.4. Analysis of Geographical Factors

(1) Elevation factor. According to the DEM elevation data, the lowest elevation in the
Sanhe region is −142 m, and the highest elevation is 2386 m. In order to determine
the relationship between the location of the early settlement and the elevation, the
elevation of the Sanhe region was first divided into 20 levels by combining the existing
research methods. Level 1 is −142~0 m, level 2 is 1~100 m, level 3 is 101~200 m, level
4 is 201~300 m, level 5 is 301~400 m, level 6 is 401~500 m, level 7 is 501~600 m,
level 8 is 601~700 m, level 9 is 701~800 m, level 10 is 801~900 m, level 11 level is
901~1000 m, the 12th level is 1001~1100 m, the 13th level is 1101~1200 m, the 14th level
is 1201~1300 m, the 15th level is 1301~1400 m, the 16th level is 1401~1500 m, the 17th
level is 1501~1600 m, the 18th level is 1601~1700 m, the 19th level is 1701~1800 m,
and the 20th level is 1801~2386 m. Then, ArcGIS 10.0 software was used to link
elevation level data with site data, and the number of Paleolithic, Neolithic, and
Xia–Shang–Zhou sites in each elevation level in the Sanhe region was counted. As
the total number of site samples for each period was different, the differences in their
elevation distribution could not be directly reflected by the number, so the distribution
of sites in each elevation level for each period was calculated separately in the study,
and the percentage of sites in each elevation class level relative to the total number of
sites in that period was calculated separately, and the percentage change of sites in
different elevation levels in the three periods was plotted to investigate the influence
of elevation on the distribution of early sites. Finally, the percentage change curves of
sites with different elevation levels in the three periods were plotted to explore the
influence of elevation on the distribution of early sites.

(2) Slope factor. In ArcGIS software, the smaller the slope value, the flatter the terrain.
The greater the slope value, the steeper the terrain. In order to find out the relationship
between the location of the early ancestors and the slope, according to Professor Bi
Shuoben’s slope classification method [21], the slope of the Sanhe region was first
divided into 4 levels. Level 1 is below 3◦ (very suitable for human habitation), Level
2 is within the range of 3◦~6◦ (suitable for human habitation), Level 3 is within the
range of 6◦~10◦ (unsuitable for human habitation), and Level 4 is above 10◦ (very un-
suitable for human habitation). Then, this research counted the number of Paleolithic,
Neolithic, and Xia–Shang–Zhou sites in each level, and drew the percentage change

75



Water 2022, 14, 2666

curves of sites with different slopes in three periods to explore the impact of slopes on
the distribution of early sites.

(3) Aspect factor. Aspect is the most important factor to determine the amount of sunshine
in an area. Sunshine conditions directly affect people’s lives, heating methods, and
agricultural production. Therefore, aspect is also one of the important factors that
affect the settlement and site selection of the ancients. Relevant research shows that
the south is the most suitable aspect for human habitation, the southeast aspect is
suitable for human habitation, the north and northwest aspects are suitable for human
habitation, and the east, northeast, west and southwest aspects are unsuitable for
human habitation [22]. This research counted the number of sites from the Paleolithic
Age, Neolithic Age, Xia, Shang, and Zhou Dynasties in various aspects and drew a
radar chart of the percentage change of sites in different aspects in three periods to
explore the influence of aspect on the distribution pattern of early sites.

(4) Topographic relief factor. Topographic relief, as one of the important indicators for
the evaluation of habitat adaptability in a region, limits the accessibility, production,
living, cultural exchange, economic development, and population distribution in
a region [23,24]. According to the classification methods of topographic relief in
existing studies, this research divided the topographic relief in the Sanhe region into
six levels: the first level is 0~50 m, the second level is 50~100 m, the third level is
100~200 m, the fourth level is 200~300 m, the fifth level is 300~400 m, and the sixth
level is 400~500 m [25]. Then, this research counted the number of sites from the
Paleolithic Age, Neolithic Age, and Xia, Shang, and Zhou Dynasties with various
levels of topographic relief, respectively, and drew the percentage change curves of
sites with different topographic relief in the three periods.

(5) Hydrological factor. With the aid of GIS buffer tools, this research established 1 km,
2 km, 3 km, 4 km, 5 km, and 6 km buffer zones of major rivers in the Yellow River,
Qinhe River, Weihe River, Yiluo River, and Fenshui River in the Sanhe region, and
counted the number of sites in each buffer zone, so as to explore the relationship
between the distribution of sites and the distance from the river system.

(6) Geodiversity factor. In addition to the above part, the influence of a single geographi-
cal factor on the distribution characteristics of cultural sites, the degree of geodiversity,
that is, the comprehensive effect of various geographical factors on cultural sites
cannot be ignored. In academic circles, it is still inconclusive which geographical
factors are the most important. In the existing studies, four indicators, geology, ge-
omorphology, hydrology, and soil, are usually selected as the basis for evaluating
geodiversity. In this research, the correlation between geodiversity and cultural distri-
bution characteristics was studied through the following ideas: first, four data sets
(geology, geomorphology, hydrology, and soil, which are from the open data of the
Resources and Environment Data Center of the Chinese Academy of Sciences) were
loaded into the GIS platform, respectively, and all datasets were merged into one
dataset by superposition operation; second they were converted into point elements,
which were generated according to the representative positions of the input elements.
Then, using this new dataset, the kernel density of point elements was analyzed,
and the geodiversity kernel density map was obtained. Finally, the geographical
diversity–geodiversity kernel density map was superimposed with cultural sites, and
the relationship between them was found.

3. Results
3.1. Evolution of Spatial and Temporal Distribution Characteristics
3.1.1. Analysis Results of Adjacent Index

According to the analysis results, it can be found that the adjacent index of Paleolithic
sites was quite different from that of Neolithic sites and Xia–Shang–Zhou sites, and the Z
value was quite different, with significant changes. The adjacent index of Neolithic sites
was close to that of Xia–Shang–Zhou sites, and the difference of Z value was small. From
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the Paleolithic Age to the Neolithic Age, the spatial distribution patterns of the sites were
all spatial aggregation (the adjacent index was less than 1), and the aggregation degree
in the Paleolithic Age was low, and it continued to increase in the Neolithic Age. The
aggregation degree in the Xia, Shang, and Zhou Dynasties was close to that in the Neolithic
Age, showing an obvious inheritance relationship of aggregation degree (Table 1).

Table 1. Summary of elements.

Period
Average

Observation
Distance/m

Theoretical
Average

Distance/m

Adjacent
Index R

Distribution
Pattern Z Value

Paleolithic Age 2423.4 7704.0 0.316 Spatial aggregation −28.7
Neolithic Age 2070.3 3894.6 0.532 Spatial aggregation −41.6

Xia, Shang and Zhou Dynasties 1883.7 3543.3 0.532 Spatial aggregation −43.2

3.1.2. Analysis Results of Kernel Density

The results show that there are two high-density groups of Paleolithic sites which
are located in the Wangwu Mountain area and the Songshan area, respectively. By the
Neolithic Age, the distribution density of the sites increase as a whole, and change from
single cluster distribution in the Paleolithic Age to the coexistence of clusters and high-
density zones, especially along the Yiluo River, Fenhe River, and Weihe River, forming a
typical high-density zone of the sites. The sites from the Xia, Shang, and Zhou Dynasties
are further developed and integrated on the basis of the Neolithic Age, and the distribution
characteristics of groups and bands become more obvious, and the number of sites groups
further increases (Figure 2).
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3.1.3. Standard Deviation Ellipse Analysis Results

The standard deviation ellipse is used to analyze the main directional characteristics of
the distribution of early sites in the Sanhe region during the Paleolithic, Neolithic, and Xia,
Shang, and Zhou Dynasties, respectively, and to compare the similarities and differences in
the distribution of sites in each period in order to discover the evolution pattern of sites’
direction over time. The larger the ratio of the long and short axes of the ellipse, the more
obvious the directionality of the ellipse, and the size of the area of the ellipse can reveal
the range of site distribution; the larger the area of the ellipse, the wider the range of site
distribution involved.

The results show that the Paleolithic, Neolithic, and Xia, Shang, and Zhou Dynasty sites
in the Sanhe region all show a southeast–northwest distribution trend, and the Paleolithic
sites have the smallest distribution range and more obvious directionality (Figure 3). The
number of sites in the Neolithic Age and Xia, Shang, and Zhou Dynasties are more than
others, their distribution range is wider, and their directionality is inconspicuous (Table 2).
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Table 2. Standard deviation ellipse parameters of sites by period.

Period X-Axis Length (m) Y-Axis Length (m) Elliptical Area
(km2) Rotation Angle (◦)

Paleolithic Age 126,992 56,734 22,632 111.63
Neolithic Age 142,289 93,437 41,765 109.92

Xia, Shang and Zhou Dynasties 154,751 86,139 41,874 105.86

3.2. Coupling Analysis of Man-Land Relationship

Through the analysis of the existing research in this field [26], in order to make the
research results more accurate and scientific, the relatively stable geographical features
such as landform, topographic relief, river, slope, and aspect were selected. In this section,
the research also follows this principle. At the same time, such factors as climate, which
have changed greatly since ancient times, were discarded [27].
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3.2.1. Elevation Factor

The results showed that the elevation had a certain influence on the site selection of
early settlements. From the Paleolithic to the Xia, Shang, and Zhou Dynasties, with the
elevation increasing, the number of sites gradually increased, and when it reached the most
suitable height for survival, the number of sites began to decrease gradually, indicating
that when the elevation exceeded the most suitable height in this area, the site selection
of early settlements would be restricted by the higher elevation (Figure 4). According
to the relationship between the site and the elevation, a multiple regression model was
established. The regression function was shown in the figure. It can be seen that the
correlation coefficient is very high, indicating that the fitting effect is good (Figure 5).
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3.2.2. Slope Factor

The results showed that slope significantly affected the distribution of early cultural
sites in the Sanhe region, and settlement in different periods had different requirements
for terrain slope in the site selection of settlements. From the Paleolithic Age to the
Xia, Shang, and Zhou Dynasties, the dependence of early human beings on gentle-slope
terrain was increasing, so the proportion of sites in gentle-slope areas was gradually
increasing (Figure 6). According to the relationship between the site and the slope, a
multiple regression model was established. The regression function was shown in the
figure. It can be seen that the correlation coefficient is very high, indicating that the fitting
effect is good (Figure 7).

Water 2022, 14, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 6. Slope factor. 

 
Figure 7. Percentage change curves of sites with different slope levels. 

3.2.3. Aspect Factor 
The results showed that (1) the vast majority of sites were distributed in flat areas or 

facing the sunshine, with most sites distributed in southeast, southwest, and south areas; 
(2) the proportion of Paleolithic sites distributed in the southeast, south, and southwest 
was the largest, that of Neolithic sites distributed in the, southwest was the largest, and 

Figure 6. Slope factor.

Water 2022, 14, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 6. Slope factor. 

 
Figure 7. Percentage change curves of sites with different slope levels. 

3.2.3. Aspect Factor 
The results showed that (1) the vast majority of sites were distributed in flat areas or 

facing the sunshine, with most sites distributed in southeast, southwest, and south areas; 
(2) the proportion of Paleolithic sites distributed in the southeast, south, and southwest 
was the largest, that of Neolithic sites distributed in the, southwest was the largest, and 

Figure 7. Percentage change curves of sites with different slope levels.

80



Water 2022, 14, 2666

3.2.3. Aspect Factor

The results showed that (1) the vast majority of sites were distributed in flat areas or
facing the sunshine, with most sites distributed in southeast, southwest, and south areas;
(2) the proportion of Paleolithic sites distributed in the southeast, south, and southwest
was the largest, that of Neolithic sites distributed in the, southwest was the largest, and
that of Xia–Shang–Zhou sites distributed in flat areas was the largest; (3) there were also
sites in some aspects that were not suitable for human habitation, and the reasons may be
related to the river system and the restriction of land resources in the area where they were
located [28] (Figures 8 and 9).
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3.2.4. Topographic Relief Factor

The results showed that the topographic relief significantly affected the distribution of
early cultural sites in the Sanhe region, and different periods had different requirements for
topographic relief in the site selection of settlements. From the Paleolithic Age to the Xia,
Shang, and Zhou Dynasties, the site selection of early human settlements gradually devel-
oped from the original area with high topographic relief to the area with low topographic
relief. With the progress of productivity and the gradual development of early civilization,
the dependence of early human beings on low topographic relief was increasing, and
low topographic relief was more conducive to the development of primitive agricultural
production and early civilization (Figure 10). According to the relationship between the
site and the topographic relief, a multiple regression model was established. The regression
function was shown in the figure. It can be seen that the correlation coefficient is very high,
indicating that the fitting effect is good. (Figure 11).
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3.2.5. Hydrological Factor

The results showed that with the increase of the distance from the river, the number of
sites in each period showed a decreasing trend. The reason is that in early human society,
water resources for production and living mostly depended on rivers, so “living by water”
was the most typical feature of settlement for site selection in early human society. At the
same time, the river system also became an important influencing factor of settlement site
selection in early human society. According to the relationship between the site and the
river buffer, a multiple regression model was established. The regression function was
shown in the figure. It can be seen that the correlation coefficient is very high, indicating
that the fitting effect is good (Figure 12).
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3.2.6. Geodiversity Factor

After superimposing the geodiversity kernel density map with cultural sites, it can be
found that Paleolithic sites are mostly distributed in areas with high geodiversity kernel
density, and Neolithic sites begin to spread to areas with low density, while Xia, Shang,
and Zhou sites are further developed on the basis of Neolithic sites, and they have certain
similarities (Figures 13 and 14).
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4. Discussion

The early sites in the Sanhe region were located in a variety of geographic environ-
ments, among which, in the prehistoric period, the ancestors generally settled in the sunny
areas, and the areas where they were living also needed to get water conveniently and not
be easily flooded. The factors in selecting sites for early settlement increased and became
more complex. According to the evolution of the relationship between the distribution
characteristics of early sites and the environment in the Sanhe region, it can be seen that
from the Paleolithic Age to the Xia, Shang, and Zhou Dynasties, early human settlement
site selection in the Sanhe region underwent a development process from being subjected
to/restricted by nature to conforming to nature, and then to acceptance and coordination
with nature.

The more than 5000 early sites used in the study cover almost all the early sites that
have been discovered in the study area. Throughout the statistical analysis process, this
research has tried to apply statistical methods to ensure the accuracy and scientificity
of the analysis results; however, with the topography and water system changes, there
may be some changes between the early environment and modern times. Using the
current geographical environment data to represent the past, however, may bring errors to
the research, so the relevant analysis should be further explored in subsequent study in
conjunction with the historical literature.

In addition, to study the influence of geographical factors on cultural sites, the aca-
demic community has not yet formed a systematic index selection system, which is mostly
combined with previous research experience. This practice may lead to certain errors in the
research results. In this research, the selection of geographical factors is a summary made
after consulting the existing literature, and in follow-up research, it is very important to
form a set of systematic evaluation indexes for this kind of research. In terms of methods, it
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is not the best solution to study the influence of geographical factors on the distribution
of sites by grading them. In future research, it is the most important thing to adopt more
scientific methods or improve the existing methods.

5. Conclusions

From the Paleolithic Age to the Xia, Shang, and Zhou Dynasties, the concentration
of the sites gradually increased from a more natural, scattered distribution to a more
concentrated distribution. The distribution of the sites gradually developed from a single
high-density group distribution to a number of high-density groups, and at the same time,
high-density distribution belts and banded distribution characteristics appeared, which
indicated that the links between the groups of the sites were closer, and that the spatial
distribution direction was restricted by their surrounding environment.

The elevation, slope, aspect, topographic relief, river system, and other factors in this
area have a significant impact on the distribution characteristics of the sites. The early
human settlement environment is closely related to natural factors.

In the study, more than 5000 early cultural sites were collected and sorted out, covering
almost all the early cultural sites found in the study area, which made the research conclu-
sion closer to the truth statistically and further ensured the scientific nature of the research
conclusion. This could inspire new ideas and open up new methods for the protection
and utilization of cultural sites from the prehistoric to pre-Qin periods and make scientific
reference for the rational planning and scientific decision-making of sites in the future.
From prehistoric times to the pre-Qin period, the number of cultural sites is huge. Although
this research has done its best to collect and perfect the relevant information, there will
inevitably be omissions. Therefore, in follow-up research, the site database should be
updated and supplemented in time to improve the research results.

Finally, the influence of cultural diversity on the distribution of sites should be an
important research direction in the future, because the development of early civilization is
inseparable from the influence of cultural, political, economic, and other factors. Therefore,
in addition to physical geography, for example, cultural diversity should be considered in
follow-up research.
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Abstract: Zhengzhou is located at the dividing point of the middle and lower reaches of the Yellow
River, which is the core area of the origin of early Chinese civilization. Studying the influence of the
ancient Yellow River distributary on the aggregation of early sites is conducive to understanding the
interaction between the water environment and early humans. It will provide strong support for the
systematic protection and overall display and utilization of heritage. This research is based on the
data of the ancient Yellow River distributary, lakes and swamps, and early settlements. This research
adopted a GIS spatial quantitative analysis method to identify early settlements. The early sites in
the distributary area of the ancient Yellow River were identified from the aspects of kernel density
and cluster complexity. The study analyzed the influence of the evolution of lakes and swamps
on the aggregation of sites, and the distance relationship between different levels of settlements
and lakes and swamps. The results show that: (1) From the Peiligang period to the Xia and Shang
Dynasties, early settlements aggregated in multi-center bands along the west ancient Yellow River
distributary. Moreover, the Xingyang–Guangwu trough area was an aggregation area with a large
quantity and high degree of complexity. (2) From the Yangshao period to the Xia and Shang Dynasties,
the settlement presented the characteristics of distributions around lakes and swamps. From a spatial
perspective, the distribution of a centric zone around the Xingyang–Guangwu trough lake and swamp
in the west moved to the Xingze lake in the east.

Keywords: the ancient Yellow River distributary; early settlements; aggregation characteristics;
Zhengzhou

1. Introduction

The Yellow River is the second largest river in China and the mother river of the
Chinese nation. Early human beings made full use of the water and soil resources of the
Yellow River. Early Chinese civilization was nurtured and developed in this area. The
main stream of the Yellow River is 5464 kilometers long, with a large drop and a large
amount of sand. There has been flooding since ancient times, and the Yellow River has
also changed its river course many times, which exerted a huge impact on the life of early
humans in the basin. In this process, people used it in an appropriate way, thus forming a
series of measures to control the Yellow River and social organization. Today, the Yellow
River is an important ecological security barrier in northern China and an important area
for population activities and economic development. The study of the early Yellow River
Basin environment is of great significance to current ecological protection [1], heritage
protection [2], and human–water relations [3,4].
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Zhengzhou (Henan Province, China), is located in the middle and lower reaches of
the Yellow River, which is the core area of the origin and development of early Chinese
civilization. The Yellow River and its ancient distributary have been the main driving forces
for the formation of rivers, lakes, and landforms in this region since the Late Pleistocene.
Studies by relevant scholars suggest that about 40,000 to 10,000 years ago, the flood of the
Yellow River formed two ancient distributaries of the Yellow River in the east and west of
Guangwu Mountain in Zhengzhou. The west ancient Yellow River distributary descended
from the northwestern part of today’s Xingyang, passed through the “western suburbs” of
Zhengzhou, rushing to Zhongmou and Weishi, and entering the Ying River distributary.
About 10,000 BP, it disappeared with the overall rise of the western part of Zhengzhou and
the continuous subsidence of the northeast. The east ancient Yellow River distributary went
southeast along the Bian River and Ying River and entered the Huai River Basin. Until
the end of the historical period (100 years ago), the flooding of the Yellow River could still
go southeast along the distributary. The Yellow River distributary not only contributed to
the formation of the Xingyang–Guangwu trough south of Guangwu Mountain, but also
with the disappearance of the west ancient Yellow River distributary about 10,000 BP, three
lakes and swamps developed along the east–west distributaries of Guangwu Mountain.
The Xingyang–Guangwu trough lake and swamp in the west flourished between 7000
and 4000 BP and disappeared at the end of the Longshan period; the Eastern Putian
lake and swamp continued to evolve between 9000 and 2000 BP. The Xingze lake in the
northeast developed around 9000 years ago and disappeared 2100 years ago. At the same
time, the ancient Yellow River distributary and the ancient lakes and swamps affected
the development of early sites in Zhengzhou. In this area, the development of ancient
culture is coherent, and the Paleolithic, Neolithic, and Xia–Shang Dynasties’ early sites are
abundant [5–7].

At present, from the perspective of research objects, many scholars have studied the
Central Plains area [8,9] (Henan Province) where Zhengzhou is located, the surrounding
Songshan area [10,11] (Zhengzhou, Luoyang, Xuchang, Pingdingshan, and its surrounding
areas), the Zheng–luo area [12,13] (Zhengzhou City, Luoyang City, and surrounding areas),
etc. They mainly focused on the relationship between early sites and the environment at a
macro level.

From the perspective of study direction and methods, the majority of research focused
on the development of site culture and its influencing factors. Research involved many
fields such as history, archaeology, geology, water conservancy, and so on. In the fields of
archaeology, the cultural characteristics of the early sites were analyzed qualitatively, and
the site pattern was also analyzed to explore the ancient social organization structure and
the relationships between people. Song, A. [14], Zhang, H. [15], Zhao, C. [16], and other
scholars, on the basis of culture stage of archaeology, focused on the qualitative analysis
of the temporal and spatial evolution of the site from the distribution, form, and layout of
specific sites. Scholars from the field of Geography mostly analyzed the driving factors of
site distribution based on the spatial location of sites. Yan, L. [17], Lu, P. [18], Bi, B. [19],
and other scholars provided methods and tools for site groups, settlement hierarchies, and
settlement center transfer patterns in the early research on the relationship between the
spatial distribution of sites and the natural environment. At the same time, Yan, L. [20]
further used the adjacent index analysis method, standard deviation ellipse, kernel density,
and other GIS spatial statistical methods. Furthermore, the study adopted the spatial
point model to determine that the degree of aggregation in the Songshan Mountains area
sites gradually increased, and the temporal and special pattern shifted from dispersion to
aggregation in different periods. At present, scholars [5,21] have qualitatively determined
that the existence of the Yellow River distributary in the late Pleistocene in Zhengzhou
contributed to the formation of the trough in Xingyang–Guangwu, and this area also
became an important area for early human settlements. However, these studies were
basically restricted to the spatial distribution patterns of sites at the macro level, and there
is still a lack of more in-depth quantitative research on the aggregation characteristics of
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early sites in the ancient Yellow River distributary from a multi-dimensional perspective at
the intermediate scale.

This research focuses on the area of the Zhengzhou ancient Yellow River distributary,
which involves the central urban area of Zhengzhou and the four counties of Xingyang,
Xinmi, Xinzheng, and Zhongmou (Figure 1), and it uses the method of GIS quantitative
analysis to identify the typical areas where early sites were gathered. From the mesoscopic
level, the study analyzes the influence of the evolution of lakes and swamps formed after
the disappearance of the ancient Yellow River distributary on the aggregation of sites
in different periods and provides support for explaining the relationship between early
settlement structure and the ancient Yellow River environment. At the same time, the study
provides new ideas for archaeological research work in the dense early site area and the
systematic protection and utilization of cultural heritage.
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2. Data and Methods
2.1. Data

The data of sites in this study were obtained from the third National Survey of Cultural
Relics, including a total of 502 sites of Paleolithic, Neolithic, Xia Dynasty, and Shang
Dynasty; its attributes include each site’s location, area, period, grade, etc. In addition, the
Atlas of Chinese Cultural Relics: Henan Volume [22], and the existing sites’ research results at
this stage were also references for the study [23].

The research objects were the historical water environments of the Zhengzhou ancient
Yellow River distributary, lakes, and swamps; the Xingyang–Guangwu trough and other
historical water environments; and the spatial aggregation patterns of early settlements
in Zhengzhou from the Neolithic period (Peiligang period–Yangshao period–Longshan
period). The characteristic information of the ancient Yellow River distributary, lakes, and
swamps, and ancient geomorphic environment data were obtained from the research of
relevant scholars on the historical geography of Zhengzhou and changes of the Yellow
River course, and the vectorization operation was carried out through a GIS platform
(Figure 2).
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The Xingyang–Guangwu trough lake and swamp in the west of Zhengzhou [7]:

(1) During the Peiligang period, the northern boundary was in the Chenputou area, along
the 130–135 m contour line to the west to Xuecun village and Anzhuang village, and
the south to the line of Xingyang, Jiangzhai village, and Zhangwuzhai village.

(2) During the Yangshao period, the northern and western boundaries of the lake did not
change much, but the southern boundary receded to Damiao Village, and the eastern
boundary receded to the west of Dashigu village. There were two lake and swamp
centers; one was Xizhang village, and the other was Xushui town.

(3) During the Longshan period, the ancient lake and swamp were still centered on
Xizhang Village, and the western boundary retreated to the east of Zhencun village
and Damiao village.

(4) During the Xia and Shang Dynasties, the Xingyang–Guangwu trough lake and swamp
disappeared. After the flooding of the east ancient Yellow River distributary, the
Xingze lake was left.

The Putian lake and swamp in the east of Zhengzhou and in the west of Xingze
lake [24]:

The Eastern Putian lake and swamp continued to evolve between 9000 and 2000 BP.
The Xingze lake in the northeast developed around 9000 years ago and disappeared
2100 years ago. According to related studies, the boundaries of different periods are
uncertain, and thus a rough boundary has been plotted.

2.2. Methods
2.2.1. Analysis Method of Research on the Distribution of Settlement Density

In this study, kernel density analysis was used to analyze the spatial distribution
and aggregation characteristics of settlement sites in different periods and as the basis for
dividing the settlement cluster.

Sites with close social organization and production relationship are usually close
in space. By analyzing the distribution density of sites, it is helpful to observe the so-
cial organization relationship between sites with resources and their environments [25].
American scholar Drennan was the first to draw a topographic map of site distribution
in GIS for regional sites analysis [26]. Kernel density analysis is similar. The calculation
formula [27,28] is:

fn (x) =
1

nh ∑n
i=1 K

(
x − xi

h

)
(1)
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In the formula, f is the kernel density; k () is called the kernel function; h is the search
radius (broadband), where h > 0; n is the number of known points in the broadband
range, that is, the number of research samples; and (x–xi) represents the distance from
the estimated point x to the sample point xi. The larger the value of f (x), the denser the
distribution of points.

2.2.2. Analysis Method of the Complexity of the Settlement Cluster Structure

In this study, the structural complexity of the settlement cluster was judged by dividing
the cluster and analyzing the situation of different levels of sites within each cluster.

The settlement clusters were divided based on the results of the kernel density analysis
using the GIS Contour tool. The “Contour” tool is often used to demarcate the boundaries
of geographic feature clusters [29]. Therefore, this research used the contour tool to express
the settlement density topographic map in the form of contour lines. In this way, the
“kernel density peaks” surrounded by contour lines with different values could represent
clusters of different scales, and combined with the actual topographic map, the settlement
clusters could be divided.

The structural complexity analysis of settlement clusters was further combined with
the research on settlement complexity in archaeology. Relevant scholars have pointed out
that since the middle and late Yangshao period in Zhengzhou, there has been an obvious
hierarchy within the settlement group [30]. At the same time, because prehistoric ancestors
were affected by traffic conditions and productivity levels, their social activities usually
took place in a certain range of sites. By analyzing the hierarchical complexity within
the settlement group, it is possible to judge the advantages and disadvantages of the
environment of the settlement group. In the absence of historical records, this research
adopted spatial cluster division and used site clusters instead of settlement groups for
complexity analysis.

2.2.3. Analysis Method of the Evolution of Settlement Aggregation

Based on the typical settlement aggregation areas identified by the above kernel density
analysis, it was further divided using Thiessen polygons. According to the coefficient
of variation (CV) of polygons in different periods, the aggregation degree and spatial
distance of settlement sites were compared, and the aggregation degree and continuity
characteristics of early settlement clusters were judged.

Thiessen Polygonal Analysis can clearly show the spatial distribution pattern of a set
of points on the plane, which is judged by the coefficient of variation (CV). The coefficient
of variation (CV) refers to the ratio of the standard deviation of the area of each polygon to
the mean. When the points are evenly distributed, the polygon areas are similar, and the
CV value is relatively small, but when the points are clustered, the polygon area difference
is large, and the CV value is large [31].

2.2.4. Analysis Method of Settlement Cluster Structure

Studying the distance differences between settlements of different levels and sur-
rounding lakes and swamps can help us identify the spatial structure of settlement clusters
under specific geographical factors. This distance difference can be analyzed by the ArcGIS
buffer analysis tool. Taking lakes and swamps as the main bodies, multi-ring buffer zones
with different radii were established and then spatially connected with settlement sites.
Finally, the number of sites in buffer zones with different radii was counted, through the
comparison of the number of sites, to find the spatial pattern.
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3. Results
3.1. Identification of Typical Aggregation Areas of Early Sites in the Yellow River Distributary
in Zhengzhou
3.1.1. Characteristics of Sites Density Distribution

According to the relevant research and experimental analysis of the search radius and
based on the overall scale of the study area, 4 km was selected as the search radius, and
the kernel density analysis of the site data was carried out and visualized (Figure 3). The
overall features are as follows:

(1) There were aggregation differences between the east and the west. The sites were
mainly distributed in the western part of Zhengzhou City. The area where the west
ancient Yellow River distributary once flowed had the characteristics of ribbon-like
aggregation distribution. In the area where the east ancient Yellow River distributary
once flowed, there were few sites and no gathering centers.

(2) Aggregation centers were in multi-level distribution patterns. On the whole, the
first-level aggregation centers were mainly the aggregation centers in the middle
reaches of the Suo-xu-ku River, the upper reaches of the Jialu River, and the middle
reaches of the Jialu River. The three aggregation centers together formed the highest
peak of aggregation density. In addition, the downstream area of the Sishui River
formed secondary aggregation centers.
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To sum up, the sites were mainly located along the area where the west ancient Yellow
River distributary once flowed, forming a ribbon-like aggregation feature composed of
multiple centers. The aggregation centers were the most concentrated in the middle reaches
of the Suo-xu-ku River within the Xingyang–Guangwu trough and in the upper and middle
reaches of the Jialu River.

3.1.2. Complexity Analysis of Settlement Clusters

First, the research used “topographic map” of settlement density to divide the settle-
ment clusters in each period, then extracted the contour lines with a kernel density value
greater than 0.2 (this value was selected to show the settlement distribution pattern) and
divided the clusters according to the actual topography. Second, the research analyzed
the complexity of the settlement cluster structure in each period. The degree of structural
complexity of a settlement cluster with two or more central settlements is high, the degree
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of structural complexity of a settlement cluster with only one central settlement is average,
and the degree of structural complexity of a settlement cluster without a central settlement
is low. The determination of the central settlement was based on the existing archaeological
classification of the settlement levels in the Zhengzhou area [15,16] (Figure 4), which mainly
presented the following characteristics:

(1) From the perspective of the number of settlement clusters, there was a large quantity
of settlement clusters in the Xingyang–Guangwu trough and along the Jialu River.

(2) From the perspective of the complexity of the settlement clusters, the settlement
clusters inside the Xingyang–Guangwu trough were relatively complex, and most
of them had multiple central settlements. The settlement clusters distributed along
the Jialu River were mostly low-complexity settlement clusters with only one central
settlement within the cluster.
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To sum up, the early settlement clusters in the Xingyang–Guangwu trough area had a
large number of clusters and high complexity.

3.1.3. Determination of Typical Settlement Aggregation Areas

By analyzing the overall density distribution pattern of the settlements and comparing
the complexity of settlement clusters, it was found that the aggregation center in the middle
reaches of the Suoxuku River in the Xingyang–Guangwu trough had a high aggregation
degree, and more complex settlement clusters were formed in the Xingyang–Guangwu
trough. At the same time, because the Xingyang–Guangwu trough was the main flow area
of the west ancient Yellow River distributary, this area was selected as a typical settlement
aggregation area. The relationship between the morphology of settlements in the region
and the ancient lakes and swamps was further analyzed.

3.2. Spatial Aggregation Characteristics of the Xingyang–Guangwu Trough in the Typical
Settlement Aggregation Area

The study selected 128 settlements in different periods and different hierarchy struc-
tures in the Xingyang–Guangwu trough area to analyze the relationship between their
aggregation characteristics and the ancient lakes and swamps.

3.2.1. Evolution of Aggregation Degree of Sites

Through the Thiessen polygon division of the sites in the Xingyang–Guangwu trough
area, the changes of the coefficient of variation (CV value) of polygons and the difference
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of the positive value of the domain area in each period were analyzed. These two values
helped to study the evolution process of mutual distance and aggregation of sites in the
area, and then to estimate the degree of resource and environmental impacts (Figure 5 and
Table 1).
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Figure 5. Thiessen Polygonal Analysis map of Xingyang–Guangwu trough. (a) Yangshao period;
(b) Longshan period; (c) Xia Dynasty; (d) Shang Dynasty.

Table 1. Thiessen Polygon Analysis index table of Xingyang–Guangwu trough.

Target Yangshao Period Longshan Period Xia Dynasty Shang Dynasty

cv area range cv area range cv area range cv area range
Xingyang–Guangwu trough 0.9 1.77–81.64 0.7 5.16–71.51 0.8 6.72–158.2 1.2 1.02–60.4

The sites were distributed in clusters and were greatly affected by environmental
changes. Relevant studies have shown that when the CV value of the Thiessen polygon of
sites within a certain geographical range between 0.64 and 0.92, there is then an aggregation
pattern, and the larger the value, the higher the degree of aggregation. In the Xingyang–
Guangwu trough area from the Yangshao period to the Xia–Shang Dynasties, the CV values
of sites were all higher than 0.64, showing a significant clustering distribution pattern [32].
Among them, the distance between the sites of the Shang Dynasty was the closest, and the
aggregation degree was the highest (Table 1)). In addition, the CV value and the positive
difference of the domain area fluctuated in a wide range in each period, indicating that the
number and distribution of the sites were greatly affected by the environment.
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3.2.2. Evolution of Lake and Swamp and Distribution Characteristics of Settlement Density
in Different Periods

Further kernel density analysis was performed on the site data in different periods,
and visual processing was performed. According to relevant research and experimental
analysis of the search radius and based on the overall scale of the Xingyang–Guangwu
trough, 2 km was selected as the search radius of the kernel density analysis. At the same
time, spatial overlay analysis was carried out on the ranges of the lakes and swamps and
the kernel densities in different periods (Figure 6).
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The sites from the Peiligang period to the Xia–Shang Dynasties were mainly con-
centrated to the east of the Xingyang–Guangwu trough. With the changes of the lakes
and swamps, the density distribution of sites in different periods had certain differences.
Specifically:

(1) During the Peiligang period, the lakes and swamps were in the largest range and
were widely distributed in this area. During this period, there were few sites around
the lakes and swamps, and no aggregation centers were formed.

(2) During the Yangshao period, the northern and western boundaries of the lakes and
swamps did not change much, but the southern boundary receded to the north, and
the eastern boundary receded to the west. With the recession of the eastern boundary
of the lakes and swamps, the sites formed three aggregation centers in the east.

(3) During the Longshan period, the western boundary of the lakes and swamps receded.
The number of sites remained basically unchanged during this period, but the sites
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spread to the west of the lakes and swamps, forming two aggregation centers in the
east and west.

(4) During the Xia and Shang Dynasties, the lakes and swamps in the Xingyang–Guangwu
trough disappeared, while the lakes and swamps in the east of the area with the
Xingze lake as the center were in a stable period. During this period, the number
of sites increased significantly, mainly located in the eastern part of the Xingyang–
Guangwu trough and close to the Xingze lake and formed a gathering center, with
Xiaoshuangqiao, Baizhai Mall, Daishigu, and other city sites as the core.

3.2.3. Analysis of the Distance Relationship between Settlements of Different Levels and
Adjacent Lake and Swamp

The settlements of different scales and levels in the Xingyang–Guangwu trough area
showed differences in distance from the surrounding lakes and swamps. Through the
analysis of the relative distance between the two, the relationship between the spatial dis-
tribution characteristics of the settlement hierarchy and the lakes and swamps in different
periods was explored. During the Yangshao and Longshan periods, Xingyang–Guangwu
trough lakes and swamps still existed. Xizhang Village in the center of the lakes and
swamps was selected as the center point, 5 km was the radius interval, and four buffer
zones were divided; during the Xia and Shang Dynasties, the Xingyang–Guangwu trough
lakes and swamps disappeared, but the Xingze lake on the east side of the trough still
existed, which had an impact on the settlements in this area. However, the central location
of the Xingze lake is still controversial. In this research, the western boundary of the Xingze
lake, which is academically accepted, was selected as the reference point, and four buffer
zones were divided with 5 km as the radius interval, counting and analyzing the number
of settlements based on the hierarchy system in each buffer zone (Figure 7).
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The results show that from the Yangshao period to the Xia–Shang Dynasties, the
central settlements were generally located in the buffer zone of 5 km and 10 km close to
the lakes and swamps, and the general settlements were mainly located in the middle and
outer buffer zones of 15 km and 20 km. Furthermore, the number reached the maximum in
the 15 km buffer zone, and the number outside 15 km began to gradually decrease.

The results in different periods are as follows: During the Yangshao period, the central
settlements such as Qingtai and Wanggou settlements were concentrated in the 5 km and
10 km buffer zones in the eastern half of the lakes and swamps. The number of general
settlements reached the maximum in the 15 km buffer zone and began to decrease in the
20 km buffer zone. In the Longshan period, there existed only the Chezhuang central
settlement. Within the 10 km buffer zone in the center of the lakes and swamps, the
number of general settlements reached the maximum within the 15 km buffer zone and
began to decrease within the 20 km buffer zone. During the Xia–Shang Dynasties, the
Xiaoshuangqiao settlement at its highest level concentrated in the buffer zone of 5 km.
Central settlements such as the Dashigu settlement and Dongzhao settlement were located
in the buffer zone of 10 km to 15 km. The number of general settlements reached the
maximum in the buffer zone of 10 km and began to decrease in the buffer zone of 15 km
(Table 2).

Table 2. A table of the distance between settlements and lakes and swamps in the Xingyang–Guangwu
trough area.

Period Settlement Level 5 km 10 km 15 km 20 km

Yangshao period Central settlement 1 2 1 0
General settlement 1 10 14 13

Longshan period Central settlement 0 1 0 1
General settlement 1 10 15 11

Xia and Shang Dynasty Central settlement 4 2 4 0
General settlement 9 20 15 8

3.3. The Relationship between the Hierarchical Structure of Early Settlement Clusters and Lakes
and Swamps

Through the above analysis of the aggregation characteristics of the settlements in
the Xingyang–Guangwu trough area, the following conclusions are offered: Due to the
unique environment and geographical condition of the lakes and swamps, the hierarchical
structure of early settlement communities clearly showed a concentric distribution around
the lakes and swamps. This feature indicates that the early settlement clusters were closely
related to the interactive development of the lakes and swamps. The specific pattern of this
feature in different periods is as follows (Figure 8):

(1) During the Yangshao period, central settlements were distributed in the nearest circle
around the Xingyang–Guangwu trough lakes and swamps. The general settlements
were mostly distributed in the outer circle. From the inner circle to the outer circle,
the number of settlements first increased and then decreased, forming a concentric
distribution feature surrounding lakes and swamps as a whole.

(2) During the Longshan period, the settlements were distributed around the Xingyang–
Guangwu trough lakes and swamps, and the number gradually decreased from the
inside to the outside.

(3) During the Xia and Shang dynasties, the Xingyang–Guangwu trough lakes and
swamps disappeared, and the overall settlement structure reversed direction, forming
a concentric distribution around the eastern Xingze lake. The highest-level settle-
ment was distributed in the innermost circle, the secondary level settlement was
located in the middle circle, and the general settlements were scattering around each
central settlement.
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4. Discussion

The evolution of the ancient Yellow River distributary and its lakes and swamps had
a significant impact on the early human living environment. Since the early Holocene,
the west distributary of the ancient Yellow River disappeared, and the east ancient Yellow
River distributary continued to flood, affecting the Xingyang–Guangwu trough area. The
disappearance of the ancient Yellow River distributary provided the area with abundant
natural resources. For example, flat, vast, and fertile land could be used for agricultural
activities, and lake and swamp water resources could be used as fisheries. According to
the research report of the animal bones collected in this area, the Chinese round snail and
mussels accounted for 23% of the total [33]. A large number of freshwater wildlife found
in this area could be closely related to the large area of shallow water lakes. Since the
Shang Dynasty, the large-scale flat and fertile land after the disappearance of the western
lakes and swamps provided a vast hinterland, and a complete and complex hierarchical
settlement system was developed in this area. This spatial distribution characteristic fully
demonstrates the harmonious relationship between humans and water under the influence
of the ancient Yellow River distributary.

The data for this study were obtained from a multidisciplinary field. At present, the
geographical environment, such as paleoclimate, paleogeology, and sedimentary experi-
ments and determinations of rivers and lakes, are still in progress, and the archaeological
investigation, exploration, and excavation of the sites in this area are still ongoing. This will
provide more information and data for further in-depth analysis of this research and more
precise lake and swamp boundaries and the resulting geographical units in each period
will be clarified. It will contribute further to the study of the spatial connection between
the sites.

5. Conclusions

Based on the geographical environment of the ancient Yellow River distributary and
the vectorized data of early sites, this research uses the GIS spatial quantitative analysis
method. From a multi-dimensional perspective, the typical settlement aggregation area
(Xingyang–Guangwu trough area) of the ancient Yellow River distributary in Zhengzhou is
identified. The study focuses on the area and conducts an overlay analysis of settlement in
different periods, ancient lakes and swamps, topography, and other information. It shows
the relationship between the changes of the ancient lakes and swamps and the aggregation
degree, density distribution, and the evolution pattern of the settlement structure of the
early sites. Research indicates:

(1) From the Peiligang period to the Xia and Shang dynasties, the early sites in the area
where the ancient Yellow River distributary once flowed through show ribbon-like
clustering features with multiple centers. The Xingyang–Guangwu trough area, which
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is a typical settlement area in the ancient Yellow River distributary area, is numerous
and has a high degree of complexity of aggregations.

(2) The aggregation degree of settlements in the Xingyang–Guangwu trough area in
different periods were high, but there were some fluctuations, which shows that it
was greatly affected by changes in the external environment. The aggregation density
of settlements changed with the evolution of lakes and swamps. From the distance
between different levels of settlements and lakes and swamps, central settlements
were located near the lake and swamp zone, and other settlement stayed far from the
zone. The number of sites from the lake increased first and then decreased.

(3) From the Yangshao period to the Xia and Shang Dynasties, the settlement cluster
presented a distribution pattern of centric zones around the lakes and swamps. From
the perspective of space, the distribution of centric zones around Xingyang–Guangwu
trough lakes and swamps in the west moved to the Xingze lake in the east. Previous
research pointed out the ubiquitous early settlements along the river. The pattern of
centric distribution is more applicable based on the relation between the hierarchical
structure of settlement clusters and the lake and swamp environments.

The early settlements showed aggregation characteristics under the influence of the
ancient environments. This paper explores the mechanisms of settlement formation in such
areas, and the research hopes to provide strong support for the systematic protection and
overall display and utilization of cultural heritage-intensive areas.
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Abstract: Image analysis of the Yellow River beach area since 1987 provided land use and water body
patterns to support effective agricultural and environmental management. Landsat and Sentinel-
2A/B images, and data from the Third National Land Survey, were used to examine the water body
and land use patterns. The continuous beach land since 1987 was calculated from annual vegetation
and water body indexes while that of cultivated land was extracted from the Third National Land
Survey. Object-Oriented Feature Extraction was used to extract staple crops. The results showed that
58.26% of the beach area was cultivated land. Continuous beach land covered an area of 1630.98 km2

and was consisted of scattered patches that were unevenly distributed between the north and south
banks of the Yellow River. The staple crop types in the beach area, winter wheat and summer
corn accounted for 72.37% and 68.03% of the total cultivated land. Affected by the strategy on the
Yellow River basin in China, as the ecological space and protection continue to increase, this study
provides basic scientific references for the correct use of cultivated land resources and protection of
the balance of soil and water resources dynamic utilization and balance of cultivated land protection
and ecological protection.

Keywords: Yellow River; cultivated land; Object-Oriented Feature Extraction; wheat; corn

1. Introduction

The Yellow River beach area is a vast, relatively flat area between the main channel
of the Yellow River and the river’s flood control levee. The beach area has been flooded
and filled with silt from the river several times [1]. Since the completion of the Yellow
River Xiaolangdi Dam, the floods have been controlled effectively and much of the beach
area has been used as fertile cultivated land [2]. Since 2019, when the ecological protection
and high-quality development strategy of the Yellow River basin were proposed in China,
the local governments have increased the protection of the beach area [3–5]. To support
the government’s strategy, studies of the beaches and the cultivated land are needed to
provide basic land use information, which will form the space basis for improving the safe
protection and governance of the water and land resources in the beach area.

There have been some previous studies on the Yellow River beach area [6,7]. Some
scholars have considered how the water body and beach land have developed and trans-
formed spatially and temporally [8], and what the ecological benefits accrued from de-
veloping the cultivated land was [9–13]. The cultivated land and the water area were
closely related, and the progress of water area means the retreat of cultivated land, and vice
versa [14]. As various flood control projects and engineering repairs have been successfully
implemented, both the speed and flow of the river have decreased, resulting in a decrease
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in the water area and an increase in the area of exposed beaches [15]. However, the rela-
tionship between cultivated land and water body in the Yellow River beach has not been
fully explored. It thus is a primary task to identify the balance between water, land, and
cultivated land structure.

Recently, remote sensing images have been used increasingly to support land use
analysis and research [16–18]. Satellite data like Landsat, Sentinel images can be used free
of charge to support land use mapping and cultivated land monitoring [19–24]. Traditional
methods for extracting ground objects mainly consider the gray value of pixels; however,
this does not adequately use information about the image space and texture and may result
in a low classification accuracy [25]. In the Third National Land Survey of China, based
on the information from remote sensing images, the land use types are classified into 13
primary categories, such as wetland, cultivated land, and forest land [26]. However, the
data of the Third National Land Survey cannot distinguish crop types, nor does it take
into account the unique geographical environment, which means that there is insufficient
information about crop growing activity in the beach area. Additionally, based on the
support of high-resolution remote sensing data like Sentinel, mapping crop types have
been widely explored in many studies [27,28]. Therefore, Sentinel data has great potential
to accurately extract the information of cultivated land.

The purpose of this study is to study the dynamics of water and soil resources and
the utilization of cultivated land in the Yellow River beach area. In this study, the area
of cultivated land in the beach area was extracted from the Third National Land Survey.
The area of continuous beach land over the last 34 years was extracted and the spatial and
temporal changes from beach land to cultivated land were discussed. Object-Oriented
Feature Extraction was used to extract staple crops from Sentinel-2A/B images. The results
can provide a reference for the management and protection of cultivated land resources in
this special area.

2. Data and Methods
2.1. Study Area

The study area is the section of the Yellow River that flows through Henan Province
(Figure 1), which has the greatest extent of cultivated beach along the river [29]. The length
of the river channel involved in the beach is 464 km, flowing through the middle reaches of
the Yellow River (19.35%) and the lower reaches (80.65%), with a total area of 2673 km2 [30].
The Taohuayu section is characterized by hilly terrain in the west and an alluvial plain in
the east, with sediment deposits and an elevated river bed caused by frequently changing
flow [31]. About a million people live here and the beach area is a semi-natural farming
environment managed by humans. [31,32].

2.2. Data

We used the Landsat and Sentinel-2A/B images to extract the continuous beach
land and staple crops. Landsat images with a long-time span were used to identify the
continuous beach land on a scale of pixels. Sentinel-2A/B images have a spatial resolution
of 10 m and numerous studies have used Sentinel images to identify crop types [33,34].
Therefore, Sentinel-2A/B images were used to identify crop types in this study.

Google Earth Engine (GEE) (https://earthengine.google.org (accessed on 7 March
2021)) is a cloud computing platform that provides a wealth of geospatial data [35,36].
Landsat Thematic Mapper (TM), Enhanced Thematic Mapper + (ETM+), and Operational
Land Imager (OLI) for the Yellow River beach area from 1987 to 2020 were acquired from
the GEE platform. The surface reflectance Landsat images from the GEE platform were
geometrically and atmospherically corrected and were cross-calibrated between different
sensors [37], and images with 0–20% cloud cover have been selected. A total of 4722 valid
Landsat images (Figures 1 and 2) have been obtained. For each image, clouds, cloud
shadows and snow pixels were removed using the data quality layer from a cloud masking
method, CF-Mask, which helped to prepare the Landsat data for change detection [38–40].
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The Sentinel 2A/B mission of Copernicus Europe comprises a multispectral and high-
resolution sub-satellite that employs a Multi-Spectral Imager (MSI) with 13 bands [41,42].
In this study, 72 Level 1C images of Sentinel-2A/B with sub-1% cloudiness for the Yellow
River bank area from 2019 to 2020 were downloaded from the European Space Agency
website (https://scihub.copernicus.eu (accessed on 15 March 2021)), which had under-
gone orthorectification and sub-pixel geometric fine correction [43]. The Sen2cor plug-in
(http://step.esa.int (accessed on 3 April 2021)) was used to radiometrically calibrate and
geometrically correct the images, and finally Level 2A atmospheric bottom reflectivity data
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was obtained [41,43]. The range of the Yellow River beach area, the data of the type of
cultivated land within the beach area were from the Third National Land Survey.

2.3. Methods
2.3.1. Technical Framework

Based on Landsat images downloaded from the GEE platform, water bodies were
first identified using the relationship between the water body and vegetation indexes.
Then water body frequency maps were created and continuous beach lands were extracted
based on thresholds. Using the data of the Third National Land Survey, the cultivated
land information within the beach area was extracted. Finally, Object-Oriented Feature
Extraction was used to extract crops (Figure 3).
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2.3.2. Water Bodies and Continuous Beach Land Identification

(1) Water body identification. The relationship between water body and vegetation
indexes was used to identify water body, following the approach adopted in previous
studies [44–46]. The modified Normalized Difference Water Index (mNDWI), Normalized
Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) were used. The
formulas for these water and vegetation indices are as follows:

mNDWI =
ρGreen − ρSwir1

ρGreen + ρSwir1
(1)

NDVI =
ρNir − ρRed
ρNir + ρRed

(2)

EVI = 2.5 × ρNir − ρRed
1.0 + ρNir + 6.0ρRed + 7.5ρBlue

(3)

where ρBlue, ρGreen, ρRed, ρNir, and ρSwir1 are the surface reflectance values of bands Blue,
Green, Red, Near-infrared and Shortwave-infrared-1 in the Landsat images.
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When mNDWI > EVI or mNDWI > NDVI, the signal of water body in this area was
stronger than that of vegetation. In order to further remove the noise, the mixed pixels of
water and vegetation were removed using EVI < 0.1. Only the pixels that met the conditions
(i.e., (mNDWI > EVI or mNDWI > NDVI) and (EVI < 0.1)) were classified into water body,
while others were non-water pixels.

(2) Annual Water Frequency Calculation [40]:

F(y) =
1

Ny

Ny

∑
i=1

Wy,i × 100% (4)

where F is the water frequency of the pixel, y is the specified year, Ny represents the total
numbers of Landsat satellite observations for the pixel in that year and Wy,i represents
whether a pixel is water in that year, where 1 is water and 0 is non-water. The water
frequency map shows the annual presence or absence of water in each pixel since 1987.

(3) Continuous Beach Land
Most of the noise caused by poor data quality can be eliminated by choosing an

appropriate water frequency threshold [30]. The area of beach with 0–25% of simultaneous
water frequency from 1987 to 2020 was extracted and recognized as continuous beach
land. The pixels with continuous beach land indicated stable non-water-covered areas were
considered to be available beach land.

2.3.3. Object-Oriented Feature Extraction

In this study, Object-Oriented Feature Extraction was used to extract crops. Pixels with
similar internal features were composed into new objects, and staple crops were extracted
according to specific rules. These were mainly divided into two processes, namely multi-
scale segmentation and object feature extraction [47,48] (Figure 3).

(1) Multi-Scale Segmentation [49]

In this process, a boundary-based segmentation algorithm was used for multi-scale
segmentation, where pixels with similar spectral features were combined, and the average
value was calculated and compared. Each segmentation object with similar internal feature
information was filled in this scale. Each segmented object has a rich spectrum, texture,
space and other information. Each segmentation object with similar internal feature in-
formation was filled in this scale. The object was the basic unit of object-oriented image
processing based on rule classification. During image segmentation, some objects will be
misclassified, and some objects may be divided into many parts, these problems can be
solved by merging merge scale.

(2) Object Feature Extraction

The Object-Oriented Feature Extraction model is based on the principle of decision
tree classification. The decision tree classification method is carried out layer by layer [50].
In this process, the areas were classified as vegetation-covered areas and non-vegetation-
covered areas using NDVI and spectral values of the crop. When NDVI was greater than
0.35, it was a vegetation-covered area and when NDVI was less than 0.35, it was a non-
vegetation-covered area [51]. The vegetation-covered areas were then further distinguished
using the spectral values of winter wheat and summer corn as the rules.

2.3.4. Accuracy Verification

This process follows the concept of an error matrix [52]. the producer’s accuracy, the
user’s accuracy, and the overall accuracy, were used in the accuracy assessment.

Producer’s accuracy includes producer accuracy (Pa) of goal region and producer
accuracy (Pn) of non-goal region. They are defined as follows:

Pa = TP/(TP + FN) (5)

Pn = TN/(FP + TN) (6)
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User’s accuracy includes user accuracy (Ua) in goal region and user accuracy (Un) in
non-goal region. They are defined as follows:

Ua = TP/(TP + FP) (7)

Un = TN/(TN + FN) (8)

where TP (true positive) is the number of goal pixels correctly extracted; FN (false negative)
is the number of goal pixels extracted as non-goal; FP (false positive) is the number of
non-goal pixels extracted as a goal, and TN (true negative) is the number of non-goal pixels
correctly extracted.

Overall accuracy (Oa) is:

Oa = (TP + TN)/(TP + TN + FP + FN) (9)

where TP + TN is the number of correctly extracted true goal and non-goal pixels; TP + TN
+ FP + FN is equal to the number of total pixels in the image. The overall accuracy can be
used to evaluate the correctness percentage of the detection algorithm.

For each land cover type, based on different phases of Sentinel-2 high-resolution
images, sample points were randomly generated by GEE for accuracy verification, here
400 sample points were generated for each water body, winter wheat and summer corn,
respectively. Water bodies were verified using the method of Wang et al. [53], a water body
with water frequency ≥25% in 2020 water frequency image was used as verification. Some
sampling points were shown in Figure 4. The overall accuracy of water body (96%), winter
wheat (97.1%), and summer corn (94.55%) met the needs of this study (Table 1).
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Table 1. Error matrix for accurate evaluation.

Water Body No Water Body Winter Wheat No Winter
Wheat

Summer
Corn

No Summer
Corn

Producer’s
accuracy (100%) 95.71% 96% 97.02% 96.26% 94% 95.05%

User’s accuracy (100%) 94.06% 96.90% 98.96% 97.17% 95% 94.11%
Overall accuracy

(100%) 96% 97.10% 94.55%

3. Results
3.1. The Proportion of Cultivated Land in the Beach Area

The statistics from the Third National Land Survey indicated that a large proportion
of the Yellow River beach area was cultivated land. Cultivated land, garden land and other
agricultural land accounted for 66.04% of the total beach area. Among them, cultivated land
accounted for the largest proportion (58.26%) and covered an area of 1557.19 km2 (Figure 5).
Irrigable land, paddy field and dry land accounted for 97% and 3% of the cultivated land,
respectively.

Water 2022, 14, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Area proportion of various land use types in the Yellow River beach in 2020. 

The cultivated land was unevenly distributed through the counties and cities of the 
Yellow River beach area (Figure 6). To reflect cultivated land information more clearly, 
five areas were randomly selected and magnified, the same areas were magnified in the 
figures below. Xinxiang, Puyang and Jiaozuo cities accounted for 73.13% of the cultivated 
land in the beach area. Xinxiang, with 41.84%, had the largest area of cultivated land in 
the beach area, across 651.57 km2. Puyang followed, with 18.14% of the total cultivated 
land area across 282.40 km2. Jiaozuo had 13.15% of the cultivated land area, across 204.80 
km2. The counties with a large area of cultivated land were Yuanyang and Changyuan. 
Xinxiang and Jiaozuo cities had a large area of irrigable land, and Yuanyang, Changyuan 
were counties with large irrigable land area, Yuanyang, with an area of 275.76 km2, 
accounted for 42.32% of the cultivated land area in Xinxiang city and 18.21% of the total 
irrigable land in the beach area. The cities with a large area of dry land were Zhengzhou, 
Kaifeng and Luoyang, the counties with large dry land areas were Gongyi, Mengjin and 
Xiangfu district. Gongyi county had a dry land area of 9.95 km2, which accounted for 
0.05% of the cultivated land area in Zhengzhou city and 28.90% of the total dry land in the 
beach area. Luoyang, Kaifeng and Puyang cities had the largest area of paddy field, with 
the largest area in Mengjin and Lankao counties. Paddy field in Mengjin county covered 
an area of 6.39 km2, which accounted for 21.74% of the cultivated land in Luoyang city 
and 66.01% of the paddy field total in the beach area (Figure 7). 
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The area of dry land accounted for 2.20% of the cultivated land, which was unevenly
distributed between the north and south banks of the Yellow River, counties and cities
along the Yellow River beach were shown in Figure 5. Of the dry land, 82.84% distributed
throughout seven counties on the south bank and 17.16% distributed through six counties
on the north bank. Gongyi county had the largest area of dry land (9.95 km2), followed by
Xiangfu district (8.68 km2). Six counties, including Lankao, Puyang, Longting, Mengzhou
and Wuzhi, had no areas of dry land.
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The cultivated land was unevenly distributed through the counties and cities of the
Yellow River beach area (Figure 6). To reflect cultivated land information more clearly, five
areas were randomly selected and magnified, the same areas were magnified in the figures
below. Xinxiang, Puyang and Jiaozuo cities accounted for 73.13% of the cultivated land in
the beach area. Xinxiang, with 41.84%, had the largest area of cultivated land in the beach
area, across 651.57 km2. Puyang followed, with 18.14% of the total cultivated land area
across 282.40 km2. Jiaozuo had 13.15% of the cultivated land area, across 204.80 km2. The
counties with a large area of cultivated land were Yuanyang and Changyuan. Xinxiang and
Jiaozuo cities had a large area of irrigable land, and Yuanyang, Changyuan were counties
with large irrigable land area, Yuanyang, with an area of 275.76 km2, accounted for 42.32%
of the cultivated land area in Xinxiang city and 18.21% of the total irrigable land in the
beach area. The cities with a large area of dry land were Zhengzhou, Kaifeng and Luoyang,
the counties with large dry land areas were Gongyi, Mengjin and Xiangfu district. Gongyi
county had a dry land area of 9.95 km2, which accounted for 0.05% of the cultivated land
area in Zhengzhou city and 28.90% of the total dry land in the beach area. Luoyang, Kaifeng
and Puyang cities had the largest area of paddy field, with the largest area in Mengjin
and Lankao counties. Paddy field in Mengjin county covered an area of 6.39 km2, which
accounted for 21.74% of the cultivated land in Luoyang city and 66.01% of the paddy field
total in the beach area (Figure 7).
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3.2. The Distribution of Continuous Beach Land

During the study period, continuous beach land covered an area of 1630.92 km2,
scattered across 18,243 patches, and accounted for 61.02% of the total area in the Yellow
River beach (Table 2). None of these patches were inundated by water over the 34 years.
There were 29 continuous beach patches ≥1.0 km2, which covered an area of 1544.29 km2

and accounted for 94.68% of the continuous beach land area. Most of these patches were
in Xinxiang (nine patches), Zhengzhou (seven patches) and Puyang (six patches) cities;
there were 10 continuous beach patches ≥ 10.0 km2, which covered an area of 1492.11
km2 and accounted for 91.49% of the continuous beach land area, mainly in Zhengzhou
(three patches), Xinxiang (two patches) and Puyang (two patches) cities; and there were 151
patches with continuous beach land areas ≥0.1 km2, which covered an area of 1577.66 km2,
and accounted for 96.73% of the continuous beach land area; there were 18,085 continuous
beach patches ≤0.1 km2, scattered across the beach area of numerous cities. Xinxiang was
the prefecture-level city with the largest continuous beach land area, followed by Puyang
and Jiaozuo cities, ranking second and third, respectively.

Table 2. The number of continuous beach land patches in the Yellow River beach in 2020.

Luoyang Jiaozuo Zhengzhou Xinxiang Kaifang Puyang Summary

≥0.1 km2 8 9 28 50 38 18 151
≥1.0 km2 3 2 7 9 2 6 29
≥10.0 km2 1 1 3 2 1 2 10

There was a gap in the distribution of continuous beach land on the left bank, right
bank and coastal cities in the Yellow River beach. The continuous beach land area covered
1260.09 km2 on the left bank in the Yellow River beach and 370.89 km2 on the right bank.
The 34 years’ continuous beach land areas were mainly distributed in Xinxiang, Puyang,
Jiaozuo and other cities on the left bank of the Yellow River. The continuous beach land
area in Xinxiang, Puyang and Jiaozuo cities accounted for 43.94%, 18.83% and 14.49% of
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the total continuous beach land, respectively. Luoyang city (29.60 km2) accounted for only
1.81% of the total continuous beach land in the Yellow River beach area.

3.3. Proportion of the Cultivated Land for the Staple Crops

Winter wheat and summer corn was the staple crops grown on the cultivated land
in the Yellow River beach. Winter wheat covered a larger area than summer corn. Winter
wheat covered 1126.94 km2 and accounted for 72.37% of the total cultivated land (Figure 8).
The harvested area of winter wheat covered 1063.95 km2 and accounted for 94.44% of the
cultivated area of winter wheat and 68.32% of the cultivated land. The area of summer corn
covered 1059.30 km2 and accounted for 68.03% of the total cultivated land (Figure 9). The
harvested area of summer corn was 1010.89 km2 and accounted for 95.43% of the cultivated
area of summer corn and 64.92% of the cultivated land.
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The area of winter wheat and summer corn varied between the counties and cities
(Figure 10). The city with the largest winter wheat area was Xinxiang, with an area of
532.87 km2, accounted for 47.29% of the total winter wheat area in the beach area, followed
by Puyang and Jiaozuo cities, which accounted for 18.69% and 13.37% of the total winter
wheat area, respectively. Luoyang had 15.22 km2, which was the smallest area of winter
wheat and accounted for 1.35% of the total winter wheat area in the beach area. The
counties statistics (Figure 11) indicated that Yuanyang and Changyuan had a large area of
winter wheat. Yuanyang, with 225.20 km2, accounted for 19.98% of the total winter wheat
area in the beach area, while Changyuan accounted for 16.91% of the total winter wheat
area. Jinshui district in Zhengzhou city had only 0.3 km2, which was the smallest area of
winter wheat. Xinxiang city had the largest area of summer corn (Figure 10), which covered
475.82 km2 and accounted for 44.92% of the total summer corn area in the beach area.
Puyang and Kaifeng cities followed, with 16.93% and 13.01% of the total summer corn area,
respectively. Luoyang city had the smallest area of summer corn, with only 15.22 km2 or
1.35% of the total summer corn grown in the beach area. The counties statistics (Figure 11)
indicated that the summer corn areas were relatively large in Yuanyang, Changyuan, and
Fengqiu, with Yuanyang (203.8 km2), Changyuan and Fengqiu counties accounting for
19.24%, 17.11% and 11.24%, of the total summer corn grown in the beach area, respectively.
Jinshui district in Zhengzhou city, with only 0.79 km2, had the smallest area of summer
corn.
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Rapid socio-economic development in the past decades has increased the consump-
tion of water and land resources, leading to negative impacts and making the ecological 
environment of the Yellow River beach area very fragile [56–58]. However, due to the 
narrow span of the left and right banks of the Yellow River, although this study has pre-
liminary discussed the spatial-temporal dynamics of water and land resources, it is still 
insufficient to study the fragile ecological environment. Generally speaking, as the chan-
nel of flood discharge, there should be more wetland in the beach area [59,60]. According 
to our finding, there are large continuous lands without water body historically in the 
beach area. These beaches are suitable for cultivating and some of them have been devel-
oped into cultivated land, which contributes to the food security in the region. Regardless 
of whether it is based on the national Yellow River protection strategy or according to our 

Figure 11. Distribution of crops in each county in the Yellow River beach in 2020.
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4. Discussion

It is important to strengthen the monitoring and utilization of agricultural cultivated
land resources in beach areas. In the continuous beach land, the cultivated land occupied a
relatively high area proportion. Consistent with previous studies, grain production was
a major land use in the Yellow River beach area. However, it is worth noting that there
are beach lands that have been waterless for many years, and these beach lands have
been developed into cultivated land resources. These cultivated land resource need to be
protected in terms of ensuring food security for the million people in the Yellow River beach
area or even at Henan province [54]. However, the extent of the cultivated land resources
in the beach area cannot be expanded infinitely. Cultivated land accounts for a large area
proportion in the whole beach area, while other land use types such as wetlands cover
relatively small areas correspondingly. Optimizing and adjusting the ratio of cultivated
land to ecologically protected land is essential to regional balance, secure land (Sustainable
Development Goals 15), and ensuring food security.

The Yellow River beach area was dominated by agriculture, and the construction of
agricultural infrastructure should be strengthened to enrich the types of crops. As showed
by this study, the agricultural planting types in this area were mainly winter wheat, summer
corn. The fact that the crops have a single structure and few crop types are not conducive
to future development. The single structure of agricultural production does not adapt to
the diversity of natural resources, and it is greatly affected by market price fluctuations [55].
However, given that the beach area has benefited from a large irrigation project (the Yellow
River Diversion Irrigation Project), the agricultural output is relatively high and the harvest
area of both winter wheat and summer corn all exceeds 94% indicating the importance of
advanced irrigation facilities.

Rapid socio-economic development in the past decades has increased the consumption
of water and land resources, leading to negative impacts and making the ecological envi-
ronment of the Yellow River beach area very fragile [56–58]. However, due to the narrow
span of the left and right banks of the Yellow River, although this study has preliminary
discussed the spatial-temporal dynamics of water and land resources, it is still insufficient
to study the fragile ecological environment. Generally speaking, as the channel of flood
discharge, there should be more wetland in the beach area [59,60]. According to our finding,
there are large continuous lands without water body historically in the beach area. These
beaches are suitable for cultivating and some of them have been developed into cultivated
land, which contributes to the food security in the region. Regardless of whether it is based
on the national Yellow River protection strategy or according to our study results, the
cultivated land resources in the beach area are already relatively large and “we should
not stop eating because of choking”, namely, blindly pursue the expansion of ecological
protected area and neglect the original farming resources and suitable farming environ-
ment. Therefore, the beach area should have a fine strategy that protects the cultivated
land and ecological land resources and promotes the development of agriculture rather
than extensive development. While protecting the ecological environment, it is necessary
to combine the actual conditions of the residents in the beach area to ensure the sustainable
development of agriculture and practice the national strategy of ecological protection and
high-quality development of the Yellow River basin.

By combining water extraction methods and the Third National Land Survey data,
this study accurately measured the area of water body and cultivated land. However,
this study was not able to comprehensively explore the factors influencing the pattern of
continuous beach land and staple crops in the Yellow River beach area. In future, more
attention should be paid to the reason analysis.

5. Conclusions

The beach area along the floodplains of the middle and lower reaches of the Yellow
River comprises valuable cultivated land resources. Based on the Third National Land
Survey data and remote sensing images. This study analyzed the spatial and temporal
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changes of continuous beach land and cultivated land. Our study revealed that cultivated
land occupied a large area of the total beach area (1557.19 km2) and most of the beach area
was covered by continuous beach area (61.02%). Patch area of the continuous beach area
that more than 0.1 km2 accounted for 96.73% of the total area of continuous beach lands,
which provides numerous land resources for cultivating. The staple crops in the Yellow
River beach area were winter wheat and summer corn. Winter wheat and summer corn
accounted for 72.37% and 68.03% of the total cultivated land, respectively. which implies
that the beach area plays an important role in ensuring regional food security for millions
of people living in the study area. When protecting the ecological environment in the beach
area, the cultivated land should be protected too.
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Abstract: Enhancing the level of water use and alleviating the constraints of water shortage on
economic and social development are powerful supports to realize the harmonious balance of water
and economic society. In this study, the data envelopment analysis (DEA) window analysis method
is applied to the study of water use level, and the SBM-DEA model (slack based measure, SBM) is
combined to explore the spatial and temporal evolution characteristics of composite water use index
(CWUI) in nine provinces from 2012 to 2018. The Malmquist index model is used to decompose the
intrinsic causes of total factor productivity (TFP) changes, and the spatial matching degree calculation
method is applied to study the matching degree between CWUI and economic and social development
levels (E-SDL). The results showed that: (1) the overall trend of CWUI in the nine provinces from 2012
to 2018 was increasing, with significant spatial variability in water use levels; (2) the improvement of
TFP of water in the nine provinces was mainly driven by technological change (TC), and the main
factor limiting the improvement of TFP of water was technical efficiency change (EC); (3) E-SDL of the
nine provinces showed an increasing trend, with the spatial distribution characteristics of decreasing
E-SDL of the downstream, midstream and upstream provinces in sequence; (4) the degree of matching
between CWUI and E-SDL shows strong regional differences, with different types of matching.

Keywords: water use level; SBM-DEA model; window-DEA model; economic and social development;
matching degree; yellow river basin

1. Introduction

UNESCO (United Nations Educational, Scientific and Cultural Organization) defines
the water resource as a source of water of a certain quality and quantity that is available
and potentially available to meet the utilization needs of a site in the long term [1]. Water
resources are the basic support for economic and social development, as well as a necessary
guarantee for the construction of ecological civilization [2]. Since the 21st century, a green,
coordinated, and sustainable water resource utilization model has gradually become a
hot spot of concern for countries around the world [3]. The United Nations Sustainable
Development Summit in 2015 released the 2030 Agenda for Sustainable Development,
which identifies 17 Sustainable Development Goals (SDGs) covering economic, social,
resource, and ecological dimensions [4]. It is internationally recognized that an important
part of achieving SDGs is to conduct a comprehensive and in-depth exploration of water
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security [5], water and soil resource use efficiency [6–8], and sustainable energy use [9] in
order to break the excessive dependence on energy resources for economic and social de-
velopment. At present, China is facing huge pressure on water resources. The intertwining
problems of water demand and supply [10], water environment pollution [11], and water
ecology deterioration [12] have formed a serious water resource challenge, which seriously
hinders the realization of sustainable development. In 2012, the Strictest Water Resources
Management System was issued by the Chinese government [13], which issued three rules
for total water use, water use efficiency, and state of water function zones. The Yellow River
is called the mother river of China. It is also one of the seven significant rivers in China.
The Yellow River basin is an important ecological barrier in northern China [14]. In 2019,
The Chinese government promoted conservation and intensive use of water resources as
an important strategy for the future development of the Yellow River basin [15]. The key
way to tackle the increasingly complex water resource issues in the Yellow River Basin
and even in China is to achieve efficient utilization of water resources and ensure stable
social development and economic progress with minimal resource input. Thus, it is clear
that quantitative research on regional water use level and exploration of the matching
relationship between economic and social development and resource utilization levels are
of strategic importance for the sustainable and healthy economic and social development
of regions, provinces, and even countries.

Water use level is a key metric reflecting the effective exploitation, management,
and utilization of water resources. As the contradiction between economic and social
development and water shortage is becoming more and more prominent, many scholars
have conducted comprehensive research on water use levels in recent years and gradually
formed a complete theoretical and methodological system. Different research fields have
different definitions of water use levels. At present, common research on water use levels
can be broadly divided into two scales, macro and micro. Micro-scale studies mainly focus
on the moisture utilization capacity of different crops [16,17] and farms [18], as well as
agricultural irrigation efficiency. The main methods include the life cycle approach [19],
water production function [20], etc. Micro-scale water use efficiency studies focus on explor-
ing the efficiency of water and energy conversion during plant production. Moreover, in
such studies, water use efficiency (WUE) is the most common indicator to characterize the
level of water use. It can be simply summarized as dry matter mass produced per unit of
water consumed by plant growth. The other category is macro-scale. This type of research
focuses on exploring the overall water use levels of different regions and industries. This
study proposes a new index, CWUI (composite water use index), to represent the level of
water use. Referring to such studies, the definition of CWUI can be simply summarized as:
macroscopically, the ability of a region or industry to obtain economic output through the
integrated use of water and related inputs. The main methods for water use level studies at
the macro scale include single-indicator assessment [21], multi-indicator integrated assess-
ment [22], data envelopment analysis (DEA) model [23], stochastic frontier approach (SFA)
model [24], and genetic projection tracing model [25], etc. Among them, the DEA model
integrates the relevant knowledge of operations research, economics, and management
science and can evaluate the relative effectiveness of comparable units of the same type
using linear programming. Since this method does not require any assumptions, it has
reflected its unique advantages in water resources level research, and a large number of
high-quality research results have emerged. In terms of research scales, involving different
scales includes national [26], provincial [27], and urban [28]. For example, Ibrahim et al. [26]
measured the efficiency of the water-energy-land-food nexus in Organization for Economic
Cooperation and Development (OECD) countries using a non-parametric benchmark rank-
ing model derived from a DEA approach. Lu et al. [28] evaluated the spatial and temporal
change characteristics of agricultural water use level and its related factors in northwest
China using the combination of super-efficient DEA model. In terms of research areas, the
water use level of different industries (agriculture [29], industry [30,31]) and the regional
integrated water use efficiency [32] were covered. For example, Yang et al. [31], used a
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DEA model to assess the water use level of the three major industries in 30 provinces
in mainland China. In studies on DEA models, traditional CCR and BCC models [33],
super-efficient DEA models [34], SBM-DEA models [27,30,35], Malmquist models [24,36],
etc., are involved. For example, Bai et al. [36], constructed a non-radial method based on
the theory of Malmquist to dynamically measure changes in water use level of the Bohai
Bay urban cluster in China. In recent years, with the gradual development of the green
development concept. It is worth noting that DEA models considering non-expected output
have started to appear more often in resource and energy use level studies. For example,
Yang et al. [30] chose a non-expected output SBM model to measure the industrial water
use level in mainland China. It can be found that the DEA method was widely applied in
the field of water resources. The above high-quality research results provided a solid basis
for the smooth development of subsequent studies.

Economic and social development and the level of resource and energy utilization are
inextricably linked, especially under the dual effect of intensifying climate change and the
impact of human activities. Whether the level of resource and energy utilization can match
the level of economic and social development has become an important indicator to measure
the sustainable development capability of the region. With the further implementation
of sustainable development policies, the relationship between the level of resource and
energy use and sustainable development has gradually become a hot issue of global
concern. In this context, many scholars have adopted various methods to explore the
relationship between the two. The subjects of this kind of study are mainly related to
energy consumption [37–39], pollution emissions [40], land resource use [41,42], etc. For
example, Sarkodie et al. [38] examined the effects of energy consumption on GHG emissions
using U-test estimation methods and non-additive fixed effects panel quantile regression.
On World Water Day, March 22, 2021, UNESCO released the World Water Development
Report 2021 [43], which focuses on “the value of water” to explain the important role of
water resources in economic and social development in different dimensions. There are not
many studies on the relationship between water resources utilization and economic and
social development, but some scholars conducted relevant studies. For example, Sun [44]
constructed a system dynamics model to study sustainable water resources utilization
considering economic development, and simulated the water resources supply and demand
situation from 2005 to 2020 and the changes of future supply and demand gap. The
above research results have contributed value in promoting sustainable economic and
social development.

After combing through the representative literature in recent years, it can be found
that the important results revealed by the above-mentioned studies have greatly promoted
the development of the field of water use level and the field of water resources-economic
and social relations, and expanded the scope and depth of research in this field. However,
there are some shortcomings. For example, most studies on water use levels still use the
DEA cross-sectional model to deal with long time series panel data. This defect leads to
the comparison of different decision units only within a specific year, and the evolution
characteristics of water use level in time series cannot be analyzed, which reduces the
reference value of the results to some extent. Meanwhile, some studies used traditional
radial DEA models to measure water use levels, which failed to fully consider slack
variables [45]. Finally, studies on the matching relationship between water use level and
economic and social development in the Yellow River Basin are still relatively lacking.

However, the combination of SBM-DEA model and Window-DEA model can effec-
tively solve the above problems. This study attempts to apply the DEA window analysis
method to the study of water use level, combining the SBM-DEA model to explore the
spatial and temporal evolution characteristics of water use level in nine provinces in the
Yellow River basin. It can realize the dynamic analysis of CWUI under the premise of
considering slack variables. On this basis, the Malmquist index model is used to analyze
the deep-seated reasons, leading to the variation of total factor productivity of water, and
the spatial matching degree calculation method based on series distance is introduced
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for exploring the matching relationship between E-SDL and CWUI. This study aims to
achieve the following objectives: (1) apply the SBM-DEA model combined with Window-
DEA model to the study of water use level; (2) conduct dynamic evaluation of water use
level in nine provinces with consideration of relaxation improvement; (3) clarify the deep-
seated reasons for the changes in total factor productivity of water in the nine provinces;
(4) analyze the matching characteristics between the level of water utilization and the level
of economic and social development in the nine provinces under different time scales.

The rest of this study is structured as follows: Part 2 introduces the four main research
methods, Part 3 presents an overview of the study area and the selection of relevant
indicators, and Part 4 analyzes the spatial and temporal evolution characteristics of CWUI,
the changes in TFP of water, and the matching characteristics of CWUI and E-SDL. Part 5 is
the conclusion and the outlook for future research.

2. Methodology
2.1. SBM-DEA Model

The DEA model can be used to evaluate the relative efficiency of different DMUs
(decision-making units) through means of a specific mathematical programming model.
The basic principle is to determine the production frontier surface with the help of a linear
model and to determine the relative efficiency value of each decision unit by comparing the
deviation of each decision unit relative to the production frontier surface. DEA models are
widely used in efficiency assessment studies because they do not require assumptions about
the functional relationships between variables and avoid too much subjectivity. However,
the traditional radial DEA model is also partially flawed in that it does not consider slack
variables in the efficiency measure of inefficient DMUs. In traditional radial DEA models
(e.g., CCR-DEA, BCC-DEA, etc.), the assessment of the degree of DMU inefficiency only
includes the proportional change of outputs and inputs. For the ineffective DMU, the gap
between its current state and the state of the effective DMU on the production frontier
should contain both equal proportional improvement and slack improvement, and the
slack improvement part is not reflected in the traditional radial DEA model. Especially
when the number of input-output indicators is relatively large, there will be more invalid
DMUs, and the traditional radial DEA model loses the function of measuring the slack
variables of invalid DMUs, and in such cases, the measurement results are not accurate to a
certain extent. The slack variable-based efficiency measurement model (SBM) proposed
by Tone [46] incorporated slack variables of input-output indicators into the calculation of
decision unit efficiency, which effectively improved the problem of lack of consideration of
slack variables in traditional DEA models.

Assuming there are n DMUs, each DMU contains m input X and q output Y. The a-th
input of the k-th DMU is expressed as xak (a = 1, 2, ..., m; k = 1, 2, . . . , n), the b-th output is
expressed as ybk (b = 1, 2, . . . , q; k = 1, 2, . . . , n), then the input-oriented SBM-DEA model
with constant returns to scale can be expressed as [46]:

minθ = 1− 1
m

m
∑

i=1
s−i /xik

s. t. Xλ + s− = xk
Yλ > yk
λ, s− > 0

(1)

In Equation (1), Xk = (x1k, x2k, . . . , xmk), Yk =
(

y1k, y2k, . . . , yqk

)
; s− is the slack vari-

able, i.e., the slack improvement value of the input index; θ and λ are the relative efficiency
value and weight of the decision unit respectively, if θ ≥ 1, it stands that the DMU is in
production frontier and belongs to the effective DMU.
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2.2. Window-DEA Model

In most cases, efficiency values need to be dynamically assessed for multiple regions
in different years. However, the SBM-DEA model cannot measure the whole panel data
directly because the production frontier is different in different years, and the model can
only decompose the panel data into cross-sectional data for static measurement separately.
Therefore, the efficiency results measured by SBM-DEA model alone are not comparable
between years. However, the Window-DEA model, also known as the DEA window
analysis method, is a good solution to these problems [47].

The basic principle of DEA window analysis method is that the same decision unit in
different years is regarded as multiple independent DMUs to participate in the calculation.
Then, a number of reference sets are constructed based on the moving average method
to realize the dynamic evaluation of efficiency values under the conditions of multiple
decision units and long time series. Through the window analysis, it can meet the need
of dynamic comparative analysis of each decision unit in time series. Moreover, the same
cross-sectional data are repeatedly involved in the calculation, which can more fully explore
the data value and reflect the real level. Thus, the DEA window analysis method is fully
applied in the dynamic assessment of efficiency or performance of long time series in many
fields. The difference between the Window-DEA model and the SBM-DEA model is only
the change of reference set thus the DEA window analysis method can be well combined
with the SBM-DEA model.

2.3. Malmquist Index Model

In order to analyze the evolution of CWUI in more depth and to explore the deep-
seated causes of efficiency changes, this study uses the Malmquist index model to explore
the changes of TFP of water. Malmquist index is a non-parametric indicator used to
dynamically measure the change in TFP of each DMU [48]. Moreover, Färe et al. [49] firstly
used the Malmquist index for efficiency research in conjunction with DEA theory and
proposed a decomposition method for total factor productivity change factors. t + 1 period
compared to t period productivity change can be decomposed into integrated technical
efficiency change (EC) and technical change (TC). TC refers to technological progress, which
can also be understood as the forward movement of the production frontier. EC and TC are
the two main causes of changes in TFP. Moreover, EC can be decomposed into deeper pure
technical efficiency change (PEC) and scale efficiency change (SEC). The decomposition
method can be expressed as [49]:

MIt,t+1 =
[

TFPt(xt+1,yt+1)
TFPt(xt ,yt)

TFPt+1(xt+1,yt+1)
TFPt+1(xt ,yt)

] 1
2

= TFPt+1(xt+1,yt+1)
TFPt(xt ,yt)

[
TFPt(xt ,yt)

TFPt+1(xt ,yt)
TFPt(xt+1,yt+1)

TFPt+1(xt+1,yt+1)

] 1
2

= ECt,t+1 × TCt,t+1 = PECt,t+1 × SECt,t+1 × TCt,t+1

(2)

In Equation (2), MI is the Malmquist index, MIt,t+1 > 1 means that the TFP of water in
period t + 1 has increased compared to period t; ECt,t+1 > 1 means that the DMU is closer to
the production frontier in period t + 1 compared to in period t, representing an increase in
overall technical efficiency; and TCt,t+1 > 1 means that the production frontier in period
t + 1 has moved forward compared to period t, representing technological progress.

In this study, there is a strong link between the SBM-DEA model and the Malmquist
index model. The SBM-DEA model measures integrated technical efficiency, and the
Malmquist index model measures the rate of change in total factor productivity. The rate of
change in TFP is not TFP itself. The Malmquist index model is a nonparametric model that
cannot calculate TFP itself but can calculate the rate of change in TFP. The rate of change in
TFP is also known as the Malmquist index (MI), and it can be further decomposed into the
rate of change of integrated technical efficiency EC and technical progress TC. In efficiency
studies involving long time series, the production frontier is constantly moving forward
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and can be understood as technical progress TC. The analysis of technical efficiency using
only the SBM-DEA model is incomplete. Therefore, this study uses the Malmquist index
model as an effective complement to the SBM-DEA model, and the two models together
constitute the quantitative assessment model of water use level in this study.

2.4. Spatial Matching Degree Calculation Method Based on Series Distance

The matching degree calculation method based on the distance of the series pro-
posed by Zuo et al. [50] can quantitatively describe the matching degree between different
variables. The basic principle of this method is to create a new data series by using the
proportion of a value in the series to the total value of the series and then characterize the
match according to the ratio of the difference between the values of different variables and
the maximum distance in the new data series. In this paper, the methodology is used to
quantitatively assess the matching relationship between CWUI and economic and social
development level (E-SDL) in nine provinces of the Yellow River Basin. Assuming that
the study object contains a total of N subunits, a quantitative study of the match between
two variables, A1 and A2 is carried out using a spatial matching degree calculation method
based on the series distance, which is calculated as follows:

MDr = 1− |x1(r)− x2(r)|
N

max
r=1

(x1(r),x2(r))−
N

min
r=1

(x1(r), x2(r))
(3)

In Equation (3), x1(r) =
A1(r)

N
∑

r=1
A1(r)

, x2(r) =
A2(r)

N
∑

r=1
A2(r)

, (r = 1, 2, · · · , N); MDr is the degree

of the match between the two variables A1 and A2 in the rth subunits.
It is important to note that Equation (3) only applies to the quantification of the degree

of the match when the two variables are positively correlated (i.e., the larger the value of A1
and the larger the value of A2, the better the match between the two variables). The formula
for calculating the degree of the match when the two variables are negatively correlated
can be given similarly (i.e., the larger the value of A1 and the smaller the value of A2, the
better the match between the two variables):

MDr = 1−

∣∣∣∣x1(r) + x2(r)−
N

max
r=1

(x1(r),x2(r))−
N

min
r=1

(x1(r), x2(r))
∣∣∣∣

N
max
r=1

(x1(r),x2(r))−
N

min
r=1

(x1(r), x2(r))
(4)

In Equation (4), the meaning of each symbol is the same as before.

3. Case Study
3.1. Study Area

The Yellow River is the longest river in north China. The Yellow River basin is an
extremely important economic and cultural corridor and natural ecological barrier in China.
It contains several basic energy bases and key ecological function areas, and it is also
one of the basic water supply sources for northern China, playing an important role in
the construction of China’s ecological civilization and economic and social development.
From the source to the mouth, the Yellow River passes through Qinghai, Sichuan, Gansu,
Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong in turn, called the “nine
provinces of the Yellow River basin,” hereinafter referred to as the “nine provinces.” Most
of the nine provinces are arid or semi-arid areas, with a large geographical span and
significant differences in altitude. There are large differences in resource and environmental
endowments and economic development levels in different provinces and regions, and the
difference in per capita GDP between the source and the mouth of the Yellow River is more
than 10 times [51]. The elevation distribution of nine provinces of the Yellow River basin is
shown in Figure 1.
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Figure 1. Schematic view of the study area and elevation distribution.

The current situation of economic development of the nine provinces is lower than the
overall level of the whole China. According to the “2019 Monitoring Report on China’s
Cities Completely Built a Well-off Society” issued by the Chinese government, only one
of the top 20 prefecture-level cities in the Overall Well-off Index (which can represent the
level of economic and social development to some extent) is located in the nine provinces.
The nine provinces of the Yellow River Basin account for nearly one-third of the population
and 34.8% of the arable land in China. However, the annual runoff of this river accounts
for only 2% of China’s total, with serious water supply and demand conflicts constraining
regional development [52]. Especially in the past 20 years, under the general trend of highly
rapid economic and social development in China, the water demand of the nine provinces
has also increased dramatically. The Yellow River Basin is facing a severe situation of
contradiction between water supply and demand. Shrinking natural incoming water and
low levels of water utilization are also the causes of water shortages in the basin. The
comprehensive improvement of CWUI has significance to the sustainable development of
the nine provinces, especially to these provinces in the upper reach.

3.2. Indicator Description and Data Sources

When applying the DEA model, the reasonableness of the input-output indicators
will directly affect the accuracy of the final efficiency measurement results. Thus, it is very
important to construct a comprehensive and effective set of CWUI input-output indicators.
The basic idea of efficient utilization of water is to satisfy both minimizations of resource
consumption and maximization of production value. Guided by this idea, this study
selects four representative indicators from four dimensions of resources, capital, labor, and
ecological environment as input variables. The most direct input to reflect the level of water
use is water consumption, and the total regional water consumption is used to represent
water consumption [27,30,31,34]. The level of capital investment is also an important aspect
in quantifying the level of resource utilization, using fixed-asset investment to represent
social capital investment [27,29–31,34]. This study discusses the overall level of regional
water utilization. Considering that all industries are inseparable from water utilization, the
number of employees is taken as a variable reflecting human resource input [27,29–31]. The
water use level without considering environmental pollution cannot reflect the real level
of regional water utilization [30,34]. In order to evaluate the CWUI of nine provinces in
the Yellow River basin more scientifically and comprehensively, this study adds ammonia
nitrogen emission in wastewater as an input indicator reflecting environmental pollution.
The most intuitive manifestation of a high-level area of water utilization is the ability to
obtain higher economic benefits under certain conditions of resource inputs. Therefore,
the gross regional product was selected as the output variable reflecting the value of water
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resources production [27,29–31,34]. The final input-output indicator selection results are
listed in Table 1.

Table 1. Water use level input-output indicator system.

Type Indicators Necessity

Input indicators

Total water consumption Reflect natural resource input
[27,30,31,34]

Investment in fixed assets a Reflect social capital input
[27,29–31,34]

Number of employees Reflect human capital input
[27,29–31]

Ammonia nitrogen emissions
in wastewater

Reflect environmental
load-bearing input [30,34]

Output indicators GDP b Reflect economic benefit output
[27,29–31,34]

Notes: a Investment in fixed assets data is processed through the fixed asset investment price index to eliminate
price effects. b GDP data are processed through the GDP index to eliminate price effects.

High-quality economic and social development involves economic, social, and eco-
logical aspects. Thus, the level of regional economic and social development needs to
be characterized by a combination of indicators. In order to investigate the matching
relationship between CWUI and E-SDL in the nine provinces, this study refers to relevant
research results [14,50,51], as well as the “Statistical Monitoring Program for Building a
Well-off Society” and the “Statistical Monitoring Indicator System for Building a Well-off
Society in All Respects” issued by the Chinese government, and follows the principles
of representativeness and dynamism to select a total of 12 representative indicators to
characterize the relative level of economic and social development in terms of economic
development, social harmony, and ecological friendliness. The indicator system is shown
in Table 2.

Table 2. Quantitative indicator system of the relative level of economic and social development in
nine provinces of the Yellow River Basin.

Dimensions Indicators Characteristic a Unit Weight b

Economic development

GDP per capita + Yuan RMB 0.235
Proportion of R&D expenditure in GDP + % 0.078

Proportion of added value of tertiary
industry in GDP + % 0.078

Proportion of urban population + % 0.098

Social harmony

Income ratio between urban and
rural residents − − 0.039

Coverage of basic old-age insurance + % 0.119
Disposable income per resident + Yuan RMB 0.119

Proportion of residents’ entertainment
consumption expenditure + % 0.039

Ecological friendliness

Energy consumption per 10,000 Yuan RMB
of GDP − t/10,000 RMB 0.078

Afforestation coverage rate of built-up area + % 0.039
Arable land area index + % 0.039

Surface water compliance rate + % 0.039

Notes: a The “+” in the indicator characteristic represents the “positive indicator,” and the larger the value, the
stronger the positive effect on E-SDL, and the “-” represents the “negative indicator,” and the larger the value, the
stronger the negative effect on E-SDL. b The weight of each indicator is combined with the corresponding indicator
weights in the “Statistical Monitoring Program for Building a Well-off Society” to be converted to determine.

In order to ensure the reliability of data and the integrity of the time series, a total of
seven research years from 2012 to 2018 were finally selected in this study to carry out the
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case study of nine provinces. The raw data used in this study were obtained by collating
data from the China Statistical Yearbook, the China Science and Technology Statistical
Yearbook, the Water Resources Bulletin of nine provinces, and the Statistical Yearbook of
nine provinces.

4. Results
4.1. Spatial–Temporal Evolution Characteristics of Water Use Level

In this study, the values of CWUI of nine provinces during the period 2012–2018
needed to be dynamically evaluated. When applying the DEA window analysis method,
there was no technical progress within a single window because all decision units within
each window were involved in the calculation [53]. To increase the credibility of the
results, DEA window analysis should be applied with as narrow a window width as
possible [54]. Therefore, the optimal window width for the Window-DEA model was
determined to be 3 years. The total length of the time series in this study was 7 years,
thus for each decision unit, five windows needed to be established, namely Window1
(2012–2014), Window2 (2013–2015), Window3 (2014–2016), and Window4 (2015–2017), and
Window5 (2016–2018). Then the SBM-DEA model was used to measure the CWUI for a
total of 27 DMUs in 9 provinces under each window. Using the DEA-SOLVER PRO13.1
software (SAITECH, Tokyo, Japan) [55] based on the EXCEL macro program, the results
of the window analysis of the SBM-DEA model for nine provinces during the period
2012–2018 were obtained (Figure 2).

Figure 2. Cont.
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Figure 2. Results of window analysis of SBM-DEA model in nine provinces of the Yellow River
Basin. ((a–e) represent Windows 1, Windows 2, Windows 3, Windows 4 and Windows 5, respectively.
(f) represents the final result of CWUI of the nine provinces from 2012 to 2018).

As shown in Figure 2, there is an overall decreasing trend in the values for different
windows within a given year during the study period. Based on the data distribution
characteristics of CWUI, CWUI was classified into five levels of (0–0.5), (0.5–0.7), (0.7–0.8),
(0.8–0.9), and (0.9–1.0), representing poor, medium, good, outstanding, and excellent
water use levels, respectively. Taking Qinghai province as an example, in 2015, the value
under Window2 was 0.506, CWUI was at a medium level. However, the value under
Window3 dropped to 0.425, and under Window4 its value dropped to 0.394, under both
windows, CWUI was at a poor level. Compared to Window3 and Window4, the CWUI
under Window2 was at a relatively good level, but under Window4, which had a better
production frontier, there was a significant decrease in its CWUI value. The CWUI values
measured by the data envelopment analysis model were not absolute but were derived by
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comparing the decision-making unit with the production frontier. The CWUI values of the
same decision-making unit in the same year can vary depending on the production frontier,
thus, the CWUI value has relativity. On the one hand, it shows that the production frontier
surface of the nine provinces is moving forward, and the level of water use in the advanced
provinces is improving rapidly; on the other hand, it also confirms the relative nature of
CWUI values. The results of the window analysis of the SBM-DEA model in Table 3 were
compiled to obtain the final results of the CWUI values of the nine provinces from 2012 to
2018, as shown in Figure 2f. The multi-year average values and rankings of CWUI for the
nine provinces are listed in Table 3.

Table 3. Multi-year average values and ranking of water use level in nine provinces.

Regions Qinghai Sichuan Gansu Ningxia Inner
Mongolia Shannxi Shanxi Henan Shandong

Average 0.447 0.557 0.433 0.407 0.829 0.626 0.722 0.637 0.972
Rank 7 6 8 9 2 5 3 4 1

From an overall perspective: the overall CWUI values of the nine provinces were
above 0.55 from 2012 to 2018, showing a trend of first decreasing and then increasing.
The inflection point occurred in 2015, indicating that the overall CWUI level of the nine
provinces deviated to the greatest extent from the production frontier surface in 2015, after
which the degree of deviation gradually decreased. Subsequently, the CWUI value began
to gradually rebound, rising significantly to 0.704 in the three years of 2016–2018, reaching
the highest value in the study period.

From the perspective of each province: among the nine provinces, Shandong, Inner
Mongolia, and Shanxi had a relatively high level of water utilization, with a multi-year
average CWUI above 0.7, at a good level and above. Shandong was the only province
that water use was at an excellent level and at a significant advantage in water use level
compared to other provinces. Followed by Henan and Shaanxi provinces, with multi-year
average CWUI above 0.6 and small fluctuations in CWUI, both provinces were at the
medium level. The multi-year average CWUI of Sichuan, Gansu, Qinghai, and Ningxia
were all below 0.5, which deviated from the production frontier surface to a large extent,
and the water use level was at a poor level among the nine provinces. During the period
2012–2017, only Shandong province reached the production front surface among the nine
provinces, and its CWUI was 1 in 2013, 2014, and 2015, indicating it was the only effective
DMU among the nine provinces for three consecutive years. In 2018, the CWUI of Inner
Mongolia and Shanxi also exceeded 1 and were jointly located on the production frontier
surface with Shandong, while the remaining six provinces failed to reach the production
frontier surface during 2012–2018, and the CWUI values of some provinces showed a
decreasing trend in multiple years, which to some extent indicates while that the spatial
variability of CWUI in the nine provinces of the Yellow River Basin was obvious, the
synergy of water use level improvement was poor, and the gap between high and low
CWUI provinces is gradually expanding, which is not conducive to the balanced and
coordinated development of the nine provinces.

From the perspective of different regions: according to the dividing points of the
upper, middle, and lower reaches of the Yellow River, the provinces of Inner Mongolia and
above were divided into upstream areas, Shaanxi and Shanxi were divided into midstream
areas. In order to facilitate the analysis of regional differences in water use levels in the
Yellow River basin, Henan and Shandong were divided into downstream areas in this
paper. Finally, the temporal evolution trends of CWUI in different regions are shown in
Figure 3. The CWUI evolution trends of upstream and downstream provinces were basically
the same, while the CWUI evolution trends of midstream provinces had more obvious
fluctuations, and their water utilization levels were significantly improved in multiple years.
The spatial distribution characteristics of CWUI in upstream, middle, and downstream
provinces were basically consistent with the distribution of their economic and social

127



Water 2022, 14, 399

development levels. As can be seen from Figure 3, the CWUI of middle and downstream
provinces was higher than that of upstream provinces in all years. Moreover, in 2014,
the difference between the CWUI of upstream and downstream provinces reached 0.32,
indicating that the industrial structure of upstream provinces needs to be optimized, there
is a large redundancy of resource inputs. There is still a gap between the level of intensive
use of water in the upstream provinces and the middle and downstream provinces.

Figure 3. Temporal evolution of CWUI in the upper, middle, and lower provinces, 2012–2018.

4.2. TFP Analysis of Water Based on Malmquist Index Model

Based on the panel data of input-output variables of nine provinces from 2012 to
2018, the Malmquist index model was applied to measure the productivity index of nine
provinces, and the total factor productivity index and its decomposition result of different
years and provinces were obtained, as shown in Table 4 and Figure 4. The operation was
implemented by DEAP2.1 software (Université Laval, Quebec City, Canada) [56].

Table 4. Malmquist Index and its decomposition (average of nine provinces), 2012–2018.

Years EC TC PEC SEC MI

2013 0.984 0.983 0.983 1.001 0.967
2014 0.978 1.004 0.991 0.988 0.982
2015 0.985 1.010 0.975 1.011 0.995
2016 1.004 1.248 1.029 0.976 1.253
2017 1.034 1.160 1.027 1.008 1.200
2018 0.979 1.129 0.988 0.991 1.106

Average a 0.994 1.085 0.998 0.996 1.078
Notes: a The multi-year averages of the Malmquist index and each of its decomposition indices are
geometric means.

From the results in Table 4, the multi-year average value of MI was 1.078, and MI
greater than 1 indicates that the overall TFP of water of the nine provinces showed an
increasing trend during the period of 2012–2018. Among them, the overall total factor
productivity of water in the nine provinces declined year by year before 2016, but the
declining trend gradually leveled off. Moreover, the overall total factor productivity of
water has increased year by year since 2016. In order to explore the intrinsic causes of
TFP changes, the results of total factor productivity decomposition were further analyzed.
Moreover, the multi-year average values of all indices were less than 1, except for technical
progress TC, which indicates that technical progress TC was the dominant factor driving
TFP improvement. EC was greater than 1 only in 2016 and 2017, indicating that changes
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in integrated technical efficiency only played a driving role in individual years. However,
EC, in general, constrains the improvement of total factor productivity of water thus
the industrial structure and water resources management mode need to be optimized
to improve the scale efficiency and pure technical efficiency of water utilization in the
nine provinces.

Figure 4. Multi-year average Malmquist index and its decomposition in nine provinces from 2012–2018.

As can be seen from Figure 4, the MI of Inner Mongolia, Shanxi, Shaanxi, and Shan-
dong provinces are all higher than the nine-province average of 1.078, indicating that the
water use level of these four provinces is improving faster. Among them, Inner Mongo-
lia and Shandong provinces, because they are at the production frontier themselves, the
improvement of TFP of water is entirely driven by the technological progress TC. In com-
parison, Shanxi and Shaanxi are driven by both technological progress TC and integrated
technical efficiency change EC. The remaining five provinces have been slow to improve
their TFP of water, mainly due to the constraints of the integrated technical efficiency
change EC, and the distance between their water utilization levels and the production
frontier surface has gradually increased. Further decomposition of EC can be found that
Qinghai, Gansu, and Ningxia are mainly affected by the scale efficiency change SEC, and
the scale efficiency needs to be further optimized, while Sichuan and Henan are mainly con-
strained by the pure technical efficiency change PEC, and need to focus on strengthening
the water resources management level and optimizing the water use structure.

Comparing the Malmquist index and its decomposition results from the perspective
of different regions. The comparison of upstream, midstream, and downstream provinces
is shown in Figure 5. The overall productivity level of the midstream provinces is higher
than that of the upstream and downstream provinces. It is not difficult to find that PEC and
SEC of the upstream provinces are both at a lower level, especially the poor performance
of SEC, which in turn leads to a much lower integrated technical efficiency change EC
than that of the midstream provinces. Thus, the upstream provinces need to reasonably
allocate water resources, optimize industrial layout, improve industrial concentration, and
narrow the gap between their SEC and that of the midstream and downstream provinces.
Technological progress TC is the main driving force of TFP of water in the three regions,
and the difference of TC in the three regions is relatively small, with the upstream provinces
even slightly higher than the downstream provinces. The production frontier of each of the
three regions has moved forward significantly, indicating that the nine provinces have all
invested more in scientific research in the field of efficient water utilization in recent years,
effectively promoting the transformation of advanced technology into productivity [57].
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Figure 5. Comparison of the multi-year average Malmquist index and its decomposition in the
upstream, midstream, and downstream provinces.

4.3. Matching Relationship between CWUI and E-SDL
4.3.1. Analysis of the Relative Level of Economic-Social Development

Based on the quantitative index system of the relative level of economic and social
development in the nine provinces in Table 2, the data of each index in the nine provinces
during the period of 2012–2018 were normalized, and then all the indexes were weighted
and summed up by combining the weights to obtain the quantitative characterization value
of E-SDL. Arcgis10.2 software was used to map the E-SDL calculation results of the nine
provinces for multiple years into a spatial distribution map, which was used to characterize
the spatial and temporal distribution characteristics of the economic and social development
levels of the nine provinces, as shown in Figure 6. On the time scale, the average value of
E-SDL in the nine provinces showed an increasing yearly trend during the seven years,
from 0.352 in 2012 to 0.657 in 2018, indicating that with the gradual implementation of the
concept of sustainable and green development, the overall level of economic and social
development in the nine provinces is continuously improving. Gansu, Qinghai, Sichuan,
and Henan, have seen the fastest improvement in economic and social development, with
E-SDL more than doubling in seven years. From the three criteria, it was found that the
economic development and social harmony of the above four provinces rapidly improved
in the past seven years under the premise of maintaining the steady growth of the level of
ecological friendliness, thus realizing the obvious improvement of E-SDL. On the spatial
scale, there were large spatial differences in the economic and social development levels
of the nine provinces. In terms of the multi-year average value of E-SDL, the economic
and social development level of Shandong was relatively high (E-SDL > 0.7), the E-SDLs of
Inner Mongolia, Shaanxi, Henan, Sichuan, Shanxi, and Ningxia were at an intermediate
level (0.4 < E-SDL < 0.6), and the economic and social development levels of Gansu and
Qinghai were low (E-SDL < 0.4). The E-SDL of the nine provinces as a whole shows the
spatial distribution characteristics of downstream, midstream, and upstream provinces in
descending order, which is basically consistent with the regional step structure of economic
and social development in the Yellow River basin [14].
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Figure 6. Spatial and temporal distribution characteristics of E-SDL in nine provinces from 2012 to 2018.

4.3.2. Analysis of Matching Degree between CWUI and E-SDL

The spatial matching degree of the multi-year average CWUI and E-SDL of nine
provinces was calculated using the spatial matching degree calculation method based on
the series distance, and the results are shown in Figure 7. To further analyze the temporal
change characteristics of the matching degree, the spatial matching degree of CWUI and
E-SDL of the nine provinces and the upstream, midstream, and downstream provinces of
the Yellow River in 2012, 2015, and 2018 were measured, and the results are listed in Table 5.
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Figure 7. Matching characteristics of multi-year average CWUI and E-SDL in nine provinces (The
red dash line can be used as an auxiliary line to identify provinces with high matching degrees).

Table 5. The spatial matching degree between CWUI and E-SDL in nine provinces in 2012, 2015,
and 2018.

Regions 2012 2015 2018

CWUI E-SDL MD CWUI E-SDL MD CWUI E-SDL MD

Qinghai 0.487 0.225 0.875 0.441 0.373 0.972 0.421 0.550 0.710
Sichuan 0.598 0.287 0.871 0.498 0.456 0.958 0.581 0.673 0.757
Gansu 0.438 0.202 0.885 0.375 0.347 0.960 0.529 0.499 0.990

Ningxia 0.411 0.322 0.761 0.353 0.430 0.746 0.506 0.619 0.729
Inner Mongolia 0.745 0.461 0.889 0.883 0.600 0.635 1.000 0.718 0.602

Shannxi 0.634 0.430 0.808 0.584 0.576 0.864 0.633 0.750 0.705
Shanxi 0.662 0.325 0.879 0.572 0.484 0.965 1.000 0.580 0.346
Henan 0.667 0.331 0.888 0.588 0.500 0.969 0.663 0.665 0.916

Shandong 1.000 0.585 0.939 0.896 0.779 0.988 1.000 0.858 0.860
Upstream 0.536 0.299 0.987 0.510 0.441 0.963 0.608 0.612 0.703
Midstream 0.648 0.377 0.924 0.578 0.530 0.899 0.816 0.665 0.658

Downstream 0.833 0.458 0.936 0.742 0.640 0.936 0.832 0.761 0.954

From the results in Figure 7, the CWUI of Gansu, Sichuan, Henan, Qinghai, and
Shandong matches well with the E-SDL (MD > 0.9), but the matching categories in different
provinces are not exactly the same. Shandong and Henan provinces have a high level
of economic and social development, and their water use level is relatively good among
the nine provinces, which is a “high-high” match. Gansu and Qinghai provinces have a
relatively low level of economic and social development, and their CWUI is also at the back
of the nine provinces, which is a “low-low” match. The degree of matching CWUI with
the E-SDL in Inner Mongolia and Shaanxi provinces is medium among the nine provinces
(0.8 < MD < 0.9). The match between CWUI and E-SDL in Ningxia and Shanxi provinces is
poor (MD < 0.8), and the reason for this is that Shanxi Province has a high CWUI among
the nine provinces, while the level of economic and social development is relatively low,
resulting in the two not matching in value. Ningxia, however, is at the bottom of the nine
provinces in terms of water use level, but its economic and social development is at the
middle level among the nine provinces, and it needs to focus on improving water resources
utilization in the future economic and social development process. In another study on
the coordination between water use and urbanization [58], the results show that there are
significant differences in the synergistic effects between water use level and urbanization in
different provinces in China. Moreover, the differences can be divided into three different
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types of synergy, with only individual provinces showing a significant synergistic effect
of urbanization level on water use. The results are similar to those of this paper, and to a
certain extent, they verify the spatial variability of CWUI and E-SDL among nine provinces
in the Yellow River basin.

From the results in Table 5, the matching degree of CWUI and E-SDL in Gansu Province
has been increasing within the three study years of 2012, 2015, and 2018, and its MD has
increased from 0.885 in 2012 to 0.990 in 2018. The matching degree of water use level and
economic and social development level in Gansu Province in 2018 is the highest among the
nine provinces, but it belongs to the “low-low” matching type, which still needs to improve
CWUI and E-SDL comprehensively. The match between CWUI and E-SDL in Ningxia and
Inner Mongolia provinces has been decreasing, with MD in Ningxia decreasing from 0.761
in 2012 to 0.729 in 2018 and MD in Inner Mongolia decreasing from 0.889 in 2012 to 0.602
in 2018. It indicates that compared with other provinces, the synergy between the level of
water utilization and the improvement of economic and social development level in these
two provinces is poor, and should focus on the coordinated and harmonious development
of water resources utilization and economy and society. The main problem in Ningxia is
the low level of water utilization, and the level of water utilization in Inner Mongolia is at a
high level, but its economic and social development level is not outstanding, and it needs
to pay attention to the all-round balanced development of economy, society, resources,
and ecology.

The MD of the six provinces of Qinghai, Sichuan, Henan, Shaanxi, Shandong, and
Shanxi showed the characteristics of first rising and then falling within three years. CWUI
and E-SDL reached the best matching status in 2015. Among the six provinces mentioned
above, the characteristics of MD changes can be explained in three cases. The first case is
that the improvement of water use level lags behind the improvement of economic and
social development level, such as Sichuan, Shaanxi, and Qinghai provinces. Sichuan’s
CWUI was ranked 6th in all three years 2012, 2015, and 2018, but its E-SDL improved
significantly from 7th in 2012 to 4th in 2018. Shaanxi’s CWUI ranked 5th in 2012 and 2018
and 4th in 2015, but its economic and social development level improved from 3rd in 2012
to 2nd in 2018. Qinghai’s CWUI dropped from the 7th in 2012 to the 9th in 2018, and its
E-SDL remained at the 8th for three years. The second case is that the E-SDL is rising
faster, but the level of water utilization is rising slower, such as Shanxi Province. Its CWUI
rose from 4th in 2012 to 2nd in 2018, but its E-SDL dropped from 5th in 2012 to 7th in
2018. The third case is that the level of water utilization and the level of economic and
social development has maintained simultaneous improvement to some extent, such as
Henan and Shandong. Henan’s CWUI decreased from 3rd in 2012 to 4th in 2018, and its
E-SDL decreased from 4th in 2012 to 5th in 2018. CWUI and E-SDL of Shandong Province
have maintained 1st place in 2012, 2015, and 2018, and although there are fluctuations in
MD, the fluctuations are not obvious, and the water use level and economic and social
development level have maintained a relatively coordinated development. Analyzed from
the perspective of different regions in the Yellow River Basin, the overall situation is that
the MD of downstream provinces is higher than that of upstream provinces than that of
midstream provinces. Except for the downstream provinces, the MDs of the remaining
two regions showed a decreasing trend year by year during 2012, 2015, and 2018, and their
economic and social development and water use level failed to achieve a harmonious and
balanced improvement, and the upstream and midstream provinces of the Yellow River
Basin still need to focus on the simultaneous improvement of water use level under the
premise of ensuring economic and social development.

5. Conclusions

Based on the SBM-DEA model and combined with the Window-DEA model, this
study measured the water use level of nine provinces in the Yellow River Basin from 2012 to
2018 and decomposed the TFP changes of water in the nine provinces using the Malmquist
index model. A quantitative index system of economic and social development levels
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was constructed, the spatial and temporal variation characteristics of the relative levels
of economic and social development in the nine provinces were analyzed, and finally the
matching relationship between water use level and economic and social development levels
in the nine provinces of the Yellow River Basin was explored. The results were concluded
as follows:

(1) The nine provinces showed an overall increasing trend in water use level during
2012–2018, with the midstream and downstream provinces having higher overall
water use levels than the upstream provinces. The water use level of Shandong
Province was at the production frontier of the nine provinces for a long time, and the
gap between the water use levels of different provinces is gradually expanding. The
upstream and midstream provinces of the Yellow River Basin should optimize the wa-
ter resources utilization pattern, combine the advanced experience of water resources
utilization in Shandong Province, and explore the effective ways to improve the level
of regional water resources utilization according to local conditions. Efforts should be
made to narrow the gap between water use level and that of downstream provinces.

(2) Technological progress TC is the dominant factor driving the TFP of water in the nine
provinces, and integrated technical efficiency change EC overall constrains the TFP of
water. Insufficient SEC and PEC are the main reasons for the productivity level gap
between upstream and downstream provinces and midstream provinces. The rele-
vant departments of water resources management in the Yellow River Basin should
strengthen the implementation of the most stringent water resources management sys-
tem. While ensuring technological progress, relevant departments should strengthen
the level of water resources management, promote the adjustment of its industrial
structure in areas lagging behind in water utilization, and force the improvement of
comprehensive technical efficiency of regional water resources utilization.

(3) There are significant regional differences in the match between the level of economic
and social development and the level of water utilization in the nine provinces, with
Gansu, Sichuan, Henan, Qinghai, and Shandong having a better match, but with
different match types. Among them, Gansu and Qinghai belong to the “low-low”
matching type, which needs to improve both the level of water utilization and the
level of economic and social development. The matching degree of CWUI and E-
SDL in Ningxia and Shanxi is poor, and there is no dynamic synergy between the
improvement of economic and social development level and the improvement of water
use level. The harmonious relationship between resource utilization and economic and
social development is an important foundation for regional sustainability. Moreover,
the nine provinces in the Yellow River Basin should explore new paths for high-quality
development based on a harmonious balance between the two.

The findings of the study clarify the characteristics of temporal changes and spatial
distribution patterns of water use levels in the nine provinces of the Yellow River Basin in
recent years. The key factors leading to the variation of total factor productivity of water
resources in the nine provinces are also identified, and the results of the study can provide
some basis for the strictest water resources management in different regions of the Yellow
River Basin. In addition, this paper analyzes the adaptation characteristics between water
resources utilization and economic and social development in the nine provinces, which
can provide some reference for the future high-quality development layout of the Yellow
River basin to a certain extent. It is also a useful exploration to carry out more complex
research on the relationship between water resources utilization and economic and social
development in the future.

Despite that, limitations also exist in the present study, which could be further im-
proved. First, the SBM-DEA model cannot allow further comparison of the CWUI values
of multiple effective DMUs. For example, in 2018, we learned that the CWUI of Inner
Mongolia, Shanxi, and Shandong are all one, but we cannot make further comparisons
of the three levels. A possible solution to this problem is to explore the applicability of
more comprehensive DEA models (e.g., super-efficient SBM-DEA models) in water use
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level studies. Second, the water use level involves many aspects such as resources, ecology,
economy, and society, etc. Although the input-output index system of water use level
constructed in this study covers as many representative indicators as possible, the extent to
which it can represent the real level of water utilization still needs to be further explored.
Third, this study explores the spatial matching characteristics between CWUI and E-SDL
using the method of calculating spatial matching based on the series distance. However,
this method cannot explore the degree of coordination of different variables on the time
series. In future research, a combination of multiple coordination relationship exploration
methods (e.g., Tapio decoupling model, coupling coordination degree model) can be used
to comprehensively explore the adaptation relationship between CWUI and E-SDL in both
time and space dimensions.
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Abstract: As one of the eight largest freshwater lakes in China, Wuliangsuhai Lake is an extremely
rare large lake with biodiversity and environmental protection functions in one of the world’s arid
or semi-arid areas and it plays a pivotal role in protecting the ecological security of the Yellow
River Basin. Heavy metals in sediment interstitial water, surface sediments, and sediment cores
of Wuliangsuhai Lake were investigated and analyzed, and the pollution degree evaluated based
on multiple assessment methods. The bioavailability of heavy metals of the surface sediments was
evaluated by calculating the ratio of chemical fractions of heavy metals. The toxicity assessment of
sediment interstitial water indicated that Ni, Zn, As, and Cd would not be toxic to aquatic ecosystems,
however, Hg and Cr in some regions may cause acute toxicity to the benthos. The ecological
assessment results of the surface sediments indicated that some areas of the lake are heavily polluted
and the main polluting elements are Cd and Hg. Cd has the highest bioavailability because of its
high exchangeable fraction ratio. In addition, exogenous pollution accumulated within 20 cm of
the sediment cores, and then, with the increasing of the depth, the pollution degree and ecological
risk decreased.

Keywords: heavy metals; sediment interstitial water; sediment; chemical fraction; ecological risk;
Wuliangsuhai Lake

1. Introduction

One of the eight largest freshwater lakes in China, Wuliangsuhai (WLSH) Lake is
a type of furiotile lake. Since the mid-19th century it has been under the influence of
geological movement and it is one of the most important and the largest lakes in the Yellow
River Basin. WLSH Lake is an extremely rare large lake with abundant biodiversity and
multi-environment functions in one of the world’s desert or semi-desert areas [1,2]. Its
environment and ecology has a significant impact on maintaining the ecological balance
and protecting the diversity of species in northwestern China. WLSH Lake not only
contains tremendous resources of aquatic plants, fisheries, birds, and tourism, but it is
also an important ecological barrier in northern China [3,4]. During the dry season it is
also a major water supply reservoir ensuring the continuous flow of the Inner Mongolia
section of the Yellow River, and during the ice-flood season of the Yellow River or local
rainstorms and flood seasons, it acts as a detention reservoir. It therefore has a huge and
irreplaceable role in maintaining the water system of Yellow River. WLSH Lake is an
extremely rare multi-function lake with high ecological benefits in a semi-desert area. At
present, nearly half of the surface water of the lake is covered with reeds, and the rest with
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aquatic plants, making WLSH Lake a typical macrophytic eutrophic lake. The ecological
security of WLSH Lake is an important for the stability of Hetao area. It accepts more than
90% of the farmland drainage of the Hetao area [5], and then discharges into the Yellow
River after the biochemical processes of the lake, which play a key role in improving the
water quality and regulating the water volume of the Yellow River, and controlling the
salinization of the Hetao area. These processes have reduced the direct impact of farmland
drainage on the water quality of the Yellow River.

In recent years, with the acceleration of industrialization and urbanization of Bayan-
naoer City, large quantities of industrial wastewater, urban domestic sewage, and agricul-
tural waste water are being poured into the lake [6,7]. Meanwhile, the heavy metals carried
by them are entering the aquatic ecosystem through a series of geochemical processes such
as direct discharge, atmospheric deposition, surface runoff, and soil erosion. Considerable
attention has been given to heavy metals in aquatic ecosystems because it is difficult for
them to be degraded by microorganisms after entering the aquatic environment, and they
can accumulate in the living body through food chains, destroying the normal physiological
metabolic activities of aquatic organisms, and high concentration are a potential risk to
human health [8–10]. The ecological environmental problems of WLSH Lake not only affect
the function of the lake, but also directly affect the regional food security and threaten the
safety of water supply in the middle and lower reaches of the Yellow River. Therefore,
investigating and assessing the current of heavy metal pollution in WLSH Lake is important
for ecological protection and high-quality development in the Yellow River Basin. Some
scholars have studied different aspects of the heavy metals in WLSH Lake from [11–13].
However, there are little research on the comprehensive monitoring and assessment of
heavy metals in this lake.

In aquatic systems, sediment serves as an important sink of heavy metals. After heavy
metals enter the water, except for the small amount that dissolves in the overlying water,
most can be absorbed into the sediment by complexation interaction with the organic mat-
ter, clay minerals, and sulfides in the sediment. Meanwhile, heavy metals in the sediment
are more likely to be resuspended in the sediment interstitial water when environmental
factors (e.g., wind–wave disturbance, pH, ORP, DO, and microbial activity) change [14].
Meanwhile, because of differential concentrations, heavy metals in sediment interstitial
water can be re-released into the overlying water by diffuse flux [15,16]. Therefore, inves-
tigating the concentrations of heavy metals in the sediment interstitial water and surface
sediments is of great significance for the study of lake water quality and aquatic organisms.
Moreover, the vertical concentrations of heavy metals in the sediment cores have been used
to study the degree of accumulation, exogenous sources, and further trends [17–20].

In addition, the total content of heavy metals in the sediment can provide information
about the pollution level, but it cannot reflect the potential ecological risk. The environmen-
tal behaviors and ecological effects of heavy metals in different chemical fractions are also
different [21,22]. The migration and transformation, toxicity, bioavailability and potential
ecological risk of heavy metals in sediment greatly depend on their different chemical frac-
tions. According to the BCR sequential extraction procedure [23], the heavy metals in the
sediments can be classified into four chemical fractions. Under certain conditions, these frac-
tions are easily released into the overlying water, thus causing secondary pollution [24,25].
Therefore, when evaluating the ecological risk of heavy metals in sediments, the chemical
fractions, especially the bioavailable fractions, should be taken into consideration.

In order to provide more comprehensive information about the heavy metals of the
WLSH Lake, this study (1) describes the contents of heavy metals in interstitial water and
surface sediments of WLSH Lake, (2) quantified the percentages of chemical fractions
of heavy metals at each sampling site; (3) investigated the vertical distribution of heavy
metals in sediment, and (4) comprehensively assessed the pollution degree and ecological
risk by the methods of enrichment factor (EF), geo-accumulation index (Igeo), toxic units
(ΣTUs) and toxic-risk index (TRI), risk-assessment code (RAC), and potential ecological
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risk index (RI) and to calculate the modified potential ecological risk index (MRI) based on
the chemical fractions.

2. Materials and Methods
2.1. Study Area

As the eighth largest freshwater lake in China, Wuliangsuhai Lake is the most typical
shallow grassy lake in an arid area, and is also an important site for water conservation, stor-
age, and water diversion in the middle and upper reaches of the Yellow River. Wuliangsuhai
Lake (108◦43′–108◦57′ E, 40◦27′–40◦03′ N) belongs to the lake area of Neimenggu-Xinjiang
Plateau, located in the city of Bayannaoer, in the Inner Mongolia Autonomous Region. It is
also in the arid and semi-arid area of northern China. The area where the basin is located
has strong solar radiation, rare rainfall, strong evaporation, a large difference between dry
and wet periods, a large temperature difference between day and night, and frequent wind
and sand weather. The region where the lake is located has four obvious seasons, and the
temperature varies greatly. There is less rainfall and more evaporation in the lake basin.

This lake covers 285.38 km2, including a reed area of 118.97 km2 and a clear water area
of 111.13 km2. In the clear water area there is a 85.7 km2 dense area of submerged plants
and the rest is swamp area. The lake is long from north to south and narrow from east to
west, with a length of 35–40 km, and a width of 5–10 km. The lakeshore is 130 km long and
the water storage is 2.5 to 300 million m3. Most of the lake water depth is between 0.5 and
2.5 m, and the average annual water depth is 0.7 m.

2.2. Sample Collection and Sample Preparation

According to the characteristics of water system of WLSH Lake, the village distribution,
land use, and administrative region, 23 sampling sites were selected (Figure 1). In August
2021, sediment samples were collected, and then eight sites were selected for collecting
the core samples of the sediments. All surface sediment samples were collected using a
Peterson grab bucket. At every sampling site, 5 cm of the surface sediment and four sub-
samples were collected. These were then mixed on the spot and put into a sterile sampling
bag. The core samples (S1, S2, S5, S6, S8, S10, S16, and S18) were collected by column
sampler (04.23 BEEKER, Eijkelkamp, Giesbeek, The Netherlands), and all the samples were
segmented into 5 cm layers, with each layer being placed in the sterile sampling bag. At
every core sampling site, three 3 sub-samples were collected and analyzed separately. All
of the samples were kept at temperatures below −4 ◦C and transported to the laboratory
within three days. In the laboratory, from each sampling site, approximately 250 g of
well-mixed fresh sediment sample was dispensed into several 100 mL centrifuge tubes, and
then centrifuged in 10,000 rmp for 10 min. Then, all the filtrate was mixed and filtered with
0.45 µm glass fiber filters. The obtained interstitial water was stored at −4 ◦C and analyzed
within three days. After centrifugation, the sediment samples were dried by cold-drying
and then the samples were sieved through a 40-mesh nylon sieve to remove rocks, organic
debris, and other debris and a portion of each sample (about 50 g) was ground in a mortar
and then sieved through a 100-mesh nylon sieve. The prepared samples were stored in
self-sealing bags at 4 ◦C for further analysis.

2.3. Analytical Methods

Heavy elemental analyses were performed at the Zhengzhou Key Laboratory of Water
Resource and Water Environment. As is metalloid, but for convenience of description, in
this study, As is classified as heavy metal. Heavy metals in sediment interstitial water were
digested by HNO3. The total content of heavy metals in the sediments was digested by
a mixture of acid (6 mL HNO3 + 3 mL HF + 1 mL H2O2) using a microwave digestion
platform (Milestone, ETHOS UP). Chemical fractions of heavy metals in the sediments were
extracted according to the BCR sequential extraction method, and the specific extraction
steps are shown in Supplementary Materials. The digestion method of the residual fraction
refers to the total content. Finally, the concentrations of all heavy metals were analyzed
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using inductively-coupled plasma-mass Spectrometry (ICP-MS, Agilent 8800, Agilent
Technologies, Santa Clara, CA, USA) according to HJ 700-2014 of the Ministry of Ecology
and Environment of China.

Figure 1. Locations of Wuliangsuhai Lake and sampling sites.

2.4. Quality Assurance and Quality Control (QA/QC)

The containers used in the study were soaked in 20% HNO3 solution (v/v) for 24 h
before use, and then rinsed with ultra-water (Milli-Q, ρ > 18 MΩ·cm) to prevent container
contamination. In order to ensure the accuracy and precision of the results, standard
samples were used between every 20 samples. Each sample was determined three times
in parallel, and the results expressed as the average value of the three parallel tests (error
range < 5%). Soil reference materials (aquatic sediment standard materials (GSD7)) were
used to control the quality during the determination process in the study, and the results of
recovery of each heavy metal are shown in Table S1. During the experiment, blank samples
were determined to eliminate the influence of background values.

2.5. Pollution Assessment Methods
2.5.1. Enrichment Factor (EF)

The enrichment factor (EF) is an important index to quantitatively evaluate accumu-
lation degree and pollution sources [26]. In order to reduce the influence of particle size
on heavy metal pollution assessment, a standard metal is generally used to normalize the
original data. Aluminum (Al) in the environment mainly comes from natural rock with
poor mobility, and is often selected as the standard metal. The EF is calculated as follows:

EF = (Ci/CAl)/(Bi/BAl) (1)

where Ci represents the measured concentration of metal i, CAl represents the measured
concentration of Al, Bi is the background value of metal i, and BAl is the background value
of Al. EF > 1 indicates anthropogenic contamination. According to the calculated values,
EF can be divided into five categories, which are shown in Table S2.

In this study, the background values of Henan Province soil were used to evaluate the
pollution degree and ecological risk of heavy metals in WLSH Lake.

2.5.2. Geo-Accumulation Index (Igeo)

The geo-accumulation index (Igeo) was proposed by Müller [27], and can evaluate the
pollution degree of heavy metals in various environmental media, especially sediments

142



Water 2022, 14, 1264

and soils. The pollution degrees of heavy metals are classified into seven levels based on
Igeo, and the equation for Igeo is presented as follows:

Igeo = log2
Ci

1.5× Bi
(2)

where, the meanings of Ci and Bi are consistent with EF. In order to minimize the variation
of background values caused by petrogenesis, a constant of “1.5” is introduced. The
classification of Igeo is shown in Table S3.

2.5.3. Potential Ecological Risk Index (RI)

The potential ecological risk index (RI) is widely used to evaluate the pollution levels
and ecological hazard degrees of heavy metals in sediments [28]. The equation for RI is
as follows:

RI = ∑ Ei
r = ∑ Ti

r × Ci
f = ∑ Ti

r × Ci/Bi (3)

where, the meanings of Ci and Bi are consistent with EF, Ci
f is the pollution index of metal i,

Ei
r is the potential ecological risk coefficient of metal i, Ti

r is the toxicity response coefficient
of metal i, and, in this study, the Ti

r for Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb were 2, 5, 5, 1,
10, 30, 40, and 5, respectively. RI is the total potential ecological risk of all the investigated
heavy metals. The classification and standard values of RI are shown in Table S4.

2.5.4. Toxic Units (ΣTUs) and Toxic-Risk Index (TRI)

Sediments quality guidelines (SQGs) can be used to assess potential ecological risks
caused by heavy metals in sediments. SQGs include threshold effect levels (TELs) and
probable effect levels (PELs) [29]. Adverse biological effects rarely occur at concentrations
lower than the TEL, but often occur at concentrations higher than the PEL. Based on the
ratio of measured values to PEL, ΣTUs can be used to evaluate the toxic effects of sediments,
and the equation is as follows:

∑ TUs = ∑
Ci

CPEL
(4)

After considering TEL and PEL, the comprehensive toxic effects of heavy metal in
sediments, that is, TRI, is calculated using the following equation:

TRI = ∑ TRIi = ∑

√
(Ci/CPEL)

2 + (Ci/CTEL)
2

2
(5)

where the meaning of Ci is consistent with EF, CPEL and CTEL are the corresponding PEL,
and TEL of metal i, respectively.

2.5.5. Risk-Assessment Code (RAC)

In this study, the risk-assessment code (RAC) proposed by Singh et al. [30] has been
used to assess the risk of secondary release of heavy metals from sediments in WLSH lake.
The calculation equation of the RAC is as follows:

RAC = Ce/Ct × 100% (6)

where Ce is the content of exchangeable and carbonate-bound heavy metal and Ct is the
total content of heavy metal. According to RAC values, the bioavailability of heavy metal
can be classified into five levels, which are shown in Table S5.
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2.5.6. Modified Potential Ecological Risk Index (MRI)

Different fractions of heavy metals have different potential ecological risks to the
environment. A modified potential ecological risk index (MRI) was applied to assess the
potential ecological risks of heavy metals. The MRI was calculated as follows:

Ω = A∂ + B (7)

C̃i = CiΩ (8)

C̃i
f = C̃i/Bi (9)

Ẽi
r = Ti

rC̃i
f (10)

MRI = ∑ Ẽi
r (11)

where, C̃i, C̃i
f , Ẽi

r, and MRI are the modified forms of Ci, Ci
f , Ei

r, and RI, respectively, Ω is
the modified indicator, A is the ratio of exchangeable fraction to the total, the value of B
is equal to 1-A, and ∂ is the toxicity coefficient corresponding to different percentage of
exchangeable fractions. Table S5 shows the values of ∂ obtained according to the values of
RAC and expert consultation.

2.6. Statistical Analysis

A geographic information system (GIS) was used to analyze the spatial distribution
of heavy metals in sediment interstitial water and sediments from the WLSH Lake. The
inverse distance (IDW) method was applied to map the spatial distribution of pollutants
based on ArcGIS 10.2 software (ESRI, Inc., Redlands, CA, USA).

3. Results and Discussion
3.1. Heavy Metals in the Sediment Interstitial Water

The material exchange across the sediment–water interface is mainly through sedi-
ment interstitial water, and the growth environment of the benthos and its toxicity is closely
related to sediment interstitial water. Therefore, sediment interstitial water plays an impor-
tant role in the geochemical cycling of heavy metals in lake systems [31,32]. In this study,
the concentrations of Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb in the sediment interstitial water
of WLSH Lake were investigated and analyzed. The spatial distribution characteristics of
heavy metals in the sediment interstitial water are illustrated in Figure 2.

As shown in Figure 2, there was a large difference in the spatial distribution of each
metal in the sediment interstitial water of WLSH Lake. The concentrations of heavy metals
in the western bank were generally higher than these in the eastern bank. The eight heavy
metals could be roughly classified into two types. The first was those whose concentrations
were generally higher in the estuary of the lake than in the center of the lake, with the
highest value occurring in the estuary of the Ninth Drain in the west lake. Heavy metals of
this type included Cr, Cu, Zn, and Hg. Concentrations of the second type, which included
Ni, As, Cd, and Pb, were higher in the middle of the lake.

This study evaluated the toxicity of heavy metals in interstitial water of WLSH Lake
to the aquatic ecosystem based on the National Recommended Water Quality Criteria by
EPA [33]. This criteria includes criterion continuous concentration (CCC) and criterion
maximum concentration (CMC). Chronic toxicity may occur to aquatic ecosystem if the
concentration of a heavy metal in the water exceeds its corresponding CCC value. Acute
toxicity may occur when the concentration exceeds its corresponding CMC value. The
concentration of heavy metals in the sediment interstitial water of WLSH Lake and EPA
water quality standard are shown in Table 1.
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Figure 2. Spatial distributions of Cr (a), Ni (b), Cu (c), Zn (d), As (e), Cd (f), Hg (g), and Pb (h) in
sediment interstitial water from the Wuliangsuhai Lake.

Table 1. Descriptive statistics of heavy metal concentrations in the sediment interstitial water of
Wuliangsuhai Lake and EPA water quality criteria (µg/L).

Cr Ni Cu Zn As Cd Hg Pb

Min 0.10 5.53 5.67 0 3.96 0 0.04 0
Max 30.04 31.42 34.41 34.38 72.69 0.23 4.23 5.19

Mean 8.44 10.69 15.43 6.56 16.28 0.08 0.58 0.82
SD 1 7.91 5.70 8.12 9.95 16.44 0.07 0.93 1.25

CMC 2 13 470 13 120 340 2 1.4 65
CCC 3 9 52 9 120 150 0.25 0.77 2.5

1 SD: standard deviation. 2 CMC: criterion maximum concentration. 3 CCC: criterion continuous concentration.

Comparing the concentrations of heavy metals in the sediment interstitial water with
the standard concentrations, the results showed that the average concentrations of Ni, Zn,
As, and Cd were less than the corresponding CCC values, that is, they would not cause
toxicity to the aquatic ecosystem. The average concentration of Cu was higher than that of
CCC-Cu, indicating that Cu in interstitial water of WLSH Lake may cause chronic toxicity
to the benthos, which should be paid attention to. The average concentrations of Cr and
Hg in the middle of the lake were less than the CCC value, while those in estuary were
higher than the CMC, indicating that Cr and Hg in the estuary may cause acute toxicity to
the aquatic ecosystem.

3.2. Heavy Metal in the Surface Sediments
3.2.1. Contents of Heavy Metals in the Surface Sediments

The descriptive statistics of the heavy metals concentrations in the surface sediments of
WLSH Lake as well as the background values (the soil background values of Inner Mongolia
from CNEMC, 1990), and the corresponding values based on SQGs are summarized in
Table 2. According to the background values of WLSH Lake, they indicated that the
concentrations of heavy metals except Cr and Zn in the surface sediments of this study
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were higher than their corresponding background values. Cd and Hg, in particular, had
average values 10.19 and 4.25 times higher, respectively, than their background values.

Table 2. Descriptive statistics of heavy metal concentrations in the surface sediments of Wuliangsuhai
Lake (mg/kg).

Cr Ni Cu Zn As Cd Hg Pb

Min 18.76 18.36 4.77 22.65 3.89 0.35 0.01 16.03
Max 45.27 31.06 65.44 68.11 17.26 0.92 0.51 53.93

Mean 32.76 25.90 18.01 38.69 10.13 0.54 0.17 29.17
SD 8.72 3.58 12.67 10.42 3.30 0.15 0.11 10.24

TEL 1 43.4 22.7 31.6 121 9.8 0.99 0.18 35.8
PEL 2 111 48.6 149 459 33 5 1.1 128
BV 3 41.4 19.5 14.1 59.1 7.5 0.053 0.04 17.2

1 TEL: threshold effect level. 2 PEL: probable effect level. 3 BV: background value.

The average concentrations of Cr, Ni, Cu, Zn, Cd, Hg, and Pb were lower than their
corresponding TEL values. Furthermore, the maximum concentrations of Cr, Cu, As, Hg,
and Pb exceeded the corresponding TEL values by 1.04, 2.07, 1.76, 2.83, and 1.51 times,
respectively. In addition, the maximum concentrations of all the heavy metals were lower
than their corresponding PEL values. Thus the adverse biological effects in some regions
were probable but would not be frequent.

Comparing the heavy metal concentrations in the surface sediments of WLSH Lake
with the published literature of other freshwater lakes in China and abroad (Table 3),
revealed that compared with algae lakes (e.g., Taihu Lake and Chaohu Lake), the heavy
metal concentrations in WLSH Lake were not high. Nevertheless, compared with other
lakes in the Neimenggu-Xinjiang Plateau (e.g., Hulun Lake), the average concentrations
of Cd and Hg in WLSH Lake were relatively high. In general, the pollution degrees of
heavy metals in sediments from the lakes in economically developed areas (e.g., Taihu
Lake (Jiangsu Province) and Dongting Lake (Hunan Province)) were higher than those in
economically developing areas in China. Obviously, the heavy metal concentrations in lake
sediments were related to the intensity of human activities.

Table 3. Comparison the concentrations of heavy metals in the surface sediments of Wuliangsuhai
Lake and other freshwater lakes in China and abroad.

Cr Ni Cu Zn As Cd Hg Pb

Wuliangsuhai L., China 32.76 25.90 18.01 38.69 10.13 0.54 0.17 29.17
Taihu L., China [34] 68.09 36.23 34.14 105.55 9.82 0.14 0.11 33.55

Chaohu L., China [35] 81.9 37.2 28.9 152 11.99 0.44 0.134 52.4
Baiyangdian L., China [36] 30.13–86.00 22.00–40.00 16.13–204.02 41.63–263.00 NA 0.19–2.47 NA 25.33–99.26

Hulun L., China [37] 31.37 15.61 16.17 48.43 10.36 0.09 0.019 20.87
Dongting L., China [38] 88.29 41.65 47,48 185.25 29.71 4.65 0.157 60.99

Erie L., USA [39] 46.4 28.3 27.3 123.4 11.7 2.8 NA 75.5
Jinzai L., Japan [40] 42 11 34 215 14 NA NA 24

Veeranam L., India [41] 88.20 63.61 94.12 180.08 NA 0.81 NA 30.06
Gökçekaya L., Turkey [42] 239.67 132.38 107.88 287.11 17.02 0.027 0.027 92.92

NA: not applicable.

3.2.2. Chemical Fractions of Heavy Metals in the Surface Sediments

The heavy metals in sediments exist in different fractions, mainly including the ex-
changeable fraction, the reducible fraction, the oxidizable fraction, and the residual fraction.
Among these, the first three fractions are referred to as extractable fractions. They can be
used by organisms and are potentially harmful to the ecological environment.

Figure 3 illustrates the percentages of chemical fractions for each heavy metal in the
sediment from WLSH Lake. As shown in Figure 3, Ni, Cu, Cd, and Hg were mainly
in the extractable fraction. The percentage of Cd in the exchangeable fraction ranged
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from 28.69 to 50.83%, and the lakeshore in the northwest had relatively high levels. The
percentages of the reducible and oxidizable fractions ranged from 17.45 to 38.48% and
6.76 to 14.61%, respectively. In the extractable fraction, Hg was mainly in the oxidizable
fraction, and ranged from 21.75 to 33.67%, followed by the reducible fraction, with the
average value of 13.55%. Moreover, Ni and Cu were mainly in the reducible fraction, and
the amounts of the acid-soluble and reducible fractions were relatively lower.

Figure 3. Percentages of the chemical fractions for (a) Cr, (b) Ni, (c) Cu, (d) Zn, (e) As, (f) Cd, (g) Hg,
and (h) Pb in 23 sediment samples from Wuliangsuhai Lake.

147



Water 2022, 14, 1264

The residual fraction is extremely stable and hardly used by organisms [25]. The
percentages for chemical fractions of Cr, Zn, As, and Pb in the surface sediments of WLSH
Lake were mainly in the residual fraction, especially for As and Pb, which were 94.05% and
81.57%, respectively. In contrast, to the residual fraction, the greater the proportion of the
extractable fraction of the heavy metals, the greater their bioavailability, the more likely
they are to be released to cause secondary pollution, and the more likely to pose a potential
threat to the environment. In this study, the potential bioavailability of the eight metals
was ranked as Cd > Cu > Ni > Hg > Cr > Zn > Pb > As.

3.2.3. Pollution Assessment of Heavy Metals in the Surface Sediments

After normalization with the element Al, the EF value of each heavy metal was
calculated by comparing the measured concentration to its corresponding background
value, and the results are shown in Table 4. The average EF value of Cd was 3.51, showing
that it reached moderate enrichment; the average EF value of Hg was 1.94, showing that
Hg was in minimal enrichment, however, the EF value of Hg at S7 was as high as 10.62,
reaching significant enrichment. The EF values at some sampling sites of Ni, Cu, and As
approximated 1, indicating that the metals were considered to be partly contaminated. The
EF values of Pb, Cr, and Ni in all sampling sites were lower than 1, indicating that these
metals may not be contaminated by anthropogenic sources. The average enrichment degree
decreased in the order of Cd > Hg > Pb > As > Cu > Ni > Cr > Zn.

Table 4. The EF value of each heavy metal in the surface sediments of Wuliangsuhai Lake.

Cr Ni Cu Zn As Cd Hg Pb

Min 0.20 0.25 0.20 0.12 0.16 2.36 0.03 0.42
Max 0.42 1.18 3.13 0.49 1.31 5.64 10.62 0.78

Mean 0.27 0.52 0.53 0.23 0.55 3.51 1.94 0.56

Figure 4a–h illustrates the spatial distribution characteristics of Igeo values of each
heavy metal, and Figure 4i was the violin plot of Igeo. As shown in Figure 4, the concentra-
tions of Ni, As, and Hg showed similar spatial distribution. The highest concentrations
of those metals were near the lake entrance in the northeastern lake owning to the large
amount of drainage water from the Hetao irrigation area and industrial wastewater and
domestic sewage from upstream, all discharged into the lake through lake entrance. In
addition, dense emerged plants slowed the water flow. As a result, heavy metals in water
were absorbed by sediments and accumulated. Moreover, the sampling sites with the
highest Cd and Pb contents were located in the estuary near the Total Drain. This may
have been because that the mobility of Cd and Pb is strong, and long-term closure of the
water gate makes the sedimentary environment relatively stable, which is conductive to
the accumulation of Cd and Pb. The high value area of heavy metals except Hg was in the
northern lake. The reason for this is that mixed sewage is discharged from the northern lake,
and then is diverted to the south after being blocked by the reeds. During the diversion, it
is mixed with the waste water from the Total Drain, which makes a high content of heavy
metals in the northern part of WLSH Lake. As shown in Figure 4i, the mean Igeo values of
the heavy metals ranked as Cd > Hg > Pb > Ni > As > Cu > Cr > Zn, and the mean Igeo
values of Ni, As, Cu, Cr, and Zn were all less than 0. According to Igeo classification, the
mean Igeo of sediments in WLSH Lake indicated that it was unpolluted by Cr, Ni, Cu, Zn,
or As, unpolluted to moderately polluted by Pb (0.10), moderately polluted by Hg (1.08),
and moderately to strongly polluted by Cd (2.73). The maximum value of Igeo-Cd was
3.37, showing that it was strongly polluted. The Igeo values of Cr and Zn in all sampling
sites were less than 0, indicating that the heavy metal pollution in the surface sediments of
WLSH Lake was mainly caused by other metals. The sampling sites with Igeo values greater
than 0 for Ni, Cu, and As accounted for 17.4%, 21.7%, and 30.4% respectively.
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Figure 4. Igeo assessment results of heavy metals in the surface sediments (a) Cr, (b) Ni, (c) Cu, (d) Zn,
(e) As, (f) Cd, (g) Hg, and (h) Pb from Wuliangsuhai Lake. (i) violin plot of Igeo.

The potential ecological risks of heavy metals in the surface sediments of WLSH Lake
were calculated based on Equation (3). Figure 5a shows the Ei

r value of each metal, and
Figure 5b illustrates the spatial distribution characteristics of RI. The mean Ei

r value were
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ordered as follows: Cd > Hg > As > Pb > Ni > Cu > Cr > Zn. The Ei
r values of Cr, Ni, Cu,

As, and Pb were less than 40 at all sampling sites, indicating that these metals were at low
risk. The mean Ei

r values of Cd and Hg were 307.89 and 171.42, corresponding to high risk.
The maximum Ei

r values of Cd and Hg were 519.20 and 505.51, respectively, corresponding
to very high risk. With respect to Cd, 62.5% of the sampling sites were at considerable risk,
and the rest were at high to very high risk. The average RI value of the surface sediments
in WLSH Lake was 516.34. According to the classification of RI, the surface sediments of
WLSH Lake posed a considerable risk. Due to the high enrichment and strong toxicity,
Cd and Hg had the highest contribution rate to RI. The RI values at S1, S2, S7, and S15
sampling sites were all higher than 600, corresponding to very high risk. These sampling
sites were located in the central lake. Overall, the ecological risks in the central lake were
higher than these in lakeshore. The spatial distribution characteristics of RI were similar to
those of Zn, Cd, Hg, and Pb.

The ΣTUs and TRI distributions and values of individual metals are shown in Figure 5e–h.
Previous studies have shown that when ΣTUs < 4, the sediment will not cause the death of
amphipod C. volutator (Pallas), nor will it cause the acute toxicity to V. fischeri. However,
when ΣTUs is higher than 4, significant toxicity will occur [19,43]. Therefore, ΣTUs of 4
is the vital threshold to identify whether heavy metals in sediment will have toxic effects.
However, there was no site with ΣTUs values higher than 4.0. The results of ΣTUs showed
that the potential eco-toxicity of Ni, As, and Cr was higher than that of other metals, but
this is not consistent with the actual pollution situation. This may because of the high PEL
value, which cause misjudgment of potential eco-toxicity. Thus, ΣTUs is not suitable for
WLSH Lake. Based on TRI results, TRI values ranged from 2.96 to 6.34, with the highest
value in the center lake and the lowest in the midwestern lakeshore. Spatially, the TRI of
the study area increased from the west to the middle, and then decreased from the middle
to the east. This method takes the PEL and TEL into consideration, which can provide more
reference information for actual pollution estimation.

The exchangeable fraction of heavy metals in sediments is the most sensitive to
environmental changes. The exchangeable fraction is easily released under neutral or acidic
conditions, due to its weak bonding force, so it has the ability of rapid desorption and
high bioavailability. As shown in Figure 5g, the bioavailability of heavy metals in this
study varied greatly, and the bioavailability of each heavy metal had spatial differences.
In general, the heavy metals in the surface sediments of WLSH Lake can be classified into
three groups: the RAC values of Cr, Zn, As, and Pb in all sampling sites were less than
10%, corresponding to no to low risk; the RAC values of Cu, Ni, and Hg were less than
30%, corresponding to low to medium risk; the RAC values of Cd ranged from 28.69% to
50.83%, with an average value of 35.50%, indicating that Cd in the surface sediments of
WLSH Lake was at high risk, while Cd in S4 sampling site was at very high risk. The results
showed that a high proportion of Cd in the surface sediments existed in the fraction of
active adsorption. The assessment results were similar to those based on the total contents,
but there were some differences, indicating that the chemical fractions had an impact on
the ecological risk of sediments.

In this study, MRI, which is a modified index of RI, takes the toxicity and concentration
of F1 fraction into consideration. Compared with RI, in some cases, MRI can better assess the
actual ecological risk of sediments. As shown in Figure 5h, the MRI values of 23 sampling
sites were all higher than the corresponding RI values. Both RI and MRI of S1, S2, S7,
S12, and S15 were at very high risk. Moreover, RI of S4, S5, and S18 were at high risk,
while the MRI values of these sampling sites were at very high risk. Compared with other
sampling sites, MRI values were significantly higher than RI values at heavily polluted
sites, showing that the percentage of F1 has a great influence on the MRI values. Since
most of exchangeable heavy metals were mainly from anthropogenic sources, MRI can be
considered to be more suitable for assessing the ecological risk of heavy metals in sediments
which are under the influence of human activities.
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Figure 5. Risk assessment by RI (a,b), ΣTUs (c,d), TRI (e,f), RAC (g), and MRI (h).
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The above assessment results indicated that the heavy metals in the surface sediments
of WLSH Lake were at considerable risk, with the pollution degree in the central part of
northern lake being the highest. The enrichment degree, potential ecological risk, and
biological toxicity of most heavy metals were higher in the central part of northern lake,
while the southern lakeshore region was less polluted. Compared with other heavy metals,
Cd was the primary pollutant in the surface sediments of WLSH Lake. The average
concentration of Cd in the surface sediments of WLSH Lake was 10.1 times that of the
corresponding value, reaching significant enrichment in some regions. This may be because
these is a large amount of farmland around WLSH Lake, and the use of phosphate fertilizers
causes the increase of Cd contents in the sediments. In addition, the plastic films used in
greenhouses also contain Cd, further increasing the Cd loading in the sediments. Moreover,
both industrial wastewater and domestic sewage are drained into the lake, leading a high
risk of heavy metals.

3.3. Heavy Metals in the Sediment Cores
3.3.1. Contents of Heavy Metals in the Surface Sediments

The contents of heavy metals in eight sediment cores are shown in Figure 6. The
contents of heavy metals in sediment cores decreased with the depth. When the depth of
the sediment reached 40 cm, the contents tended to gradually stabilize. Therefore, this study
regarded the sediment layers blow 45 cm as the “unpolluted layer of the lake”. Meanwhile,
the sedimentation rate of the WLSH Lake is 9–13 mm/a [44] (The effect of lake disturbance
on sedimentation rate was not considered). Based on this, the sediment profile of 40 cm
corresponded to the 1970s. In this study, the “unpolluted sediment layer of the lake” was
45–80 cm, which can be considered as the “background layer” before industrialization.

Figure 6. Profile of heavy metals from sediment cores in Wuliangsuhai Lake: (a) Cr, (b) Ni, (c) Cu,
(d) Zn, (e) As, (f) Cd, (g) Hg, (h) Pb.

3.3.2. Pollution Assessment of Heavy Metals in Sediment Cores

Figure 7 illustrates the average values of RI, ΣTUs, and TRI of eight sediment cores. As
shown in Figure 7a, the primary pollutant of sediment cores was Cd, and the contribution
rate of Cd to RI in each layer was the highest. The RI values in the surface sediments
(0–20 cm) were much higher than those of bottom sediments (depth > 20 cm). The RI value
of sediments at the depth of 0–5 cm was 2.69 times that of the sediments at the depth of
75–80 cm, indicating that the surface sediments were greatly disturbed by human activities.
It can be seen from Figure 7b,c that the vertical distribution characteristics of ΣTUs and TRI
were similar. The values of ΣTUs and TRI of sediments at depth of 0–20 cm were greater
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than those at depth > 20 cm. However, the variation trend of TRI with depth was more
obvious than that of ΣTUs. Ni had the highest contribution rate to ΣTUs and TRI, and
the contribution rates at the bottom sediments (depth > 20 cm) were higher than those at
the surface sediments (0–20 cm), which also demonstrated that the Ni contents had little
differences in each layer. In the surface sediments, the contribution rates of Cd to ΣTUs
and TRI were 6.26% and 9.38%, respectively, showing that TRI was more sensitive to the
changes in metal contents. Combined with the three assessment results, it was indicated
that the ecological risk and biological toxicity at the surface sediments (0–20 cm) were
higher than those at the bottom sediments. As the depth increased, the ecological risk and
biological toxicity gradually decreased.

Figure 7. The assessment results of (a) RI, (b) ΣTUs, and (c) TRI of sediment cores from
Wuliangsuhai Lake.

4. Conclusions

In this work, eight heavy metals (Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb) in sediment
interstitial water, surface sediments, and sediment cores from Wuliangsuhai Lake were
investigated. The chemical fractions of heavy metals were obtained using the BCR extrac-
tion procedure. Then, the pollution assessment of these heavy metals was studied using
enrichment factor, geo-accumulation index, potential ecological risk, SQGs, and modified
potential ecological risk based on risk assessment code. Comparing the concentrations of
heavy metals in the sediment interstitial water with the National Recommended Water
Quality Criteria by EPA, indicated that Ni, Zn, As, and Cd would not be toxic to aquatic
ecosystems, however, Hg and Cr in some regions may cause acute toxicity to the benthos.
The mean concentrations of Ni, Cu, As, Cd, Hg, and Pb in the surface sediment exceeded
the geochemical background values. Cr, Zn, Cd, and Pb exhibited similar spatial distri-
butions in concentrations, with the highest value appearing at the estuary near the Total
Drain. In contrast, the highest concentration values of Ni, As, and Hg were at the northeast
of lake. Based on the pollution assessment results, Cd is the primary pollutants in WLSH
Lake, which deserves attention. The bioavailability and mobility of heavy metals followed
a decreasing order of Cd > Ni > Cu > Hg > Zn > Pb > As > Cr. The concentrations and
ecological risk of heavy metals in sediment decreased with the increase in depth.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14081264/s1, Text S1: Steps of BCR, Table S1: Results of the
recovery test of standard samples (GSD7), Table S2: Classification of EF, Table S3: Classification of
Igeo, Table S4: Indices and grades of potential ecological risk, Table S5: Classification of RAC and
values of ∂.
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Abstract: The “7.20” rainstorm and flood disaster in 2021 occurred in Zhengzhou and adjacent areas
of Henan province. According to the Maximum Rainfall Data of Different Periods and the “7.20”
rainstorm data of the section from Xiaolangdi to Huayuankou of the Yellow River in 2021, i.e., thirteen
kinds of automatic monitoring rainfall data in minutes and six kinds of manual monitoring rainfall
data in hours, the rainfall frequency curves of two representative periods of ten reference stations are
established using Pearson-III distribution. The return periods of “7.20” rainstorms with maximum
24 h greater than 300 mm and maximum 6 h greater than 100 mm are calculated. The results show
that the influence of “7.20” rainstorms on the rainfall return period is obvious. For the ten reference
stations, all the maximum 24 h rainfall of “7.20” rainstorms ranked in the first of the series. When
establishing the frequency curve, if this value is considered, the largest return period occurs at Sishui
station, with a return period of 486 years. Otherwise, the return period of Sishui, Mangling, Minggao,
and Xicun stations will exceed 10,000 years. Among ten reference stations, the largest proportion of
the maximum 6 h rainfall between “7.20” rainstorms and historical series is Minggao station. Taking
Minggao station as an example, the return period is about 200 years when considering the “7.20”
value to establish the frequency curve, otherwise it is about 3000 years. The results can provide
technical support for the analysis of the rainstorm return period and the flood control operation in
the lower Yellow River.

Keywords: return period; Pearson-III distribution; “7.20” rainstorm; Yiluo River basin; Xiaohua
section

1. Introduction

Global warming and the acceleration of urbanization have made extreme weather
events more serious and frequent in many countries and regions [1–3], and the frequency
of extreme precipitation is still increasing [4]. From 17 to 23 July 2021, Henan province
suffered a rare heavy rain in history, resulting in serious floods; especially, on 20 July,
Zhengzhou suffered heavy casualties and property losses [5,6]. The “7.21” rainstorm in
Beijing in 2012 caused urban waterlogging [7,8]. A rare heavy rain occurred in Shiyan
and Xiangyang in Northwest Hubei from 4 to 6 August 2012 [9], and the maximum 24 h
rainfall was 685.5 mm. An extreme rainstorm occurred in Jinan on 18 July 2007 [10]. The
phenomenon of “seeing the sea in cities” has occurred repeatedly in major cities of China.

Scholars have fully studied extreme precipitation events in different regions from
different timescales [11–13]. Manton et al. [14] found that where the number of precipi-
tation days decreased, extreme heavy precipitation events increased. The multivariable
hydrological frequency analysis method has been widely used in the risk analysis of urban
flood disaster. For example, Zellou and Rahali [15] used the multivariable hydrological
frequency analysis method to analyze the encounter risk of precipitation and tide level,
the two main disaster-causing factors in the bouregreg estuary of Morocco, and the urban
risk. The maximum entropy principle was applied to calculate the return period of extreme
precipitation based on the Mann–Kendall test [16–18]. The climatic factors of rainstorm
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and waterlogging in different regions are obviously different, but extreme weather leads to
the increase of extreme precipitation events and local flooding frequency, which is a new
challenge for different countries, cities, and regions.

The return period refers to an average of hydrological events that can occur in a num-
ber of years during long periods [19–21]. It is a design standard widely used in the planning
program, operation and management of water conservancy, and hydropower projects and
civil engineering [22–24]. It is mainly determined by the importance of engineering and
the result of damage to the project of hydrological events [25–27]. Relevant scholars have
conducted a lot of research on the return period of rainstorms using different methods,
such as the Copula function [28–30], multi-mode coupling [31], risk analysis [32], annual
maximum sampling [33], random rainstorm transplantation [34–37], the long-term com-
prehensive rainstorm formula based on the attenuation rainstorm characteristics [38–41],
and so on. Ding et al. [28] used Copula functions to develop the multivariate joint distri-
bution of annual maximum storms at Heyuan Station of Dongjiang River Basin, and the
probability of different joint storm variables and the corresponding return periods were
analyzed. The extreme precipitation frequency estimation based on the annual maximum
series was revised by using the hydrometeorological regional L-moments method and
Chow’s equation for Jiangsu Province [33].

There have been a lot of studies on extreme precipitation and the rainstorm return
period, and some experts have also studied the characteristics and causes of extreme
rainstorm precipitation in Henan [42–45]. However, there is no clear understanding of
the study on the return period of rainstorms in Xiaohua interval and Yiluo River Basin
of the Yellow River. Especially when the current rainfall is the maximum value of the
series, it is not clear whether the maximum value is considered when establishing the
frequency curve.

For “7.20” rainstorms in the Xiaohua Section, the current rainfall of many stations
is the maximum of the series. However, different results about the return period of this
heavy rain were provided. Some people believe the return period is about 1000 years, while
others believe it is more than 10,000 years.

When the current rainfall of a single station is the maximum of the series, should
it be considered in establishing the Pearson-III frequency curve when analyzing rainfall
recurrence? What is the difference between considering this value or not? Is this the main
reason that causes the different conclusions of the recurrence?

To answer these questions, ten stations with long series rainfall observation data
in the study area were selected as representatives. The Pearson-III distribution was
adopted to fit the line and return periods of 42 rainfall stations with maximum 24 h
rainfall more than 300 mm and 46 rainfall stations with maximum 6 h rainfall more than
100 mm were presented.

Therefore, the main objective of this work is to study the return period when the
current rainfall is the maximum value of data series of analyzed rainfall stations. The
results can provide technical support for the analysis of the rainstorm return period and
flood control operation in the lower Yellow River.

2. Data and Method
2.1. Study Area

The Xiaohua Section of the Yellow River includes the main stream section from Xi-
aolangdi to Huayuankou, and the tributaries including Yiluo River and Qin River (shown
in Figure 1).

The Yiluo River is an important primary tributary of the Yellow River, and one of
the main sources of flood in the lower reaches of the Yellow River [46]. It originates from
Luonan, Shaanxi Province, with a basin area of 18,881 km2, involving 21 counties and cities
in Henan and Shaanxi provinces. The controlling station of Yiluo River entering the Yellow
River is Heishiguan hydrological station, above which the catchment area is 18,563 km2.
The main stream, Luohe River, is 446.9 km and the tributary Yihe River is 264.8 km.
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Figure 1. The location of the Xiaohua section of the Yellow River.

The Qin River is a primary tributary of the Yellow River located in the northern region
of Xiaolangdi to Huayuankou section, with a basin area of 13,532 km2. It originates from
Qinyuan County, Shanxi Province. Wuzhi hydrological station is the controlling station of
Qin River entering the Yellow River, above which the catchment area is 12,880 km2 (shown
in Figure 1).

2.2. Basic Data

According to Tables 1 and 2 of the Maximum Rainfall Data of Different Periods over
the years, thirteen kinds of automatic monitoring rainfall data in minutes and six kinds of
manual monitoring rainfall data in hours were used, and ten long-series rainfall stations
were selected, including Xiaoguan, Sishui, Mangling, Jiulongjiao, Guangwu, Wulongmiao,
Minggao, Lijiajie, Dongdi, and Xicun (shown in Figure 2). The annual maximum 24 and 6 h
rainfalls were selected from the same tables over the years. The above data are shown in
the Hydrology Yearbook of the Yellow River Basin [47].

Table 1. The top 20 daily rainfall events (mm).

No. Station Date Rainfall No. Station Date Rainfall

1 Fenggou 20 July 454.5 11 Heluozhen 20 July 326
2 Liuhe 20 July 429 12 Xinzhong 19 July 322
3 Duanhecun 20 July 424.5 13 Shidonggou 20 July 316
4 Huancuiyu 20 July 396.5 14 Honghe 19 July 312.5
5 Huancuiyu 19 July 390.5 15 Zhulin 20 July 309
6 Hegou 20 July 386 16 Gongchuan 19 July 309
7 Xiaoguan 19 July 366 17 Gaoshan 20 July 308
8 Xinzhong 20 July 362.5 18 Zhulin 19 July 304.5
9 Llijiaguan 19 July 360.4 19 Shennan 20 July 298
10 Xiayu 19 July 341.5 20 Liangshuiquan 19 July 295
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Table 2. The average rainfall in each region on July 18 to 22 in the Xiaohua section.

Section
Covered Area under Different Rainfall

Area/km2
Mean
Rain-

fall/mm0~100 100~200 200~300 300~400 400~500 500~600 600~700 700~800 800~860

Upper Baimasi 7276 3964 629 21.8 0 0 0 0 0 11,891 102.6
Upper

Longmenzhen 796 3264 1100 149 7 2 0 0 0 5318 165.3

B, L~Heishiguan 0 221 436 372 315 33.0 5.2 1.7 0 1384 315.7
Upper Runcheng 5272 1580 406 13.9 0 0 0 0 0 7273 88.4

R~Wulongkou 14 499 706 659 94.6 0 0 0 0 1972 266.4
Upper Shanluping 10 631 1619 439 350 0 0 0 0 3049 266.1

W, S~Wuzhi 0 0 48.1 412 119 7.83 0 0 0 586 364.7
Xiaohua main

stream 0 157 778.3 1603 1065 391 205 119 23 4342 395.1

Xiaohua Section 13,368 10,317 5724 3669 1950 434 211 121 23 35,815 180.9
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Figure 2. The runoff composition diagram of “7.21” flood at Huayuankou station.

In this paper, the time interval rainfall data of 980 rainfall stations (shown in Figure 3)
during the “7.20” rainstorm period in 2021 were collected to draw the rainfall isogram. The
long-series annual maximum 24 h and annual maximum 6 h rainfall data of ten reference
rainfall stations were collected. The locations of 42 rainfall stations with the maximum 24 h
rainfall greater than 300 mm and 46 rainfall stations with the maximum 6 h rainfall greater
than 100 mm are shown in Figure 3.

2.3. Method

The ultimate aim of the hydrology frequency calculation is to determine the design
value corresponding to the given design frequency. It stipulates that the line type of the
frequency curve generally adopts Pearson-III distribution in the code for calculation of
design flood of water conservancy and hydropower project [48].

The P-III curve is an unsymmetrical single-peak and positive partial curve with
one infinite end. The probability density function of the Pearson-III curve is written as
follows [49,50]:

f(x) =
βα

Γ(α)
(x − a0)

α−1e−β(x−a0)dx (1)

where: Γ(α) is the Gamma function, and α, β, and a0 are the shape, scale, and position
parameters of the P-III distribution (α > 0, β > 0).
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After the integration, standardized transformation, and simplification for Formula (1),
the equation for calculating the design value of the given design frequency can be
deduced as:

XP = x × (1 + CVΦP)

= x
(

1 + CV

(
CS×TP

2 − 2
CS

))

= x
(

1 + CV×CV×CS/CV×TP
2 − 2CV

CV×CS/CV

)

= x
(

1 + CV
2×CS/CV×TP

2 − 2
CS/CV

)

= x
(

1 + CV
2×CS/CV×Gammainv(1−P,α,β)

2 − 2
CS/CV

)

= x
(

1 +
CV

2×CS/CV×Gammainv(1−P,4/CS
2,β)

2 − 2
CS/CV

)

(2)

where:
ΦP = Cs/2 × TP − 2/CS (3)

TP = Gammainv(1 − P, α, β) (4)

α = 4/C2
S, β = 1 (5)

where P is the given design frequency, XP is the design value of the given design frequency,
and Gammainv is the inverse function of the Gamma function. The macro command
programming in Excel was used to find out the mean value, x, variation coefficient, CV,
coefficient of skew, CS, and Gammainv (1 − p, alpha and beta) of series xi (i = 1, 2, . . . , n),
and to draw the Pearson-III frequency curves of the series (XP). The parameters of mean,
CV, and CS/CV were determined by the estimation of the line-fitting method. According to
Formula (2), the frequency corresponding to the rainfall or peak discharge was calculated.
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3. Results and Discussion
3.1. “7.20” Rainstorm and Flood

The continuous heavy rain process occurred in the section from Xiaolangdi to
Huayuankou on 18 to 22 July. There were 70 rainfall stations with cumulative rainfall
over 400 mm. The number of stations with daily rainfall exceeding 50 mm was up to 762,
and the maximum daily rainfall was 454.5 mm in Fenggou station. The top 20 daily rainfall
events occurred on 20 July and 19 July, as shown in Table 1.

Affected by rainstorm, the peak flow of Heishiguan station in Yiluo River was
1050 m3/s at 3:00 on 21 July, and that of Wuzhi station in Qin River was 1510 m3/s
at 3:12 on 23 July, which was the largest peak flow since 1982. After confluence of floods in
Yiluo River, Qin River, and the Xiaohua main stream, the peak flow of Huayuankou station
of the Yellow River reached 3650 m3/s at 1:24 on 21 July (shown in Figure 3).

3.2. The Comparison of Historical and Current Maximum 24 h Rainfall

The maximum 24 h rainfall of “7.20” rainstorms of all ten reference stations was greater
than that of the history series data (shown in Figure 4), and some stations were 2–3.6 times
the historical maximum. The maximum 6 h rainfall of six reference stations was greater
than the historical series data (shown in Figure 5).
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Figure 4. The maximum 24 h rainfall of ten reference stations between historical and “7.20” rainstorms.
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Figure 5. The maximum 6 h rainfall of ten reference stations between historical and “7.20” rainstorms.

3.3. The Analysis of Rainfall Isogram

The rainstorm covered the main stream of Xiaohua section, the lower region of the
intersection of Yihe River and Luohe River, and the middle and lower reaches of Qinhe River.

The heavy rainstorm center was Liuhe station in the main Yellow River with the
rainfall of 860 mm. The average rainfall in Xiaohua section was 180.9 mm on 18 to 22
July. It reached 395.1 mm in the main stream of the Xiaohua section of the Yellow River,
while it was 315.7 mm in the region from Longmenzhen, Baimasi, to Heishiguan. It was
266.4 mm in the region from Runcheng to Wulongkou of Qinhe River, and 266.1 mm above
Shanluping hydrological station in Danhe basin (shown in Figure 6 and Table 2).
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Xiaohua section.

3.4. The Frequency Curve and Return Period

The rainfall in two representative periods of the ten reference stations was analyzed
by the P-III; frequency curve. The frequency curve was established in two cases: not
considering the current rainfall, i.e., selecting the series up to 2020, and considering the
current rainfall, i.e., the data in 2021 participating in the frequency analysis.

The Moment Method was used to estimate the parameters, and the deviation square
sum minimum criterion was used to automatically optimize the line fitting. Finally, the
parameters of mean, CV, and CS/CV were determined by the estimation of the line-fitting
method. According to Formula (2), the return period of “7.20” rainfall for the 10 reference
stations was calculated.

Taking Wulongmiao station as an example, the frequency curve of annual maximum
24 h rainfall is shown in Figures 7 and 8. The frequency analysis parameters of annual
maximum 24 h rainfall of the reference stations are shown in Table 3.
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Figure 7. The frequency curve of the maximum 24 h rainfall of discontinuous 40 years in 1978~2020
at Wulongmiao station.
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Figure 8. The frequency curve of the maximum 24 h rainfall of discontinuous 41 years in 1978~2021
at Wulongmiao station.

Table 3. Frequency analysis parameters and return period of maximum 24 h rainfall of “7.20” flood
in 2021 for reference stations.

No. Station Series/a
Parameters

Max/mm Frequency/%
Return

Period/aMean/mm Cv Cs/Cv

1 Xiaoguan 34 96.2 0.51 3.5 228.5 0.057 1754
35 104.8 0.65 3.5 397.4 0.602 166

2 Sishui
38 84.0 0.41 3 139.8 0.009 11,123
39 89.8 0.52 3 309.8 0.2056 486

3 Mangling 32 67.8 0.42 5 143.7 0.00113 88,730
33 77.1 0.85 5 372.8 0.951 105

4 Jiulongjioa 40 72.4 0.45 4 161.4 0.01174 8515
41 78.4 0.62 4 320.4 0.03733 268

5 Guangwu 30 76.5 0.53 4 205.5 0.1097 911
31 84.3 0.78 4 318.6 1.4908 67

6 Wulongmiao 40 77.1 0.42 4 162 0.2738 365
41 80.8 0.54 4 225.8 1.409 71

7 Minggao 47 77.3 0.47 4 172.4 0.0077 13,004
48 83.5 0.66 4 374.8 0.320 313

8 Lijiaguan 40 98.6 0.55 3 232 0.1285 778
41 105.5 0.64 3 381.6 0.582 172

9 Dongdi 38 84.9 0.56 3.5 209.3 2.246 45
39 88.3 0.59 3.5 217.4 3.127 32

10 Xicun
38 70.2 0.42 4 128.5 - -
39 80.3 0.85 4 465.6 0.37 270

The frequency curves of annual maximum 6 h rainfall of the 10 reference stations were
established. Taking Jiulongjiao and Minggao station as examples, the frequency curves are
shown in Figures 9 and 10. The frequency analysis parameters of annual maximum 6 h
rainfall of the reference stations are shown in Table 4.

According to the established frequency curve parameters, the rainfall return period
of reference stations was calculated. It can be obtained that current rainfall, that is “7.20”
rainfall, has a very obvious impact on the rainfall return period.

The maximum 24 h rainfall of “7.20” rainstorms for the 10 reference stations was the
maximum of the whole series. When establishing the frequency curve, if this value is
considered, the maximum return period is 486 years for Sishui station. Otherwise, the
return periods of Sishui, Mangling, Minggao, and Xicun stations exceed 10,000 years.
The return periods of eight reference stations showed significant differences of orders of
magnitude between considering and removing the “7.20” rainfall (shown in Table 3).
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Figure 9. The frequency curve of the maximum 6 h rainfall of discontinuous 41 years in 1978~2021 at
Jiulongjiao station.
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Figure 10. The frequency curve of the maximum 6 h rainfall of discontinuous 48 years in 1964~2021
at Minggao station.

Table 4. Frequency analysis parameters and return period of maximum 6 h rainfall of “7.20” flood in
2021 for reference stations.

No. Station Series/a
Parameters

max/mm Frequency/%
Return

Period/aMean/mm Cv Cs/Cv

1 Xiaoguan 34 64.2 0.52 4 171 6.17 16
35 65.9 0.55 4 171 7.41 13

2 Sishui
38 63.5 0.45 3 113.6 2.19 46
39 65.5 0.44 3 138.2 2.41 41

3 Mangling 32 47.1 0.45 5 94.2 0.151 662
33 50.8 0.56 5 169.6 0.85 118

4 Jiulongjioa 40 54.1 0.51 4 122.8 1.79 56
41 56.2 0.55 4 138 2.71 37

5 Guangwu 30 60.6 0.67 4 200.2 3.63 28
31 63.7 0.78 4 157.4 5.47 18

6 Wulongmioa 40 49.8 0.32 4 83.1 0.122 820
41 51.7 0.42 4 126 1.01 99

7 Minggao 47 52.6 0.56 4 140.5 0.0353 2937
48 57.1 0.75 4 269.2 0.506 198

8 Lijiaguan 40 65.2 0.49 3 135.4 4.49 22
41 66.8 0.5 3 130.4 5.27 19

9 Dongdi 38 57.1 0.66 3.5 207.5 3.77 27
39 59.4 0.76 3.5 144.4 5.59 18

10 Xicun
38 52.1 0.45 4 94.8 0.0113 8850
39 56.7 0.62 4 231.4 0.375 267
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Among the 10 reference stations, Minggao station had the largest proportion between
the maximum 6 h rainfall of “7.20” rainstorms and the maximum 6 h value of historical
series. Taking Minggao station as an example, when establishing the frequency curve,
if this value is not considered, the return period is about 3000 years, and if this value is
considered, the return period is about 200 years (shown in Table 4).

According to the frequency curve parameters of reference stations, the rainfall return
period of nearby rainfall stations can be calculated (shown in Table 5).

Table 5. The return period of rainfall in different periods of each station in “7.20” rainstorm.

No. River Station
Max 24 h (>300 mm) Max 6 h (>100 mm)

Rainfall/mm Return
Period/a Rainfall/mm Return

Period/a

1 Yiluo River Huancuiyu 643.5 4424 257.5 440
2 Yiluo River Liuhe 572.5 1725 247.5 340
3 Yiluo River Duanhecun 539 1105 232.5 231
4 Yiluo River Xinzhong 536 1062 216.5 153
5 Yiluo River Fenggou 533 1020 246 327
6 Yiluo River Hegou 476.5 480 233.5 237
7 Yiluo River Zhulin 476 4051 181 137
8 Yiluo River Xicun 465.6 270 231.4 267
9 Yiluo River Heluozhen 440 295 234.5 243

10 Yiluo River Gongchuan 433 1922 173.5 109
11 Yiluo River Tiejianglu 428.5 253 166.5 42
12 Yiluo River Zhangyao 417.5 157 195 239
13 Yiluo River Shanhua 413 151 196.5 249
14 Yiluo River Xiayu 412.5 204 134.5 18
15 Yiluo River Liangshuiquan 408.5 194 162 37
16 Yiluo River Changzhuang 408.5 194 168.5 44
17 Yellow River Xiaoguan 397.4 166 123.8 13
18 Yiluo River Shennan 396 164 227 201
19 Yiluo River Honghe 394.5 160 132 17
20 Yiluo River Nanhedu 383.5 138 215.5 149
21 Yiluo River Lijiaguan 381.6 172 130.4 19
22 Yiluo River Shidonggou 377.5 128 173.5 50
23 Yiluo River Minggao 374.8 313 269.2 198
24 Yiluo River Heishiguan 374.4 107 172.6 128
25 Yellow River Mangling 372.8 105 169.6 118
26 Yiluo River Jiuhouxiang 362.5 260 257 160
27 Yiluo River Shanchuan 360 101 149 27
28 Yiluo River Zhaogou 357.5 92 171.5 125
29 Yiluo River Hetaoyuan 353.5 92 119 12
30 Yellow River Gaoshan 353.5 92 154.5 31
31 Yiluo River Zhanjie 352.5 91 181 61
32 Yiluo River Didong 335.5 350 159 70
33 Yiluo River Wuluo 333.5 71 159 35
34 Yiluo River Mihezhen 333.5 71 134.5 18
35 Yiluo River Wanggou 332 73 145 59
36 Yiluo River Guandimiao 331 323 146.5 48
37 Yiluo River Jiulongjiao 320.4 268 138 37
38 Yellow River Guangwu 318.6 67 157.4 18
39 Yiluo River Fangluo 316 66 127.5 12
40 Yiluo River Jiajinkou 315.5 55 140.5 22
41 Yiluo River Shecun 315 55 112.5 11
42 Yiluo River Sishui 309.8 486 138.2 41
43 Yiluo River Lifeng - - 199 57
44 Yiluo River Baiyu - - 186.5 162
45 Qin River Dongdi - - 144.4 18
46 Yiluo River Wulongmiao - - 126 99
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One is the return period of 42 rainfall stations with the maximum 24 h rainfall greater
than 300 mm. The maximum 24 h rainfall of Huancuiyu station is 643.5 mm, with a return
period of about 4000 years, ranking first among all the stations. The return period of rainfall
between 400 and 600 mm is about 150~4000 years, and the return period of rainfall between
250 and 400 mm is about 40~150 years.

The other is the return period of 46 rainfall stations with the maximum 6 h rainfall
greater than 100 mm. The maximum 6 h rainfall of Minggao station is 269.2 mm, with a
return period of about 200 years, ranking first among all the stations. The return period
of 257.5 mm of rainfall of Huancuiyu station is about 400 years, and the return period of
rainfall of other stations between 100 and 250 mm is about 10~300 years.

4. Conclusions

The impact of current maximum value, the “7.20” rainstorm in this study, on the
return period of rainfall is very obvious. The maximum 24 h rainfall of “7.20” rainstorms
for the ten reference stations were the maximum values of the respective series. When
establishing the frequency curve, if this value was considered, the maximum return period
was 486 years for Sishui station. If this value was not considered, the return period of
Sishui, Mangling, Minggao, and Xicun stations exceeded 10,000 years.

Among the ten reference stations, Minggao station had the largest proportion between
the maximum 6 h rainfall of “7.20” rainstorms and the maximum value of historical series.
Taking Minggao station as an example, the return period was about 200 years when
considering the value to establish the frequency curve, otherwise it was about 3000 years.

When the current rainfall is the maximum value of data series of the analyzed rain-
fall stations, we suggest that the current maximum value should be considered when
establishing the frequency curve and analyzing the return period of rainfall.
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Abstract: China has proposed “ecological conservation and high-quality development of the Yellow
River Basin” to a major national strategy, which puts forward higher requirements for water, energy,
and food along the Yellow River (TYR). However, the water–energy–food nexus (WEF) system in
TYR basin is very complicated. Based on the theory and method of harmonious regulation, this
paper puts forward a new WEF harmony framework (WEFH) to study the harmonious balance of
WEF in TYR. WEFH cannot only evaluate the harmonious balance of WEF, but also identify the
main influencing factors, and further study the harmonious regulation of WEF. For the key steps
of regulation and control, we provide a variety of methods to choose from in this framework. In
practice, we apply this framework to the regulation of WEF in the nine provinces along TYR. The
results show that during 2005–2018, the harmony degree of WEF in the nine provinces along TYR is
between 0.29 and 0.58. The harmony degree of WEF has improved over time, but there is still a lot
of room for improvement. Among them, per capita water resources, hydropower generation ratio,
carbon emissions, and another 12 indicators have great influence on the harmony of WEF. We have
established eight control schemes for nine of these indicators. In eight control schemes, most areas
have reached a moderate level of harmony degree. These results show that the framework proposed
in this paper is helpful to the comprehensive management of regional WEF and provides a viable
scheme for the optimization of WEF.

Keywords: water–energy–food; harmony equilibrium; harmonious regulation; the Yellow River

1. Introduction

Water, energy, and food are important strategic resources, which are closely interlinked
with each other. They are important building blocks for economic and social development
and national security [1]. Since the three are interdependent, changes in any area may alter
their supporting or constraining roles and upset the balance among them. Therefore, effec-
tive research on the coordinated development of water, energy, and food is fundamental in
order to promote high-quality regional development [2].

In 2011, the Global Risks 2011 Report (6th edition) suggested that there are complex
relationships among WEF and their risks are one of the three most important global risks.
Since then, scholars have carried out a series of studies on WEF. The studies related to
WEF initially started with the water resources subsystem and gradually expanded from
single subsystem studies to integrated studies of two and three subsystems. Therefore,
the research for WEF includes three main categories. On individual subsystem studies,
there are numerous studies that address water, energy, and food, respectively. Water
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subsystem research involves water resources [3–5], water rights [6,7], water environment [8],
water energy [9,10], etc. Energy subsystem research involves resources [11,12], carbon
emissions [13–15], energy optimization [16], etc. Food subsystem research involves food
security [17], planting optimization [18,19], etc. The two subsystem studies include water–
energy [20], water–food [21], etc. The integrated study of the three subsystems involves the
concept of WEF [22], the relationship of WEF [23], and the optimization of WEF [24,25], etc.

As China’s “Mother river”, the Yellow River (TYR) basin is an important “Energy
basin” and “Agricultural basin” [26]. There are important energy bases and grain-growing
areas distributed in TYR basin, which produce one third of grain and meat output in
China [27]. With the ecological protection and high-quality development of TYR basin
becoming a national strategy, in the reality of limited water resources in TYR basin, how
to solve the problems of the water system has attracted more attention. According to
existing studies, TYR has special spatial and temporal distribution characteristics of water,
energy, and food, which has a profound impact on the regional harmony of WEF [28].
The concept of “harmony” is derived from the “harmonious society” proposed by China.
Later the Chinese Ministry of Water Resources proposed the ‘Human–Water Harmony’,
which embodies China’s beautiful wish for a harmonious coexistence between humans and
nature. Energy and food, as important aspects involved in human systems, are studied in
harmony with water in order to reflect the state of local water use, energy exploitation, and
food security. Therefore, it is of great significance to analyze the current situation of TYR
and study the harmonious degree of WEF, which is a basal content, in order to realize the
strategy of ecological protection and high-quality development of TYR.

Based on the above analysis, this paper intends to investigate the spatial and temporal
evolution and harmony regulation of WEF in the nine provinces along TYR. Section 2 gives
an overview of the study area. Section 3 introduces the methods and data that are used in
this paper. Section 4 presents the results and discussion, which analyzes the spatial and
temporal evolution characteristics of three subsystems, harmony level evaluation results of
WEF, harmony identification results, and harmonious regulation results. Section 5 provides
the conclusion and the outlook for the future [29–31].

2. Study Area

After the Yangtze River, TYR is the second longest river in China. Its mainstream
is 5464 km, ranking fifth in the world. The total area of the river basin is 795,000 km2,
accounting for about 8.3% of the total land surface area of China [32]. The basin involves
nine provinces and 62 major cities along the river. TYR originates in Qinghai, flowing in
turn through nine provinces, which include Gansu, Sichuan, Ningxia, Inner Mongolia,
Shaanxi, Shanxi, Henan, and Shandong. The geographic location of TYR and an overview
of the WEF are shown in Figure 1.

The WEF of TYR basin is extremely complex due to its own properties and complex
human activities along TYR. TYR basin is relatively scarce in water resources, with an
exploitation rate as high as 80%, the average annual runoff is only 7% of the Yangtze River
basin, and the per capita water resources are only 905 m3, far below the national average.
However, TYR basin involves 8% of the population and 9% of GDP in China. Along the
route, there are a number of major food production areas and rich mineral resources [33].
A series of typical features, such as high population density, wide distribution of industry
and agriculture, and intensive human activities in TYR basin, make its WEF complex and
significant for research.

172



Water 2022, 14, 1042Water 2022, 14, x FOR PEER REVIEW 3 of 18 
 

 

 
Figure 1. Overview map and water, energy, and food distribution of TYR (2018). 

3. Methods and Data 
3.1. Research Ideas and Framework 

This paper puts forward a new water–food–energy harmony framework (WEFH) to 
study the harmonious balance of WEF in TYR. Starting from the spatial–temporal evolu-
tion, WEFH has sequentially conducted harmony evaluation and regulation studies. As 
shown in Figure 2, it consists of the following four main steps: 
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teristics of the water, energy, and food subsystems are analyzed by selecting representa-
tive indicators for each subsystem. Next, the current problems are summarized. This is 
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Step 2: Harmony assessment. Evaluate the harmony degree of each subsystem and 
WEF. It includes the following three parts: indicator system construction, weight calcula-
tion, and comprehensive evaluation. Among them, principal component analysis (PCA) 
[34] can be used to construct the indicator system, analytic hierarchy process (AHP) [35] 
can be used for weight determination, and single-indicator quantification, multi-indicator 
synthesis, and multi-criteria integration (SMI-P) [36,37] can be used for comprehensive 
evaluation. WEFH is an open framework, and other methods can be added according to 
the actual situation. 

Step 3: Harmony identification. Identify the main influencing factors and screen the 
indicators with greater influence [37]. This is the premise and foundation of harmonious 
regulation. WEFH provides a variety of identification methods for reference. In this paper, 
the obstacle degree model is used [29]. 

Step 4: Harmonious regulation. Based on the assessment of harmony, harmony reg-
ulation improves the degree of harmony by taking some regulatory measures to make the 
participants of harmony develop in the direction of harmony [37]. In this paper, we sim-
ulate the harmonious regulation of WEF through scenario design [29]. 

Figure 1. Overview map and water, energy, and food distribution of TYR (2018).

3. Methods and Data
3.1. Research Ideas and Framework

This paper puts forward a new water–food–energy harmony framework (WEFH) to
study the harmonious balance of WEF in TYR. Starting from the spatial–temporal evolution,
WEFH has sequentially conducted harmony evaluation and regulation studies. As shown
in Figure 2, it consists of the following four main steps:

Step 1: Present situation and problems. The spatial and temporal evolution character-
istics of the water, energy, and food subsystems are analyzed by selecting representative
indicators for each subsystem. Next, the current problems are summarized. This is the
basis and urgent need for the harmony assessment.

Step 2: Harmony assessment. Evaluate the harmony degree of each subsystem and
WEF. It includes the following three parts: indicator system construction, weight calculation,
and comprehensive evaluation. Among them, principal component analysis (PCA) [34] can
be used to construct the indicator system, analytic hierarchy process (AHP) [35] can be used
for weight determination, and single-indicator quantification, multi-indicator synthesis,
and multi-criteria integration (SMI-P) [36,37] can be used for comprehensive evaluation.
WEFH is an open framework, and other methods can be added according to the actual
situation.

Step 3: Harmony identification. Identify the main influencing factors and screen the
indicators with greater influence [37]. This is the premise and foundation of harmonious
regulation. WEFH provides a variety of identification methods for reference. In this paper,
the obstacle degree model is used [29].

Step 4: Harmonious regulation. Based on the assessment of harmony, harmony
regulation improves the degree of harmony by taking some regulatory measures to make
the participants of harmony develop in the direction of harmony [37]. In this paper, we
simulate the harmonious regulation of WEF through scenario design [29].
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Taking into account the actual conditions of TYR basin, the availability of data, and 
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the three subsystems. Temporally, the linear tendency estimation method is used to ana-
lyze the temporal evolution characteristics and calculate the linear trend of the selected 
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analyzed by using ArcGIS. 

Figure 2. Framework for analysis and regulation of the harmonious relationship among water, energy,
and food (water–energy–food harmonious, WEFH).

3.2. Spatial–Temporal Evolution Analysis Method

The WEF system consists of the following three subsystems: water, energy, and food.
Based on water flow and energy flow, it includes a series of processes, such as constraints,
feedback, and adaptation, between and within each subsystem. Based on the understanding
of the WEF system, this paper selects the main elements from three subsystems, water,
energy, and food, for spatial and temporal evolution analysis.

Taking into account the actual conditions of TYR basin, the availability of data, and
the depth of research, this paper analyzes the spatial and temporal evolution characteristics
of per capita water resources, carbon emissions, and per capita food production for the
three subsystems. Temporally, the linear tendency estimation method is used to analyze the
temporal evolution characteristics and calculate the linear trend of the selected elements.
Spatially, the spatial distribution characteristics of the selected elements were analyzed by
using ArcGIS.
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Linear tendency estimation method: The tendency rate (Slope) of the time series data is
calculated to characterize the changing trend of the data over time. The calculation formula
is as follows:

Slope =
n ∑n

i=1(iKi)−∑n
i=1 i ∑n

i=1 Ki

n ∑n
i=1 i2 − (∑n

i=1 i)2 (1)

where Slope is the tendency rate. If slope > 0, it indicates that the system element shows an
increasing trend. If slope < 0, the opposite is true; n is the length of the sample sequence; Ki
is the statistical data of the i year.

3.3. Harmony Assessment Method

According to the second step of WEFH, this paper first selects 39 candidate indicators
to represent the level of WEF harmony. Secondly, PCA is used to eliminate some indicators
with multicollinearity and small contribution rate in order to determine the final indicator
system of the nine provinces along TYR. Third, the subjective weight method (AHP) and the
objective weight method (the entropy weight method) are used to determine the weights
of each indicator. Finally, this paper uses the SMI-P [36] method to evaluate the harmony
degree of WEF [37].

3.3.1. Construction of Indicator System

WEF as a comprehensive system, each of its subsystems covers complex indicators.
Considering the characteristics of WEF, the actual situation and data availability of each
subsystem, 13, 11, and 15 indicators are selected for the three subsystems of water, energy,
and food, respectively. The generic indicator system is shown in Table 1. In the application,
we use PCA to filter the indicators in Table 1 [38,39]. Only those indicators that are relevant
will be retained.

According to the PCA method, this paper eliminates the variables with high corre-
lation and repeated connotation from the selected candidate indicators. On the basis of
ensuring the integrity of the indicator information, some variables are selected as the final
indicator [38,39]. The steps of PCA are as follows:

a. Assuming that there are m years of data, and each year has n quantitative indicators,
an m× n matrix A is obtained as follows:

A =

∣∣∣∣∣∣∣∣∣

x11 x12
x21 x22

· · · x1n
· · · x2n

...
...

xm1 xm2

...
· · · xmn

∣∣∣∣∣∣∣∣∣
(2)

where xmn is the indicator data;

b. Standardize matrix A to obtain matrix B as follows:

bij =

(
xij − xj

)

sj
(3)

where bij is an element of matrix B, sj is the standard deviation;

c. Calculate the correlation coefficient matrix C of the standardized matrix B, and then
calculate the n eigenvalues of C and the unit eigenvector of the eigenvalues;

d. Sort according to the size of the eigenvalues, and calculate the contribution rate aj of
the principal components;

e. Calculate the principal component coefficient matrix D and arrange the coefficients
from largest to smallest. It reflects the correlation between the indicator and the
principal component;
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f. Calculate the correlation coefficients for the indicators. When the correlation coeffi-
cient is greater than 0.8, we consider the indicators to be highly correlated, and need
to be deleted as redundant information.

Because the variance of the principal components can reflect indicators with larger
component coefficients, the indicators with larger component coefficients in each princi-
pal component are retained, and the indicators with multicollinearity and low principal
component contribution rate are eliminated.

Table 1. Candidate indicator system for WEF harmony assessment.

Target Subsystem Indicators Unit Attribute

WEF’s harmonious
balance

WATER

Per capita water resources m3/per head +
Per capita water consumption m3/per head −

Proportion of industrial water consumption % −
Proportion of groundwater supply % −

Reclaimed water reuse rate % +
Total wastewater discharge 104 t −

Discharge of chemical oxygen demand (COD) in
wastewater 104 t −

Proportion of ecological water consumption % +
Water penetration rate % +

Average daily wastewater treatment capacity 104 m3/d +
Length of drainage pipeline km +

Length of water supply pipeline km +
Comprehensive production capacity of water supply 104 m3/d +

ENERGY

Energy consumption per unit of GDP Tce/104 CNY −
Electricity consumption 108 kW·h −

Power generation 108 kW·h +
Primary energy output (equivalent value) 104 tce +

Investment in energy industry 108 CNY +
Proportion of hydropower generation % +

Added value of the secondary industry 108 CNY +
Natural gas production 104 m3 +

Coal base reserves 108 t +
Carbon emission t −

Production of general industrial solid waste 104 t −

FOOD

Gross agricultural output 108 CNY +
Gross output value of agriculture, forestry, animal

husbandry, and fishery 108 CNY +

Per capita output of grain kg/per head +
Per capita output of pig, beef, and mutton kg/per head +

Arable land 104 hm2 +
Effective irrigation area 103 hm2 +

Grain sown area 103 hm2 +
Agricultural land area 104 hm2 +

Total power of agricultural machinery 104 kW +
Agricultural fertilizer yield 104 t −

Irrigation water consumption per unit area m3 −
Per capita grain consumption of rural households kg −

Area affected by the disaster 103 hm2 −
Urban Engel coefficient % −
Rural Engel coefficient % −

3.3.2. Weight Determination

In order to scientifically measure the weights, considering the pros and cons of sub-
jective weights and objective weights, this paper combines the analytic hierarchy process
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(AHP) and entropy weight method to determine the weights of each indicator based on the
least square method [40].

(1) Analytic hierarchy process (AHP)
AHP is based on the experience of decision makers to determine the relative impor-

tance of indicators in the overall system. Divided into the following 2 basic steps:

a. Construct the judgment matrix, as follows:

Construct a judgment matrix A = (aij)n×n. For a certain element in the upper layer,
compare the importance of each element in the next layer pair by pair. Aij uses a 9-bit
scaling method to take the value, which can be 1, 2... 9 and its reciprocal.

b. Calculate the weight vector and eigenvalue, as follows:

Determine the weight vector W = (w1, w2 . . . wn)
T and eigenvalues according to the

judgment matrix, as follows:

Wi =
1
n

n

∑
j=1

aij

∑n
k=1 akj

, i = 1, 2, ..., n (4)

λ =
1
n

n

∑
i=1

∑n
j=1 aijWj

Wi
(5)

(2) Entropy method
The entropy weighting method is based on the variability of indicators to calculate

the objective weights. For the evaluation indicator matrix X = (xij)m×n with m evaluation
indicators and n evaluation objects, the calculation steps are as follows [41]:

Step 1: Normalized processing is performed as follows:

a. For positive indicators:

yij =
xij −min

{
xij
}

max
{

xij
}
−min

{
xij
} (6)

b. For contrarian indicators:

yij =
max

{
xij
}
− xij

max
{

xij
}
−min

{
xij
} (7)

Step 2: Determine the entropy weight wi as follows:

Hi =
−∑n

j=1 fij ln fij

ln n
(8)

fij = yij/
n

∑
j=1

yij (9)

wi =
1− Hi

m−∑m
i=1 Hi

(10)

(3) Combined weight based on least square method
In order to realize the unification of the subjective and objective weight calculation

methods in the indicator weighting, the combined weight model based on the least square
method is used to determine the combined weight [40]. The formula is as follows:

A = diag

[
n

∑
i=1

z2
i1,

n

∑
i=1

z2
i2, ...,

n

∑
i=1

z2
im

]
(11)
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B =

[
n

∑
i=1

1
2
(u1 + v1)z2

i1,
n

∑
i=1

1
2
(u2 + v2)z2

i2, ...,
n

∑
i=1

1
2
(um + vm)z2

im

]T

(12)

W = A−1 ·
[

B +
1− eT A−1B

eT A−1e
· e
]

(13)

where A is the diagonal array, and W and B are vectors.

3.3.3. Harmony Evaluation

This paper adopts the method of “single-indicator quantification, multi-indicator
synthesis, multi-criteria integration (SMI-P)” to evaluate the harmonious degree of WEF in
the nine provinces along TYR [37]. Among them, single-indicator quantification quantifies
each indicator by fuzzy affiliation function, and maps the indicators to [0, 1] interval by
setting 5 node values to eliminate the influence of dimensionality and positive and negative
indicators; multi-indicator synthesis is achieved by weighting the affiliation degree of each
indicator to achieve a comprehensive study of multiple indicators; multi-criteria integration
is calculated by weighting each subsystem to produce a final composite index [30,31].

3.4. Harmony Identification Method

WEF involves a large number of influencing factors, and there are differences in the
magnitude of the role of different influencing factors on the level of harmony. In order to
identify the main factors affecting the level of regional WEF harmony, this paper uses the
obstacle degree model to diagnose the obstacle factors and identify the main influencing
factors. The calculation steps of the obstacle degree model are as follows [37]:

a. Calculate the factor contribution Fj of evaluation indicator j as follows:

Fj = wjw∗j (14)

where w∗j is the weight of the criterion layer to which indicator j belongs.

b. Calculate the deviation degree Ij as follows:

Ij = 1− xij (15)

c. Calculate the obstacle degree Pj of each evaluation indicator as follows:

Pj =
Fj Ij

∑n
j=1 Fj Ij

(16)

3.5. Harmonious Regulation Method

Based on the results of the WEF harmony assessment and with reference to the main
influencing factors obtained from harmony identification, harmony regulation research is
conducted on WEF in the nine provinces along TYR. Harmony regulation is performed by
taking some regulation measures to improve the degree of harmony based on the harmony
assessment, so that the harmony participants will develop in the direction of harmony. It
mainly includes two ideas [37], as follows:

(1) Harmonious behavior set preference method: Harmonious solutions are determined
by comparing the magnitude of the harmony of each solution in the behavior set as
follows:

HDmax=max{HDk} (k = 1, 2, 3 · · · n) (17)

where HDk is the harmony degree of the k scheme.
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(2) Based on the optimization model of harmony degree, through the adjustment model,
the adjustment measures that meet the requirements are calculated as follows:





Z = max[HD(X)]
G(X) ≤ 0

X ≥ 0
(18)

where Z is the objective function value, X is the decision vector, HD(X) is the objective
function, and G(X) is the set of constraints.

3.6. Data Source

The time scale of data used in this paper is 2005–2018, and various statistics are
obtained from China Statistical Yearbook, China Energy Statistical Yearbook, and Water
Resources Bulletin, etc.

4. Results and Discussion
4.1. Characteristics of Temporal and Spatial Evolution
4.1.1. Evolution Characteristics of Water Subsystem Elements

The evolution characteristics of per capita water resources are shown in Figure 3. The
southwest part is mainly mountainous with better vegetation and more abundant water
resources. The northern region has a dry climate, low annual precipitation, and poorer
water resources. The per capita water resources in the central region are placed between
the two, but soil erosion is serious. The per capita water resources in the nine provinces
show a fluctuating decreasing trend with an average value of 1248 m3. Among the nine
provinces, Qinghai’s per capita water resources are much higher than those of the other
regions.
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4.1.2. Evolution Characteristics of Energy Subsystem Elements

The wind and solar energy resources in the upper reaches of TYR and the coal and
oil and gas resources in the middle and lower reaches are important resources to support
China’s economic development. As an important energy base in China, TYR basin has a
high proportion of coal production and consumption, and the development and utilization
of fossil energy have brought great pressure on the ecological environment and water
resources utilization, and the task of low-carbon emission reduction is heavy. Carbon
emissions in TYR basin have been increasing year by year since 2005. The evolution
characteristics of carbon emissions are shown in Figure 4. Under the demand of “high-
quality development”, the energy production and consumption structure of TYR basin
needs to be transformed and upgraded.
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4.1.3. Evolution Characteristics of Food Subsystem Elements

TYR basin is a key region to ensure food security in China. Food security has always
been one of the major issues of great concern to China. In 2018, the nine provinces and
regions in TYR basin produced 232,688,700 t of grain. The evolution characteristics of per
capita grain production are shown in Figure 5. The per capita output of grain in the nine
provinces show a fluctuating growth trend. This indicates a significant increase in the
region’s food production capacity. Among them, Sichuan, Inner Mongolia, Henan, and
Shandong are the main grain producing areas in the country.
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4.2. Harmony Level Evaluation Results
4.2.1. Indicator System Screening and Node Values

Based on the candidate indicator system in the previous section (Table 2), PCA is
conducted for the current situation of TYR basin. The results of PCA are combined with
qualitative analysis in order to determine the final indicator system, as shown in Table 2.

After determining the indicator data, we determine the node values of each indicator.
Combined with the real situation of TYR basin and the indicator properties, five nodal
values were divided for each indicator as follows: best, better, pass, worse, and worst. The
nodal values are divided by the multi-year average value of each indicator in each region
as the qualified value; the highest value is expanded by 10% as the optimal value, where
the percentage of indicators reaching 100% is not expanded; the lowest value is reduced
by 10% as the worst value; the worse value and the better value are determined by the
interpolation method, and the nodal characteristic values and indicator weights of the
indicators are shown in Table 3.
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Table 2. WEF harmony evaluation indicator system in the nine provinces along TYR.

Target Subsystem Indicators Number

WEF’s harmonious
balance

WATER

Per capita water resources W1
Per capita water consumption W2

Proportion of industrial water consumption W3
Proportion of groundwater supply W4

Reclaimed water reuse rate W5
Total wastewater discharge W6

Discharge of chemical oxygen demand (COD) in wastewater W7
Daily sewage treatment capacity W8

Length of drainage pipe W9
Comprehensive production capacity of water supply W10

ENERGY

Energy consumption per unit of GDP E1
Electricity consumption (physical volume) E2

Power generation E3
Primary energy output (equivalent value) E4

Investment in energy industry E5
Proportion of hydropower generation E6

Natural gas production E7
Coal base reserves E8
Carbon emissions E9

Production of general industrial solid waste E10

FOOD

Gross agricultural output F1
Per capita food output F2

Arable land F3
Effective irrigation area F4

Total power of agricultural machinery F5
Agricultural fertilizer yield F6

Irrigation water consumption per unit area F7
Inundated area F8

Urban Engel coefficient F9
Rural Engel coefficient F10

4.2.2. Evaluation Results of Each Subsystem

(1) Water subsystem
The results of the water subsystem harmony assessment in the nine provinces of

TYR are shown in Figure 6. The overall trend of water subsystem harmony in the nine
provinces and regions is increasing, and the harmony range is [0.31, 0.66]. The worst value
appeared in Shanxi province in 2005, and the best value appeared in Sichuan province,
which is closely related to the local water resources endowment and water use patterns.
Among them, Henan, Ningxia, and Shanxi initially had lower water subsystem harmony,
but with increased ecological awareness and technological progress, Shanxi and Henan
have improved their water system harmony levels, which is of reference to Ningxia and
other regions. Sichuan and Qinghai have a better foundation of water system harmony, but
it is not obvious with the growth of time, for example, Sichuan is in a higher state of water
subsystem harmony from the beginning to the end.

(2) Energy subsystem
The results of the energy subsystem harmony assessment in the nine provinces are

shown in Figure 7. The results show that the overall energy subsystem harmony in
the nine provinces and regions shows an increasing trend, with a harmony range of
[0.26, 0.57]. The worst value appears in Ningxia in 2005, and the best value appears in
Gansu province, which is mainly influenced by the local natural resource endowment
and energy consumption. Among them, Ningxia, Qinghai, Sichuan, and Henan initially
had low energy subsystem harmony, but with industrial progress and improvement of
production methods, Sichuan and Ningxia achieved some improvement in energy system
harmony level; Henan, Inner Mongolia, and Shanxi provinces showed fluctuating changes
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or even a decline in energy system harmony level; Gansu has a better foundation of energy
system harmony and has progressed over time. It is in the leading position among the
regions.

Table 3. Quantified indicator node feature values and indicator weights.

Number Best Better Pass Worse Worst AHP Entropy Weight
Method

Combination
Weight

W1 17,794.59 10,073.42 2352.25 1237.10 121.96 0.33 0.28 0.30
W2 147.76 296.36 444.95 942.86 1440.77 0.24 0.04 0.14
W3 3.98 9.58 15.18 22.88 30.59 0.04 0.06 0.05
W4 3.58 18.06 32.55 51.28 70.02 0.17 0.08 0.12
W5 6.71 4.04 1.38 0.69 0.01 0.03 0.09 0.06
W6 17,424.00 96,313.55 175,203.09 408,411.28 641,619.47 0.12 0.05 0.08
W7 5.18 31.63 58.09 138.08 218.08 0.02 0.05 0.03
W8 1345.36 821.75 298.15 152.90 7.65 0.02 0.11 0.07
W9 70,586.40 41,259.04 11,931.68 6215.32 498.97 0.02 0.14 0.08

W10 2081.33 1342.22 603.10 333.86 64.61 0.03 0.10 0.06

E1 0.53 1.03 1.52 3.04 4.56 0.32 0.05 0.18
E2 185.90 902.43 1618.96 4155.68 6692.40 0.02 0.03 0.02
E3 6408.17 4150.06 1891.94 1043.12 194.30 0.02 0.05 0.04
E4 90,643.30 56,814.64 22,985.98 12,444.22 1902.47 0.04 0.11 0.07
E5 3721.30 2405.92 1090.55 583.95 77.36 0.17 0.05 0.11
E6 96.12 58.57 21.02 10.51 0.01 0.13 0.16 0.14
E7 24,999.70 13,305.66 1611.62 805.81 0.00 0.01 0.24 0.13
E8 1167.66 696.40 225.13 116.83 8.52 0.03 0.17 0.10
E9 19.01 234.32 449.62 1205.49 1961.35 0.27 0.11 0.19

E10 584.10 6271.14 11,958.18 26,614.54 41,270.89 0.01 0.03 0.02

F1 5471.05 3519.82 1568.60 800.70 32.80 0.03 0.14 0.08
F2 1543.99 1006.53 469.07 307.37 145.66 0.33 0.12 0.22
F3 1019.92 751.00 482.09 265.44 48.80 0.03 0.08 0.06
F4 5817.56 4032.03 2246.51 1202.60 158.69 0.04 0.12 0.08
F5 14,688.32 9309.57 3930.81 2112.71 294.61 0.12 0.18 0.15
F6 22.62 166.30 309.98 695.44 1080.90 0.02 0.15 0.08
F7 131.41 259.97 388.53 819.93 1251.34 0.24 0.07 0.15
F8 38.07 345.22 652.36 1739.85 2827.33 0.02 0.05 0.03
F9 20.46 26.58 32.70 40.55 48.40 0.02 0.05 0.03
F10 22.77 29.50 36.22 47.52 58.82 0.17 0.04 0.10
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(3) Food subsystem
The results of the food subsystem harmony assessment in the nine provinces are

shown in Figure 8. The results show that the overall trend of food subsystem harmony
in the nine provinces and regions is increasing, and the harmony range is [0.20, 0.81].
The worst value appears in Qinghai in 2005, and the best value appears in Henan and
Shandong, which is closely related to the local grain production and agricultural level.
Among them, Qinghai, Gansu, and Ningxia initially had lower food subsystem harmony,
but with technological progress and the improvement of production methods, the level of
food system harmony in Gansu and Ningxia has been improving, which is of reference to
Qinghai and other regions. Henan and Shandong have a better foundation of food system
harmony and have progressed rapidly over time, confirming that Henan and Shandong
are famous grain producing areas.
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4.2.3. Evaluation Results of WEF Harmony

Overall, the WEF harmony degree in the nine provinces ranges from 0.29 to 0.58, as
shown in Figure 9. On the time scale, all nine of the provinces and regions show a year-by-
year growth trend, and the WEF harmony degree keeps improving. This is closely related
to the year-by-year growth of water harmony, food harmony, and energy optimization
in each region. On the spatial scale, Ningxia and Qinghai have a lower WEF harmony
degree than the other regions, which is closely related to the region’s poor natural resource
endowment and rash water use, energy consumption, and food consumption. Among
them, Ningxia is at a lower level in all three of the subsystems, and Qinghai has better

183



Water 2022, 14, 1042

water endowment but lower energy and food harmony levels, which together lead to a
lower overall harmony level.
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4.3. Analysis of Harmony Identification Results

The obstacle degree of each province was calculated, and the indicators with higher ob-
stacle degrees were selected as the main obstacle factors affecting the level of WEF harmony.
The 12 indicators with higher obstacle degrees are shown in Figure 10. They include four
water system indicators, four energy system indicators, and four food indicators. In the
harmonized regulation, the indicators with a higher degree of impairment are regulated.
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According to the obstacle degree model. There are 12 main indicators affecting the
harmony balance level in the nine provinces and regions of TYR. Among them, per capita
water resources (W1), natural gas production (E7), and per capita grain production (F2)
have the greatest influence on the harmony level of each region. There are minor differences
among regions, but they are mainly influenced by these 12 factors.

4.4. Analysis of Harmonious Regulation Results

Based on the results of the WEF harmony assessment in the nine provinces of TYR, the
harmonious balance of the nine provinces of TYR is at a moderate to low level, and there is

184



Water 2022, 14, 1042

still much room for improvement. Therefore, this paper conducts a harmonious regulation
study on WEF in the nine provinces with reference to the main influence factors obtained
from the harmonious identification. The harmonious behavior set preference method is
used to calculate the regulation measures that meet the requirements.

For the 12 indicators with higher obstacle degrees, some cannot be subjectively regu-
lated artificially due to their natural properties, such as natural gas production and coal
reserves. Considering the adjustability of the indicators and the actual scope of regulation,
as well as the spatial and temporal evolution characteristics of each subsystem element, the
regulation study is conducted on the basis of 2018. After optimizing 2% of the basic indica-
tors, two regulation schemes of high (H) and medium (L) are set for the key impact factors
obtained from the harmonious identification, and a total of eight schemes are formed, as
shown in Table 4.

Table 4. Harmonious regulation scheme setting.

Control Indicators Harmonious Regulation Plan (H = 10%, L = 5%)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6 Scheme 7 Scheme 8

WATER
Per capita water resources H H H H L L L L

Daily sewage treatment capacity H H L L H H L L
Recycle rate of wastewater H L H L H L H L

ENERGY
Hydropower generation ratio H H H H L L L L

Carbon emission H H L L H H L L
Energy consumption per unit of

GDP H L H L H L H L

FOOD

Total power of agricultural
machinery H H H H L L L L

Per capita output of grain H H L L H H L L
Effective irrigation area H L H L H L H L

We set up eight schemes according to Table 4 and calculated the harmony degree of
WEF under each scheme. The results are shown in Table 5. After harmonious regulation,
the degree of harmony has been significantly improved compared to the original level, and
most areas have reached a medium level of harmony.

Table 5. Harmony degree of different harmony control schemes.

Province Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6 Scheme 7 Scheme 8 2018

Gansu 0.59 0.58 0.58 0.57 0.58 0.58 0.58 0.57 0.56
Henan 0.58 0.58 0.58 0.57 0.58 0.57 0.57 0.57 0.55
Inner

Mongolia 0.60 0.60 0.60 0.60 0.60 0.59 0.59 0.59 0.57

Ningxia 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.40
Qinghai 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.44

Shandong 0.60 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.57
Shanxi 0.50 0.50 0.49 0.49 0.49 0.49 0.49 0.49 0.47

Shannxi 0.55 0.55 0.55 0.54 0.54 0.54 0.54 0.54 0.52
Sichuan 0.61 0.61 0.61 0.61 0.61 0.61 0.60 0.60 0.58

5. Conclusions

In this paper, a harmonious evaluation index system was constructed with WEF as the
research object. The evolutionary characteristics of the representative elements of each of
the subsystems were analyzed. The harmony degree of the nine provinces along TYR was
studied and the harmony regulation of WEF was carried out. This paper draws several
conclusions, as follows:

(a) The representative elements of the subsystem have different distribution characteris-
tics. The per capita water resources of TYR were 1248.98 m3. It shows the distribution
characteristics were high in the west and low in the east. The carbon emissions were
much higher in the east than in the west. Among them, Shanxi and Shandong had
larger carbon emissions. The per capita output of grain is increasing. Among them,
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Inner Mongolia, Henan, and Shandong had larger per capita grain production. Based
on this result, each province can identify its own strengths and weaknesses. This
is very useful for the provinces to maintain their strengths and make up for their
shortcomings;

(b) In this paper, 30 indicators were selected in order to evaluate the harmonious rela-
tionship of WEF in the nine provinces along TYR. The evaluation results of the water
subsystem show a gradual increase and the distribution was higher in the west and
lower in the east. However, the energy and food subsystems were higher in the east.
WEF were not fully aligned spatially. The results of the WEF show that the harmony
degree of WEF in the nine provinces ranged from 0.29 to 0.58, which is at a medium
level. Among them, Ningxia and Qinghai are worse, while Sichuan, Shandong, and
Inner Mongolia are better. There is some room for regulation;

(c) The main indicators influencing the harmonious balance of the WEF were calculated
based on the obstacle degree model. The per capita water resources (W1), natural gas
production (E7), and per capita grain production (F2) have a strong influence on the
level of harmony. These indicators point the way to harmonious regulation and serve
as a reference for individual provinces;

(d) This paper sets up eight scenario simulation scenarios and calculates the harmony of
WEF under each scenario. After the harmony regulation, most of the provinces along
TYR reach the medium level. The study can provide a reference for the regulation
of each region. Different provinces can regulate the WEF in response to their own
problems.

Due to the complex and variable relationships of WEF, the harmonious analysis
of WEF in this paper is superficial and macroscopic. Facing the needs of high-quality
development of TYR, there are still some shortcomings in this paper. (a) The analysis of
temporal and spatial evolution of the subsystems is inadequate. Considering the research
focus, this paper selects only one representative element for each subsystem in the practical
application. It can be systematically studied in further research. (b) Whether the indicator
system can entirely represent the relationship of WEF needs to be further explored. This is
a problem that all of the indicator systems need to face, and the representativeness of the
indicator system for different regions or countries needs to be analyzed according to the
actual national context. (c) Lack of consideration of inter-provincial transfer of resources,
which should be deepened in future studies. (d) There are some shortcomings in the
schemes setting and these schemes only provide some guidance. There is a lack of specific
schemes.
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Abstract: Water rights trading is an important way to solve the problem of water shortage by market
mechanism. The allocation of water rights among ecological water, energy water, and grain planting
water are the basis of the regional water rights trade. In this paper, the concept of coordinated
development of water–ecology–energy–food is proposed. We build a water rights allocation model
with fairness, efficiency, and coordinated development as the goal, to achieve water security for
various industries. Taking Yinchuan city as an example, the results showed that compared with the
current water rights the water rights of life increased by 1.07%, the water rights of ecology increased
by 1.85%, the water rights of energy industry decreased by 1.09%, the water rights of food planting
decreased by 3.27%, the water rights of other agriculture increased by 0.83%, and the water rights
of the general industry increased by 0.65%. After the allocation of water rights, the cooperativity of
water–ecology–energy–food increased by 7.56%, and the total value of water resources in various
industries increased by 2.31 × 108 CNY. A new water rights allocation model is developed in this
paper, which can provide a reference for the allocation of water rights among regional industries.

Keywords: water rights allocation; coordinated development; water–ecology–energy–food;
emergy method; Yinchuan city

1. Introduction

Water, ecology, energy, and food form the basic conditions of human survival [1], and
these four resources are associated with each other [2,3]. The coordination and effective
uses of them not only alleviates the resource crisis [4], but also promotes the coordination of
the urban social economy [5]. As a basic natural resource, strategic economic resource, and
an ecological environment of important control elements [6], water can become the carrier
of the coordinated development of effective regulation and the control of various resources.
Reasonable water rights allocations between industries can solve the contradiction between
supply and demand of regional resources [7]. It is also an important measure to promote
local water–ecology–energy–food coordinated development and to effectively promote the
ecological protection and high-quality development of the Yellow River Basin.

The middle and upper reaches of the Yellow River Basin Is a typical arid and semi-arid
area due to the shortage of water resources and the fragile ecological environment. At
the same time, this region is also an important energy production base and food planting
base. Water, ecology, energy, and food are important influential factors of the regional
social and economic development. The scientific analysis of the coordination among
the four resources can play an important role in solving the contradiction between the
supply and demand of regional resources and promoting the sustainable development
of the regional economy. Many scholars have studied the coordination between regional
resources. In the water-ecological-energy-food system, the relationship among water-
energy-food (WEF) has been extensively studied worldwide [8–10]. The study of the
WEF system consists mainly of two aspects: firstly, the link between the energy and
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water consumption, the food industry relations, and the feedback mechanism [11–13] (for
example, such as Wu [14] and Jesus [15] revealed the associated mechanism to establish a
link between the WEF model using integrated resource management for an area). Secondly,
is the comprehensive safety assessment of the regional water-energy-food system (see
Chen [16] and Zhang [17], respectively) on China’s Inner Mongolia and China’s global
water-energy-food comprehensive safety evaluation. The development and utilization of
water, food production, and energy production are directly affecting the state of the local
ecological environment. It is very urgent to protect the ecological environment. However,
few scholars add ecology to WEF for discussion. In this study, the ecological security is
added in the water-energy-food system in order to form the water-ecological-energy-food
(WEEF) composite system.

In the water–ecology–energy–food system, water, with its unique liquidity and cir-
cularity, becomes the link of the WEEF system. Reasonable water rights allocations can
effectively relieve the contradiction between the water industries [18,19], and it can be an
important means to promote the coordinated development of water–ecology–energy–food
in the region. The water rights allocation mode aims at the coordinated development of
water, ecology, energy, and food, and is an important measure to solve the increasingly
prominent contradiction [20] among ecology–water, energy–water, and food–water. If we
take water resources as the carrier and the object of regulation, and rationally allocate
the water rights of ecology, energy, and food to make WEEF resources mutually promote
development, we can realize mutual benefit and a win-win of multiple resources, and
achieve the goal of coordinated development of water, ecology, energy, and food.

In this paper, the coordinated developmental relationship of regional water, ecology,
energy, and food is analyzed. We take water as the control carrier and water rights
allocation as the means to promote the coordinated development of water, ecology, energy,
and food. The water rights allocation model is constructed according to the maximum
water efficiency, the most equitable distribution, and the highest collaborative of water–
ecology–energy–food. Water rights must be allocated to life, ecology, the energy industry,
food planting, other agricultural and the general industrial six water industries. The water
rights allocation model of coordinated development on water–ecology–energy–food is put
forward in this paper. It will provide reference and basis for the optimal allocation of water
rights and water rights trading in the region, and help promote the concept of coordinated
development of water–ecology–energy–food.

2. Materials and Methods
2.1. The Correlation Theory
2.1.1. The Concept and Basic Principles of Water Rights Allocation

Water rights is a type of property rights, which has a different connotation after a
long time of formation and development in different countries. In China, water rights
are considered to be the ownership and the rights to use water resources [21]. China’s
water law stipulates that the ownership of water resources belongs to the state, so what
is actually allocated is the right to use the water resources. Water rights allocation refers
to the distribution process of water resources use of a river basin or a region according to
certain rules and mechanisms. A water rights distribution system can solve the scarcity of
water resources and improve the efficiency of water resources utilization. It is an effective
method to realize the optimal management of water resources.

The principles of water rights allocation generally include fairness, efficiency, basic
domestic water security, basic ecological water security, etc. In order to ensure the safety
of production water in ecological restoration, key energy industries, and food planting
areas, the water rights allocation principle of coordinated development of water-ecology-
energy-food is put forward in this study. This principle is helpful to solve the contradiction
between the supply and demand of water resources among regional industries and promote
the harmonious development of regional key industries.
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2.1.2. The Definition of Coordinated Development on Water–Ecology–Energy–Food

Haken [22] believes that “coordinated development” is a process of co-evolution and
development in a positive direction through mutual influence, interaction, continuous
feedback, control, and adjustment among units. Water, ecology, energy, and food are
important basic resources in the development of economy and society, as they interact
with each other and are connected with each other. The ultimate goal of the coordinated
development of water, ecology, energy, and food is to fully and reasonably develop and
utilize various resources, meeting the needs of population growth, urban development,
and maintaining economic, social, and ecological environment stability.

Based on this, the coordinated development of water–ecology–energy–food can be
understood as: aiming at the rational development and sustainable utilization of water,
ecology, energy, and food resources. Through the mutual cooperation and mutual feed
linkage between the resource subsystems, the resources promote the development of each
other, so as to achieve a mutually beneficial and a win-win situation of multiple resources.
The circularity and scarcity, the mobility within and between resources, and the infinity
of social demand make water resources an indispensable carrier in the construction of
the water–ecology–energy–food composite system. Therefore, water resource is taken as
the control object in this paper, to achieve the purpose of the coordinated development of
water–ecology–energy–food. This process of mutual promotion and common development
among resources can be called the coordinated development of resources. The coordinated
development of various resources is of great significance to human survival, social progress,
economic development and the sustainable development of maintaining a good ecological
environment.

2.2. Regional Overview of the Study Area

Yinchuan, as the capital of Ningxia Hui Autonomous Region, is an important central
city in Northwest China, and an important trade town on the ancient Silk Road. By
the end of 2020, Yinchuan had a total area of 9025.38 km2, and a resident population of
2.29 million. On the water resources situation, the average annual precipitation in Yinchuan
is only 210 mm. The Yellow River flows through the center of Yinchuan, bringing a large
number of water resources, as nearly 90% of urban water comes from the Yellow River. The
per capita available water resource in Yinchuan is 640 m3, which is 1/11 of the global per
capita. Yinchuan crosses the northwest arid region and the eastern monsoon region, so it
has various types of ecological uses. However, the natural ecosystem function of Yinchuan
is on the low side, and the ecological environmental capacity is small. Its human activities
have a strong influence on the environment, and in some areas cause serious environmental
degradation. In terms of energy exploitation and processing, there is a large national coal
production base, the “West-to-East Power Transmission” thermal power base and coal
chemical industry base in Yinchuan. In terms of food planting, Yinchuan is located in the
Yellow River irrigation area, which is an important food planting area. The location, terrain,
and water system in Yinchuan are shown in Figure 1.
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Figure 1. Overview map of the location, terrain, and water system in Yinchuan.

2.3. Construction of the Water Rights Allocation Model

To build a water right allocation model, the allocation principle should be established
first [21]. A multi-objective water rights allocation model is established by taking the
principles of fairness, efficiency, and coordinated development of water–ecology–energy–
food as the objective function, and the principle of water security in the industry as
the constraint.

2.3.1. The Objective Function of Fairness

The objective function of fairness is reflected by the satisfaction function of water
rights allocation in each industry. The smaller the value, the smaller the difference in
satisfaction with the allocated water rights among industries; that is, the fairer the water
rights allocation between the industries is. The equation is as follows:

maxRF = max
H

∑
h=1




Wh/WQh −
H
∑

h=1
Wh/WQ

H
∑

h=1
Wh/WQ




2

, (1)

where RF is the objective function of fairness; Wh is the allocated water rights of industry
h (m3); WQh is the current water rights of industry h (m3); and WQ is the sum of current
water rights of various industries (m3).

2.3.2. The Objective Function of Efficiency

The objective function of efficiency needs to quantify the water resource benefits of
various industries, to make the total benefit of water resources after allocation as high
as possible. There are differences in the quantitative methods for the benefits of water
resources in different fields, so it is necessary to select appropriate methods to uniformly
quantify the benefits of water resources in various industries. The emergy analysis method
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is chosen to quantify the benefits of water resources in this paper. Emergy is a metric created
by the American ecologist Odum [23,24], which uses solar energy as a standard to convert
different substances and energy into the solar energy that forms it. The emergy method
can convert the water resources benefits of various industries into the same dimension for
analysis, making the distribution results more real and reliable.

(1) Water resources benefit life, energy, food planting, other agricultural systems, and the
general industry

The water resource benefits of the living, industrial, and agricultural system are
reflected in the contribution of water resources as a factor of production in the activities
of each system [25]. The water resource benefit of the ecosystem is calculated separately
according to the benefit of different ecological water use. By analyzing the energy input
and output of the system, the ratio of water resource benefit input to the total input energy
of all production factors in each system, it can be multiplied by the total output emergy of
the system to obtain the output emergy of water resources. The equation is:

EMh =
EMWh
EMINh

× EMOUTh. (2)

where EMh is the output water emergy of industry h (sej), that is, the objective function
of efficiency in h industry, including life (EML), energy industry (EMN), food planting
(EMF), other agriculture (EMO), general industry (EMI); EMWh is the input water emergy
of industry h (sej); EMINh is the total input emergy of industry h (sej); EMOUTh is the total
output emergy of industry h (sej).

(2) The water resources benefit for ecology

In this paper, urban ecological water use is divided into three parts: artificial lake
replenishment, urban road sprinkling, and green space irrigation. Artificial lake replen-
ishment can produce dilution and purification benefit. Watering urban roads can produce
cooling and humidifying benefit and dust removal benefit. Irrigation of urban green space
is a necessary condition for the growth and development of green plants, which will bring
benefits of carbon fixation and oxygen release. The equation is:

EME = WEa × τDB + WEb × L × τE + WEb × ∆PM10 × τD × 48.62%
+(BC × τC + BO × τO)× WEc

WEc+WP

, (3)

where EME is water emergy of ecology system (sej), that is, the objective function of
efficiency in ecology; WEa is the quantity of artificial lake replenishment in ecological
water (m3); τS is the transformity of surface water (sej/m3); WEb is the quantity of ur-
ban road sprinkling in ecological water (m3); L is the latent heat of evaporation (J/g),
L = 2507.4−2.39 T, T is the average annual temperature in the study area (◦C); τE is the
transformity of evaporation (sej/J); ∆PM10 is the variable quantity of PM10 before and
after sprinkling (µg/m3); τD is the transformity of dust (sej/µg); 48.62% is the control
efficiency of sprinkling on dust particles [26]; BC is the amount of carbon fixation (g); BO is
the amount of oxygen release (g); τC and τO are the transformities of carbon fixation and
oxygen release (sej/g) [25]; WEc is the quantity of green space irrigation (m3); WP is natural
precipitation (m3).

(3) The efficiency objective function of water rights allocation established according to
the above items is:

maxRS = max(EML + EME + EMN + EMF + EMO + EMI), (4)

where RS is the objective function of efficiency.
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2.3.3. The Objective Function of Coordinated Development

In order to demonstrate the principle of water–ecology–energy–food coordinated de-
velopment in the process of water rights allocation, the existing coordinated development
status can be quantified into a specific value, which is called the coordinated development
index. The greater the coordinated development index is, the better the coordinated devel-
opment status of the four resources is. The maximum index of coordinated development is
taken as the objective function. The comprehensive evaluation method is used to calculate
the coordinated development index. The comprehensive evaluation method [27,28] can
select objective indicators from the regional economic, social, and ecological environment.
Multiple indicators can be evaluated systematically and normatively at the same time, and
the evaluation results can be quantified. Finally, a general numerical value is formed, and
the evaluation purpose is achieved through numerical comparison.

(1) The selection of comprehensive evaluation indicators for coordinated development is
shown in Table 1.
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Table 1. The comprehensive evaluation indicators of water–ecology–energy–food coordinated development.

System Indicator Unit Indicator
Attribute

Water

Per capita water resources (a1) m3/pc +

Utilization ratio of water resources (A2) % −
Utilization ratio of groundwater resources (A3) % −
Utilization ratio of unconventional water (A4) % +

Water consumption of 104 CNY GDP (A5) m3/104 CNY −

Ecology

Annual precipitation (b1) mm +

Green space coverage rate (B2) % +

Per capita green area (B3) m2/pc +

Energy

Per capita energy production (c1) tce/pc +

Energy consumption of 104 CNY GDP (C2) tce/104 CNY −
Energy self-sufficiency rate (C3) % +

Food

Per capita cultivated area (d1) m2/pc +

Per capita food production (D2) kg/pc +

Proportion of added value in
primary industry (D3) % −

Food self-sufficiency rate (D4) % +

Water–ecology Proportion of water rights in ecology (ab1) % +

Water–energy

Water consumption of per unit
energy production (ac1) m3/tce −

Proportion of water rights in
energy industry (AC2) % −

Proportion of water rights in
general industry (AC3) % −

Water–food

Proportion of water rights in
food planting (ad1) % −

Irrigation water consumption of
Per unit cultivated area (AD2) m3/hm2 −

Coefficient of irrigation water
effective utilization (AD3) +

Ecology–energy Proportion of clean energy generation (bc1) % +

Ecology–food Application amount of chemical fertilizer
Per unit cultivated area (bd1) t/hm2 −

Energy–food

Agricultural machinery power per unit
cultivated area (cd1) kw/hm2 −

Proportion of energy consumption in primary
industry (CD2) % −

Economic

Per capita gdp (j1) 104 CNY/pc +

GDP growth rate (J2) % +

Proportion of added value in
tertiary industry (J3) % +

195



Water 2022, 14, 2140

Table 1. Cont.

System Indicator Unit Indicator
Attribute

Social

Proportion of water rights in life (h1) % +

Rate of population growth (H2) ‰ −
Engel Co-efficient (H3) % −
Urbanization rate (H4) % +

Population density (H5) pop/km2 −

Environment

Sewage treatment rate (z1) % +

Greenhouse gas emission per 104

CNY GDP created (Z2) kg/104 CNY −

(2) The coordinated development index can be quantified with the entropy
weight method:

(A) Normalization treatment
when the indicator is positive

yij =
xij − min

(
xj
)

max
(
xj
)
− min

(
xj
) , (5)

when the indicator is negative

yij =
max

(
xj
)
− xij

max
(
xj
)
− min

(
xj
) , (6)

where yij is normalized data; max(xj) is the maximum indicator j in n years; and
min(xj) is the minimum indicator j in n years.

(B) The calculation of the index
Calculate the weight of the indicator in the year i under the index j:

Pij =




yij
n
∑

i=1
yij


, i = 1, 2, . . . , n. (7)

Calculate the information entropy of indicator j:

Ej = − 1
ln n

×
n

∑
i=1

(
Pij × ln

(
Pij
))

. (8)

Determine the weight of indicator j:

Mj =




1 − Ej

k −
k
∑

j=1
Ej


, j = 1, 2, . . . , l. (9)

Calculate the coordinated development indicator Gi in the year i:

Gi =
k

∑
j=1

(
Mj × yij

)
. (10)
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(C) The objective function of coordinated development

maxRG = maxG, (11)

where RG is the objective function of the coordinated development on water–ecology–
energy–food.

2.3.4. The Constraints of Industry Water Rights

The current water rights security for industrial and agricultural production and the
water rights security for future life are taken, as constraints in this model. Domestic water
is the sum of water for the daily life of residents and urban public water. Ecological water
includes artificial lake replenishment, urban road sprinkler, and green space irrigation. The
energy industry includes coal mining, coal washing, coking, crude oil refining (including
gasoline, diesel, kerosene and other crude oil processing industries), and thermal power
generation. Food planting includes the cultivation of rice, corn, wheat, and beans (potatoes
do not grow in Yinchuan). Other agriculture includes planting industries other than food
crops, as well as timber, livestock products, and fishery products. Other agriculture includes
farming other than food crops, as well as timber, animal, and fish products.

(1) The constraints of water rights of life:

WL ≥ (1+NU)
aPU × QU + (1+NR)

aPR × QR + GDPUP(1+NUP)
a × MGDP, (12)

where WL is the water rights of life (m3); PU, PR are the number of urban people
and rural people; NU, NR are the population growth rate of urban and rural; QU, QR
are the per capita domestic water quota for urban and rural; GDPUP is the GDP of
urban public industry; NUP is GDP growth rate of urban public industry; and MGDP
is the water consumption per CNY 10,000 GDP; a is the year for future domestic
water security.

(2) The constraints of water rights of ecology:

WE ≥ SG × MG + SL × (EL + KL) + SR × MR, (13)

where WE is the water rights of ecology (m3); SG is the greening coverage area; MG is
the quota for greening irrigation; SL is the area of artificial lake; EL is the evaporation
supply quota of local lakes; KL is the infiltration supply quota of local lakes; SR is the
area of urban roads; and MR is quota of urban road sprinkling.

(3) The constraints of water rights of energy industry:

WN ≥ ∑(RNk × MNk), (14)

where WN is the water rights of energy industry (m3); RNk is the production of energy k;
MNk is the water quota for the exploitation or processing of energy k.

(4) The constraints of water rights of food planting:

WF ≥ ∑(RFk × MFk). (15)

(5) The constraints of water rights of other agriculture:

WO ≥ ∑(ROk × MOk), (16)

where WO is the water rights of other agriculture (m3); ROk is the production of other
agriculture k; MOk is the water quota of other agriculture.
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(6) The constraints of water rights of general industry:

WI ≥ ∑(RIk × MIk), (17)

where WI is the water rights of general industry (m3); RIk is the production of general
industry k; MIk is the water quota of general industry.

(7) The constraints of total water rights:

WL + WE + WN + WF + WO + WI ≤ WR, (18)

where WR is the total water rights in this city.
(8) The method to solve model

The MATLAB software and particle swarm optimization algorithm are used to solve
the water rights allocation model in this study.

3. Results

According to the water rights allocation model proposed above, Yinchuan in 2019 is
taken as an example to calculate the water rights allocation of coordinated development
on water–ecology–energy–food. Among the data required for calculation, the water re-
sources data are from Ningxia Water Resources Bulletin (2013–2019) [29–35], and social
and economic data are from Yinchuan Statistical Yearbook (2014–2020) [36–42]. The total
amount data of water rights allocation in Yinchuan comes from the Yellow River Institute
of Hydraulic Research. We put the data into Equations (1) to (18), using MATLAB software
to compile the particle swarm optimization algorithm for iterative solution. The result of
water rights allocation for the coordinated development on water–ecology–energy–food in
Yinchuan is obtained, as shown in Table 2:

Table 2. Water rights allocation scheme of the coordinated development of water–ecology–energy–
food in Yinchuan.

Industry Water Rights
of Life WL

Water Rights
of Ecology

WE

Water Rights
of Energy

Industry WN

Water Rights
of Food

Planting WF

Water Rights
of Other

Agriculture
WO

Water Rights
of General

Industry WI

Total

Water rights
(×108 m3) 0.99 1.77 1.80 4.06 5.20 0.88 14.70

4. Discussion
4.1. Results Analysis of Water Resources Value in Various Industries

It can be seen from Figure 2, after the allocation of water rights for the coordinated
development on water- ecology-energy-food, the value of water resources in various
industries in Yinchuan has changed. The water resources value in the living system it
increased by 2.10 × 108 CNY, in the ecosystem it increased by 0.22 × 108 CNY, in the energy
industry system it decreased by 0.70 × 108 CNY, in the food planting system it decreased
by 0.32 × 108 CNY, it increased by 0.14 × 108 CNY in other agricultural systems, and it
increased by 0.86 × 108 CNY in general industrial systems. The total water resources value
increased by 2.31 × 108 CNY compared with before allocation. It can be seen that after
the allocation of water rights, the overall value of water resources in Yinchuan city has
increased, and the efficiency of water resources utilization has improved. When Li et al. [43]
optimized the regional water use structure based on water resource vulnerability, they also
took the industrial water resource value as an important influencing factor to allocate water
resources. In this paper, emergy method is used to quantify the water resources value in
various industries, which is conducive to obtain the objective and reliable allocated results.
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(1) Comparison of the water resources value in various industries under current water
rights and allocated water rights. In the efficiency objective of city-industry water
rights allocation model, the emergy method is used to calculate the value of water
resources in various industries in this paper. The comparison of water resources value
in various industries before and after water rights allocation is shown in Figure 2:
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Figure 2. Comparison chart of water resources value in various industries under different
water rights.

(2) Comparison of the value of water resources per cubic meter in various industries.
According to the calculation of the value of water resources and the allocation results
of water rights in various industries, the value of water resources per cubic meter in
Yinchuan city can be obtained. The value of water resources per cubic meter of the
living system is the highest, reaching 15.54 CNY/m3, followed by that of the energy
industry system, reaching 10.28 CNY/m3, and that of the food production system
is the lowest, only 0.67 CNY/m3. The value of water resources per cubic meter in
the ecosystem is 2.05 CNY/m3, that of other agricultural systems is 4.94 CNY/m3,
and that of general industrial systems is 5.37 CNY/m3. Wang Yu et al. [44] used
the emergy method to calculate the value of water resources per cubic meter of the
four sectors (life, industry, extra-river ecology, and agriculture) in nine provinces and
autonomous regions in the Yellow River Basin. They also obtained the result that the
value of water resources per cubic meter of life sector is the largest and that of the
agriculture sector is the smallest. Li et al. [43] also suggested that the value of water
resources per cubic meter of agriculture is minimal. The food planting industry is
faced with the problem of low water efficiency, and it is a trend that accelerates the
development of regional water-saving agricultural engineering renovation.

4.2. Results Analysis of Coordinated Development Index G

Through the optimal allocation of the right to use water resources of various industries
in Yinchuan in 2019, the change of water rights of various industries will directly affect
the values of some comprehensive evaluation indicators. It will thus change the size
of the coordinated development index on water–ecology–energy–food. The trend and
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comparative analysis of that in Yinchuan from 2013 to 2019 under the condition of current
water rights and allocated water rights are shown in Figure 3:
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Figure 3. Trend and comparison of the water–ecology–energy–food coordinated development index
in Yinchuan city from 2013 to 2019 under different water rights conditions.

As can be seen from Figure 3, in terms of the extended development trend of the
water–ecology–energy–food coordinated development index, except that the current water
rights declined in 2017, the current indexes and the allocated indexes basically showed
an upward trend from 2013 to 2018. Both dropped significantly in 2019 compared to the
previous year. Through the analysis of comprehensive evaluation indicators data, it is
found that natural annual precipitation (B1) decreased significantly in Yinchuan in 2019,
and the energy exploitation and food crop yield was decreased. As the result, the per capita
water resources (A1), energy self-sufficiency rate (C3) and food self-sufficiency rate (D4) and
other positive indicators decreased significantly, which has an impact on the coordinated
development index in this year. The coordinated development index under the current
water rights condition has a slight decline in 2017, which is due to the obvious decline of
annual precipitation (B1) in this year compared with 2016.

It can also be seen from Figure 3 that in 2014 and 2016, the coordinated development
index under current water rights is slightly larger than that under allocated water rights,
which is mainly caused by the changing trend of the proportion of water rights in food
planting (AD1). The proportion of water rights of food planting (AD1) peaked in 2014
and 2016, at 52.36% and 51.54%. Compared with the situation of current water rights
in 2019, it is 30.90%, and the proportion of water rights of food planting (AD1) under
allocated water rights is even smaller, only 27.62%. Under the condition of allocated water
rights, the proportion of water rights of food planting (AD1) is more discrete than the
current water rights, which leads to the decrease of the coordinated development index of
water–ecology–energy–food.
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From 2013 to 2016, the coordinated development index under the condition of allocated
water rights was basically equal to that under the condition of current water rights. From
2017 to 2019, the coordinated development index under the condition of allocated water
rights was significantly higher than that under the condition of current water rights. It can
be shown that the regional water–ecology–energy–food coordinated development state
obtained by water rights allocation in this paper is superior to the current situation. The
water rights allocation model established in this paper can provide reference and help to
promote the coordinated development of regional water–ecology–energy–food.

4.3. Results Analysis of Water Rights Allocation

A comparative analysis is made between the current water rights of various indus-
tries in Yinchuan in 2019 and the allocated water rights in various industries based on
the coordinated development of water–ecology–energy–food in this paper, as shown
in Figure 4.

Water 2022, 14, x FOR PEER REVIEW 12 of 15 
 

 

water rights declined in 2017, the current indexes and the allocated indexes basically 

showed an upward trend from 2013 to 2018. Both dropped significantly in 2019 compared 

to the previous year. Through the analysis of comprehensive evaluation indicators data, 

it is found that natural annual precipitation (B1) decreased significantly in Yinchuan in 

2019, and the energy exploitation and food crop yield was decreased. As the result, the 

per capita water resources (A1), energy self-sufficiency rate (C3) and food self-sufficiency 

rate (D4) and other positive indicators decreased significantly, which has an impact on the 

coordinated development index in this year. The coordinated development index under 

the current water rights condition has a slight decline in 2017, which is due to the obvious 

decline of annual precipitation (B1) in this year compared with 2016. 

It can also be seen from Figure 3 that in 2014 and 2016, the coordinated development 

index under current water rights is slightly larger than that under allocated water rights, 

which is mainly caused by the changing trend of the proportion of water rights in food 

planting (AD1). The proportion of water rights of food planting (AD1) peaked in 2014 and 

2016, at 52.36% and 51.54%. Compared with the situation of current water rights in 2019, 

it is 30.90%, and the proportion of water rights of food planting (AD1) under allocated 

water rights is even smaller, only 27.62%. Under the condition of allocated water rights, 

the proportion of water rights of food planting (AD1) is more discrete than the current 

water rights, which leads to the decrease of the coordinated development index of water–

ecology–energy–food. 

From 2013 to 2016, the coordinated development index under the condition of allo-

cated water rights was basically equal to that under the condition of current water rights. 

From 2017 to 2019, the coordinated development index under the condition of allocated 

water rights was significantly higher than that under the condition of current water rights. 

It can be shown that the regional water–ecology–energy–food coordinated development 

state obtained by water rights allocation in this paper is superior to the current situation. 

The water rights allocation model established in this paper can provide reference and help 

to promote the coordinated development of regional water–ecology–energy–food. 

4.3. Results Analysis of Water Rights Allocation 

A comparative analysis is made between the current water rights of various indus-

tries in Yinchuan in 2019 and the allocated water rights in various industries based on the 

coordinated development of water–ecology–energy–food in this paper, as shown in Fig-

ure 4. 

 

Figure 4. Comparison of the percentage of current water rights and allocated water rights in various 

industries. 

Figure 4. Comparison of the percentage of current water rights and allocated water rights in
various industries.

As can be seen from Figure 4, the allocated water rights of life in Yinchuan increased
by 1.07%, the allocated water rights of ecology increased by 1.85%, the allocated water
rights of energy industry decreased by 1.09%, that of food planting decreased by 3.27%, that
of other agriculture increased by 0.83%, and general industry increased by 0.65% compared
with the current water rights. Water rights of life and ecology have increased, while
agricultural water rights have decreased and industrial water rights have little change,
which is consistent with the optimization trend of water resources in the Yellow River
Basin proposed by Xia et al. [45]. In addition, according to Yinchuan’s future economic
and social development focus, urban planning and industrial and agricultural construction
characteristics, the water rights allocation scheme based on coordinated development of
water–ecology–energy–food in this paper is reasonable and sustainable, which can provide
some reference for the reasonable allocation of regional water rights.

5. Conclusions

In this paper, the water resource is taken as the object of control, and a municipal-
industry water rights allocation model for the coordinated development of water–ecology–
energy–food is established. The fairness objective of the model is established by satisfaction
function, the efficiency objective is established by the emergy method, and the coordinated
development objective is calculated by comprehensive evaluation method. We calculate
the water security for each industry as constraints of the water right allocation model. The
conclusions are as follows:
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(1) Water, ecology, energy, and food crises are major challenges to current global de-
velopment. These four resources are intertwined and affect each other, and can
therefore not be discussed individually. Therefore, starting from their coordinated
development, they can better solve the crisis. The quantitative method of water–
ecology–energy–food coordinated development constructed in this study, and the
quantitative calculation results of Yinchuan coordinated development, can provide
management reference for management departments;

(2) In this paper, the emergy method is used to achieve a unified and objective quantitative
calculation of the value of water resources in various industries, which makes the
result of water rights allocation more reliable. At the same time, it also has certain
fairness significance. The Emergy method can realize the unified quantification of the
economic, social, and ecological environmental value of water resources. The value of
water resources calculated by this method is more scientific and reasonable;

(3) The water rights allocation model of regional water–ecology–energy–food coordinated
development established in this paper has ensured the water security of ecological
restoration, key energy industries, and food planting. It can take reference and help
for effectively solving the contradiction between the supply and demand of regional
water resources, promoting the harmony of water use in various industries. It can
also promote the sustainable development of economy, society, and ecology.

There are still some shortcomings in this paper: It is difficult to completely distin-
guish the cross industries when dividing the industries, and it is also difficult to make
comprehensive statistics of all water use units in the industry. Further research is needed in
the future.
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Abstract: Soil erosion is an important ecological and environmental problem in the Yellow River
Basin (YRB), which restricts the sustainable development of the YRB. Based on the Revised Universal
Soil Loss Equation (RUSLE) and Optimal Parameters-based Geographical Detector (OPGD), this
study discusses the multiscale spatiotemporal characteristics of soil erosion and its influencing factors
in the YRB. The results show that: (1) The average values of soil-erosion modulus of the YRB in 2000,
2005, 2010, 2015, and 2020 was 1877.69, 1641.59, 1485.25, 844.84, and 832.07 t·km−2·a−1, respectively,
and the areas with severe soil erosion are mainly concentrated in the three provinces of Gansu, Shanxi
and Shaanxi, showing a belt-like trend in the northeast-southwest as a whole. (2) From 2000 to 2020,
the q value of soil erosion influencing factors in the YRB showed a downward trend. From the YRB
scale to the county scale, the q value of the influencing factors showed an increasing trend. Among
them, fractional vegetation cover (FVC), landform type, and LU/LC have strong explanatory power
for soil erosion in the YRB. FVC explains about 15% of soil erosion, and the interaction between
FVC and landform explains up to 35% of soil erosion. (3) The ability of human activities (LU/LC,
FVC) to influence soil erosion is increasing, and this feature is more pronounced at small scales. The
conclusion of this study can be summarized as managers should pay attention to the role of human
activities in the YRB for soil erosion, especially at small scales, in order to formulate lower-cost and
targeted soil and water conservation measures.

Keywords: soil erosion; influencing factors; RUSLE; the optimal parameters-based geographical
detector; scale effects; the Yellow River Basin

1. Introduction

Soil erosion is one of the most serious ecological and environmental problems in
the world [1–3]. It is not only a primary threat to food security, but also releases organic
carbon sequestered in soil, which has a significant impact on the global carbon cycle and
ultimately threatens human existence [4–8]. To solve this problem, it is crucial to explore
the spatiotemporal characteristics of soil erosion and its influencing factors [9,10]. More
and more attention has been paid to the multiscale effect analysis of soil erosion [9–11].
One of the research directions is to consider the uncertainty caused by the changes of
administrative boundaries on soil erosion factors [5,7,9]. The research results can be directly
applied to soil and water conservation management and planning [9,12], which beneficially
impact water economics [13].

The model of the (R)USLE series is by far the most widely applied soil erosion
model globally [4], as seen in [14], despite some shortcomings of these methods [15].
In China, the RUSLE model has been widely used in the Qinghai-Tibet Plateau [16,17],
Loess Plateau [18–21], karst landforms [22,23], and other regions [9,12,24,25], with excellent
results. At present, in addition to rainfall simulation experiments [26] and runoff monitor-
ing [27], the commonly used methods to analyze soil erosion factors include Geographically
Weighted Regression (GWR) [28], Structural Equation Modeling (SEM) [29], and Geode-
tector [30]. Among them, Geodetector has been widely used in the study of soil erosion
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influencing factors in recent years because it can quantify the substantial contributions
of different factors and their interactions of soil erosion [9,10,12,23,25]. However, in the
process of discretizing spatial data, traditional Geodetectors usually rely on professional ex-
perience and previous research, ignoring the possible impact of data discretization methods
and break number of spatial strata on detection results [31,32]. Therefore, Wang Jinfeng’s
team developed the Optimal Parameters-based Geographical Detector (OPGD) [32] to
optimize the data discretization method and break number of spatial strata and improve
the reliability of geographic detection results.

As one of the most severely eroded areas in the world, the complex geomorphological
features, easily eroded soil characteristics, and improper land use in the YRB made the
soil vulnerable to erosion [10,33]. In 2020, the hydraulic erosion area of the YRB will be
191,400 km2 [34]. The YRB is an important grain-producing area in China. Soil erosion
destroys land resources in the watershed, and sediment takes away a large amount of
soil nutrients such as N, P, K, etc., causing soil fertility degradation and restricting the
growth of food production [35]. In addition, the congestion of downstream tributaries
and rivers has promoted the occurrence of urban waterlogging to a certain extent, and
directly affected people’s life safety [36]. Therefore, it is of great significance to carry out
research on water erosion in the Yellow River Basin for food security, ecological protection,
and social development. In order to curb the continuous deterioration of the ecology and
environment, the “Grain to Green Program” (GGP) in Gansu, Shaanxi, and other provinces
has been successively carried out since 1999. Deng et al. [37] evaluated the impact of the
conversion of the GGP on soil erosion on the Loess Plateau from 2000 to 2018 and found
that lost sediment has reduced by 348.7 Tg. Over the years, scholars have recognized the
impact of human activities on soil erosion, but the spatiotemporal characteristics of the
impact of human activities on soil erosion have not been thoroughly explored. Therefore,
this study conducted a multiscale spatiotemporal characteristics analysis of the influencing
factors of soil erosion not only from the basin scale, but also from the provincial, city, and
county scales.

The main purpose of this study is to conduct a multiscale spatiotemporal analysis
of soil erosion and its influencing factors in the YRB. The objectives of the research are as
follows: (1) estimating the soil erosion status of the YRB from 2000 to 2020 and analyzing
its spatiotemporal characteristics; (2) exploring the spatiotemporal characteristics of influ-
encing factors of soil erosion in the YRB; (3) analyzing the spatiotemporal characteristics of
human activities (LU/LC, FVC) in their impact on soil erosion.

2. Materials and Methods
2.1. Study Area

The Yellow River originates from the Brahmaputra Basin at the northern foot of the
BaYanKaLa mountain on the Qinghai-Tibet Plateau. The length of the main stream exceeds
5400 km and flows through the nine provinces of Qinghai, Sichuan, Gansu, Ningxia,
Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong. The YRB is located between
95◦02′–119◦43′ E and 31◦28′–41◦33′ N (Figure 1), with a drainage area of 795,000 km2. The
Yellow River flows from west to east through the Qinghai-Tibet Plateau, Hetao Plain, Ordos
Plateau, Loess Plateau, and North China Plain. There are significant differences in climate
between different regions in the basin, with large seasonal differences and uneven temporal
and spatial distribution of precipitation. Summer precipitation accounts for 70% of the total
precipitation, and the daily and annual temperature ranges are large. The soil includes
alpine soil, arid soil, and other types, and the natural vegetation includes alpine meadow,
grassland, deciduous forest, etc. Soil erosion in the basin is dominated by hydraulic erosion
forces, and there are also erosion forces such as wind, freeze-thaw, and gravity [38].
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Figure 1. Overview of the study area.

2.2. Data Sources

The data used in this study include (1) daily precipitation data of 113 meteorologi-
cal stations in and around the YRB in 2000, 2005, 2010, 2015, and 2020, from the China
Meteorological Information Center (https://data.cma.cn/, accessed on 10 August 2021);
(2) ASTER GDEM V3 30m spatial resolution DEM data, from the Geospatial Data Cloud
(http://www.gscloud.cn/, accessed on 18 January 2022); (3) the 1KM spatial resolution
China soil characteristics dataset (2010) [39,40] and 1KM spatial resolution Soil map based
Harmonized World Soil Database (v1.2) [41], which are from the Institute of Tibetan Plateau
Research, Chinese Academy of Sciences (http://www.tpdc.ac.cn/zh-hans/, accessed on 17
April 2022); (4) the 1KM LU/LC data of the YRB in 2000, 2005, 2010, 2015, and 2020 (China’s
1:1,000,000 soil types data and landform types data are from the Resource and Environ-
mental Science and Data Center (https://www.resdc.cn/, accessed on 24 December 2021));
(5) 250 m spatial resolution NDVI MOD13Q1 products for 2000, 2005, 2010, 2015, and 2020
from National Aeronautics and Space Administration (https://search.earthdata.nasa.gov/,
accessed on 30 June 2022).

2.3. Research Methods
2.3.1. RUSLE Model

The RUSLE formula is as follows:

A = R × K × LS × C × P (1)

where A (t·hm−2·a−1) is the annual soil erosion modulus; R (MJ·mm·hm−2·h−1·a−1) is the
rainfall erosivity factor; K (t·h·MJ−1·mm−1) is the soil erodibility factor; LS (dimensionless)
is the slope factor S and slope length factor L; C (dimensionless) is the land cover and
management factor; P (dimensionless) is the erosion control practice factor.

R factor reflects the dynamic index of soil erosion caused by runoff generated by
rainfall. Due to the difficulty of obtaining rainfall data each time, the method proposed
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by Zhang et al. [42] to estimate rainfall erosivity was adopted in this study. Compared
with the empirical formula for estimating R factor using annual rainfall and monthly
rainfall, this formula has higher accuracy and is widely used in the calculation of rainfall
erosivity in the YRB and its surrounding areas [10,43–45]. The annual rainfall erosivity,
based on aggradations of half-month rainfall erosivity, was estimated using daily rainfall
data as follows:

R = α
k

∑
j=1

(
Dj
)β (2)

β = 0.8363 +
18.177

Pd12
+

24.455
Py12

(3)

α = 21.586× β(−7.1891) (4)

where R is the erosivity of half monthly precipitation; Dj refers to the erosiveness daily
precipitation on the jth day of the half month. It is required that the daily precipitation
is greater than 12 mm, otherwise it is calculated as 0 [46]; α and β represent the coef-
ficients; Pd12 (mm) and Py12 (mm) are the average daily precipitation and the average
annual precipitation, respectively, and both require the daily rainfall to be more than
12 mm. Using the meteorological stations data, the average annual rainfall erosivity of each
station is obtained by Equations (2)–(4), and then the Kriging interpolation method is used
for spatial interpolation, and the spatial resolution is obtained as 1 km rainfall erosivity
distribution map.

K factor is an important factor in reflecting the sensitivity of soil to erosion [47]. The
method of measuring K value through natural plot test is difficult to carry out in the YRB,
so this study uses the EPIC model proposed by Williams et al. [48] to calculate the soil
erodibility factor, and the formula is as follows:

K = 0.1317
(

0.2 + 0.3e[−0.0256San(1− Sil
100 )]

)( Sil
Cla + Sil

)0.3 [
1− 0.25Toc

Toc + e(3.72−2.95Toc)

][
1− 0.7SN1

SN1 + e(22.9SN1−5.51)

]
(5)

SN1 = 1− San
100

(6)

where Sil (%), San (%), Cla (%), and Toc (%), respectively, represent the contents of silt,
sand, clay, and the total organic carbon in the soil. The results were verified based on some
measured K values provided by Zhang Keli et al. [49,50], and the calculated results were
reliable. The average k value in the YRB was 0.0429.

The LS factor represents the influence of slope length and slope on soil erosion. This
study used the formula for L defined and developed by McCool et al. [51]. The S factor
is calculated using the formula proposed by McCool et al. [51] and developed by Liu
Baoyuan [52].

S =





10.8 Sinθ + 0.03 θ ≤ 5◦

16.8Sinθ − 0.05 5◦ ≤ θ < 10◦

21.9Sinθ − 0.96 θ ≥ 10◦
(7)

L = (λ/22.13)m, m =





0.2 θ ≤ 1◦

0.3 1◦ < θ ≤ 3◦

0.4 3◦ < θ ≤ 5◦

0.5 θ > 5◦
(8)

where γ is the slope length (m); and m is a dimensionless constant depending on the percent
slope (θ).

The C factor was obtained based on vegetation coverage [53]. The formula is as follows:

C =





1 f = 0
0.6508− 0.3436lg( f ) 0 < f ≤ 78.3%

0 f > 78.3%
(9)
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where f (%) is the FVC. The FVC is estimated by using the pixel bipartite model [54] and
using NDVI.

f =
NDVI − NDVIsoil

NDVIveg − NDVIsoil
(10)

where NDVIsoil is the NDVI of no vegetation cover or bare land, and NDVIveg is the NDVI
of the area completely covered by vegetation.

The P factor represents the ratio of soil loss area to soil loss area under standard
conditions under the action of certain water and soil protection measures, and its value
is between 0 and 1. This study estimates the p factor under different land uses based on
Table 1. The p factor of farmland is calculated by the formula proposed by Wener [55],
where s (%) represents the slope.

Table 1. The p factor estimation of various LU/LC in the YRB.

LU/LC p Value

Farmland [55,56] 0.2 + 0.03 × s
Forest [43,45]

1Grassland [10,43]
Waterbody [57,58]

0Construction land [57,58]
Bare rock [10,45]

Sandy land [10,45]

1
Bare land [10,45]

Gobi Desert [10,45]
Marsh [10,45]

Other types [10,43]

According to the calculation results of the model and the Classification Standard of
Soil and Water Loss Intensity [59], the soil and water loss areas with different degrees
of erosion are divided into six categories: tolerable (<1000), slight (1000–2500), moderate
(2500–5000), severe (5000–8000), very severe (8000–15,000), and destructive (>15,000). The
unit is: t·km−2·a−1.

2.3.2. OPGD Model

Geodetector is a statistical method used to detect influencing factors, including Factor
detector, Interaction detector, Risk detector, and Ecological detector [30]. In this study, the
OPGD R package GD was used to analyze the explanatory power of individual factors
and factor interactions on soil erosion, in which the detection results (q-values) represent
the magnitude of the explanatory power. The specific settings are as follows: Taking the
soil erosion modulus of the YRB as the dependent variable, and LU/LC, Landform type,
Soil type, Precipitation, Slope, Elevation, and FVC as the influencing factors, five data
discretization methods (Natural break, Standard deviation, Quantile, Equal interval, and
Geometric interval) were used to set the spatial layer number to 3–8 categories to analyze
the influencing factors of soil erosion. At the YRB scale, factor detection and interaction
detection were carried out with the YRB as the research unit. The provincial, city, and
county scales were divided into study areas with provinces, cities, and counties as units,
and the factor detection and interaction detection of each province, city, and county were
detected after deleting the q value that failed the significance test. Finally, the averages of
the detection results of every province, city, and county were calculated.

3. Results
3.1. Spatial and Temporal Distribution of Soil Erosion in the YRB

From 2000 to 2020, the average soil erosion modulus of the YRB was 1336.29 t·km−2·a−1.
Overall, about 73.4% of the soil erosion areas showed slight and moderate soil erosion
intensity, and the severely eroded areas were concentrated in Gansu, Shaanxi, and Shanxi
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provinces (Figure 2). The soil erosion status was different in different years. The average
soil erosion modulus in 2000, 2005, 2010, 2015, and 2020 was 1877.69, 1641.59, 1485.25,
844.84, and 832.07 t·km−2·a−1, respectively. The soil erosion rate showed a decreasing trend,
with no significant changes from 2000 to 2010, and the soil erosion situation improved
significantly since 2015.
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Figure 2. Soil erosion intensity of the YRB.

Figure 3 shows the transfer matrix for different soil erosion intensity (where the widths
at both ends of the chord represent the transfer area between different erosion intensities).
From 2000 to 2020, the area of hydraulic erosion in the YRB decreased by 113,800 km2,
and the area of slight erosion did not change significantly. The proportion of moderate
erosion in the whole basin decreased by 4.07%, the proportion of severe erosion decreased
by 4.79%, the proportion of very severe erosion decreased by 4.30%, and the proportion of
destructive erosion decreased by 0.63%. From 2000 to 2020, the area of tolerable erosion
was the largest, and the area from high erosion intensity to low erosion intensity was larger
than the area from low erosion intensity to high erosion intensity, which indicated that
the overall soil erosion in the study area gradually improved during the study period. In
contrast, there are certain differences in the transition of soil erosion intensity at each stage,
and the transition from moderate and above erosion intensity to low erosion intensity
is the most obvious. Except for the case where the erosion intensity is unchanged, the
transition of erosion intensity from slight to tolerable, tolerable to slight, and moderate to
slight occupies a relatively large area.

Soil erosion in the YRB occurs mainly in the loess area and gradually disperses as the
scale decreases, with obvious regional differences in space (Figure 4). The high erosion areas
at the provincial scale are mainly concentrated in Gansu, Shaanxi, and Shanxi provinces.
In 2020, almost all counties and cities with serious soil erosion were concentrated in these
three provinces. At the city scale, high-erosion areas mainly include Baiyin, Zhongwei,
and Qingyang in Gansu Province, Yan’an and Yulin in Shaanxi Province, and Linfen and
Luliang in Shanxi Province. At the county scale, high erosion areas mainly include Suide
County, Zichang County, Qingjian County, etc., in Shaanxi Province; Yonghe County, Shilou
County, Liulin County, etc., in Shanxi Province; Huining County, Tongwei County, Gangu
County, etc., in Gansu Province. The abovementioned counties and cities generally show a
northeast-southwest trend and are distributed in the hilly areas and loess tableland in the
middle of the Loess Plateau.
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3.2. Factor Detection Results

Soil erosion is impact by human activities and natural causes, among which LU/LC
and FVC reflect the impact of human activities on soil erosion [9]. The factor detection
results from 2000 to 2020 are shown in Figure 5. During the study period, the q value
generally showed a decreasing trend, which indicated that with the passage of time, the
influencing factors of soil erosion have become more complex in the context of decreasing
soil erosion rate, and a single factor has an impact on soil erosion explanatory power is
increasingly limited.
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Specifically, there are slight differences in the changing trends of each influencing
factor. The q-value of the precipitation factor was significantly lower in 2015. It was related
to the decrease in precipitation in 2015, what weakened the driving ability of rainfall to
soil erosion [60]. The ranking of LU/LC among the influencing factors showed an upward
trend, which was more evident in the study of dividing the YRB by county. In 2000, LU/LC
ranked 5th out of seven factors, rising to 2nd in 2020, which indicated that LU/LC has an
increasing influence on soil erosion.

There are also differences in detection results at spatial scales. The q value order of
soil erosion influencing factor detection results at the YRB scale is FVC > Soil > Elevation >
Precipitation > Slope > Landform > LU/LC. Among them, FVC is the highest, which can
explain 13% of soil erosion in general. LU/LC had the smallest q value, explaining only 4%
of soil erosion. At provincial scale, the q value order of the factor detection results is FVC
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> Precipitation > Elevation > Landform > Soil > LU/LC > Slope. FVC had the largest q
value, explaining about 14% of soil erosion. The slope has the smallest q value, explaining
about 7% of soil erosion. At city scale, the q value order of the influencing factor detection
results is FVC > Landform > Elevation > Soil > LU/LC > Precipitation > Slope. FVC has
the largest q value, explaining about 16% of soil erosion. The slope has the smallest q value,
explaining about 7% of soil erosion. At county scale, the q value order of the influencing
factor detection results is Landform > Elevation > FVC > LU/LC > Precipitation > Soil >
Slope. Landform has the largest q value, explaining about 19% of soil erosion. Slope has
the smallest q value, explaining about 9% of soil erosion.

To sum up, with the decrease in the research scale, the q value of each soil erosion
influencing factor generally showed an upward trend, and the ranking of the factors
changed. The q value of FVC was consistently high, explaining about 15% of soil erosion,
and the q value ranking of LU/LC gradually increased, which indicated that FVC was
always an important controlling factor in the process of soil erosion, and the effect of
LU/LC on soil erosion enhanced with decreasing scale. In general, natural causes dominate
in the larger study area, while human activities can have more influence on soil erosion in
part areas. Therefore, the management of soil erosion should strengthen the management
of small areas to give more play to the positive impact of human activities.

3.3. Interaction Detection Results

The explanatory power of the single factor for soil erosion is limited, and the q value of
the factor interaction is significantly higher than that of the single factor (Figure 6). Among
the single factors, FVC, Landform and LU/LC have a greater implication on soil erosion.
The interaction between the above three factors or the interaction between the above three
factors and other factors produces a higher q value, and the interaction between FVC
and Landform, and FVC and LU/LC have the most direct impact on soil erosion. At the
county scale, the interaction between FVC and Landform in 2000, 2005, 2010, 2015, and
2020 can explain about 35%, 35%, 32%, 33%, and 27% of soil erosion, respectively. The
interaction between FVC and LU/LC can explain 33%, 33%, 33%, 32%, and 29% of soil
erosion, respectively.

Water 2022, 14, x FOR PEER REVIEW 10 of 16 
 

 

erosion. The interaction between the above three factors or the interaction between the 

above three factors and other factors produces a higher q value, and the interaction be-

tween FVC and Landform, and FVC and LU/LC have the most direct impact on soil ero-

sion. At the county scale, the interaction between FVC and Landform in 2000, 2005, 2010, 

2015, and 2020 can explain about 35%, 35%, 32%, 33%, and 27% of soil erosion, respec-

tively. The interaction between FVC and LU/LC can explain 33%, 33%, 33%, 32%, and 29% 

of soil erosion, respectively. 

The change trend of the interaction results is basically consistent with the trend of 

the spatiotemporal characteristics of the single factor detection results. In terms of time, 

the results of interaction show a decreasing trend, but the effect of interaction between 

LU/LC and other factors increases in rank. Spatially, as the scale decreases, the q value of 

the interaction increases, while the ranking of the main controlling factors changes. Its 

variation characteristics are consistent with the detection results of a single factor. Natural 

causes dominated the large-scale study area, and human activities have more effects on 

soil erosion in local areas. 

 

 

Figure 6. Factor interaction detection results from 2000 to 2020. 

4. Discussion 

4.1. Validation of the Model Results 

The soil erosion situation in the YRB is complex. The data obtained from the China 

River Sediment Bulletin can only infer the sediment transport modulus of some hydro-

logical stations in the Yellow River. When the sediment transport ratio is unknown, the 

basin soil erosion modulus cannot be estimated. Therefore, the results of the RUSLE in 

this study were contrasted with the results of other studies to validate the model (Table 

2). Our findings have a good linear fit with those of others (R2 = 0.8924). Compared with 

the Soil and Water Conservation Bulletin in Yellow River Basin (2020) issued by the Yel-

low River Water Conservancy Commission [34], the study underestimated 3.81% of the 

hydraulic erosion area of the YRB in 2020. 

Table 2. Soil erosion modulus obtained from previous studies. 

Study Site Study Time 
Soil Erosion 

(t·km−2·a−1) 

Results of 

This Estimates * 
Reference Sources 

Yanhe Basin 2010 3227 2852 Zhao et al. [19] 

Figure 6. Factor interaction detection results from 2000 to 2020.

213



Water 2022, 14, 2658

The change trend of the interaction results is basically consistent with the trend of
the spatiotemporal characteristics of the single factor detection results. In terms of time,
the results of interaction show a decreasing trend, but the effect of interaction between
LU/LC and other factors increases in rank. Spatially, as the scale decreases, the q value
of the interaction increases, while the ranking of the main controlling factors changes. Its
variation characteristics are consistent with the detection results of a single factor. Natural
causes dominated the large-scale study area, and human activities have more effects on
soil erosion in local areas.

4. Discussion
4.1. Validation of the Model Results

The soil erosion situation in the YRB is complex. The data obtained from the China
River Sediment Bulletin can only infer the sediment transport modulus of some hydro-
logical stations in the Yellow River. When the sediment transport ratio is unknown, the
basin soil erosion modulus cannot be estimated. Therefore, the results of the RUSLE in this
study were contrasted with the results of other studies to validate the model (Table 2). Our
findings have a good linear fit with those of others (R2 = 0.8924). Compared with the Soil
and Water Conservation Bulletin in Yellow River Basin (2020) issued by the Yellow River
Water Conservancy Commission [34], the study underestimated 3.81% of the hydraulic
erosion area of the YRB in 2020.

Table 2. Soil erosion modulus obtained from previous studies.

Study Site Study Time Soil Erosion
(t·km−2·a−1)

Results of
This Estimates * Reference Sources

Yanhe Basin 2010 3227 2852 Zhao et al. [19]

Loess Plateau
2000–2015 2088.56 1868.23

Guo et al. [18]2015 1373.85 1038.79

Loess Plateau
2000–2010 1520 1608.53

Sun et al. [61]2000 1424 1124

Taohe Basin
2000 1424 1124

Wang et al. [58]2005 1195 1012
2010 1129 808

The YRB 1981–2019 2255 1336 Wu et al. [62]

The Beiluo River basin 2000 7408.93 5329.87 Yan et al. [63]

the upper reaches of the YRB 1982–2019 205 895 Li et al. [10]

Loess Plateau 2010 3355 1986 Gao et al. [64]

Changwu county 1987–2017 1371.27 2113.47 Yu et al. [20]

Note(s): * The Loess Plateau area calculated in this study is only the Loess Plateau area within the YRB, accounting
for 89.53% of the total area of the Loess Plateau.

In order to further validate the spatial accuracy of the RUSLE results, the soil erosion
situation in each province in 2020 was compared with the area of hydraulic erosion intensity
by province in the Soil and Water Conservation Bulletin in Yellow River Basin (2020). The
results show that the estimated area ratios are roughly similar (Figure 7), but there is a large
difference in the proportion of grades in Shandong and Sichuan, which is mainly caused
by the underestimation of the proportion of mild erosion in the two provinces. The model
significantly overestimated soil erosion in both provinces.

214



Water 2022, 14, 2658

Water 2022, 14, x FOR PEER REVIEW 11 of 16 
 

 

Loess Plateau 
2000–2015 2088.56 1868.23 

Guo et al. [18] 
2015 1373.85 1038.79 

Loess Plateau 
2000–2010 1520 1608.53 

Sun et al. [61] 
2000 1424 1124 

Taohe Basin 

2000 1424 1124 

Wang et al. [58] 2005 1195 1012 

2010 1129 808 

The YRB 1981–2019 2255 1336 Wu et al. [62] 

The Beiluo River basin 2000 7408.93 5329.87 Yan et al. [63] 

the upper reaches of the YRB 1982–2019 205 895 Li et al. [10] 

Loess Plateau 2010 3355 1986 Gao et al. [64] 

Changwu county 1987–2017 1371.27 2113.47 Yu et al. [20] 

Note(s): * The Loess Plateau area calculated in this study is only the Loess Plateau area within the 

YRB, accounting for 89.53% of the total area of the Loess Plateau. 

In order to further validate the spatial accuracy of the RUSLE results, the soil erosion 

situation in each province in 2020 was compared with the area of hydraulic erosion inten-

sity by province in the Soil and Water Conservation Bulletin in Yellow River Basin (2020). 

The results show that the estimated area ratios are roughly similar (Figure 7), but there is 

a large difference in the proportion of grades in Shandong and Sichuan, which is mainly 

caused by the underestimation of the proportion of mild erosion in the two provinces. The 

model significantly overestimated soil erosion in both provinces. 

 

Figure 7. The area ratio of erosion intensity in nine provinces in the YRB in 2020 (the results in the 

bulletin on the left, the simulation results on the right). 

4.2. Discussion of Soil Erosion and Its Influencing Factors 

Soil erosion has obvious distinct spatial variability, which is identified as a para-

mount surface process [5]. The areas with severe soil erosion in the YRB show a northeast-

southwest trend and are distributed in bands in the hilly areas and loess tableland in the 

middle of the Loess Plateau. Guo et al. [18] suggested that this spatial feature of soil ero-

sion is significantly correlated with vegetation coverage and precipitation. In the RUSLE 

model, slope and precipitation play an important role in estimating the erosion modulus. 

In the area with large topographic relief, more intense steepness and longer slope length 

can provide stronger flow energy and larger sediment movement distance [65]. This study 

further quantifies the contributions of the dominant factors of soil erosion and their inter-

actions at different scales. The OPGD model results indicate that soil erosion in the YRB 

was affected by LU/LC, landform type, soil type, precipitation, slope, elevation, and FVC 

to different degrees. In general, FVC, landform type and LU/LC are the main influencing 

Figure 7. The area ratio of erosion intensity in nine provinces in the YRB in 2020 (the results in the
bulletin on the left, the simulation results on the right).

4.2. Discussion of Soil Erosion and Its Influencing Factors

Soil erosion has obvious distinct spatial variability, which is identified as a paramount
surface process [5]. The areas with severe soil erosion in the YRB show a northeast-
southwest trend and are distributed in bands in the hilly areas and loess tableland in
the middle of the Loess Plateau. Guo et al. [18] suggested that this spatial feature of
soil erosion is significantly correlated with vegetation coverage and precipitation. In the
RUSLE model, slope and precipitation play an important role in estimating the erosion
modulus. In the area with large topographic relief, more intense steepness and longer slope
length can provide stronger flow energy and larger sediment movement distance [65]. This
study further quantifies the contributions of the dominant factors of soil erosion and their
interactions at different scales. The OPGD model results indicate that soil erosion in the YRB
was affected by LU/LC, landform type, soil type, precipitation, slope, elevation, and FVC
to different degrees. In general, FVC, landform type and LU/LC are the main influencing
factors, while precipitation and slope have limited contributions to soil erosion. This result
differs from that of Guo et al. [18] and Ma et al. [65]. The reason for this difference is likely
that the impact of human activities and related LU/LC on soil erosion has weakened the
impact of natural causes (slope and precipitation) on soil erosion [5,7,9]. In addition, in
areas with a slope greater than 20◦, landslides are very likely to occur, causing severe soil
erosion [10,66]. There are few living spaces and resources available to humans in these
areas, so ecological restoration and abundant water-and-soil conservation measures have
been introduced to suppress soil erosion [18]. Vegetation has the best soil erosion control
on hillsides at 15–20◦ [67], which further reduces the driving effect of natural causes on
soil erosion.

From 2000 to 2020, the soil erosion modulus of YRB decreased continuously, and
showed a rapid decline from 2010 to 2015. According to the 2015 China River Sediment
Bulletin [68], the measured sediment transport in the main hydrological control stations of
the Yellow River in 2015 decreased by 46% to 82% compared with the average value of the
past ten years. The measured sediment load at the main hydrological control stations of the
tributaries decreased by 61–100% compared with the average value of the past ten years. In
2015, the measured sediment transport in the lower reaches of the Yellow River was zero for
the first time, indicating that the soil erosion in the YRB was indeed significantly improved
around 2015. The principal consideration for the above situation is that the precipitation in
the YRB in 2015 was 58.95 mm smaller than the average precipitation in 2000–2020, and
the R factor value was 378.02 MJ·mm·hm−2·h−1·a−1 smaller than the average in 2000–2020.
In addition, the q value of soil erosion influencing factors show a decreasing trend, but
the ranking of LU/LC among the factors keeps rising, which indicates that the driving
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mechanism of soil erosion has become more complicated while soil erosion has weakened,
but human activities have played a more important role in the process of soil erosion.

A more noteworthy phenomenon is that with the reduction of the research scale,
the q value of each factor shows an increasing trend, and the ranking of LU/LC in the
driving factor continues to rise. The reason for it, on the one hand, is the scale effect of
different spatial statistical units on the Geodetector model, which is the modifiable areal
unit problem (MAUP) [32,69]. OPGD has optimal spatial unit to assess the impact of
LU/LC, precipitation and other factors on soil erosion changes. Under the optimal spatial
unit, the q value can reach the maximum value [32,69]. On the other hand, the smaller the
research unit, the more obvious the driving mechanism of soil erosion. The contribution of
natural causes diminishes with the decrease in scale, while the import of artificial activities
on soil erosion magnifies with the decrease in scale [9]. Therefore, at county scale, the q
value of LU/LC increased in the ranking of each factor.

Similar to other findings, FVC (NDVI) played the most critical role in inhibiting
soil erosion in this study. From 2000 to 2020, the FVC in the YRB increased from 0.48
to 0.59, and the average value of the C factor in the basin decreased from 0.09 to 0.05.
The benefits of vegetation for erosion control stabilize when vegetation coverage is above
0.60 [67]. In addition, Ren et al. [33] analyzed the influencing factors of vegetation change
in the YRB from 2000 to 2020. They found that human activities and climate variation
accounted for 66% and 34% of the vegetation change in the YRB, respectively. This shows
that human activities can not only directly affect soil erosion by changing land use patterns
and agricultural planting patterns, but also indirectly affect soil erosion of YRB by affecting
vegetation growth.

4.3. Uncertainty Analysis and Future Perspectives

This paper not only analyzes soil erosion in the YRB, but also discusses the multiscale
spatiotemporal characteristics of influencing factors. But there are still some uncertainties.
Firstly, due to the insufficiency of regional experiments data and measured data, the RUSLE
model was used to evaluate the soil erosion status in this study. Although the model
passed the validation, the accuracy could be further improved. Data with different sources
and resolutions (e.g., DEM, precipitation, NDVI) lead to uncertainty in the model [70].
The R factor, LS factor, K factor, and C factor are all calculated using empirical equations,
and the P factor is assigned according to the LU/LC, which all have a certain degree
of subjectivity. In the further research, the transport limited sediment delivery (TLSD)
function can be integrated and calibrated with the RUSLE model. Secondly, this study did
not conduct an in-depth analysis of the influencing factors at the provincial, city, and county
scales. In further research, it is necessary to spatially visualize the spatial distribution of
influencing factors, especially human activities, and further analyze the spatial distribution
of influencing factors. At last, the soil erosion in the YRB is the most intense in June,
July, and August, and NDVI has a stronger explanatory power than slope, while from
October to March, the soil erosion intensity is smaller, and slope has a stronger explanatory
power than NDVI [10]. Therefore, data with higher precision and temporal resolution
should be collected in future research to explore the seasonal changes in soil erosion and its
influencing factors.

5. Conclusions

• In 2000, 2005, 2010, 2015, and 2020, the soil erosion modulus in the YRB were 1877.69,
1641.59, 1485.25, 844.84, and 832.07 t·km−2·a−1, respectively. The soil erosion modulus
of YRB showed a downward trend as a whole, and the downward trend was the most
obvious from 2010 to 2015.

• From 2000 to 2020, the areas with severe soil erosion in the YRB were mainly concen-
trated in the three provinces of Gansu, Shanxi, and Shaanxi, and generally showed a
northeast-southwest trend, and were distributed in the hilly areas and loess tableland
in the middle of the Loess Plateau.
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• The overall q value of soil erosion drivers in the YRB showed a decrease trend, but
the ranking of LU/LC in the influencing factors kept rising. From the YRB scale to
the county scale, the q values of the influencing factors tend to increase, and human
activities can have a greater impact on soil erosion at smaller scales.

• Soil erosion in the YRB was most affected by FVC, Landform, and LU/LC. The FVC
explained about 15% of soil erosion, and the interaction between FVC and Landform
explained up to 35% of soil erosion.

• The increasing ability of human activities to influence soil erosion is more pronounced
at small scales. Therefore, the governance of soil erosion should strengthen the gover-
nance of small areas and give more play to the positive impact of human activities.
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Abstract: With the increasingly serious problems of water security and water shortage in the Yellow
River Basin, the establishment of a fair and efficient water rights distribution system is an important
way to improve water resource utilization efficiency and achieve high-quality development. In this
paper, a double-level water rights allocation model of national canals–farmer households in irrigation
districts is established. The Gini coefficient method is used to construct the water rights allocation
model among farmer households based on the principle of fairness. Finally, the Wulanbuhe Irrigation
Area in the Hetao Irrigation District is taken as an example. Results show that the allocated water
rights of the national canals in the irrigation district are less than the current; for example, water
rights of the Grazing team (4) canal are reduced by 73,000 m3 than before, in which water rights of
farmer households 1, 2, 3, and 4 obtain compensation and 5, 6, 7, and 8 are cut by the water rights
allocation model and the Gini coefficient is reduced from 0.1968 to 0.1289. The research has fully
tapped the water-saving potential of irrigation districts, improved the fairness of initial water rights
distribution, and can provide a scientific basis for the development of water rights allocation of
irrigation water users in irrigation districts of the Yellow River Basin.

Keywords: Gini coefficient; fairness principle; double-level; water-saving potential

1. Introduction

Agriculture accounts for 70% of global water withdrawals, most of which is used
for irrigation, so it is particularly important to carry out research on the distribution
of agricultural water rights in irrigation areas to alleviate the current water shortage
problems [1]. The initial allocation of water rights is the first step in the construction of a
water rights system and the key measure to carry out water rights trade and give play to
the function of optimal allocation of market resources. Based on the experience at home
and abroad, the modern water rights system can be divided into the riparian rights system,
the priority occupancy rights system, and the public water distribution rights system
according to the initial acquisition and distribution forms of water rights [2]. Currently,
China implements an administration-led public water rights allocation system [3]. The
distribution system is generally from top to bottom, which distributes the initial water
rights in a basin to provinces, cities, counties, industries, and final water users [4].

In recent decades, so many scholars have conducted a lot of research on initial water
rights distribution, and early research mainly distributes initial water rights from the
perspective of fairness [5,6], comprehensively considering the land area, capital investment,
public law, water priority, water licenses, and reasonable collection of water fees, etc. [7–9],
which enrich the insufficient system of the authorization and water permission system
in the original irrigation area. With the in-depth study, some research on initial water
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rights distribution technology has also been carried out. Based on the conditional value
at risk theory and Gini coefficient constraints, Zhang L.N. [10] establishes a two-stage
stochastic programming model for water rights distribution, which reduces the unfair
risk of local water shortages. Sahebzadeh Ali [11] uses the concept of conditional value at
risk (CVaR) in the water distribution model to minimize the water loss index under low
flow conditions. Using the automatic biophysical surface energy balance model (BAITSSS),
Ramesh Dhungel [12] studies two agriculturally dominated groundwater areas in the
northwest of the United States and the irrigation simulated by the model is compared
with the report on the water rights management unit (WRMU). Imron F [13] uses linear
programming to analyze the optimization of irrigation water distribution. By combining
the water evaluation and planning system model and the non-principal sorting genetic
algorithm II (NSGA-II) optimization algorithm, Chakraei Iman [14] puts forward a com-
prehensive simulation optimization model for the Zayanderud River Basin in Iran, and
the distribution of surface and groundwater resources to various agricultural regions is
optimized. Gebre Sintayehu Legesse [15] studies the application of multi criteria decision
making (MCDM) related to water resource allocation. In addition, some scholars consider
climate change, reservoir operation capacity, regional economic development, and other
factors to establish a multi-objective optimization model to realize the fair distribution of
water [16–18].

At present, the initial distribution of water rights is mainly concentrated on the
distribution from a basin to regions and industries. It is a multi-objective and multi-level
distribution problem that the water rights obtained by provinces are further allocated
to cities and counties. When the superior water rights allocation method is applied to
the county level, there are problems such as large differences in water use among towns,
inapplicability of the allocation index system, and difficulty in collecting specific data and
so on [19]. The second layer of allocation of water rights is subject to the principle of priority
under the constraint of total control among industries to construct a target planning model
based on the principles of priority of domestic water, food security, attention to ecological
environment, economic benefits, and reasonable industrial structure [20]. Therefore, in
the process of initial water rights distribution in the irrigation area, it is an inevitable
requirement to further allocate the irrigation water rights to the main body of irrigation
water users to realize the refinement of agricultural water management. The existing
agricultural water distribution system mostly takes the irrigation area as the minimum
distribution unit.

In this paper, according to the characteristics of multi-level water consumption in
irrigation districts, a double-level water rights allocation model of national canals–farmer
households in the irrigation district is established. The total amount of water rights distri-
bution in national canals is determined by considering the future water-saving potential of
the irrigation area. At the farmer household level, the fairness of water rights distribution
is fully considered in combination with the characteristics of asymmetric information of
farmers’ agricultural population and irrigation area. Finally, the Wulanbuhe Irrigation
Area of Hetao Irrigation District in the Yellow River Basin is taken as an example for verifi-
cation based on the double-level water rights allocation model, and the research results can
provide new ideas and methods for regional unit agricultural water rights allocation.

2. Materials and Methods
2.1. Overview of the Study Area and Data Sources
2.1.1. Overview of the Study Area

Wulanbuhe Irrigation Area is located in the west of the Hetao Irrigation District of
Inner Mongolia, and it mainly involves three administrative districts of Dengkou, Hangjin
Houqi, and Azuo Qi. The total population of the irrigation area is 115,100, including
a rural population of 69,100, and the irrigation area is 68,100 hm2 in 2017. Wulanbuhe
Irrigation Area belongs to the inland high plain of Hetao basin, located in the northeast
of Wulanbuhe Desert. It belongs to the temperate continental monsoon climate, with four
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distinct seasons, abundant sunlight, large temperature differences, and rare precipitation.
The average annual precipitation is 144.5 mm, and the average annual evaporation is
2377.1 mm. The local water resources are very scarce. In order to meet the local water
demand, it is necessary to use the transit Yellow River water, which has a certain water
intake index for this area. Wulanbuhe Irrigation Area depends mainly on the Yellow River
water for irrigation by the Shenwu main canal; there are a total of 476 main canals and sub-
main canals in the Wulanbuhe Irrigation Area, of which 411 canals diverted directly from
national canals are confirmed, because the water rights of the 411 canals will be distributed
directly to the corresponding farmers, and so this article focuses on the distribution of the
Yellow River water rights for those canals in the irrigation district. The basic situation of
Wulanbuhe Irrigation Area is shown in Figure 1.
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2.1.2. The Data Source

There are 411 canals diverted directly from national canals that are confirmed in the
Wulanbuhe Irrigation Area of Hetao Irrigation District. The administration of the Hetao
Irrigation District has made statistics for the five-year water consumption of these canals
in the Wulanbuhe Irrigation Area from 2008 to 2013 (excluding 2012 due to a larger water
shortage than usual), and the data are true. According to the proposed plan of water-saving
irrigation engineering, the water-saving volume of the irrigation fields in the future can be
calculated. The population and irrigation area of the corresponding farmer households in
these canals were obtained from the actual statistical results of the township.

2.2. Double-Level Water Rights Allocation Model of the Irrigation District

The double-level water rights allocation model for the irrigation district includes
the distribution method of water rights at the level of the national canal system and the
distribution method of water rights among farmer households. Taking the amount of water
diversion from the main canal head of the irrigation district as the total amount of water
rights allocation, firstly allocate water rights at the national canal system level, and then
use those as the total for water rights allocation among farmers. The canal system structure
diagram of the irrigation district is shown in Figure 2.
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2.2.1. Water Rights Allocation Model of National Canal System in Irrigation District

(1) Total amount of current water rights at the national canal system level. Generally, the
total amount of canal system water rights is determined by the actual water diversion
in the irrigation district and the average water consumption over the years.

(2) Water-saving potential of the irrigation district. The main water-saving measures in
the irrigation district are canal lining, border field reconstruction, and drip irrigation.
The total water-saving amounts of water-saving projects in the irrigation district is
the canal-level water-saving amount. The calculation formula is as follows:
Water-saving amount of canal system:

∆Wi = ∆Wic + ∆Wiq + ∆Wid (1)

Water-saving amount of canal lining:

∆Wic = Wi(1− ηi)−W ′ i(1− η′ i) (2)

Water-saving amount in border field reconstruction:

∆Wi q = Wiqb −Wiql (3)

Water-saving amount of drip irrigation:

∆Wid = Widb −Widl (4)

where ∆Wi is the water-saving amount of the canal i, m3; ∆Wic, ∆Wiq, ∆Wid are,
respectively, the water-saving amounts of canal lining, border field reconstruction,
and drip irrigation of the canal i, m3; Wi, W ′ i are, respectively, the canal head water
intakes before and after the lining of the canal i, m3; ηi, η′ i are, respectively, the
canal system water utilization coefficients before and after the lining of the canal
i; (0 <ηi < η′ i < 1); Wiqb, Wiql are the field irrigation amounts before and after the
renovation of border fields of the canal i, m3; Widb, Widl are the headwater diversions
before and after drip irrigation reconstruction of the canal i, m3.

(3) Distribution of water rights of national canal system. By analyzing the total amount
of current water rights of the canal system in the irrigation district and considering
the potential water-saving amount of the canal system in the future, the canal-level
water rights allocation model is determined. The calculation formula is as follows:

Wip = Wis − ∆Wi (5)

where Wip is the water rights distribution of the canal i, m3; Wis is the total amount of
current water rights of the canal i, m3.
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Due to the constraint of the water diversion permit in irrigation districts, the total
amount of water rights allocated at the canal level shall not exceed the permitted amount.
Under the constraint of the water intake permit, canal-level water rights allocation in
irrigation districts is as follows:

When the allowable water intake is more than the actual total water diversion of each
canal directly from national canal, that is:

n

∑
i=1

Wip ≤WQ (6)

Wip = Wis − ∆Wi (7)

When the allowable water intake is less than the actual total water diversion of each
canal directly from national canal, that is:

n

∑
i=1

Wip ≥WQ (8)

Wip = λip ×WQ (9)

λip =
Wip

n
∑

i=1
Wip

(10)

where WQ is the allowance of water intake in the irrigation district, m3; λip is the water
distribution coefficient of the canal i.

2.2.2. Water Rights Allocation Model among Farmer Households in Irrigation Districts

(1) Select the indexes of water rights allocation among farmer households

(i) Irrigation area of farmer households

Current agricultural water rights allocation is based on irrigation area. The larger
the irrigation area, the more water rights are allocated. The distribution of water rights
according to the irrigation area mainly reflects the difference of irrigation water of different
farmer households, and the distribution of water rights according to irrigation area is as
follows:

Sj = q× aj (11)

q =
Wip

Ai
(12)

where Sj is the water rights of farmer household j distributed, m3; q is the water rights
allocation quota, m3/hm2; aj is the irrigation area of farmer household j, hm2; Ai is the
irrigation area confirmed for all farmers in the canal system, hm2; Wip is the water rights
distributed of the canal i, m3.

(ii) Peasant household agricultural population

Water resources are the public resources of the whole society, so the distribution of
water rights should give consideration to the development of all people, and the agricultural
population of peasant households should be fully considered in the distribution of water
rights. The household with more (less) agricultural population will obtain more (less)
water rights. The distribution process is as follows:

Sj = q× pj (13)

q =
Wip

Pi
(14)

225



Water 2021, 13, 3538

where Sj is the water rights distributed for farmer household j, m3; q is the water rights
allocation quota, m3/hm2; pj is the agricultural population of farmer household j; Pi is
the agricultural population of all farmer households of the canal i; Wip is the water rights
distributed for the canal i, m3.

(2) Water rights allocation model among farmer households based on Gini coefficient
method

(i) Gini coefficient

The Gini coefficient [21], also known as the Lorentz coefficient, was first proposed by
Italian mathematician Gini at the beginning of the 20th century. It is mainly used in the field
of economics to investigate and measure the inequality of regional residents’ income and
wealth distribution. It can more directly reflect the income difference between residents.

The value range of the Gini coefficient is [0, 1]. When the Gini coefficient is 0, it
represents the absolute average of income distribution. Moreover, 0.4 is usually regarded
as the warning line of the income gap in the world, and the evaluation standard of the Gini
coefficient can be referred to the following Table 1.

Table 1. Gini coefficient evaluation criteria.

Gini Coefficient <0.2 0.2~0.3 0.3~0.4 0.4~0.5 >0.5

Evaluation results Absolute
average

Comparative
average

Relatively
reasonable

Big
gap

Wide
disparity

(ii) Construction of water rights allocation model by Gini coefficient method

When a peasant household’s water rights are distributed based on irrigation area and
the farmer household’s agricultural population are equal, the water rights allocation is
considered to be fair. When the water rights allocated are not same, neither of the two
distribution patterns can reflect the principle of fairness in the allocation of water rights;
meanwhile, the irrigation area of farmer households and the agricultural population of
farmer households are asymmetrical. In this article, therefore, the per capita irrigation
area of each farmer is used as a measure of the fairness of water rights allocation, and
the theory of the Gini coefficient is used to study the distribution relationship between
irrigation area of farmer households and their agricultural population. With the cumulative
percentage of the agricultural population of each farmer household in the canal system as
the abscissa and the cumulative percentage of the irrigated area of each farmer household
as the ordinate, the water rights allocation model was built based on minimizing the Gini
coefficient. The specific steps are as follows:

Step 1: Building the objective function

minGini (15)

Gini =
A

A + B
= 2A = 1− 2B = 1−

n

∑
j=1

(Xj − Xj−1)(Yj + Yj−1) (16)

(Yj −Yj−1)Ai = xj × (Xj − Xj−1)× Pi (17)

where Xj is the cumulative percentage of agricultural population of farmer household j; Yj
is the cumulative percentage of irrigation area after equilibrium of farmer household j; Pi
is the corresponding total agricultural population of the canal i; Ai is the corresponding
total irrigation area of the canal i, hm2; xj is the per capita irrigation area after equilibrium
of farmer household j, hm2/person.

The Lorenz curve of the population and irrigation area is as follows in Figure 3.
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Step 2: Setting constraints:
a: Fairness constraints:

{
xj > x′ j , xj < xi
xj < x′ j , xj > xi

(18)

where xj is the per capita irrigation area after equilibrium of farmer household j, hm2/person;
x′ j is the current per capita irrigation area of farmer household j, hm2/person; xi is the per
capita irrigation area of farmers of the canal i hm2/person.

b: Constraints of basic water security:
∣∣∣∣∣
x′ j − xj

x′ j

∣∣∣∣∣ ≤ s (19)

where s is the reduction ratio determined by the degree of importance the region attaches
to the principle of equity.

Restrictions on the extent of reduction or compensation:
∣∣xj − x′ j

∣∣ ≥
∣∣xρ − x′ρ

∣∣,
∣∣x′ j − xi

∣∣ ≥
∣∣x′ρ − xi

∣∣ , j 6= ρ (20)

c: Constraints of sorting:
xj−1 ≤ xj ≤ xj+1 (21)

d: Constraints on irrigation area:

n

∑
j=1

xj × pj = Ai (22)

where pj is the agricultural population of farmer household j; Ai is the corresponding total
irrigation area of the canal i, hm2.

e: The Gini coefficient after equilibrium is smaller than before:

Gini < G′iniini (23)

f: Non-negative constraints:
xj > 0 (24)
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Step 3: Determining the water rights of farmers distributed:

Wjp =
Wip

n
∑

j=1
xj × pj

× xj × pj (25)

where Wjp is the water rights of farmer j distributed, m3; other symbols are the same as
above.

Step 4: Optimal solution of the model:
The model is optimized and solved by the genetic algorithm in MATLAB, and the

calculation process of the optimized solution is as follows:
a: At the beginning of the genetic algorithm calculation, first set various parameters,

such as setting the population size to 20, the number of iterations, the probability of
crossover and mutation, and the termination conditions.

b: Generate the initial value group for the per capita irrigation area of farmers: pop =
[z1, z2, z3, z4, z5, z6, z7, z8].

Define fitness function: Gini =

[
1−

n
∑

j=1
(Xj − Xj−1)(Yj + Yj−1)

]
and then calculate

the fitness of the initial population and compare the fitness value of the population.
c: Set the constraint conditions to see whether the fitness of the initial population

meets the optimization criterion. If it is satisfied, the optimization ends; if not, proceed to
step d.

d: Select, cross, and mutate on the initial population pop, to produce offspring popula-
tion pop1, and see whether the population pop1 meets the optimization conditions. If it is
satisfied, the optimization ends; if it is not satisfied, the selection, crossover, and mutation
operations are continued until the conditions are met.

The optimization flowchart is as follows in Figure 4, and we complete this part based
on MATLAB 2018B.
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3. Results
3.1. Distribution Results of Water Rights for the Canals Diverted Directly from the National
Canal System

To allocate canal-level water rights for 411 canals diverted directly from the na-
tional canal system that need to be confirmed in the Wulanbuhe Irrigation Area, accord-
ing to the current situation of water-saving projects in the Wulanbuhe Irrigation Area,
Formulas (1)–(4) are used to calculate the water-saving amount of the 411 canals. In addi-
tion, based on the five-year average water volume collected for the canals diverted directly
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from national canal system, Formula (5) and Formulas (6)–(10) are adopted to calculate the
distribution of water rights for the 411 canals. Take one of the 411 canals in the Wulanbuhe
Irrigation Area as an example for explanation, as shown in Table 2.

Table 2. Results of water rights distribution for canals diverted directly from the national canal system in Wulanbuhe
Irrigation Area (ten thousand m3).

Direct Diversion Canal
Name

Township (Farm)
Five-Year

Average Water
Volume

Water Saving

Water Rights
AllocationWater Saving in

Canal Lining

Water Saving in
Border Field

Reconstruction

Water Saving in
Drip Irrigation

Grazing team (4) Bayangaole Town 20.3 0 7.3 0 13.0
Bayi canal Wulanbuhe Farm 1981.5 0 421.6 0 1559.8

The fourth lateral canal Hatengtaohai Farm 843.5 229.6 151.4 0 462.5
New third canal Bayantauhai Farm 169.5 61.0 80.8 0 27.6

First canal of four
groups Sun Temple Farm 336.7 0 264.4 0 72.3

Susan canal 1 Shajin Sumu 137.4 0 61.7 0 75.7
Two rounds of water 1 Experiment Bureau 354.2 0 122.4 0 231.8
Western third lateral

canal Narintaohai Farm 672.8 0 260.3 0 512.5

The fourth brunch canal Baoergai Farm 5633.0 1463.2 0 2009.6 2160.2

Zhao Duozhi Bayin Maodao
Gacha 126.6 88.2 15.7 0 22.7

Loess file one Bulongnao Town 213.9 0 0 36.8 177.1
Tuanjie branch canal San Tuan Farm 3049.8 808.3 0 328.8 1912.7

First lateral canal Longsheng Hezhen 365.1 0 70.0 0 295.1

3.2. Results of the Water Rights Distribution among Farmer Households

Since the patterns of water rights allocation among farmer households for 411 canals
are the same, the canal of Grazing team (4) in Bayangaole Town is taken as an example
for calculation and analysis. The irrigation area and the agricultural population of farmer
households are selected as the water rights allocation indexes under asymmetric informa-
tion. On the basis of the calculation formula of the Gini coefficient, the population of farmer
households and the corresponding irrigation area data are arranged according to the per
capita irrigation area from small to large. The calculation process is shown in Table 3.

Table 3. The relevant calculation results for the Gini coefficient under the current condition.

Farmer Household
Number

Irrigation Area
(hm2)

Agricultural
Population

Current per Capita Irrigation
Area (hm2/Person) (Xj – Xj −1) * (Yj + Yj −1)

1 0.333 6 0.056 0.0107
2 0.533 8 0.067 0.0515
3 0.400 5 0.080 0.0572
4 0.333 4 0.083 0.0615
5 0.733 6 0.122 0.1267
6 0.933 7 0.133 0.2104
7 0.600 4 0.150 0.1531
8 0.467 3 0.156 0.1320

total 4.333 43 0.8032

According to the above calculation results, the Gini coefficient for the current dis-
tribution of water rights is 0.1968. The above data are substituted into the water rights
allocation model among farmer households, and then the balanced per capita irrigation
area for eight farmer households of Grazing team (4) are determined through objective
function Equations (15)–(17) and constraint Equations (18)–(24).
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The current per capita irrigation area of farmer households which exceeds (falls short
of) the average per capita irrigation area of the canal system, =0.101 hm2/person, needs to
be reduced (compensate). The fairness constraint is:





x1 ≥ 0.056
x2 ≥ 0.067
x3 ≥ 0.080
x4 ≥ 0.083
x5 ≤ 0.122
x6 ≤ 0.133
x7 ≤ 0.150
x8 ≤ 0.156

A substantial reduction in the per capita irrigation area of farmer households will lead
to a reduction in their allocated water rights. In order to ensure a certain amount of basic
irrigation water for farmers, we consulted the local water resources management department.
This paper sets the reduction ratio to 0.3, and the basic water security constraint is:





x5 ≥ 0.085
x6 ≥ 0.093
x7 ≥ 0.105
x8 ≥ 0.109

The more per capita irrigation area is above or below the average of canal system,
x = 0.101 hm2/person, the greater the degree of reduction or compensation is; that is, the
degree of reduction and compensation is restricted as follows:

|x8 − 0.156| ≥ |x7 − 0.150| ≥ |x1 − 0.056| ≥ |x2 − 0.067| ≥ |x6 − 0.133| ≥ |x5 − 0.122| ≥ |x3 − 0.080| ≥ |x4 − 0.083|

After the equilibrium, the per capita irrigation area of each farmer household still
satisfies the ranking before the equilibrium, ensuring the fairness of the distribution of
water rights among farmer households; that is, the ranking constraint is:

6x1 + 8x2 + 5x3 + 4x4 + 6x5 + 7x6 + 4x7 + 3x8 = 4.333

After the equilibrium, the Gini coefficient of the farmer households’ agricultural
population–irrigation area should be smaller than that before the equilibrium, to ensure
that the distribution plan is fairer than the current distribution; that is:

Gini ≤ 0.1968

After equilibrium, the per capita irrigation area of each farmer household is greater
than 0; that is, the non-negative constraint is:

xi ≥ 0 (i = 1, 2, . . . , 8)

The genetic algorithm in MATLAB is used to solve the model, and the per capita
irrigation area of the eight farmer households of the canal of Grazing team (4) is balanced.
The balanced per capita irrigation area of the farmer households is shown in Table 4.
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Table 4. The per capita irrigation area of each farmer household after equilibrium.

Farmer
Household

Number

Area
(hm2)

Agricultural
Population

Per Capita Irrigation
Area of Farmer

Household
(hm2/Person)

Per Capita Irrigation
Area of Farmer

Household after
Equilibrium
(hm2/Person)

1 0.333 6 0.056 0.071
2 0.533 8 0.067 0.079
3 0.400 5 0.080 0.087
4 0.333 4 0.083 0.089
5 0.733 6 0.122 0.115
6 0.933 7 0.133 0.122
7 0.600 4 0.150 0.133
8 0.467 3 0.156 0.137

Total 4.333 43

According to the canal-level water rights allocation method, the allocated water rights
of the canal of Grazing team (4) is 13,000 m3. According to the per capita irrigation area of
each farmer household after the equilibrium, combined with Formula (25), the water rights
distributed for each farmer household by the model is calculated. The current per capita
irrigated area and the per capita irrigated area after equilibrium are shown in Figure 5
and the current water rights of farmer households and the water rights distributed by the
model are shown in Table 5.
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Table 5. The amount of water rights allocated by the model and the amount of current allocated
water rights for farmer households (m3).

Farmer Household 1 2 3 4 5 6 7 8

Water rights allocated
by the model 1284 1888 1310 1072 2064 2562 1600 1220

Current allocated
water rights 1000 1600 1200 1000 2200 2800 1800 1400

4. Discussion
4.1. Analysis of Water Rights Distribution for the Canals Diverted Directly from the National
Canal System

The current actual water consumption compared with the permitted water volume
shows that the total water consumption volume of the canal system in the Wulanbuhe
Irrigation Area is 347.9529 million m3, which is greater than the 330 million m3 permitted.
The current water rights allocation needs to be adjusted.
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After the completion of the water-saving project, the total amount of water rights
distribution for the canal system can be reduced. The Wulanbuhe Irrigation Area mainly
saves water through three water-saving projects of canal lining, border field reconstruction,
and drip irrigation. The future water-saving amount calculated of three water-saving
projects is 77.641 million m3, 68.10 million m3, and 22.40 million m3, respectively. The total
water saving in the Wulanbuhe Irrigation Area is 168.0817 million m3.

According to the water rights allocation model of the national canal system, from
the actual current water volume minus the water-saving amount, the total amount of
water rights allocated to the 411 canals is 179.8712 million m3, which is less than the
permitted water volume, and there is a remaining water volume of 150.1288 million m3.
The remaining water can be traded for water rights to increase the efficiency of water
resources utilization. The relevant water volume is shown in Figure 6.
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4.2. Performance Test of Water Rights Allocation Model among Farmer Households

After the optimization of the model is solved, the Gini coefficient of the farmer house-
hold’s population–the balanced irrigation area of the Grazing team (4) is 0.1289, which
has been significantly improved compared with the Gini coefficient of 0.1968 of the farmer
household’s population–the current irrigation area, and the distribution of water rights
among farmer households through the model is more equitable. Comparing the per capita
irrigation area of farmer households after equilibrium by the model with that of before,
the compensation for farmers 1, 2, 3, and 4 is 0.0158 hm2/person, 0.0120 hm2/person,
0.0073 hm2/person, and 0.006 hm2/person, respectively, and the reduction for farm-
ers 5, 6, 7, and 8 is 0.0075 hm2/person, 0.0113 hm2/person, 0.0167 hm2/person, and
0.0189 hm2/person, respectively. The water rights distributed by the model for each farmer
household have also been compensated or reduced accordingly, compared to before. The
amount of compensation (reduction) is shown in Figure 7.

According to the distribution results of the model, for farmer households with a small
population and large irrigation area, such as farmer households 5, 6, 7, and 8, the water
rights allocated by the model are less than the current allocation. As their irrigation needs
cannot be met, they can adjust planting structures or obtain additional water rights through
water rights transactions. For farmer households with a large population and a small
irrigation area, such as farmer households 1, 2, 3, and 4, the water rights allocated by
the model are 754 m3 more than the current allocation when only the irrigation area is
considered. The allocation results by the model take into account the asymmetric factors of
farm household population and irrigation area, and is more equitable. For example, the
current water rights distributed for farmer household 1 and farmer household 4 are both
1000 m3, but the water rights allocated by the model are 1284 m3 and 1072 m3, respectively.
This is precisely considering the factor of farmer household population, where relatively
more water rights are allocated for farmer households with larger populations.
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4.3. Overall Analysis of Water Rights Distribution in the Irrigation District

The results of the water rights distribution at the national canal system level and
among farmer households calculated by the double-level water rights allocation model
show that the total amount of water rights allocated for each canal in the irrigation district
has been greatly reduced, which will inevitably lead to a relative decrease in the water
rights distributed for farmers in the irrigation district. The distribution of water rights in
irrigation areas needs to comprehensively consider fairness and efficiency, but most of the
existing studies only consider the area of agricultural land and the actual irrigation area
of agricultural land [22], with a lack of consideration for the asymmetry between farmers’
population and irrigation area [23,24]. In order to ensure the fairness of agricultural water
rights distribution, it is necessary to comprehensively consider the agricultural population
and irrigation area in the irrigation water user water rights distribution system. The water
rights distribution model among farmers established in this paper is more fair in the process
of water rights distribution, and alleviates the contradiction between farmers and water
distribution managers to a certain extent. After the establishment of a farmers’ water rights
market, farmers with more water rights voluntarily sell water rights, while farmers with
less water rights actively purchase water rights, which provides an opportunity for water
rights trading among farmers in irrigation areas.

5. Conclusions

The rational distribution of agricultural water rights in irrigation areas is an important
basis for improving the agricultural water rights system and establishing a water rights
market. This paper establishes a double-level water rights allocation model of canals–
farmers in an irrigation district, which is applied to the water rights distribution of the
Wulanbuhe Irrigation Area in the Yellow River Basin. The main conclusions are as follows:

(1) Combined with the future water-saving potential of the canal system control area in
the irrigation area, the canal system level water rights distribution model is estab-
lished. Considering the factors of farmers’ agricultural population and irrigation area,
the water rights distribution model at the farmers’ level based on the Gini coefficient
method is established, which compensates the water users whose per capita irrigation
area is less than that of the canal system, and fully reflects the fairness and enriches
the existing theoretical system of initial water rights allocation.

(2) The government should strengthen the investment in water-saving projects, promote
efficient irrigation technology, and fully tap the water-saving potential. Farmers
should pay attention to the implementation of field water-saving measures, adjust
the planting structure, and actively respond to the government’s call to improve their
self-awareness of water-saving. Realizing the economical utilization and sustain-
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able development of water resources can provide a guarantee for the high-quality
development of the Yellow River Basin.
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Abstract: Wuliangsuhai Lake is the largest shore lake in the upper reaches of the Yellow River and
has become an important ecological barrier and habitat for birds in northern China. In recent years,
pollutants and nutrient loads have been partially reduced, and the water quality in the lake area has
been alleviated to a certain extent. However, the overall water treatment of Wuliangsuhai Lake is
worrying and needs to be improved urgently. In this paper, according to the current situation of
water quality and the goal of ecological environment protection, the ecological water demand of
Wuliangsuhai Lake was estimated by using the dynamic viewpoint. The calculation of ecological
water demand mainly considered: water of evaporation and leakage in the lake, and water demand of
pollutant dilution. The requirements of ecological water demand in Wuliangsuhai Lake were solved
in four ways: agricultural wastewater in the irrigation area; strengthening water saving in the main
canal; carrying out water-saving system reform; and transporting ecological water use for washing
salt to Wuliangsuhai Lake during an irrigation gap period. For Wuliangsuhai Lake in the Mengxin
Plateau, which is located in a serious water shortage area, it is of great significance to protect the
ecological environment by ensuring the amount of water entering the lake, maintaining the existing
water surface of the lake, and giving full play to its water ecological function.

Keywords: Wuliangsuhai Lake; ecological water demand; ecological water supplement;
ecological function

1. Introduction

In order to adapt to the new requirements of “clear waters and green mountains are
as good as mountains of gold and silver” and “ecological construction and development
of the Yellow River” proposed by President Xi Jinping, domestic researchers have carried
out a lot of research work. Since the 1950s, relevant experts in China have conducted
a lot of experimental and practical studies on the deterioration of lake ecological water
environments and ecosystems caused by unreasonable human activities and resource uti-
lization. One of the themes of the International Conference on Ecological Restoration,
held in Beijing in 1996, was “Ecological Restoration of Degraded Ecosystems”. In 2000,
according to the new requirements of national economic and social development, the
Ministry of Water Resources proposed the working idea of giving full play to the power of
nature and relying on ecological self-healing ability to accelerate the pace of lake ecosys-
tem degradation prevention and control, and adopted a series of countermeasures and
measures around this idea. The calculation method of ecological water demand under
changing environments was studied by Wang, Q et al., 2021 [1], who compared different
calculation results based on the analysis of river runoff restoration and variability, and
determined the ecological water demand of internal flow, which provided a new idea for
the calculation method of ecological water demand in the future. According to remote
sensing and GIS technology, the spatial distribution of ecological water demand in the
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study area was simulated by Wu, J. Q. et al., 2017 using Penman-Monteith method and
ArcGIS software [2], and analyzed the correlation between ecological water demand and
landscape pattern. In the past 20 years, the target of ecological water demand, water
demand category, and water demand calculation results of the Yellow River estuary have
been obtained by Yu, S. B. et al., 2020 [3], who combined the evolution characteristics of
the Yellow River estuary, and proposed the key points of, and directions for, ecological
water demand research. Four broad categories and hundreds of assessment methods for
hydrological methods, hydraulic methods, habitat simulation methods, and global analysis
methods have been developed by international researchers focused on ecological water
demand [4,5]. For example, according to biological preference for habitat environment, the
habitat simulation methods were used to evaluate the ecological water demand [6], and
established the direct connection between runoff and organisms, etc. Meanwhile, various
types of numerical models have been developed to assess the status and succession of
ecological vegetation and water environment [7]. Internationally, early studies on ecological
water use were on the minimum flow of rivers for the purpose of shipping functions. As
pollution problems intensified, leading to damage to ecological structures and functions
in some countries, ecological studies were carried out one after another. A hierarchical
modeling approach was used by Ocock, J. F. et al., 2018 [8], who identified the impact of
habitat on water environment management. Surface water monitoring data were used by
Wolfram, J et al., 2021 to comprehensively assess the past and present environmental risks
of several aquatic species [9]. The ecosystem payment service was established by Salzman,
J et al., 2018 aiming to provide an exchange-value scenario of soil and water management
practices as a way to assess the trends and status of these policy tools [10]. The SWAT
watershed simulation model was developed by Neupane, P. et al., 2020 to assess the fate
and transport of soils, groundwater, and rivers at the watershed scale [11]. The InVEST
tools and GIS spatial analysis were used by Tran, D. X. et al., 2022 to derive measures of
forage productivity, soil erosion control and water supply [12].

For the current ecological water supplement, the benefits of economic and social
development in domestic catchment area are comprehensively considered by ecological
water supplement research, and improves the local water ecological environment, which is
also the specific practice of ecological operation. The eutrophication of Taihu Lake has been
solved by the ecological water supplement of Baiyangdian Wetland and the project of di-
version from the Yangtze River to the Taihu Lake. The optimization model of the ecological
water supplement of Boluo Lake Wetland was established by Huang et al., which improved
the utilization rate of flood resources and reduced the contradiction between supply and
demand of local economic and social water consumption, and the mutual advance and
retreat of ecological environment and economic development were realized [13]. In recent
years, under the dual influence of international climate change and human activities, the
water quantity, water quality, and physical structure of global rivers have changed to vary-
ing degrees, which has changed the composition of biological communities, resulting in
the gradual degradation of river ecosystem and the reduction of biodiversity [14]. Globally,
population explosion and climate change have highlighted the need to enhance freshwater
security and diversify water supplies, and groundwater storage in aquifers is increasingly
used to mitigate the supply–demand gap usually caused by extreme climates [15]. In
addition, in the context of water scarcity and pollution on an international scale, it is also
crucial to identify and estimate the potential of these resources for ecological planning [16]
Since the beginning of the new century, the theory and demonstrations of eco-hydrological
research have been vigorously promoted by the implementation of the United Nations
International Hydrological Program, which emphasized the ability to sustain ecosystem
demand, and maximize the ecological and environmental benefits [17,18]. For example,
the ecological quality of the oasis was monitored by constructing the Remote Sensing
Ecological Index (RSEI) for Arid Regions, and the temporal and spatial changes of oasis
ecological status and its internal and external factors were analyzed [19].
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In this paper, the ecological water demand of Wuliangsuhai Lake was estimated
according to the present water quality and the goal of ecological environment protection.
The ecological water demand and timely ecological water supplement of Wuliangsuhai
Lake were considered with different water quality targets and different times of reaching
the standards, so as to restore the water ecological environment of Wuliangsuhai Lake in
stages and steps. The requirements of ecological water demand were met in four ways:
agricultural wastewater in irrigation area; strengthening water saving in the main canal;
carrying out water-saving system reform; and transporting ecological water use for washing
salt to Wuliangsuhai Lake during an irrigation gap period. At the same time, this paper
takes ecological priority, compatibility, maximum value and hierarchy as its principles;
namely, taking the protection of the ecological environment function of lakes as the premise,
carefully distinguishing the types of ecological water demand, taking the maximum value
of each water demand as the final water demand, and scientifically managing and rationally
allocating water resources. The damage degree and dominant factors of water ecological
environment in Wuliangsuhai Lake were analyzed and studied to provide a favorable basis
for the reconstruction of biodiversity and ecological integrity.

2. Overview of the Study Area

Wuliangsuhai Lake was formed in the middle of the 19th century and is a furiotile
lake formed by the diversion the Yellow River, which is located in Bayannur City, Inner
Mongolia Autonomous Region of China, as shown in Figures 1 and 2. The current lake
area of Wuliangsuhai Lake is 300 km2, and the reed area accounts for 41.2% of the lake
area and dense regions of aquatic plants form 20.9% of the lake area. Its water depth is
0.5~2.5 m, and 90% of its water supply depends on the total drainage and irrigation ditches
of the Yellow River [20,21]. It is one of eight freshwater lakes in China, and it is also the
largest shore lake in the upper Yellow River. At the same time, it is an extremely rare
large grassland lake with biodiversity and environmental protection functions in desert
and semidesert regions of the world, and it is also the largest natural wetland in the same
latitude of the Earth.

Figure 1. Location map of study area.
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Figure 2. Map of Wuliangsuhai Lake.

Wuliangsuhai Lake has become an important ecological barrier and habitat for birds
in northern China, but its ecological environment is extremely fragile and greatly affected
by human activities, so it needs to be renovated urgently. At present, the water quality of
Wuliangsuhai Lake wetland is seriously polluted, and annual or inter-annual pollution,
agricultural non-point source pollution, point source pollution, and internal pollution make
it a typical plant type lake with severe eutrophication [22]. Half of the water surface is occu-
pied by emergent plants, and almost all of the open water surface is filled with submerged
macrophytes. According to People’s Political Consultative Conference Newspaper, the lake
bottom is raised at a rate of 6~9 mm per year. If rescue and treatment are not accelerated,
Wuliangsuhai Lake will disappear in 10 to 20 years, posing a new threat to the ecological
security of the north [23].

Wuliangsuhai Lake is the only drainage and vented area in the Hetao irrigation area,
which plays an important role in purifying the water withdrawal of Hetao irrigation area
and ensuring the safety of the water environment of the Yellow River. Wuliangsuhai
Lake, as a disaster reduction, division of ice-run and flood diversion reservoir of the
Yellow River, plays an important role in the division of ice-run in flood season and the
water replenishing in dry period. Wuliangsuhai Lake also plays a key role in the normal
operation of irrigation and drainage engineering in the Hetao irrigation area, controlling
salinization, the water-salt balance in the irrigation area and maintaining the balance of
the water environment system in the irrigation area. At present, the main problems facing
Wuliangsuhai Lake are: Firstly, the ecological water supply is obviously insufficient, the
area of the lake area is shrinking and the ecological function is seriously degraded; Second,
the long-term accumulation of pollutants, the internal source is seriously polluted and the
trend of swampiness is obviously accelerated; Third, the overall level of environmental
governance in the watershed is not high, and exogenous pollution and soil erosion are
still serious.

According to the Water Resources Bulletin of Bayannur City in 2019, total nitrogen,
ammonia nitrogen, Chemical Oxygen Demand (COD), mercury and chloride are ranked
in the top five pollutant concentrations in Wuliangsuhai Lake. The pollution load ratio
is basically more than 10%, and the total reaches 75%. Although total nitrogen is ranked
first, more than 80% of its source is ammonia nitrogen, and its standard is the same as
ammonia nitrogen. Controlling ammonia nitrogen can achieve the purpose of controlling
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total nitrogen. At the same time, the mineralization degree is mainly affected by the
high chloride content, so the control of total pollutants mainly considers two pollution
parameters: COD and ammonia nitrogen. Now, the water quality concentrations of COD
and ammonia nitrogen when entering the lake and in the lake are listed in Table 1.

Table 1. The water quality concentrations of COD and ammonia nitrogen when entering the lake and
in the lake (mg/L).

Water
Season

Entering into Lake In the Lake
The Eighth

Drainage of Main
Canal

The Ninth
Drainage of Main

Canal

Total Drainage of
Main Canal

COD
Ammonia
Nitrogen

COD Ammonia
Nitrogen COD Ammonia

Nitrogen COD Ammonia
Nitrogen

Wet and High
Temperature Period 118.00 5.82 54.00 1.94 64.90 6.17 84.40 1.67

Low water and Low
Temperature Period 72.90 5.00 60.50 0.82 93.30 6.73 71.80 0.83

Low Water and
Agricultural

Irrigation
Period

89.10 9.20 70.20 0.61 47.40 2.04 105.00 9.54

Annual 93.30 6.67 61.56 1.12 68.53 4.98 85.10 3.52

The COD is Chemical Oxygen Demand.

According to the management requirements of water functional area, the incoming
water quality of Bayannur agricultural water area in the upper section of sewage discharge
control area of Urad Front Banner where the waste canal enters Huangkou should be
class III. Therefore, the COD concentration values of Shagedu ferry in the upstream back-
ground section are taken as 20 mg/L, and the ammonia nitrogen concentration values are
taken as 1.0 mg/L.

3. Materials and Calculation Methods
3.1. Calculation of Ecological Water Demand in Wuliangsuhai Lake

Different types of lakes have different ecological construction and protection objectives
and maintain different ecological functions. In this paper, combined with the characteristics
and current situation of Wuliangsuhai Lake, the ecological water demand of Wuliangsuhai
Lake was estimated according to the goal of ecological environment protection. Water of
evaporation and leakage in the lake and water demand of pollutant dilution were mainly
considered in the calculation of ecological water demand.

3.1.1. The Water of Evaporation Leakage and Other Loss

The water surface evaporation was calculated by using the series values of Urad Front
Banner meteorological station from 1966 to 2018, and the annual average evaporation is
2382.1 mm (20 cm diameter evaporating dish). The evaporation reduction coefficient is 0.56
when 20 cm diameter evaporation pan is converted into 20 m2 evaporation tank (which can
represent water surface evaporation). Thus, the annual average water surface evaporation
is 1334.0 mm. Land surface evaporation is the difference between multi-year average
precipitation and annual average runoff depth. The multi-year average precipitation is
calculated from 1966 to 2018, which is 221.1 mm, and the annual average runoff depth
is 8.8 mm, so the land surface evaporation is 212.3 mm. Evaporation gain and loss is
the difference between water surface evaporation and land surface evaporation, which is
1121.7 mm. The increase and loss of lake surface evaporation were calculated based on
the gain and loss of evaporation and the water surface area over the years, and the annual
average is 365 million m3. The seepage factor of Wuliangsuhai Lake is 0.67 mm/d, and
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about 71 million m3 is leaked into the surrounding groundwater every year. Therefore, the
water of evaporation and leakage of Wuliangsuhai Lake is 436 million m3.

3.1.2. Water Demand of Pollutant Dilution

For Wuliangsuhai Lake, to ensure a high ecosystem service function, it is necessary to
make sure the already polluted water quality can be gradually improved to meet certain
water quality standards. Among them, one method is to input a certain amount of clean
water, so that the polluted water can be replaced constantly and reaches a water quality
standard after a certain time. In this way, the input water becomes the water for pollutant
dilution. For Wuliangsuhai Lake, ecological water demand is provided in two main ways:
water inflow of the main drain system, and water diversion from the Yellow River. Under
the condition of water balance, the water inflow of main drain system can be used for
ecological water use. For the estimation of ecological water demand when pollutants are
diluted, due to the fact that COD and ammonia nitrogen of the water body from the main
drain system are greater than the corresponding pollutant concentration of Wuliangsuhai
Lake water body, if the drained water of the irrigation area is directly introduced, it will
inevitably lead to a decline in the water quality of Wuliangsuhai Lake. Therefore, water
can only be diverted directly from the Yellow River as ecological water use, and certain
discharge waters from Wuliangsuhai Lake must be guaranteed. When estimating the water
demand of pollutant dilution, the water body of Wuliangsuhai Lake should reach the
following standards: the class IV water quality targets of COD and ammonia nitrogen
are 30 mg/L and 1.5 mg/L, respectively; The class V water standards are 40 mg/L and
2.0 mg/L, respectively. The water demand of pollutant dilution is considered to be directly
diverted from the Yellow River, and the solution method is as follows:

The dynamic viewpoint is used to estimate the water demand of pollutant dilution,
and considering the time (r) required for water quality to reach the standard (Cstd), the total
volume of water in the lake (Q) and pollutant concentration (C0). After the Yellow River
water is directly diverted, the mixed concentration of pollutants with Wuliangsuhai Lake is
Cout. At this time, the concentration of lake water body should reach Cstd after r years, and
it can be assumed that the amount of ecological water demand can be provided every year
is certain, which is Qeco.

Assuming that ecological water use is provided in the first year is Weco, and pollutant
concentrations in lake water at the beginning and end of the year are C0 and C01, respec-
tively. According to the material balance principle, the pollutant reduction of the lake is the
output minus the input:

Q(C0 − C01 ) = (Qout + Qeco )Cout−(QecoCeco + QinCin) (1)

where Q is the total volume of water in the lake (hundred million m3), Cout is the mixed
concentration of pollutants (mg/L), Qeco is the amount of water directly diverted from
the Yellow River each year (m3), Ceco is background concentration value of water directly
diverted from the Yellow River (mg/L), Cin is pollutant concentration of farmland drainage,
domestic sewage and so on (mg/L), Qin is water of entering the lake (m3/s). Among them:

Qin = R + F + A (2)

where R is the rainfall of lake surface (hundred million m3), F is the water of flood entering
the lake by rainfall (hundred million m3), A is the water of farmland drainage from main
drain system, production and domestic wastewater.

Qout = P + D (3)
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where P is the amount of water discharged from the lake into the Yellow River (hundred
million m3), D is the water of evaporation leakage and loss in the lake (hundred million m3).

Cout =(CecoQeco + QinCin )/(Qeco + Qin) (4)

the parameter description in the formula is the same as that in formula (1).

QoutCout = PCp + DCd (5)

QinCin = RCr + FC f + ACa (6)

where Cp is the concentration of pollutants discharged from lakes into the Yellow River
(mg/L), Cd is the pollutant concentration of the water body of evaporation and leakage in
the lake (mg/L), Cr, C f and Ca are the pollutant concentrations of lake surface precipitation,
the flood into the lake and farmland drainage from main drain system, production and
domestic wastewater, respectively (mg/L).

Equations (5) and (6) are substituted into Equation (1) to obtain:

Q(C0 − C01 ) = PC01 + DC01 + QecoCout−
(

QecoCeco + RCr + FC f + ACa) (7)

from the above formula, it can be concluded that:

C01 =
(

QecoCeco + RCr + FC f + ACa −QecoCout + QC0

)
/(Q + P + D) (8)

this formula is simplified as:
C01 = K1 + K2C0 (9)

among them:

K1 =
(

QecoCeco + RCr + FC f + ACa −QecoCout

)
/(Q + P + D) (10)

K2 = Q/(Q + P + D) (11)

similarly, the pollutant concentration of lake water body (C02) at the end of the second
year is:

C02 = K1 + K2K01 = K1 + K1K2 + K2
2C0 = K1(1 + K2) + K2

2C0 (12)

therefore, the pollutant concentration of lake water body (Cor) at the end of the r year is
obtained as:

Cor = K1

(
1 + K2 + · · ·+ K(r−1)

2

)
+ Kr

2C0 (13)

if the water quality is to be standardized in r year, there are:

Cor = Cstd (14)

thus, if the following equation can be solved, the ecological water demand (Qeco) to be
provided each year can be obtained:

Cstd = K1

(
1 + K2 + · · ·+ Kr−1

2

)
+ Kr

2C (15)

3.2. Ecological Water Demand of Wuliangsuhai Lake

(1) The amount of water discharged from Wuliangsuhai Lake into the Yellow River:
P =14 million m3.

(2) The water of evaporative leakage and loss in Wuliangsuhai Lake: D =436 million m3.
(3) It can be known from the above-mentioned theories and calculation formulas, the

water demand of pollutant dilution depends not only on the ecological protection target,
but also on the length of time required to meet the water quality standards of Wuliangsuhai
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Lake. The shorter the time, the greater the ecological water demand. The size of ecological
water demand is also determined by the amount of water (in fact, the amounts of pollutants)
entering Wuliangsuhai Lake from main drainage channel each year.

After the water is diverted directly from the Yellow River, the mixed concentration of
pollutants retreating from Wuliangsuhai Lake into the Yellow River. When the water quality
reaches the class IV and V water standards, respectively, the ecological water demand of
COD and ammonia nitrogen meeting the standards in 1, 10 and 15 years are shown in
Table 2.

Table 2. The water demand of dilution of COD and ammonia nitrogen meeting to standard in 1, 10
and 15 years (hundred million m3).

Evaluation Index
of Pollutant

One Year Up to
Standard

Ten Years Up to
Standard

Fifteen Years Up to
Standard

IV V IV V IV V

COD 4.96 3.82 2.52 1.82 2.33 1.67

Ammonia
Nitrogen 6.41 4.94 4.09 3.3 3.87 2.95

The larger values of COD and ammonia nitrogen can be taken as the water demand of
pollutant dilution. It can be seen from Table 2 that when the water demand of pollutant
dilution can make ammonia nitrogen reach the water quality standard, COD can also reach
the standard.

Therefore, the ecological water demand of Wuliangsuhai Lake (Q′) is:

Q′ = P + D + Qeco (16)

the parameter descriptions in the formula are the same as above.
The amount of ecological water needs to be replenished from the Yellow River (Qs) is:

Qs = Q′ −Qin (17)

the parameter descriptions in the formula are the same as above.
The ecological water demand and timely ecological water supplement of Wuliangsuhai

Lake with different water quality targets and different time of reaching the standards are
listed in Table 3.

Table 3. Ecological water demand and ecological water supplement in different water quality
standards.

Water Quality
Classification Year

Water Quantity (Hundred Million m3)

The Water
of

Evaporative
and Leakage

(D)

The
Amount of

Water
Retreating

into the
Yellow

River (P)

The Water
Demand of
Pollutant
Dilution

Ecological
Water

Demand

The Water
Discharge of

Entering
into Lake

(A)

The Water
of Rainfall
and Flood

(R + F)

The Timely
Ecological

Water
Supplement

(Qs)

IV
One Year 4.36 0.14 6.41 10.91 4.02 0.77 6.12
Ten Years 4.36 0.14 4.09 8.59 4.02 0.77 3.80

Fifteen Years 4.36 0.14 3.87 8.37 4.02 0.77 3.58

V
One Year 4.36 0.14 4.94 9.44 4.02 0.77 4.65
Ten Years 4.36 0.14 3.30 7.80 4.02 0.77 3.01

Fifteen Years 4.36 0.14 2.95 7.45 4.02 0.77 2.66

According to the calculation in Table 3, the water quality of Wuliangsuhai Lake
can reach the standard of class IV water in one year under the condition of the current
water discharge from the main drainage channel and exhaust contaminant, and the timely
ecological water supplement is 6.12 hundred million m3. The water quality of Wuliangsuhai
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Lake can be reached the standard of class IV water in 10 years, and the timely ecological
water supplement is 3.80 hundred million m3. The water quality of Wuliangsuhai Lake
can be reached the standard of class IV water in 15 years, and the timely ecological water
supplement is 3.58 hundred million m3. The water quality of Wuliangsuhai Lake can
be reached the standard of class V water in one year, and the timely ecological water
supplement is 4.65 hundred million m3. The water quality of Wuliangsuhai Lake can
be reached the standard of class V water in 10 years, and the timely ecological water
supplement is 3.01 hundred million m3. The water quality of Wuliangsuhai Lake can
be reached the standard of class V water in 15 years, and the timely ecological water
supplement is 2.66 hundred million m3.

4. Results and Discussion
4.1. Results

At present, the shortage of ecological water supplement in Wuliangsuhai Lake has be-
come the main restrictive factor to maintain the existing water surface and water ecological
health of Wuliangsuhai Lake. Rescuing the Wuliangsuhai Lake must take the lead in scien-
tific planning of water resources to ensure its ecological water demand requirements. The
ecological water supplement of Wuliangsuhai Lake can be solved through the following
four ways:

(1) In 2015, the water-saving capacity of water consumption diverted from the Yellow
River in irrigation area increased by 6.83 hundred million m3, the amount of water diverted
from the Yellow River was reduced to 43 hundred million m3. About 3.01 hundred million
m3 of farmland drainage in irrigation area, which was reduced to 2.22 hundred million
m3 after passing through estuary wetlands. In 2020, it was reduced to 40 hundred million
m3, and about 2.55 hundred million m3 of farmland drainage in irrigation area, which was
reduced to 1.42 hundred million m3 after passing through estuary wetlands. These return
water will be replenished into Wuliangsuhai Lake.

(2) By means of lining the aboveground paragraph of the total main canal and strength-
ening the management of water-saving measures, water saving was achieved by 1 hundred
million m3 in 2015. After considering that the engineering was partially implemented, the
utilization coefficient of canal system of the total main canal and the main canal was 0.94
and 0.96, respectively. In 2015, 0.9 hundred million m3 of water was added to Wuliangsuhai
Lake. In 2020, 2.02 hundred million m3 of water consumption was saved. After considering
that the engineering was fully implemented, the utilization coefficient of canal system of
the total main canal and the main canal was increased to 0.95 and 0.97 respectively. In 2020,
1.86 hundred million m3 of water was added to Wuliangsuhai Lake.

(3) By means of deepening the management of water-saving measures, carrying out the
reform of group management system with the participation of users, strengthening water
management, and comprehensively implementing the water-saving irrigation technology
in the field, 0.86 hundred million m3 of water was saved by 8.615 million mu of the whole
irrigation area in 2015, and 0.78 hundred million m3 of water was added to Wuliangsuhai
Lake. In 2020, 2.58 hundred million m3 of water was saved by the whole irrigation area. The
utilization coefficient of canal system of the total main canal and the main canal was 0.95 and
0.97 respectively, and 2.38 hundred million m3 of water was added to Wuliangsuhai Lake.

(4) During the irrigation gap period, 1.74 hundred million m3 of ecological water use
for salt washing was transported to Wuliangsuhai Lake through existing irrigation channels.
It was transported to Wuliangsuhai Lake through the total main canal and the main canal,
and 1.60 hundred million m3 was discharged into the Yellow River after circulation.

The second water balance of Wuliangsuhai Lake in 2020 is listed in Table 4.
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Table 4. The analysis table of second water balance of Wuliangsuhai Lake in 2020.

Elements of Influent
Water Water Inflow (m3) Elements of Drainage Water Discharge

(m3)

Irrigation and
Drainage Water (Qi)

1.42 × 108 Water Withdrawal from the
Lake (Qd)

1.60 × 108

Rainfall (P) 0.65 × 108 The Water of Transpiration
and Evaporation (E) 4.48 × 108

Groundwater
(
Qg
)

0.17 × 108 Water Leakage (Ql) 0.66 × 108

Water-saving
Supplement of Main

Canal
Lining

1.86 × 108

Water-saving
Supplement of

In-depth
Management

2.38 × 108

Water Replenishment
During Irrigation Gap

Period
1.60 × 108

Water Balance of the
Whole City

The Surplus and
Shortage Water of the

Whole City’s First
Water Balance

−0.89 × 108

Water-saving Loss of
In-depth

Management During
Transportation

−0.20 × 108

The Loss of Water
Supplement in the
Gap Period During

Transportation

−0.14 × 108

Total 6.94 × 108 Total 6.74 × 108

Equilibrium Difference
(
m3) ∆V = Win −Wout =0.20 hundred million m3

The results show that the requirements of ecological water demand in Wuliangsuhai
Lake can be solved through the above four ways.

4.2. Discussion
4.2.1. The Effect of Ecological Water Supplement in Wuliangsuhai Lake

The calculation results show that through the four ways of water replenishment, the
ecological water supplement of Wuliangsuhai Lake can achieve water balance, and the
equilibrium difference reaches 0.20 hundred million m3 in 2020, which can effectively con-
trol the shrinkage of the lake and ensure the water quantity needed to make Wuliangsuhai
Lake have basic environmental functions. However, the improvement of water quality
requires a continuous and long process, and the estimation of ecological environment water
demand is an urgent problem that needs to be solved in the protection and sustainable
development of wetland biodiversity. This paper adopts the estimation method of dynamic
point of view, when the water quality reaches the class IV and V water standards respec-
tively, reasonably calculates the ecological water demand and the timely ecological water
supplement of meeting the standards in 1, 10 and 15 years. In this paper, the problems
of insufficient ecological water supply are effectively alleviated by tapping the potential
of water saving and reasonable water diversion scheduling and taking the supplement of
agricultural wastewater in the irrigation area, lining the aboveground area of the total main
canal, deepening the management of water-saving measures, and transporting salt washing
ecological water to Wuliangsuhai Lake during the irrigation gap period in the water supply.
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Since Wuliangsuhai Lake is located in the transition zone of arid and semi-arid areas in
northwest China, water resource carrying capacity and environmental carrying capacity are
seriously overloaded due to the loss of a certain amount of water from reed transpiration
and lake water evaporation. Thus, the restoration of water ecological environment in
Wuliangsuhai Lake can only be realized in stages and steps.

4.2.2. The Necessity of the Ecological Water Supplement in Wuliangsuhai Lake

The primary task of rescuing Wuliangsuhai Lake is to ensure that the existing water
surface of Wuliangsuhai Lake is no longer reduced and the lake is no longer shrinking.
According to the analysis of water balance state of Wuliangsuhai Lake, the existing water
surface of Wuliangsuhai Lake should be maintained. In the current situation, the ecological
water demand gap is 4.36 hundred million m3. Therefore, the ecological supplement of
Wuliangsuhai Lake is a fundamental measure to ensure that the existing water surface of
Wuliangsuhai Lake is no longer reduced and the lake water is no longer shrinking.

The most important task for rescuing Wuliangsuhai Lake is to curb the increase of
water salinity year by year. To maintain the water-salt balance in Wuliangsuhai Lake,
1.60 hundred million m3 of water should be discharged to the Yellow River every year.
Otherwise, the salinity of Wuliangsuhai Lake water will continue to rise, which will lead
to salinization of lakes, deterioration of habitat quality of aquatic organisms and birds,
and major changes in the structure and function of the ecosystem of Wuliangsuhai Lake.
Therefore, the ecological supplement of the Wuliangsuhai Lake is a fundamental measure
to avoid the salinization of water body and the huge changes in the structure and function
of the ecological system.

The urgent task of rescuing the Wuliangsuhai Lake is to reduce the pollutants accu-
mulated in the lake area for a long time, improve the lake habitat and restore its ecological
function. With the continuous decrease of water inflow, even if exogenous pollution is
effectively controlled, due to the role of water surface transpiration and leakage, the con-
centration of pollutants in the water body of Wuliangsuhai Lake will continue to increase,
and the problem of eutrophication is difficult to change. Therefore, timely ecological replen-
ishment of Wuliangsuhai Lake is an effective measure to control the continuous increase
of pollutant concentration in the lake area. It was calculated in Table 3 that the ecological
water supplement reaches different water quality standards at different times. Therefore,
it is necessary and urgent to supplement the ecological water shortage to maintain the
survival and ecological function of Wuliangsuhai Lake.

5. Conclusions

In this paper, according to the current situation of water quality and the goal of
environmental protection, and the ecological water demand of Wuliangsuhai Lake is
estimated by using the dynamic viewpoint. The water requirement of dilution of ammonia
nitrogen is determined as the standard of water demand of pollutant dilution. Finally,
the ecological water demand and timely ecological water supplement of Wuliangsuhai
Lake with different water quality targets and different time of reaching the standards
were obtained. The ecological water supply in Wuliangsuhai Lake is insufficient under
the current conditions. The water demand of Wuliangsuhai Lake under different periods
and water quality standards can be met through the four solutions in this paper, which
have reduced the contradiction between supply and demand and ensured that the storage
capacity of Wuliangsuhai Lake is within the range of reasonable ecological protection
objectives. Moreover, the water balance of Wuliangsuhai Lake with a water equilibrium
difference of 0.2 hundred million m3 in 2020 was reached. While self-purification and
assimilative capacity are improved, it has laid an effective foundation for further controlling
the salinization of Hetao area in Wuliangsuhai Lake. It not only maintains the water needed
for ecosystem balance, but also creates good ecological effects and ecological benefits in
the process of ecological restoration and reconstruction. At the same time, theoretically,
it provides constructive suggestions for the study of maintaining ecological balance and
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ensuring ecological function in Wuliangsuhai Lake, and it also has provided a favorable
basis for the ecological operation and the water ecological environment restoration of
Wuliangsuhai Lake. The water balance of Wuliangsuhai Lake can be achieved through
the implementation of water diversion and transfer projects, but restoring water quality
is a long-term, complex. and challenging task. In order for the quality and safety of the
ecological environment in Wuliangsuhai Lake to be maintained, exploring the water-saving
potential, strengthening the construction of purified lakes, and remedying pollution sources
will be effective measures.
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Abstract: As one of the national strategies of China, the ecological protection of the Yellow River
basin (YRB) is vital for the promotion of the high-quality development (HQD) of the regional
economy. This paper uses the data of prefecture-level cities in the YRB from 2004–2019 to analyze
the effect of environmental regulation and local government competition on HQD. The findings
show the following: (1) Environmental regulation can significantly promote HQD in the YRB, and
local government competition can significantly reduce HQD. The interaction effect shows that
the promotion effect of environmental regulation on HQD weakens with the intensification of
competition between local governments. (2) A heterogeneity analysis shows that environmental
regulation has a more significant positive impact on HQD for the lower reaches of the YRB. (3) Using
a threshold effect test, it is found that the impact of environmental regulation on the HQD presents a
significant nonlinear positive effect with an increase in local government competition. When the local
government competition represented by the level of economic catch-up exceeds the threshold value
of 3.037, this positive effect decreases significantly.

Keywords: high-quality development; environmental regulation; local government competition;
panel threshold regression model; Yellow River basin

1. Introduction

The high-quality development (HQD) of river basins is a concern of various govern-
ments, and it plays a vital role in developing the surrounding economy and ecological
protection. The 2021 UN Environment report Making Peace with Nature states that “by
embodying the value of nature in policies, plans, and economic systems, we can direct
investment into activities that restore nature” [1]. However, industrialization and urbaniza-
tion have caused environmental pollution, resource depletion, and ecological degradation
in the Yangtze River, the Yellow River, and other river basins. The contradiction between
the “development and protection” of the basin urgently needs to be resolved. The Chinese
government attaches great importance to the HQD of river basins. Meanwhile, the gov-
ernment has formulated national strategies, such as ecological protection and the HQD of
the Yellow River basin (YRB). The YRB is a critical economic zone in the country. It is a
vital area for winning the battle against poverty, and it has an important strategic position
in national economic and social development and ecological security construction [2]. As
a natural defense system to prevent environmental and ecological security from being
damaged, the YRB is of great significance to ecological protection and construction [3].
The report of the 19th National Congress of the Communist Party of China in 2017 stated
that “the national economy has shifted from a stage of high-speed growth to a stage of
high-quality development”. According to “The Outline of the Yellow River Basin Ecological
Protection and High-quality Development Plan 2021” released by the Central Commit-
tee of the Communist Party of China and the State Council, the principles of ecological
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protection and HQD must be grasped in the YRB, ecological priority must be adhered
to, green development must be boosted, and the road of sustainable HQD must be taken.
The YRB suffers from water shortages, severe environmental pollution [4,5], insufficient
livelihood development, and significant regional differences in resource endowments [6].
The economic connections of the provinces and regions along the Yellow River are low, and
the HQD is insufficient [7]. In the process of promoting HQD, environmental regulation,
as an essential means of controlling pollution and reducing emissions, can motivate the
technological renewal of the enterprise [8]. It plays a vital role in the win–win process of
economic growth and ecological protection in the YRB. Therefore, it is of great theoretical
and practical significance to build a comprehensive evaluation system for HQD in the YRB
and to make reasonable measurements in order to clarify the impact of environmental
regulation on HQD.

Currently, the literature on HQD focuses on the definition of connotation and the
construction of the evaluation index system. HQD encompasses high-efficiency, fair, green,
and sustainable development, and its goal is to meet people’s growing needs for a better
life [9,10]. There are two methods for measuring the HQD index: the first method is the
measurement of a single indicator. HQD is mainly measured by indicators, such as total
factor productivity [11,12], value-added rate [13,14], the intermediate input–output ratio
of enterprises, investment efficiency, and labor productivity growth [15,16]. In addition,
with the increasing attention to resource and environmental issues, many scholars have
constructed indicators of green/ecological total factor productivity [17,18]. The second
method is measurement based on the comprehensive index system. However, a unified
evaluation system has not yet been formed. Most existing studies have constructed an eval-
uation index system based on the new development concept of “innovation, coordination,
green, openness, and sharing” [8,19,20].

Regarding the research on environmental regulation and economic development,
there are three main viewpoints. The first viewpoint is based on the “Porter Hypothesis”,
which holds that environmental regulation promotes the improvement of the economic
level [21,22]. The implementation of environmental regulation policies will stimulate
scientific and technological innovation, thereby driving the improvement of total factor
productivity and offsetting the environmental governance costs of enterprises. Therefore,
enterprises will improve production technology, promote production technology into
clean technology, and realize the transformation and upgrading of industrial structure.
Ultimately, this will drive the HQD of the regional economy [23]. In addition, some
scholars have explored the heterogeneity of environmental regulation on economic growth
and found that environmental regulation has a significant role in promoting HQD in the
central and eastern regions of China, though it has no significant impact on the western
region [24]. In addition, some scholars found an obvious mutual promotion relationship
between environmental regulation and economic growth [25,26]. The second viewpoint is
based on the following cost effect, which holds that environmental regulation hinders the
improvement of the economic level [27,28]. In the short term, enterprises will need to invest
much human and material capital in technological innovation. This will lead to enterprises’
costs far exceeding the economic benefits. Therefore, enterprises will lose their enthusiasm
for green investment [29]. The third viewpoint is the nonlinear relationship, showing an
“inverted U-shaped” relationship [30,31]. There is heterogeneity between regions. There
is a cost effect in eastern China, an innovation compensation effect in central China, and
the strengthening of environmental regulations in western China will inhibit economic
growth [32].

The research on local government competition focuses on discussing whether the
central government should decide on environmental issues in a centralized or local gov-
ernment in a decentralized governance model. Due to the public nature and externality
of the environment, the benefits obtained by local environmental governance will spill
over to neighboring governments, and the responsibility for environmental pollution will
be shared by neighboring governments, resulting in the “free-rider” phenomenon [33].
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In addition, local governments tend to relax environmental regulations to compete for
liquid capital, resulting in an environmental “race to the bottom” between regions [34].
Woods [35] found that the state governments in the United States relaxed environmental
regulations to attract external companies, resulting in environmental degradation. Some
studies have proven the existence of a “race to the bottom” in China’s local government
environment [36–38]. In the eastern region of China, local government competition can
improve the neighboring ecological environment, but in the central and western regions,
it will aggravate the neighboring environmental pollution [39]. The rapid development
of China’s economy benefits from a vertical political management system and economic
decentralization [40]. Under this system, GDP is an essential basis for promoting offi-
cials, so it plays a considerable incentive in improving local economic development [41].
However, it will lead local governments to pay more attention to short-term political
performance and to ignore long-term economic growth [42]. In addition, to receiving a
promotion, officials will implement looser environmental governance methods to attract
foreign or local enterprise investment [43], which results in regulatory failure and envi-
ronmental degradation [44]. This is not conducive to the coordinated development of the
economy–ecology–environment, which is not conducive to improving HQD.

In summary, the existing studies have both theoretical and empirical levels. However,
there are still certain deficiencies: (1) Although there have been many explorations of the
measurement of HQD level, due to the short time since it was proposed, the theoretical basis
for the construction of HQD indicators is insufficient. In the selection of indicators, many
indicators reflect economic development, industrial structure, and growth rate, while few
reflect the improvement of people’s livelihoods. (2) Most of the existing literature focuses
on the one-way relationship between environmental regulation and economic growth or
between local government competition and economic growth. However, there are few
studies on environmental regulation and HQD from the perspective of local government
competition. Therefore, this paper uses the data of prefecture-level cities in the YRB
from 2004–2019 to empirically analyze the effect of environmental regulation and local
government competition on HQD.

Based on the above analysis, this paper proposes the following research hypotheses:

Hypothesis 1 (H1). Environmental regulation can improve the HQD level of the YRB.

Hypothesis 2 (H2). Under the effect of local government competition, the role of environmental
regulation in promoting HQD in the YRB is weakened.

Hypothesis 3 (H3). The impact of environmental regulation on the HQD of the YRB presents a
nonlinear characteristic with the enhancement of local government competition intensity.

2. Materials and Methods
2.1. Research Scope and Data Sources

The Yellow River is the second largest river in China, with a total length of 5464 km.
It originates from the Qinghai–Tibet Plateau, flows through nine provinces (autonomous
regions) from west to east, and flows into the Bohai Sea in Dongying City, Shandong
Province. There are huge differences in the topography and landforms in the basin, large
differences in altitude, and obvious differences in the natural environment. The YRB is a
belt rich in energy resources, with obvious advantages in hydropower, coal, oil, and natural
gas, and it has rich and diverse mineral resources. The natural conditions of the YRB and the
regions it passes through are very different, and the economic development is unbalanced.
For example, the total GDP of Shandong Province in 2020 is 24.33 times that of Qinghai
Province. The problem of unbalanced and insufficient development between regions is
prominent. In addition, the YRB has various ecological function types and various nature
reserves, and it is the ecological security and ecological optimization belt in China.
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The YRB includes nine provinces (autonomous regions). Among them, there is a
serious lack of data on Haidong City and autonomous prefectures; Sichuan Province only
flows through a small area of the YRB; Inner Mongolia’s Dongsimeng belongs to the broad
northeast region; Laiwu City was merged into Jinan City in Shangdong Province in 2019.
Therefore, this paper excludes the above cities and selects 78 prefecture-level cities in the
YRB as the research objects. Maps were generated using ArcGIS 10.8, as shown in Figure 1.
The data mainly come from the “China Environmental Statistical Yearbook”, “China Urban
Statistical Yearbook”, the statistical yearbooks of various cities, the National Bureau of
Statistics website, and the EPS database.
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2.2. HQD Index System
2.2.1. Meaning of HQD

The current research has not yet uniformly defined the connotation of HQD. Starting
from the goal of HQD, the connotation of HQD is efficient, fair, green, and sustainable
development aimed at meeting people’s growing needs for a better life [10]. HQD is the
economic development mode, structure, and dynamic state that meet the real needs of
people’s growth [7]. From the perspective of the “five development concepts” and the
main social contradictions, HQD is defined by identifying imbalances and inadequacies in
economic and social development [45]. As a typical river basin flowing through China’s
nine major provinces and regions, the YRB requires HQD based on the full consideration
of various factors, such as the natural ecological environment and economic structure
characteristics of the basin, guided by systematization, integrity, and relevance, as well as
the benign interaction and coordinated development of economy, society, and the ecology
in the whole basin [2].

2.2.2. Calculation of HQD

The entropy method is an objective weighting method, and it analyzes the role of the
comprehensive evaluation by comparing the information entropy of the indicators [46].
Chen et al. [47] used the entropy weight method to calculate the weight of each index and
to evaluate the urban ecological level on the basis of analyzing the characteristics of the
entropy weight method in different stages in detail. Thus, this paper also uses the entropy
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weight method [46–48] to measure the HQD level of the 78 prefecture-level cities in the
YRB from 2004 to 2019. The specific steps are as follows:

First, this paper performs extreme value standardization on the original dataset. The
positive index is X′ij = (Xij −min(Xij))/(max(Xij)−min(Xij)), and the negative index is
X′ij = (max(Xij)−Xij)/(max(Xij)−min(Xij)), where Xij is the index value of the original
data, and X′ij is the standardized index value. Then, it calculates the contribution of the i

evaluation object under the j index with the formula Pij = Xij/
n
∑

i=1
Xij. Next, it calculates

the entropy value with the formula Ej = −k
n
∑

i=1
[Pij × ln(Pij)], where k = 1/ ln(n). Later, it

calculates the weight of the j indicator with the formula Wj = (1−Ej)/(
n
∑

i=1
(1− Ej)). Lastly,

it calculates the HQD index of the i evaluation object with the formula Yi =
n
∑

i=1

(
Wj × Pij

)
.

2.2.3. Index System Construction

The selection of indicators in this paper is based on the principles of comprehensive-
ness, systematicness, objectivity, and data availability. Drawing on the research ideas of
Liu et al. [24] and Lin et al. [49], this paper constructs 25 evaluation indicators from the
four dimensions of HQD, including the driving force, structure, method, and achievement,
and establishes a scientific, fair, objective, and practical indicator system for HQD in the
YRB, as shown in Table 1.

Table 1. Index system for evaluating the level in the Yellow River basin.

Criterion Layer Element Layer Indicator Layer Unit Indicator
Attribute

Driving force of HQD

Technological progress R&D investment intensity % +
Science and Technology Expenditure/Financial

Expenditure % +

Human capital Per capita education expenditure RMB/per capita +
Number of students in colleges and

universities/total population of the region per capita +

Structure of HQD

Industrial structure Added value of the tertiary industry accounts for
the proportion of the regional GDP % +

Financial structure Ratio of deposits and loans of financial
institutions to GDP % +

Urban and rural structure
Ratio of per capita income of urban and

rural residents % −
urbanization rate % +

Trade structure Proportion of foreign investment in regional GDP % +

Method of HQD

Save resources
Energy consumption per unit of GDP ton/10,000 RMB −

Electricity consumption per unit of GDP kWh/10,000 RMB −

Environmental protection

Comprehensive utilization rate of industrial
solid waste % +

Harmless treatment rate of domestic waste % +
per capita water resources m3 +

Urban per capita park green space m2 +

Results of HQD

Economic development
GDP per capita RMB +

Fiscal revenue as a percentage of GDP % +
Urban registered unemployment rate % −

Public service
Number of public libraries per 10,000 people +
Public transport vehicles per 10,000 people +

Social security Medical facility beds per 1000 people +
Number of people participating in

pension insurance 10,000 people +

Environmental cost
Wastewater discharge per unit of output ton/10,000 RMB −

Sulfur dioxide emissions per unit of output ton/10,000 RMB −
Smoke (powder) dust emission per unit of output ton/10,000 RMB −
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In terms of the driving force of HQD, it is divided into two element layers: techno-
logical progress and human capital. It mainly reflects the transformation of economic
development from factor-driven to innovation-driven relying on human capital, which is
an important symbol of HQD and the cornerstone of ensuring green, fair, and sustainable
development. Therefore, the level of technological progress and the level of human capital
are measured here. The level of technological progress is measured by the intensity of
R&D expenditures and the proportion of scientific and technological expenditures in fiscal
expenditures to the total population of the region.

In terms of the structure of HQD, the proportion of the added value of the tertiary
industry in the regional GDP is used to reflect the changes in the industrial structure. The
proportion of deposits and loans of financial institutions in the GDP is used to measure the
changes in the financial structure. The ratio of the per capita income of urban and rural
residents and the urbanization rate reflects the urban and rural structure. The proportion
of foreign investment in the regional GDP reflects the level of economic opening to the
outside world.

In terms of the method of HQD, it is divided into two element layers: resource
conservation and environmental protection. In terms of resource conservation, the energy
consumption per unit of GDP and electricity consumption per unit of GDP are selected
to represent the main indicators of resource conservation by economic activities. The per
capita area of park green space represents the main indicator of economic activities for
environmental protection.

In terms of the results of HQD, the per capita GDP is used to measure the level of
economic development, the proportion of fiscal revenue to GDP is used to measure the
quality of economic operation, and the urban registered unemployment rate is used to
measure the impact of economic fluctuations on people’s living and welfare. Indicators,
such as the number of public libraries per 10,000 people and the number of public transport
vehicles per 10,000 people, are used to measure multi-dimensional social life. Indicators
such as the number of beds in medical institutions per 1000 people and the number of
people insured by endowment insurance are used to measure social security. In terms of
environmental cost, the amount of wastewater discharged per unit of output, the amount
of sulfur dioxide discharged per unit of output, and the amount of smoke emissions (dust)
are used to measure the damage to the environment caused by economic activity.

2.3. Empirical Strategy
2.3.1. Benchmark Regression Model

Based on the above theoretical analysis, to empirically explore the impact of envi-
ronmental regulation and local government competition on HQD, this paper uses the
data of prefecture-level cities in the YRB from 2004 to 2019 to construct the following
measurement model:

HDQit = α0 + β1ERit + β2ERit × ln GOVit + β3 ln GOVit + ∑ δ ln Xit + µit (1)

where i represents the prefecture-level city, and t represents the time. HDQ is the level of
high-quality development; ER is the environmental regulation; GOV is the local govern-
ment competition; and ER×GOV is the interaction term between environmental regulation
and local government competition. Xit is the control variable that affects the level of HQD;
and µ is a random disturbance term. ln GOV is in logs.

2.3.2. Threshold Regression Model

The relationship between environmental regulation and HQD is also different depend-
ing on the intensity of the competition between local governments. Existing studies mostly
draw linear conclusions [22,24]. According to the above theoretical analysis, environmental
regulation, local government competition, and HQD have interactive effects. Therefore, it
is not accurate to test the effect between them with a simple linear relationship. In order to
verify the nonlinear relationship between environmental regulation, local government com-
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petition, and the HQD of the YRB, this paper uses a nonlinear threshold panel model for
this research. The threshold regression model was developed by Tong in 1978 and further
improved by Hansen in 2000 [50,51]. This paper further uses local government competition
as the threshold variable and adopts the method of Hansen [51] and Ding et al. [52] to test
the threshold effect. When the model only has a single threshold,

HQDit = α0 + ∑ δ ln Xit + β1ERit × I(ln GOVit ≤ r1) + β2ERit × I(ln GOVit > r1) + εit (2)

In many cases, there are multiple thresholds, so the extended multi-threshold model
is constructed as follows:

HQDit = α0 + ∑ δ ln Xit + β1ERit × I(ln GOVit ≤ r1) + β2ERit × I(r1 < ln GOVit ≤ r2)+
β3ERit × I(ln GOVit > r2) + εit

(3)

where ln GOV is the threshold variable, r is the threshold value, and ε is the residual item.

2.4. Variable Selection and Descriptive Statistics
2.4.1. Explained Variable

The explanatory variable in this paper is the high-quality development level (HQD).
This paper uses the entropy method to construct an indicator system for HQD in the YRB
from four dimensions, namely, the driving force, structure, method, and achievement of
HQD, as shown in Table 1.

2.4.2. Core Explanatory Variables

Environmental regulation (ER): This is a general term for the “policies, regulations,
measures, and means” promulgated and implemented by the government or related orga-
nizations. Currently, the measurement of environmental regulation is mainly divided into
two categories: the single index method and the comprehensive index method. Single indi-
cators mainly include pollution fee collection [53], single pollutant discharge or treatment
efficiency [54,55], environmental treatment costs [56,57], and environmental protection
regulations and standards [58,59]. The comprehensive index method selects indicators
from different angles. It constructs comprehensive indicators, such as various pollutant
removal rates [60,61], environmental taxes and fees [62], and environmental input [63],
by weighting using the entropy weight method and factor analysis method. This paper
combines the availability and accuracy of data and refers to the construction methods of
relevant empirical research [57,64]. It calculates the discharge of industrial wastewater,
industrial waste gas, and industrial solid waste using the entropy weight method to obtain
a comprehensive environmental regulation index.

Local government competition (GOV): Most of the literature uses the ratio of produc-
tive expenditure to total regional budget expenditure [65], FDI per capita, FDI per unit of
GDP, and the share of FDI in national FDI [66] as proxy variables. However, this paper sug-
gests motives for chasing and surpassing neighboring prefecture-level cities in the whole
region. Therefore, referring to the research method of Miu et al. [67], this paper adopts the
level of economic catching up as a proxy variable of local government competition.

First, this paper calculates the highest per capita GDP of neighboring cities divided
by the highest per capita GDP of decision-making units. Next, it calculates the highest
per capita GDP of all the regions and cities divided by the highest per capita GDP of
decision-making units. Finally, it multiplies the two to obtain the economic catch-up level.

2.4.3. Control Variables

This paper refers to the existing literature research [20,24] and selects the following
control variables: (1) urban population density (DEN), measured by the proportion of the
urban population in the area of administrative divisions; (2) the level of informatization
(INO), measured by the proportion of regional post and telecommunications business
revenue to GDP; (3) infrastructure (INF), measured by the per capita urban road area;
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(4) industrialization level (IND), measured by the proportion of secondary industry output
value in total production; (5) human capital (HU), measured by the number of college
students per 10,000 people; and (6) industrial structure (IS), measured by the proportion of
the output value of the tertiary industry to the output value of the secondary industry. The
meaning of the variables and a descriptive statistical analysis are shown in Table 2.

Table 2. Descriptive statistics.

Variable Variable Definitions Mean SD Min Max

HQD High-quality development 0.44 0.07 0.27 0.67
ER Environmental regulation 0.93 0.09 0.35 0.99
GOV Economic catch-up level 14.63 21.74 0.47 211.71

DEN Urban population accounts for
administrative division area 399.63 313.34 4.70 1440.37

INO
Regional post and
telecommunications business
revenue to GDP

2.57 1.86 0.38 18.91

INF Urban road area per capita 15.93 7.86 1.37 60.07

IND Secondary industry output value
to GDP 50.87 11.87 15.60 84.88

HU Number of college students per
10,000 people 164.48 240.91 1.67 1310.74

IS
Output value of the tertiary
industry accounts for the output
value of the secondary industry

1.58 1.40 0.27 21.28

3. Results
3.1. Benchmark Regression

The estimated results of the benchmark regression are shown in Table 3. Column (1) is
the OLS estimation result. The estimated coefficient of environmental regulation is 0.459,
which is significant at the 1% statistical level. Columns (2)–(5) control the fixed effects of city
and year, and they introduce the control variables one by one. The estimated coefficients of
environmental regulation are still significantly positive, and they are significant at the 1%
statistical level, indicating that environmental regulation can significantly improve the HQD
level of the YRB. The research hypothesis H1 is validated. As shown in column (5) of Table 3,
local government competition has a significantly negative impact on HQD, indicating that,
in order to catch up with the economic level of the surrounding cities in the region, the
policies implemented by the local government will reduce the HQD level of the local
city. On the one hand, the “promotion championship” hypothesis holds that local officials
tend to focus on the economy and that they neglect the environment for their political
performance and promotion opportunities, resulting in the lack of effective protection of
local environmental quality [38]. On the other hand, under the development goal of “only
GDP”, local governments will relax environmental regulations. The region will absorb high-
polluting, high-energy-consuming industries in developed regions. Intensified competition
benefits GDP growth, but environmental pollution intensifies, and the negative externality
of environmental pollution is significant [68]. This competition will also cause ecological
damage and reduce the level of HQD. As shown in column (5) of Table 3, the coefficient of
the interaction term between environmental regulation and local government competition
is −0.020, which is significant at the 1% statistical level. This regression result shows
that, with the improvement of local government competition, the role of environmental
regulation in promoting HQD is weakened. The research hypothesis H2 is validated.

In addition, regarding the control variables, the level of informatization, the improve-
ment of human capital, and the optimization of the industrial structure have a significantly
positive impact on HQD. The increase in urban population density and the proportion
of secondary industries have a significant negative impact on the level of HQD. This
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shows that the HQD of the YRB will be affected not only by the environmental and local
government competition but also by other factors.

Table 3. Benchmark regression results.

Variable
(1) (2) (3) (4) (5)

OLS FE FE FE FE

ER 0.459 *** 0.130 *** 0.130 *** 0.183 *** 0.182 ***
(0.027) (0.008) (0.008) (0.016) (0.016)

LnGOV −0.055 *** −0.001 −0.018 *** −0.009 *
(0.009) (0.001) (0.005) (0.005)

ER × LnGOV −0.079 *** −0.022 *** −0.020 ***
(0.010) (0.006) (0.005)

LnDEN 0.001 −0.033 ***
(0.001) (0.010)

LnINO 0.001 0.002 *
(0.002) (0.001)

LnINF 0.030 *** −0.001
(0.002) (0.002)

LnIND −0.055 *** −0.036 ***
(0.005) (0.005)

LnHU 0.017 *** 0.002 *
(0.001) (0.001)

LnIS −0.010 *** 0.004 **
(0.002) (0.002)

Individual effect No Yes Yes Yes Yes
Time effect No Yes Yes Yes Yes
Constant 0.108 *** 0.259 *** 0.261 *** 0.214 *** 0.564 ***

(0.033) (0.007) (0.008) (0.014) (0.058)
Observations 1248 1248 1248 1248 1248

R-squared 0.765 0.748 0.748 0.749 0.755
Notes: * p < 0.10, ** p < 0.05, *** p < 0.01; numbers in parenthesis are robust standard error.

3.2. Threshold Effects Regression

This paper uses the threshold effect bootstrapping method (bootstrap) to test whether
there is a threshold value and the number of thresholds in the model (2). The results are
shown in Table 4. When the threshold variable is local government competition, the F
statistic is 58.07 in the single-threshold effect estimate, which is significant at the 1% level
and rejects the assumption of a linear relationship; in the double-threshold effect estimate,
the F statistic is 19.95, which is not significant. The result of the significance test shows that
there is no double threshold. Therefore, a single threshold is more appropriate.

Table 4. Results of threshold conditions test and double threshold estimated value.

Threshold Variable Hypothetical Test Estimated Parameter F Value p Value

LnGOV
Single threshold 3.037 58.07 0.000

Double threshold 3.367 19.95 0.032

Table 4 shows a threshold value of 3.037 with local government competition as the
threshold effect. The regression results in Table 5 show that, when the local government
competition level LnGOV ≤ 3.037, the relationship between environmental regulation
and HQD is significantly positively correlated at the 1% level, with a coefficient of 0.260.
When the local government competition level is greater than 3.037 (LnGOV > 3.037), the
impact of environmental regulation on HQD is significantly positive. This result still passes
the significance test at the 1% level, but the coefficient is reduced to 0.239. The above
analysis shows that, with the improvement of the competition level of local governments,
the positive impact of environmental regulation on the HQD of the YRB is weakened,
which is consistent with the above research conclusions and verifies H3.
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Table 5. Estimation results and tests of threshold regression mode.

Variable Regression Coefficient Standard Error p Value

ER (LnGOV ≤ 3.037) 0.260 0.012 0.000
ER (LnGOV > 3.037) 0.239 0.013 0.000

LnDEN 0.111 0.015 0.000
LnINO −0.008 0.002 0.000
LnINF 0.035 0.003 0.000
LnIND −0.083 0.006 0.000
LnHU 0.022 0.002 0.000
LnIS −0.016 0.003 0.000

Constant −0.273 0.086 0.002

3.3. Heterogeneity

According to the above test of the threshold effect, it is confirmed that environmental
regulation has a nonlinear relationship with HQD. However, differences in resource endow-
ment, ecological environment, and economic development among different regions of the
YRB lead to heterogeneity [69]. This paper further investigates the heterogeneous impact of
environmental regulation on the HQD level in the different regions of the YRB. This paper
divides the sample into three subsamples: “upstream”, “midstream”, and “downstream”.
The results are shown in Table 6.

Table 6. Heterogeneity analysis based on different regions.

Variable
(1) (2) (3)

Upstream Midstream Downstream

ER 0.171 *** 0.136 *** 0.329 ***
(0.022) (0.034) (0.061)

LnGOV −0.016 * −0.009 −0.088 ***
(0.008) (0.009) (0.023)

ER × LnGOV −0.018 ** −0.007 −0.098 ***
(0.008) (0.010) (0.025)

LnDEN −0.064 *** 0.024 0.019
(0.014) (0.025) (0.018)

LnINO 0.003 −0.001 0.005 **
(0.002) (0.002) (0.002)

LnINF 0.005 −0.004 0.005 *
(0.003) (0.003) (0.003)

LnIND −0.038 *** −0.046 *** −0.044 ***
(0.008) (0.008) (0.012)

LnHU 0.001 −0.004 ** −0.003
(0.002) (0.002) (0.003)

LnIS 0.006 0.002 0.002
(0.004) (0.003) (0.004)

Individual effect Yes Yes Yes
Time effect Yes Yes Yes
Constant 0.564 *** 0.344 ** 0.190

(0.072) (0.143) (0.116)
Observations 336 448 464

R-squared 0.757 0.779 0.758
Notes: * p < 0.10, ** p < 0.05, *** p < 0.01; numbers in parenthesis are robust standard error.

As shown in columns (1)–(3) of Table 6, environmental regulation has a significant
promoting effect on the HQD level of the upper, middle, and lower regions, respectively,
and all of them are significant at the 1% statistical level. By comparing coefficients, envi-
ronmental regulation has a more significant positive impact on HQD for the lower reaches
of the YRB. The lower reaches of the Yellow River are rich in various resources and have
a good foundation for development [6]. However, environmental pollution is severe due
to the over-exploitation of energy and mineral resources and the development of heavy
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chemical industries in the middle and upper reaches [70]. Environmental regulation has
led to an increase in the cost of pollution reduction for enterprises and a lack of innovation
motivation. As a result, it has a weaker impact on HQD. The interaction term of environ-
mental regulation and local government competition in the upper reaches of the YRB is
significantly negative at the 5% level, the lower reaches are significantly negative at the 1%
level, and the middle reaches are insignificant. The stronger the environmental regulation
is, the lower the pollution emissions and the higher the level of HQD. However, as the level
of competition between local governments intensifies, the role of environmental regulation
in promoting the level of HQD is weaker.

3.4. Robustness Test
3.4.1. Endogenous Processing

To alleviate the possible endogeneity problem in the benchmark model, according
to Arellano and Bover [71], this paper uses the lag one period of the HQD index as an
instrumental variable to perform a systematic generalized method of moments (GMM). The
results are shown in Table 7. The AR(2) value is greater than 0.1, and the value of Hansen’s
test is greater than 0.1, indicating that the instrumental variable selected by the model is
reasonable. After removing the endogeneity, the lag term coefficient of the HQD index is
significant at the statistical level of 1%. The HQD level has a strong trend, and the HQD
level of the previous period affects the current period; the environment regulation still has
a significant positive impact on the HQD level of the YRB at the statistical level of 1%.

Table 7. Robustness test results: endogenous processing.

Variable (1) (2) (3) (4)

L.HQD 1 0.863 *** 0.819 *** 0.910 *** 0.778 ***
(0.061) (0.029) (0.012) (0.032)

ER 0.071 *** 0.053 *** 0.032 *** 0.099 ***
(0.018) (0.011) (0.004) (0.028)

LnGOV −0.001 * −0.009 *** −0.026 ***
(0.000) (0.001) (0.009)

ER × LnGOV −0.012 *** −0.026 ***
(0.001) (0.010)

LnDEN −0.002 ***
(0.000)

LnINO 0.002 ***
(0.001)

LnINF 0.003 ***
(0.001)

LnIND −0.025 ***
(0.003)

LnHU 0.004 ***
(0.001)

LnIS −0.000
(0.002)

Constant −0.013 0.002 0.009 *** −0.161 ***
(0.012) (0.007) (0.002) (0.025)

Observations 1092 1092 1092 1092
AR(2) 0.123 0.156 0.196 0.221

Hansen test 0.162 0.112 0.152 0.137

Notes: 1 The lag period of HQD. * p < 0.10, *** p < 0.01; numbers in parenthesis are robust standard error.

3.4.2. Substitution Variable

This paper verifies the stability of the benchmark model from two aspects. One aspect
is to recalculate the environmental regulation variables. This paper refers to the idea of Chen
et al. [72] to calculate the proxy variables of environmental regulation. First, the proportion
of the occurrences of environment-related words in the provincial government work report
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to the total words in the report is selected. Then, the ratio of the total industrial output value
of the prefecture-level city is multiplied by the total industrial output value of the province.
Lastly, it calculates the proxy variables of environmental regulation of prefecture-level cities.
Columns (1) and (2) of Table 8 report the estimated results of the recalculated environmental
regulation variables. Environmental regulation has a positive impact on HQD, and it is
significant at the 1% statistical level; the interaction term between environmental regulation
and local government competition is significantly negative at the 1% statistical level. The
second aspect is to recalculate local government competition variables. This paper uses
per capita FDI as a measure of local government competition. Columns (3) and (4) of
Table 8 report the estimated results of recalculating the local government competition
variables. Environmental regulation has a positive impact on HQD, and it is significant
at the 1% statistical level. In addition, local government competition still has a significant
inhibitory effect on the high-quality growth effect of environmental regulation. The above
two methods further confirm that environmental regulation can significantly improve the
HQD level of the YRB, and they confirm the robustness of the estimation results of the
benchmark model.

Table 8. Robustness test results: recalculating environmental regulation and local government
competition variables.

Variable (1) (2) (3) (4)

ER 0.001 *** 0.001 *** 0.130 *** 0.127 ***
(0.000) (0.000) (0.008) (0.011)

LnGOV −0.003 −0.010 *** −0.001 −0.003 ***
(0.002) (0.002) (0.000) (0.003)

ER × LnGOV −0.001 *** −0.004 ***
(0.000) (0.004)

LnDEN −0.012 −0.037 ***
(0.011) (0.010)

LnINO 0.002 * 0.001
(0.001) (0.001)

LnINF −0.000 −0.001
(0.002) (0.002)

LnIND −0.034 *** −0.027 ***
(0.005) (0.004)

LnHU 0.001 0.002 *
(0.001) (0.001)

LnIS 0.009 *** 0.003
(0.002) (0.002)

Individual effect Yes Yes Yes Yes
Time effect Yes Yes Yes Yes
Constant 0.370 *** 0.581 *** 0.258 *** 0.578 ***

(0.004) (0.063) (0.007) (0.058)
Observations 1248 1248 1248 1248

R-squared 0.768 0.768 0.758 0.758
Notes: * p < 0.10, *** p < 0.01; numbers in parenthesis are robust standard error.

4. Discussion

Existing research suggests that increasing the intensity of environmental regulation
can promote economic growth and improve environmental conditions [21,22]. This paper
constructs a comprehensive index of HQD, which is different from the previous single
index, and it analyzes the impact of environmental regulation on HQD. In addition, it
also analyzes the changes in the impact of environmental regulation on HQD under the
condition of the increased competition intensity of local governments.

This paper confirms that the impact of environmental regulation on HQD is positive
and significant at the 1% statistical level. The stronger the regional environmental regulation
is, the higher the threshold for enterprises to enter. This will force high-pollution enterprises
to improve green production processes by adjusting their product structure, environmental
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protection technology, and other production behaviors. This method will promote the
greening and high added value of the production process and, ultimately, achieve the goals
of reducing pollution, improving environmental quality, and achieving a win–win situation
for the economy and the environment [73]. However, companies with “high pollution,
high emissions, and high energy consumption” will move out of areas with high levels of
environmental regulation, thereby providing development space for other companies that
meet environmental regulation standards. The environmental regulation will promote the
optimization of the region’s industrial structure to a green and sustainable structure, in
order to protect the ecological environment and promote the sustainable development of
the local economy, thereby further improving the HQD level of the region [74].

This paper also reveals that the coefficient of the interaction term of environmental
regulation and local government competition is negative and significant at the 1% statistical
level. In addition, when the local government competition represented by the level of eco-
nomic catch-up exceeds the threshold value of 3.037, this positive effect of environmental
regulation on HQD decreases significantly. On the one hand, local governments pursue
short-term interests, tend to attract liquidity such as external investment, and reduce invest-
ment in public services such as environmental protection [43]. When local governments
unilaterally pursue economic development, they often lower environmental standards,
and it is difficult to implement environmental regulatory measures effectively [42]. Local
governments implement more relaxed environmental governance methods to attract more
foreign investment or investment from enterprises in other regions, which, in turn, leads
to investment and tax competition between regions, further leading to environmental
pollution deterioration. Therefore, local government competition weakens the role of
environmental regulation in promoting HQD.

The main contributions of this paper are as follows: (1) Most of the previous studies
focused on the whole country or province and measured the HQD level in a cross-section or
a short time. Due to the multi-dimensional attributes of HQD with rich connotations, this
paper builds a more comprehensive and longer-term HQD index system for prefecture-level
cities. (2) This paper incorporates environmental regulation, local government competition,
and HQD into the same analytical framework. It adds their interaction terms to explore
the combined effect of environmental regulation and local government competition, a
supplement to the existing research. (3) This paper constructs a panel threshold model with
local government competition as the threshold variable to explore the possible nonlinear re-
lationship between environmental regulation and HQD. (4) This paper uses the generalized
method of moments (GMM) to solve the endogeneity problem. Therefore, the reliability
of the empirical results is verified. (5) From the perspective of regional heterogeneity, the
HQD effects of environmental regulation in the Yellow River basin’s upper, middle, and
lower reaches are tested to explore the path for improving the HQD of the YRB.

This paper has the following limitations, which can be further improved in the future:
The research area of this paper is the YRB; future research should be extended to other
river basins, and a comparative analysis should be carried out. In addition, the HQD index
system does not consider the issue of carbon emissions and the efficiency of hydropower
utilization. In the future, it is necessary to further improve the connotation and evaluation
index system of HQD. Lastly, the impact of environmental regulation on HQD does not
consider the spatial effect of environmental regulation. Therefore, in future research, it
is necessary to further analyze the impact of environmental regulation on HQD from a
spatial perspective.

5. Conclusions

This paper analyzes the impact of environmental regulation and local government
competition on the HQD of the YRB. The results show that environmental regulation has
a significant positive impact on HQD. The competition between local governments has
an inhibitory effect on the improvement of HQD. Otherwise, with the intensification of
competition among local governments, the role of environmental regulation in promoting
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HQD weakens. Between the development of the economy and the protection of the envi-
ronment, the local government chooses the speed of economic development, but it ignores
the quality of economic development and destroys the ecological environment. Under the
single-threshold model, the impact of environmental regulation on HQD has a significant
nonlinear positive effect on the improvement of local government competition. Still, when
the local government competition exceeds the threshold of 3.037, this positive effect de-
creases significantly. Regarding the heterogeneity analysis, environmental regulation has a
greater effect on the lower reaches of the YRB.

Therefore, further strengthening the environmental regulation of the whole basin is
necessary. By promulgating the regulations and policies related to pollution prevention and
control, environmental supervision and other means of restraining the pollutant discharge
behavior of economic entities are strengthened. The government should use the market
mechanism in order to actively motivate enterprises to update methods to reduce pollution
emissions. The efficiency of regulation should be improved through voluntary regulatory
means, such as environmental information disclosure and participation systems; pollution
should be reduced; and the goal of harmonious development between economy and
nature should be sought. Moreover, it is necessary to regulate the competition of local
governments. The government should optimize the promotion assessment system with
economic growth as the single goal or increase the weight of environmental indicators in
the assessment system to promote the YRB in order to achieve a high-quality economic–
ecological–environmental development model. Lastly, it is necessary to implement different
environmental regulation methods with different intensities according to the regional
heterogeneity of the upper, middle, and lower reaches. The upstream should appropriately
control the intensity of environmental regulation, and incentive-type and guiding-type
regulatory policies should be chosen, such as ecological compensation, to provide sufficient
cost compensation and income guarantee for ecological protection. The downstream should
increase the intensity of environmental regulation, promote the innovation compensation
effect, and transform industrial upgrading and the green development model.
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