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Abstract: There is an important practical significance to understanding and evaluating the nexus of
water, energy, and food (WEF) for ensuring regional security. The Yellow River Basin is a typical area
displaying the contradiction between water, energy, and food development caused by the difference
in resource distribution and production attributes. The nexus of the WEF system in the Yellow
River Basin is systematically and innovatively studied from different perspectives. The aim of the
research is to analyze the distribution and transfer direction of single resource elements, the matching
and evolution of two kinds of resources linked by water resources, and finally the nexus based
on Copula function. The results show that water resources, farmland, and energy production are
concentrated in different areas, while the center of gravity shifted to the northwest, northeast, and
west of the basin, respectively. For the resource balance of energy production and available industrial
water resources, the matching degree has become worse in recent years. For the resource balance of
farmland areas and available agricultural water resources, the matching degree in the most source
area and middle reaches has improved, but the gap among different sub-regions has widened slightly.
It is proven that the three-dimensional t Copula is well characterized by the nexus of the WEF system
in the Yellow River Basin. The joint not exceeding the probability of the WEF (W ≤ 7.08 × 1010 m3,
E ≤ 6.24 × 108 TCE, F ≤ 4.23 × 107 t) is about 0.3–0.4. The WEF system in the Yellow River Basin
(Gn = 0.728 and 0.688) may still have certain security risks in the future compared with other regions
in the world, which needs to be regulated by more reasonable policies. This study can provide a
theoretical basis for ensuring regional water, energy, and food security.

Keywords: water-energy-food; nexus; copula; matching pattern; multivariate joint distribution;
Yellow River Basin

1. Introduction

Water, energy, and food are the material basis for human survival as necessary re-
sources to support the sustainable development of an economic society. With the continuous
growth of population and the impact of global change [1,2], the global water shortage,
energy demand, and food demand will increase by 40%, 28%, and 50% by 2030, 2045,
and 2050, respectively [3–5]. Scarce water resources, unstable food supply, and strong
energy demand have become major challenges to the development of human society [6].
As important resource elements, water, energy and food are not independent and unrelated,
but highly related. Therefore, they are often regarded as a complex coupling system with
mutual correlation and interaction, which is also called the WEF system for short. It is
of great scientific value and practical significance to deeply understand and identify the
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relationship and evolution among various elements and systems. For ensuring regional
security. In recent years, the relationship between water, energy, and food has attracted
more and more attention of the international community [7]. The development of the WEF
system research at home and abroad can be summarized into three stages: single factor
analysis, double factor correlation, and multi factor mutual feed correlation.

In the first stage of single factor analysis, most studies focus more on the discussion of
a single resource [8], such research only provides development strategies and policies for
the optimal management and adaptation of resources within a single department [9,10].
Although it can be used as the basis for multi-resource correlation, the lack of overall
consideration of the relationship between various resources may result in the occurrence of
resource shortage and lead to conflict [11]. After realizing that a single resource may cause a
“suboptimal” problem, this can result in the collapse of other resource systems. At the 2011
Bonn conference in Germany, the concept of the “water-energy-food nexus” and coupling
system was formally put forward for the first time, and it was considered that “available
water” was the core element of the “nexus” [12]. This concept is widely recognized by
the academic community. Since then, the Asian Development Bank (ADB) and the Food
and Agriculture Organization of the United Nations (FAO) have further explained the link
relationship [13,14].

Scholars have gradually developed their research focus from single resources to double
resources, eventually leading to the interaction of the WEF complex system after the concept
of the water–energy–food link was put forward. The interaction of two resources refers to
the qualitative and quantitative study of the two-dimensional relationship between water
and energy, water and food, and food and energy. In short, the interaction between the two
resources is as follows: (i) grain production and energy exploitation and consumption all
consume a large amount of water resources; (ii) the processes in the extraction, treatment,
and transportation of water resources, and the production and transportation of food all
need to consume energy; (iii) food can be converted into biomass energy [15,16]. The
factors relating to agricultural water use are mostly used to combine the two-dimensional
relationship between water and food. At the same time, the industrial water index is
mostly used to connect the relationship between water and energy. As for the research of
the two-dimensional relationship between food and energy, the discussion surrounding
biomass energy is focused. For example, virtual water and water footprint methods
are mostly used to restore water consumption in the process of food production and
energy development [17]. Evaluation index methods are applied to evaluate the matching
pattern and evolution characteristics between two resources, such as the Gini coefficient
method, water resources utilization coefficient, matching coefficient, and so on [18]. Driving
analysis and sensitivity analysis are applied to identify the impact factors of resources [19].
The input–output model and life cycle model are used to analyze the relationship of
resource balance [20]. In addition, most of these studies are carried out on the national or
administrative division scale, and there are relatively few studies on the basin scale.

The research on the relationship between two resources lays a good foundation for the
comprehensive analysis of the WEF system. As a coupling system, research on the WEF
system is relatively complex [21]. The previous research methods can be summarized into
the following four kinds: the index evaluation method, the evaluation method of the nexus
relationship based on economic and sociological models, the simulation model of the com-
plex feedback system based on system dynamics, and the integration model of the module
coupling of existing models. The evaluation system method focuses on evaluating the over-
all coordination or safety of the system, and the comprehensive evaluation index system
is used to evaluate the development of water, energy, and food in a certain region. This
method is relatively simple, but it is difficult to establish a unified evaluation framework for
different regions [22]. The evaluation method of the nexus relationship based on economic
and sociological models can evaluate the resource requirements and optimization schemes
under different constraint scenarios. However, this method essentially does not consider
the mutual feed correlation and coupling mechanism of various elements of the nexus rela-



Water 2022, 14, 1859 3 of 20

tionship [23]. As for the simulation of system dynamics, the influence of subjective factors
is high when simplifying the real system. In addition, there are great requirements for this
amount of data, and thus it is more suitable for long-term simulation [24,25]. The integrated
model couples hydrological and water resources, agriculture, energy, and even ecological,
economic, and social models, comprehensively analyzes the impact inside and outside the
system, and can closely combine the link relationship. However, there are some problems in
the research process, such as it being difficult to obtain parameter data and difficult to unify
data caliber and resolution [26,27]. The copula function is an effective mathematical tool for
solving multivariable correlation and joint distribution problems [28], and is widely used in
the correlation measurement of rainstorm elements, drought elements, and water quantity
and quality problems in hydrologic researches [29,30]. However, it is rarely applied to
WEF system analyzing at present. The information contained in the copula is much richer
than that provided by a single variable and can better highlight the relationship between
resources, which is a relatively deficient part in the existing research. Applying the copula
function to combine multi-dimensional features can broaden the research direction of the
WEF multi-element joint [31,32].

The Yellow River Basin is one of the most important food and energy bases in China
and has an important strategic position. However, the shortage of water resources has
become a key factor restricting the development of energy and food. Understanding and
revealing the nexus among water, energy, and food is of great significance to improve the
ability of comprehensive resource management, solve the current resource dilemma, and
realize the sustainable development of our economy and society. Taking the Yellow River
Basin as the study area, the aims of the paper are: (i) taking water resources as the link,
evaluate the temporal and spatial matching pattern and evolution characteristics of water,
energy, and food resources in a large-scale basin; (ii) analyze the nexus in the WEF system
by establishing the multi-dimensional joint distribution model. The remainder of this
paper is structured as follows. In Section 2, we introduce the study area and main dataset.
In Section 3, we describe the methodology of this paper, including temporal and spatial
distribution and matching method and multivariate joint probability distribution method.
Section 4 provides the characteristic of resources distribution and variation, matching,
and nexus of the WEF system. In Section 5, we discuss the matching pattern comparison
among other regions, the security risk of the WEF system and adaptive strategies, as well
as limitations of the results. Finally, we conclude with a summary of the main outcomes of
the study as well as proposed future work.

2. Study Area and Dataset
2.1. Study Area

The Yellow River, which is the second longest river in China, originates from the
Bayan Har Mountains. It flows through the nine provinces and regions of Qinghai, Sichuan,
Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong, and flows into
the Bohai Sea. The Yellow River Basin is located at 95◦ E–120◦ E, 30◦ N–45◦ N, with an area
of 794,000 km2 (Figure 1). The elevation of the basin gradually decreases from upstream to
downstream. The upstream is mostly mountains and grassland plateau, the middle reaches
are part of the Loess Plateau, and the downstream is the North China Plain. The basin is
located in the middle latitude zone. The climate has strong regional differentiation and the
annual and seasonal changes of various climate elements are large under the dual influence
of atmospheric and monsoon circulation. The average annual precipitation distribution
ranges from 130–1000 mm, and the precipitation decreases from southeast to northwest.
About 70% of the precipitation is concentrated from June to September. The temperature
ranges from −9 to 18 ◦C, and the east–west variation of temperature is greater than that in
the north–south direction [33].
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The Yellow River Basin spans 77 prefecture-level cities in nine provinces and regions of
China, accounting for 8.6% of the total population of China. It is an important major grain
producing area in China, with rich land and energy resources. It plays an important role in
China’s economic and social development layout and is a region that must be guaranteed for
China’s strategic development. The Yellow River Basin is one of the major grain producing
areas in China. The cultivated land area accounts for 12.5% of the whole country, among
which the Ningmeng Hetao Plain in the upper reaches, the Fenwei basin in the middle
reaches, and the Yellow River irrigation area in the lower reaches are all main agricultural
production bases. At the same time, the basin is rich in natural resources, including
hydropower resources in the upper reaches, coal resources in the middle reaches, and
oil and natural gas resources in the lower reaches, which occupy an extremely important
position in the country. As China’s agricultural economic development area and energy
basin, water for agriculture and energy industry account for 75% and 9% of the total water
consumption of the Yellow River Basin, respectively. However, the water resources in the
Yellow River Basin accounts for only 2.6% that of China, and the per capita amount of water
resources is 620 m3, accounting for only 30% of the national average. It is one of the areas
of China with the biggest shortage of water resources and has become the main bottleneck,
restricting local development.

2.2. Dataset

The data of water resources, energy, and food required for this study are compiled from
different sources. Water resource quantity and water use data by industry of prefecture
level cities are extracted from the China Statistical Yearbook, China Water Conservancy
Yearbook, China Water Conservancy Statistical Yearbook, Water Resources Bulletin of
Yellow River Basin, Water Resources Bulletin in province, Statistical Yearbook in province,
etc. The data period is 1998–2018. Individual missing data are interpolated in combination
with the precipitation data of meteorological stations.

The meteorological daily data are collected from the China Meteorological Data Net-
work (http://data.cma.cn (accessed on 13 May 2022).) for the period from 1998 to 2018 [34].
The annual precipitation of prefecture level cities is converted according to the Tyson
polygon method and time scale.

The grain field and farmland area of prefecture level cities are extracted from the China
Urban Statistical Yearbook, China Statistical Yearbook, and Statistical Yearbook in provinces.
The data period is 1998–2018 on a prefecture-level city scale. Primary energy production

http://data.cma.cn
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comes from the China Statistical Yearbook and China Energy Statistical Yearbook. The data
period is 1998–2018 on the provincial scale.

3. Methodology
3.1. Standard Deviation Ellipse and Resource Center of Gravity Transfer

The standard deviation ellipse is a classic algorithm used to analyze the direction and
distribution of a group of data [35]. Three standard parameters are required, including
the center, rotation angle, and length of major and minor axes in drawing the standard
deviation ellipse. The center is the center of gravity of the resource element distribution.
For a study area with n small areas, the center of gravity is calculated as follows:

Gt(xt, yt) =

(
n

∑
i=1

witxi

)
/

n

∑
i=1

wit,
n

∑
i=1

wityi/
n

∑
i=1

wit) (1)

where (xi, yi) refers to the central coordinate of the i-th small area, wij is the value of a
spatial element in the t-th year of the i-th small area (also called the spatial weight of the
area), Gt(xt, yt) is the center of gravity coordinate of the spatial element in the whole study
area in the t-th year.

The rotation angle β is the angle of clockwise rotation in the due north direction to the
long axis of the ellipse. The calculation formula is as follows:

tan β

=
(∑n

i=1 w2
i x̃2

i −∑n
i=1 w2

i ỹ2
i )+

√
(∑n

i=1 w2
i x̃2

i −∑n
i=1 w2

i ỹ2
i )

2
+4 ∑n

i=1 w2
i x̃2

i ỹ2
i

2 ∑n
i=1 w2

i x̃i ỹi

(2)

where x̃i, ỹi are the coordinate deviation between the center of each small area and the
center of gravity of the study area. Based on this, the standard deviation of the major axis
(σx) and the minor axis (σy) can be calculated, respectively.

σx =

√
n

∑
i=1

(wi x̃icosβ− wi ỹisinβ)2/
n

∑
i=1

w2
i (3)

σy =

√
n

∑
i=1

(wi x̃isinβ− wi ỹicosβ)2/
n

∑
i=1

w2
i (4)

The resource center of gravity and standard deviation ellipse methods were used to
characterize the distribution and evolution direction of watershed resources. The distance
between the center of gravity of resources and the geometric center of the study area repre-
sents the balance of spatial distribution of resources. The farther the distance is, the more
unbalanced the spatial distribution is. The deviation direction is the distribution concentra-
tion area. The moving direction and distance of the resource center of gravity indicate the
direction and deviation intensity of the spatial resource redistribution, respectively. The
standard deviation ellipse coverage represents the main area of the spatial distribution of
features. In this paper, water resources, farmland area, and primary energy production are
used to characterize the resource status of the WEF system in the Yellow River basin.

3.2. Lorentz Curve and Gini Coefficient

The Gini coefficient and resource matching coefficient can both be used to scientifically
evaluate the degree of resource matching. The former can comprehensively evaluate the
matching status of a whole region, while the latter can refine the spatial distribution of the
cognitive matching pattern. The Gini coefficient method can be used to evaluate resource
balance, which is usually calculated in combination with the Lorentz curve. We assume
that curves M and N are absolute mean curve and Lorentz curves, respectively, and the
Gini coefficient–called the Gini coefficient (called Gn for short), Gn∈ [0,1] is twice the area
enclosed between curves M and N. The more that curve N deviates from M, the larger
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the area surrounded by the two, the greater the Gn, and the worse the matching degree of
resources. The calculation formula is as follows:

Gn = 1−
[∫ 100

0
f (x)dx

]
/5000 (5)

When the Gini coefficient method is used to calculate the Gini coefficients of agricul-
tural water–farmland and industrial water–energy in the basin, the specific calculation
formula is as follows:

Gn =
n−1

∑
i=1

(WiRi+1 −Wi+1Ri) (6)

where Wi refers to the cumulative percentage of water resources on the i-th small area in
the total regional water resources, Ri refers to the cumulative percentage of farmland area
or primary energy production on the i-th small area in the total regional amount.

3.3. Resource Matching Coefficient Method

The agricultural water–farmland resources matching coefficient refers to the amount
of agricultural available water resources per unit farmland area. The greater the value, the
higher the matching degree. The calculation formula is as follows:

Xi =
wiαi

βi
(7)

where Xi is the agricultural water–farmland resources matching coefficient of the i-th
prefecture level city, wi, αi, βi are the total of water resources, the proportion of available
agricultural water, and the farmland area in the i-th prefecture level city.

The industrial water–energy resource matching coefficient is defined as the amount of
available industrial water resources per unit of energy production. The greater the value,
the higher the matching degree. The calculation formula is the same as Formula (7). Xi,
wi, αi, βi represent the agricultural water–farmland resources matching coefficient, the
total water resources, the proportion of industrial available water, and the primary energy
production in the i-th prefecture level city, respectively.

3.4. Multivariate Joint Probability Distribution Based on Copula Function

The Copula function is a multidimensional joint analysis method with a uniform
distribution domain [0,1], which is widely used and expressed as follows.

F(x1, x2, . . . , xn) = Cθ(F1(x), F2(x), . . . , Fn(x)) (8)

Based on Copula’s two-dimensional (2-Copulas) and three-dimensional (3-Copulas)
joint distribution model, the joint distribution of water resources, energy production, and
grain production in the Yellow River Basin were constructed in this paper. The main steps
are as follows.

Step 1: Construction of marginal distribution.

Eight kinds of method are selected for edge distribution fitting, including Rayleigh
distribution, Weibull distribution, Gamma distribution, Lognormal distribution, Normal
distribution, Poisson distribution, Exponential distribution, and Extreme value distribution.
The maximum likelihood estimation (ML estimation) is used to estimate the parameters of
edge distribution, shown as Formulas (9) and (10).

L(θ) = L(x1, x2, . . . , xn; θ) =
n

∏
i=1

p(xi; θ) (9)

L(θ) = L
(
x1, x2, . . . , xn; θ̂

)
= maxL(x1, x2, . . . , xn; θ) (10)



Water 2022, 14, 1859 7 of 20

where L(θ) refers to the likelihood function. Just make dlnL(θ)/dθ = 0 and θ̂ is the
maximum likelihood estimate value of parameter θ. Then, the marginal distribution line
with the best fitting effect for the data series is determined by a goodness-of-fit test based
on the Kolmogorov Smirnov test (K-S), mainly used for discrimination. The formula is as
follows.

D = max
{∣∣∣∣Ck− i

n
|, |Ck− i− 1

n

∣∣∣∣} (11)

where D is the statistical variable of the K-S test, Ck is the theoretical frequency value of
the measured samples, i is the serial number of the measured samples sorted in ascending
order, and N is the number of samples. According to the significance level, check the table
to obtain the critical test value Dµ, and accept the test when D < Dµ [36].

Step 2: Fitting of 2-Copulas and 3-Copulas.

Five kinds of 2-Copulas and four kinds of 3-Copulas distribution functions are used
for element fitting, as shown in Table 1. The maximum likelihood estimation method is
also used for the parameter estimation of the Copula function. The root mean square error
(RMSE) and Akaike Information Criterion (AIC) method are used for the goodness-of-fit
test in order to determine the optimal copula function satisfying the parameter range.

MSE =
n
∑

i=1
(Pei − Pi)

2/(n− 1)

AIC = nln(MSE) + 2e
RMSE =

√
MSE

(12)

where Pei is the joint empirical probability, Pi is the Copula value of the observation sample,
and e is the number of parameters. The lower the value of RSME and AIC, the better the
fitness performance.

Table 1. Five kinds of two-dimensional Copula and four kinds of three-dimensional Copula distribu-
tion function and parameter range.

Dimension Copula Distribution Function Parameter

Two
variables

Gaussian C(u, v) =
∫ Φ−1(u)
−∞

∫ Φ−1(v)
−∞

1

(2π)
d
2

∣∣∣∣ρ∣∣∣∣ 1
2

exp(−WT ρ−1W
2 )dW ρ ∈ [−1, 1]

t Copula C(u, v) =
∫ T−1

λ (u)
−∞

∫ T−1
λ (v)
−∞

Γ( λ+d
2 )

Γ( λ
2 )(πλ)

d
2

∣∣∣∣ρ∣∣∣∣ 1
2

(
1 + WT ρ−1W

λ

)
dW ρ ∈ [−1, 1]λ ∈ R

Clayton C(u, v) = (u−θ + v−θ − 1)
−1/θ θ ∈ (0,+∞)

Frank C(u, v) = − 1
θ ln[1 + (e−θu−1)(e−θv−1)

(e−θ−1) ] θ ∈ R

Gumble Hougaard C(u, v) = exp
{
−[(−lnu)θ + (−lnv)θ ]

1/θ
}

θ ∈ [1,+∞)

Three variables
Gaussian

C(u, v, w) =∫ Φ−1(u)
−∞

∫ Φ−1(v)
−∞

∫ Φ−1(w)
−∞

1

(2π)
d
2

∣∣∣∣ρ∣∣∣∣ 1
2

exp(−WT ρ−1W
2 )dW

ρ ∈ [−1, 1]

t Copula
C(u, v, w) =∫ T−1

λ (u)
−∞

∫ T−1
λ (v)
−∞

∫ T−1
λ (w)
−∞

Γ( λ+d
2 )

Γ( λ
2 )(πλ)

d
2

∣∣∣∣ρ∣∣∣∣ 1
2

(
1 + WT ρ−1W

λ

)
dW

ρ ∈ [−1, 1]λ ∈ R

Gumble Hougaard C(u, v, w) = exp
{
−[(−lnu)θ + (−lnv)θ + (−lnw)θ ]

1/θ
}

θ ∈ [1,+∞)

4. Results
4.1. Resource Distribution and Transfer Direction of WEF

The variation of water resources, primary energy production, and total grain yield in
the Yellow River Basin from 1998 to 2018 are shown in Figure 2. Over the past two decades,
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the average of annual water resources in the Yellow River Basin was 7.08 × 1010 m3, and
the water resources have shown an insignificant increasing trend (|z| < 1.64, p < 0.05).
Water resources were abundant in the Yellow River Basin before the 1970s, and then were
at a relatively dry level due to the reduction in precipitation from 1970 to 2000. After the
year 2000, water resources began to show an increasing trend. The mean primary energy
production was about 6.24 × 108 TCE (TCE is a unit of energy measurement, meaning ton
of standard coal equivalent) and showed a significant increasing trend (|z| > 1.64, p < 0.05),
especially in Shaanxi, Inner Mongolia, Shanxi, and other provinces in the middle reaches of
the Yellow River Basin. As one of the largest energy bases in China, the energy production
of the Yellow River Basin has been increasing with the increase of social demand and the de-
velopment of industrial technology. The mean farmland area was about 1.25 × 107 hm2, the
cultivation area was about 1.04 × 107 hm2, the average grain yield was about 4.23 × 107 t,
and the unit yield was about 4200 kg/hm2. Shanxi, Shaanxi, Shandong, Gansu, Henan,
and other places are the main production areas. The total food yield in the Yellow River
Basin showed a significant increasing trend (|z| > 1.64, p < 0.05). The evolution regular
can be divided into two stages. As can be seen from Figure 2c, the food yield of the Yellow
River Basin decreased significantly from 1998 to 2003. The agricultural production in the
middle reaches was affected by the policy of returning farmland to forest and grassland, so
the reduction of farmland area was the main reason for the reduction of food yield. From
2003 to 2018, food yield began to increase steadily, which is the result of the adjustment of
agricultural planting structures and the continuous progress of production technology.
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Figure 2. Interannual variation of water–energy–food in the Yellow River Basin from 1998 to 2018.
(a) Interannual variation of water resources; (b) Interannual variation of primary energy; (c) Interan-
nual variation of food yield.

Water resources, primary energy production, and farmland area were used to character-
ize three representative resource indicators in water, energy, and food systems, respectively.
The resource center of gravity and standard deviation ellipse method were used to indicate
the main distribution range and resource transfer direction of the resources, and the results
are shown in Figure 3. The circle (blue), pentagon (green), and triangle (red) in the figure
respectively represent the resource center of gravity of the three resource indicators of
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WEF, and the color from light to dark represents the change of time. The color change of
the standard deviation ellipse is the same as the indicated color of the resource center of
gravity.
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From the distribution range of the standard deviation ellipse, it can be seen that
the areas rich in water resources, farmland, and energy in the Yellow River Basin are
concentrated in the upper reaches, middle and upper reaches, and middle and lower
reaches of the basin, respectively. Additionally, the concentrated distribution area of energy
resources is relatively small. Furthermore, the centers of gravity of WEF resources all
have a certain distance from the geometric center of the basin, which indicates that the
distribution of resources were uneven in the area. From 1998 to 2010 and then to 2018, the
transfer directions of water resources, energy production, and farmland area in the basin
were not very consistent. The center of gravity of water resources, energy production, and
farmland area were shifted to the northwest, northeast, and west of the basin, respectively.
The transformation of the elliptic distribution range of standard deviation is consistent with
the transfer direction of the center of gravity of resources. The transfer direction of water
resources is opposite to that of farmland resources, and the degree of mismatch shows an
intensifying trend. Although the transfer direction of water resources and energy resources
is consistent, the matching degree is still not high. Generally speaking, the development of
WEF in the Yellow River Basin is unbalanced and mismatched, and the difference in the
evolution of resources in time and space intensifies this phenomenon [37].

4.2. Temporal Variation of Resource Balance Level in WEF Systems of the Yellow River Basin

The Gini coefficient method was used to calculate the resource balance of agricultural
water–farmland and industrial water–energy in the whole basin. The Lorentz curve and
calculation results are shown in Figure 4. According to the definition and calculation
principle of the Gini coefficient, the greater the Gini coefficient, the worse the balance of
resource development. For the balance condition between industrial water resources and
energy, the annual average Gini coefficient of the Yellow River Basin is about 0.728, and
shows a decreasing trend. The industrial Gini coefficient fluctuated from 1998 to 2016 and
reached its lowest value of 0.65 in 2016, indicating that the matching of water and energy
resources in the basin tends to improve, and the gap between different prefecture level
cities is narrowed. From 2016 to 2018, the Gini coefficient increased again, which shows that
there are still some risks in the coordinated development of industrial water and energy in
the Yellow River Basin.
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curve between water and food; (c) Gini coefficient between water and energy; (d) Gini coefficient
between water and food.

For the balance condition between agricultural water resources and farmland, the
average Gini coefficient of the Yellow River Basin is about 0.688, showing an increasing
trend from 1998 to 2018, which means that the matching degree of water and land resources
in the basin tends to deteriorate and become more unbalanced. During different periods,
the Gini coefficient decreased year by year from 1998 to 2003, reaching the lowest value of
0.62 in 2003. Meanwhile, the Gini coefficient began to fluctuate and increase from 2003 to
2018; this indicated that the agricultural water and land resources in the Yellow River Basin
are increasingly mismatched and the regional development is uneven. It is more difficult
for water resources to meet cultivated land.

4.3. Spatial Matching Pattern in Industrial Water–Energy and Agricultural Water–Farmland
Resources

Based on the understanding of the matching degree of the basin in general, the
resource matching coefficient method was used to refine and analyze the machine evolution
characteristics of the spatial matching pattern of resources. The calculation of the industrial
water–energy matching pattern is shown in Figure 5. The spatial matching coefficient in the
upper reaches of the Yellow River Basin is relatively large, while the matching coefficient in
the middle and lower reaches of the Yellow River Basin is relatively low. According to the
calculation formula of the matching coefficient, the greater the matching coefficient, the
better the matching degree of resources in this area. The upstream area is relatively rich in
water resources, while the energy production is low. The amount of water resources more
easily meets the needs of energy development, so the matching degree is better. However,
in Shanxi, Shaanxi, Inner Mongolia, and other places of the middle reaches, the abundance
of energy resources is high with a relative shortage of water resources. It is difficult for
water resources to meet the demand of energy production, so the matching degree is poor.
The water energy matching coefficient of all provinces in the basin tends to decrease, and
the water–energy matching degree decreases. This is because it is difficult for the change
of water resources to meet the demand of high-speed energy production, which is not
conducive to sound development.
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Figure 5. Variation of resources matching pattern between water resources and primary energy
production. (a) Matching pattern between water resources and primary energy production in 1998;
(b) Matching pattern between water resources and primary energy production in 2005; (c) Matching
pattern between water resources and primary energy production in 2010; (d) Matching pattern
between water resources and primary energy production in 2015.

The agricultural water–farmland matching pattern is shown in Figure 6. It can be
seen that in the source area of the Yellow River with abundant water resources and less
farmland, the matching coefficient is the largest. The agricultural matching degree in
the source area is the highest. The matching coefficient of other areas in the basin is
relatively small and the matching condition is poor, because the farmland is concentrated
in these areas and the distribution of water resources is not extensive enough to fully
meet the demand for agricultural water. In certain cities in the Ningxia Hui Autonomous
Region and Gansu Province, the matching degree is the lowest, which is due to the lack of
regional precipitation and water resources. The matching degrees of Shanxi, Shaanxi, and
other places take second place, which is also related to the disharmony of water resources
and farmland area. In addition to the deterioration of the matching degree between the
Ningmeng Irrigation Area (Ningxia and Inner Mongoria) and the downstream area, which
is caused by the increase in the farmland area and the decrease in agricultural water
consumption, the matching degree of the basin in most areas of the source area and the
middle reaches is improving. These areas need to be focused on in the future.
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Figure 6. Variations of the resource matching pattern between water resources and farmland. (a)
Matching pattern between water resources and farmland in 1998; (b) Matching pattern between water
resources and farmland in 2005; (c) Matching pattern between water resources and farmland in 2010;
(d) Matching pattern between water resources and farmland in 2018.

4.4. Nexus of WEF System

Eight kinds of common methods are selected for edge distribution fitting in this paper.
At a significance level α = 0.05 (Dµ = 0.296), it is confirmed that the water resources, primary
energy production, and grain yield in the Yellow River Basin fit to Weibull distribution,
lognormal distribution, and Weibull distribution, respectively. Then, the Copula functions
are used to evaluate the nexus of the WEF system. The two-dimensional copula (2-Copulas)
function is used to fit the two-dimensional joint distribution between water resources and
primary energy production (W–E), water resources and grain yield (W–F), and primary
energy production and grain yield (E–F), respectively. Five kinds of 2-Copulas functions
were selected for two-dimensional distribution fitting. The ML estimation method is
used to calculate the parameters, and the optimal fitting function is selected based on
the minimum RMSE and AIC by calculation of the theoretical frequency and empirical
frequency. The results are shown as Table 2. Therefore, Clayton Copula (AIC = −340.04,
RSME = 0.017), Clayton Copula (AIC = −292.12, RSME = 0.03), and Frank Copula (AIC
= −350.66, RSME = 0.015) were selected to fit the Copula function of W–E, W–F, and E–F
in this paper. The formula of the two-dimensional Copula distribution function can be
obtained by substituting the parameters into the formula in Table 1.

Table 2. Results of goodness-of-fit test of 2-Copulas.

Type
W–E W–F E–F

Parameter AIC RMSE Parameter AIC RMSE Parameter AIC RMSE

Gaussian ρ = 0.460 −318.16 0.022 ρ = 0.431 −275.97 0.037 ρ = 0.947 −307.10 0.025

t ρ = 0.510
λ = 1.210 −314.72 0.023 ρ = 0.530

λ = 1.00 −275.02 0.037 ρ = 0.970
λ = 3.670 −333.22 0.018

Clayton θ = 1.448 −340.04 0.017 θ = 1.607 −292.12 0.030 θ = 6.541 −299.28 0.028
Frank θ = 4.139 −310.29 0.024 θ = 4.211 −273.42 0.038 θ = 25.66 −350.66 0.015

Gumbel θ = 1.859 −288.62 0.031 θ = 1.852 −257.05 0.046 θ = 7.722 −336.08 0.018

Note: Bold font indicates the corresponding value of the best 2-Copulas.
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The joint distribution C (u, v) and section contour map of W–E, W–F, and E–F in the
Yellow River Basin from 1998 to 2018 was shown as Figure 7. For example, C (u, v) is
defined as the joint distribution probability (also called joint not exceeding probability)
when W ≤ u, E ≤ v occur at the same time in W–E, which is similarly with W–F and E–F.
It can be seen that the joint probability shows an increasing trend when the variables are
large at the same time. As shown in Figure 7d, when the water resources are constant,
the greater the primary energy production, or when the energy production is constant,
the greater the water resources, the greater the joint distribution probability. The mean
value of water resources, primary energy production and food yield are 7.08 × 1010 m3,
6.24 × 108 TCE, 4.23×107 t, respectively. As shown in Figure 7d–f), the joint probability
of W–E measured value (W ≤ 7.08 × 1010, E ≤ 6.24 × 108) is about 0.35, and there are
8 years of data within this probability range. The joint probability of W–F measured value
(W ≤ 7.08 × 1010, F ≤ 4.23 × 107) is about 0.32, and there are 9 years of data within this
probability range. The joint probability of E–F measured value (E ≤ 6.24 × 108, F ≤ 4.23 ×
107) is about 0.43, and there are 10 years of data within this probability range. Moreover,
they are all concentrated in 1998–2008.
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Figure 7. Joint not exceeding probability and contours of W–E, W–F and E–F in WEF system. (a) Joint
not exceeding probability of W–E system; (b) Joint not exceeding probability of W–F system; (c) Joint
not exceeding probability of E–F system; (d) Joint not exceeding contours of W–E system; (e) Joint
not exceeding contours of W–F system; (f) Joint not exceeding contours of E–F system.

Then three kinds of copula function were used to fit the three-dimensional joint
distribution (3-Copulas) of water resources, primary energy production and grain yield,
including Gaussian Copula, t Copula and Gumbel-Hougaard Copula. The parameters
and results are shown in Table 3. Therefore, t Copula (AIC = −286.29, RMSE = 0.03) is
determined as the best fit copula function. The distribution function of three-dimensional t
Copula function can be obtained according to the parameters.



Water 2022, 14, 1859 14 of 20

Table 3. Results of goodness-of-fit test of 3-Copulas.

Type AIC RMSE Parameter

Gaussian Copula −285.18 0.03 ρ = [1,0.46,0.43;0.46,1,0.95;0.43,0.95,1]

t Copula −286.29 0.03 ρ = [1,0.57,0.56;0.57,1,0.97;0.56,0.97,1]
λ = 1.67

Gumbel-Hougaard Copula −89.79 0.34 θ = 5.77

Note: Bold font indicates the corresponding value of the best 3-Copulas.

From the analysis above, it can be seen that the three-dimensional t Copula function
can be applied to the study of three-dimensional joint distribution C (u, v, w) of WEF
system in the Yellow River Basin. The three-dimensional joint probability diagram of
W–E–F is shown as Figure 8. C (u, v, w) represents the joint distribution probability of
W ≤ u, E ≤ u, F ≤ w occurring at the same time. When the conditions of two variables
are certain, the three-dimensional joint probability increases with the increase of the other
variable. When the three characteristic variables all increase, the cumulative probability
finally approaches 1. The joint distribution probability of W–E–F (W ≤ 7.08 × 1010, E ≤
6.24 × 108, F ≤ 4.23 × 107) is about 0.3–0.4. The measured value of W–E–F in 8 years is
within this probability range, which is also concentrated in 1998–2007. After that, water
resources, primary energy production, and grain yield all increased from 2008 to 2018. In
the future, the W–E–F system will tend to increase and expand in the Yellow River Basin.
In particular, there should be more attention paid to whether the water resources can meet
the needs of industrial and agricultural development. It is necessary to coordinate the
relationship between water–energy, water–food, and food–energy.
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As a highly complex correlation system, it is difficult to describe the correlation char-
acteristics of the WEF systems by single variable. There are certain advantages to analyzing
the internal correlation or nexus relationship by establishing the multivariable joint distri-
bution analysis system based on the Copula function. The Copula function is essentially
an expression of joint distribution, which can describe or calculate the correlation among
variables. The Pearson correlation coefficient and Rank correlation coefficient are the com-
mon methods used to describe correlation, however, the former can only reflect the linear
correlation between variables, while the latter is more suitable for hierarchical variables [38].
In most cases, especially in complex system problems, the nexus correlation among vari-
ables is very complex, and changes with the change of variable value. These correlation
coefficients are global, and thus cannot provide details of the change of correlation among
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variables. In addition, these coefficients only provide numerical values and indicating
nothing about the specific structure and function of the nexus of the system. The Copula
function can provide the structure and function details related to variables in different
value ranges. The Copula joint distribution constructed in this paper can pass the K-S, AIC,
and RMSE statistical value test, which shows that it can adequately describe the nexus of
the WEF system in the Yellow River Basin.

5. Discussion
5.1. Comparison of the WEF Matching Pattern among the Yellow River Basin and Other Regions

In order to reflect the matching status and level of water–energy–food in the Yellow
River Basin more intuitively, some relevant data are collected to compare the matching
degree of the WEF system in different regions. The resource matching Gini coefficient was
compared throughout the Yellow River Basin and other regions, as shown in Table 4. As
mentioned above, the greater the Gini coefficient (closer to 1), the more unbalanced the
development of resources. For the development balance between industrial water resources
and energy, the Gini coefficient of water–energy matching in the Yellow River Basin is
0.728, and China’s national average Gini coefficient ranges 0.85–0.89 [39], indicating that
the water–energy matching degree in the Yellow River Basin is better than the national
average. However, the warning threshold for the Gini coefficient of water–energy matching
in the world is only about 0.4 [40], and the value of the Yellow River Basin is far greater
than the world warning threshold. In other words, although the water–energy matching
in the Yellow River Basin is relatively better than that in China, it is far inferior to the
international warning level.

Table 4. Comparison of Gini coefficient among different regions.

Gn Yellow River Basin China Asia World China Background

Water-Energy 0.728 0.85–0.89 / 0.40 /

Water-Food 0.688 0.566 0.550 0.586 0.712

For the resource development balance between agricultural water resources and
farmland, the Gini coefficient of water–land matching is 0.688 in the Yellow River Basin.
The Gini coefficient of the world, Asia, and China is 0.586, 0.550, and 0.566, respectively,
which is relatively close [41,42]. It can be seen from the values that the order of Gini
coefficient from small to large is Asia, China, the world, and the Yellow River Basin. That
is, the matching degree of China’s water–land resources is better than the world average,
but lower than the Asian average. Additionally, the matching degree of the Yellow River is
relatively worst. However, the current Gini coefficient (0.566) is less than the background
Gini coefficient (0.712) at the Chinese level [43]. The current Gini coefficient refers to the
amount of water resources per unit of actual cultivated land area, while the background
Gini coefficient refers to the amount of water resources per unit of potential cultivated
land area. It also shows that although the matching degree of water and farmland in the
Yellow River Basin is poor at the Chinese level, it has been improved under the action of
artificial adjustments and controls, and measures still need to be taken for macro-control in
the future.

5.2. Discussion on Security Risk and Adaptive Development Strategy of the WEF System

Understanding the relationship and the evolution law of the matching pattern among
the resource elements is the foundation to ensuring the security of the regional WEF
system. Many scholars have evaluated the comprehensive system security or system risk
in different regions through different index evaluation systems [26,44]. For example, Wang
et al. evaluated the security of China’s water–energy–food system by improving the matter–
element expansion model [45]. Li evaluated the security of China’s WEF system from the
perspectives of stability, coordination, and sustainability by using the synergetic symbiosis
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theory [22]. The results show that the safety of China’s WEF system is at a certain risk
level and may deteriorate in the future. Mohammadpour et al. quantitatively evaluated
the security of the water–energy–food system in three South American countries based on
the Rand-Pardee system evaluation method [46]. In addition, the coupling coordination
model [47,48], cloud matter element model [49], and other evaluation methods have also
been applied. It is very important to identify the key factors affecting the system security
based on the evaluation of the WEF system security [50,51], which is helpful to formulate
scientific and reasonable control strategies or future measures for relevant decision-making
departments. However, the influencing factors of the WEF system security in different
regions are different in different periods [52]. There are many key factors threatening
the security of the WEF system, such as population growth, shortage of water resources,
frequent extreme events and natural disasters, economic and social development, and so
on [53,54]. The population growth leads to a sharp increase in food demand, an increasing
demand for energy by economic and social development, and an uneven temporal and
spatial distribution of water resources caused by natural changes, which will all increase the
security risk of the WEF system. For China, the main factors putting pressure on the WEF
system include population density, dietary structure change, and economic development,
which will be paid special attention in the future [55,56].

The WEF system is vulnerable to external driving factors. In addition to natural factors
related to climate and the environment, man-made control policies related to economic and
social development and ecological environment protection will also affect the WEF sys-
tem [57]. Therefore, policies and measures simultaneously need to be considered based on
the evaluation of the WEF system relationship [58]. The Yellow River Basin is a typical area
in China with prominent water–energy–food contradictions. Water resource constraints
increase the risks of energy security, food production vulnerability, and ecological envi-
ronment vulnerability [47]. In the future, decision-making departments need to improve
the existing policies or put forward newer and more powerful measures to ensure the
safety and sustainable development of the WEF in the Yellow River Basin based on the
understanding of WEF relationships. Different measures need to be taken in terms of water
resources, energy, and food in different areas to improve the collaborative security level of
the WEF system. For example, in terms of water resources, we should strictly control the
total amount of water used, promote the optimization of water use structure, save water
efficiently, and control water. In terms of energy, we should promote the transformation
of water consumption industries to water intensive and economical utilization industries,
adjust energy consumption structures, and increase the proportion of clean energy. In terms
of food production, we should optimize crops and adjust planting structures, improve
the efficiency of irrigation and water use, improve water-saving and field management
technology, and plan water transmission and distribution schemes reasonably. In addition,
reducing food waste in logistics, warehousing, transportation, consumption, and other
links is also an important measure to reduce food risks. In addition, it is necessary to further
deepen regional cooperation, adjust measures to local conditions, support each other, and
share the pressure. It should be noted that the plannings or policies should strengthen
the overall consideration of multi resources and the nexus of water, energy, and food [59].
There should be more attention paid to the integrity of the system, developing multiple
types of policies at the same time to avoid disconnection in a certain field.

5.3. Uncertainty Analysis and Limitations

Due to the uneven distribution of natural resources, the aggregation of population
distribution, and the imbalance of economic development in the Yellow River Basin, the
problems of WEF spatial pattern mismatch and uneven development may exist for a long
time. In this paper, the temporal and spatial matching pattern and resource evolution law
of water, energy, and food are evaluated, and the nexus of the WEF system is established
and analyzed. However, the cross-department, multi-caliber, and multi-scale characteristic
of the WEF system and the fuzziness of the system boundary increase the difficulty of data
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acquisition and integration [60,61]. Considering the relative integrity of the data, the inter
provincial scale and prefecture level city scale are used to evaluate the industrial water–
energy production and agricultural water–farmland, with water as the link. Although it can
reflect the distribution and evolution of resource elements of the WEF system, it can further
improve the spatial accuracy in the future. Furthermore, the influence of external factors
(economy, society, and environment) on the system is not considered when establishing the
multi-dimensional joint distribution to analyze the nexus of the WEF system in this paper.
In the future, we can continue to further analyze the dynamic feedback control simulation
and response of WEF systems to the changes of external factors.

6. Conclusions

As an important food and energy production base, the Yellow River Basin is selected as
the study area of this paper, in which the shortage of water resources has caused the increas-
ingly serious contradiction among the development of water, energy, and food resources.
The spatiotemporal matching pattern and nexus of the WEF system elements were evalu-
ated and analyzed from a 1-dimensional, 2-dimensional, and 3-dimensional perspective,
respectively. The standard deviation ellipse and resource gravity center methods were used
to describe the distribution and transfer direction of resources in the Water–Energy–Food
system. The Gini coefficient and resource matching coefficient method were applied to
evaluate the matching pattern and variation of agricultural water-farmland and industrial
water–energy production. Multivariate joint probability distribution was established to
evaluate the nexus of the WEF system. The main conclusions are as follows:

(1) The areas rich in water resources, farmland, and energy in the Yellow River Basin are
not consistent; they are concentrated in the upper reaches, middle and upper reaches,
and middle and lower reaches, respectively. In addition, the transfer directions were
shifted to the northwest, northeast, and west, respectively. That is, the distribution
of water resources, farmland, and energy are uneven themselves, and the evolution
directions are also different.

(2) The annual average Gini coefficient of industrial water–energy is about 0.728, showing
a decreasing trend, which demonstrates that the gap has reduced in sub-region
recent years. The average Gini coefficient of agricultural water–farmland is about
0.688, showing an increasing trend, which means the gap in different sub-regions has
widened slightly.

(3) Spatially, the matching degree of water and energy in the upper reaches is good, while
that in the middle reaches is poor. The matching degree of each province is reduced.
For the matching between water and farmland, the source area of the Yellow River
has abundant water resources and less farmland, resulting in the highest matching
degree. In addition to the poor matching degree between the Ningmeng Irrigation
Area and the downstream, the matching degree in most areas of the source area and
the middle reaches is improving.

(4) Eight kinds of marginal distribution, five kinds of 2-Copulas, and three kinds of
3-Copulas were used to establish the joint distribution in order to simulate the nexus
of the WEF system in the Yellow River Basin. The t Copula function can describe the
nexus of the WEF system in the Yellow River Basin tested by statistical methods. The
correlation and nexus among the system variables are described in detail through the
joint distribution function, which can reflect the specific structure and function of the
nexus in the WEF system.

The problems of spatial pattern mismatch and uneven development may exist in the
WEF system of the Yellow River Basin for a long time. In future research, the feedback
effect inside the system and the impact of external stress factors on the system can continue
to be explored on the basis of more detailed data.
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