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Abstract: The existing weighting methods mainly comprise subjective and objective weighting
and have a certain degree of subjectivity, with certain requirements for the professional ability of
the users and unstable results. Therefore, an improved weighting method based on the entropy
weight, over-standard multiple, and single-factor evaluation methods, referred to as the ESO method,
is proposed. The advantages and advancements of the ESO method are demonstrated in this study
by combining it with the fuzzy synthetic evaluation method to evaluate the water quality of Chagan
Lake wetland from 2007 to 2016. The main conclusions of this study are as follows: 1. The ESO
method has more comprehensive consideration factors, lower requirements for the professional
ability of users, and more stable weighting results than the traditional weighting method. Therefore,
it is highly suitable for beginners and frontline staff who are not professionally qualified and cannot
accurately conduct subjective weighting. Meanwhile, owing to the amendment rule and emphasis on
the local weight of the sample in the ESO method, it is applicable to time-series samples. 2. The ESO
method better allocates the amendment weights to indicators with a higher degree of pollution; thus,
the final comprehensive evaluation results are relatively conservative. However, in contrast to the
single-factor evaluation, the conservatism of ESO method is the result of the comprehensive effect
of all samples; thus, the conservative result of the ESO method is more reasonable. 3. The water
quality of Chagan Lake in 2009 and 2015 was class IV, which did not meet the standard, while that in
remaining the eight years was class III, which met the requirements of the national 13th Five-Year
Plan. The results of this study can provide a new approach to weighting calculation methods and a
basis for the protection and treatment of the ecological environment of the Chagan Lake wetland.

Keywords: ESO method; entropy weight method; over-standard multiple method; single-factor
evaluation method; fuzzy synthetic evaluation method; Chagan Lake

1. Introduction

As the premise of water resource planning and protection, water quality evaluation is
particularly important in the era of rapid societal development and water resource short-
ages. Single-factor assessment and comprehensive evaluation methods are commonly used
for water quality evaluation. The Chinese government uses the single-factor assessment
method for water quality evaluation in its monitoring report; however, it only uses one of
the most polluted indicators as the evaluation factor and ignores the impact of other evalu-
ation indicators, resulting in conservative evaluation results and wasting large amounts
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of water resources that could have been used [1]. The comprehensive evaluation method
gives a certain weight value to each indicator through a weighting method; thus, the final
evaluation results comprehensively reflect the impact of each indicator, and the influence
of indicators can be indicated by weight values, resulting in a good practicability and
evaluation effect than single-factor assessment. Therefore, the selection of the weighting
method is of great significance.

Commonly used weight assignment methods can be divided into subjective, objective,
and combinatorial weighting methods. The most typical and commonly used subjective
weighting method is the analytic hierarchy process (AHP) method [2,3]; however, it has
high requirements for the professional ability of the users, causing the weight calculation re-
sult to be unstable, which should be verified through a consistency test. These shortcomings
are all due to the method’s subjectivity [4]. However, objective weighting methods, such as
the entropy weight method (EWM) [5–8] and over-standard multiple (OSM) method [9],
avoid this problem due to their specific calculation rules. As a commonly used objective
weighting method, EWM has stable weight calculation results, and its weight value can
reflect the amount of useful information represented by the data of each indicator; however,
it cannot reflect the degree of pollution of each indicator [10,11]. Additionally, the EWM is
also highly suitable for multi-sample evaluation, which can avoid repeated calculations
and conserve workload. In 2006, Zou et al. used the EWM and a fuzzy evaluation method
to calculate the water quality in the Three Gorges Reservoir area, and their results showed
that the method greatly predigested the fuzzy synthetic evaluation process [12]. How-
ever, the method cannot provide the weight value of each indicator to a single sample;
rather, it can only provide the comprehensive weight of each indicator to multiple samples.
The weight calculation result of the OSM method can reflect the pollution degree of each
indicator, calculate the single weight value of each indicator for each sample, and fully
represent the respective data characteristics of each sample. However, separately calculat-
ing the weights of each indicator within each sample may cause notable differences in the
weights of each indicator in different samples, which cannot accurately reflect the overall
characteristics of the data [13]. According to the above analysis results, both subjective
and objective weighting methods have some shortcomings. Researchers have made many
improvements to resolve these issues. In 2012, Yang considered the dual effects of toxicol-
ogy and excessive concentration to improve the traditional entropy method [14]. In 2018,
Yang improved the traditional EWM based on the relative entropy theory, allowing a more
comprehensive understanding of the response indicators’ dipartite degrees and pollution
conditions [15]. In 2019, the projection pursuit classification (PP) was adopted by Wang to
calculate the objective weight, reduce human factors, and balance the subjective uncertainty
and randomness of the AHP [16]. However, the combinatorial weighting method is the
most commonly used improved method, which combines various weighting methods
for calculation. This combinatorial weighting method, which is constructed from various
weighting methods, is more comprehensive and compensates for the shortcomings of each
method as much as possible. To effectively utilize the advantages of the combinatorial
weighting method, researchers have attempted to develop combinatorial methods and
forms. For example, in 2014, Jun et al. evaluated the water quality at monitoring sections
in four dry seasons based on the application of the AHP and entropy weight methods and
used fuzzy comprehensive evaluation to obtain the quadratic combination weight of each
index method. The results showed that this method avoided the subjective differences
observed in the expert score method, meeting the target weight and the effective degree
of credibility [17]. In 2016, considering the disadvantages of the subjective and objec-
tive weighted methods, a combined weighted index method was proposed by Yan et al.,
called the geometric mean weighted method, to assign weights to drinking water indices in
order to make the weight distribution more scientific, reasonable, and robust [18]. In 2018,
Hu et al. combined AHP and entropy methods and used the dynamic adjustment of the
S-type function to increase the influence of standard exceeded pollutants, which resolved
the issues of looseness and strictness of the average pollution index and single-factor evalu-
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ation methods, respectively [1]. In 2020, Wu et al. used the Shannon entropy theory, a fuzzy
comprehensive method, and the AHP to provide reasonable weights for ECC evaluation
modeling by combining subjective and objective weights [19]. Most existing combination
weighting methods use a combination of subjective (AHP) and objective (EWM) weighting
methods. Although this method has the advantages of both subjective and objective weight-
ing methods, the evaluation results are still unstable due to the subjectivity of the subjective
weighting method adopted. To avoid this problem, an amendment rule is introduced to
replace the function of the subjective weighting method in this study. Amendment rules are
expressed as formulas and affect the objective evaluation results based on the amendment
data used, which were the single-factor evaluation results that reflect the pollution degree
of each indicator in each sample in this study; thus, the influence of this method on the
weight value can be determined by the pollution degree of each indicator. The higher the
pollution degree of the indicator, the greater the magnifying effect of the amendment rule
on its objective weight. If the users have their own views on the influencing factors of
the combined weights, the influencing factors of the objective weights can be changed by
altering the amendment data. The “amendment rule” affects the result of the combinato-
rial weighting method from “artificially given” to “formula calculation” in the subjective
weighting method, greatly reducing the subjectivity. Additionally, for time-series sam-
ples, if the pollution degree is selected as the factor affecting the combination weight,
the weight value should not be constant but change with changes in the pollution degree
of the sample. Therefore, the OSM method is introduced to calculate the local weight
of each indicator in each sample in this study. The comprehensive weight obtained by
EWM and the amendment rule, and the local weight of each sample obtained by the OSM
method are weighted, and global and local weight values (hereinafter referred to as the ESO
weight) are obtained, which can reflect the degree by which the standard is exceeded and
dispersion of the sample. The weight value obtained by this method (hereinafter referred to
as the ESO method) is highly comprehensive and robust; thus, it is high-quality. The main
objectives of this study were as follows: 1. To introduce the improved weight assignment
method, i.e., the ESO method, and combine it with the fuzzy synthetic evaluation method
(FSEM) to evaluate the water quality of Chagan Lake and determine whether it meets
the water quality standards of the 13th Five-Year Plan; 2. To compare the ESO method
to traditional weighting methods, such as the EWM, OSM, and single-factor evaluation
method, thereby demonstrating its advantages and progressiveness.

Chagan Lake, the largest natural lake in Jilin Province, plays an important role in
the ecological environment of the area and was approved as a nature reserve by the State
Council in 2007. However, the retreat of farmland threatens the water quality of Chagan
Lake. To elucidate whether Chagan Lake meets the class III provincial water quality target
of the “13th Five-Year Plan”, ten years of water quality monitoring data were collected
from the center of Chagan Lake between 2007 and 2016, and the combination weighting
method proposed in this study was used to evaluate the water quality of Chagan Lake.

2. Materials and Methods
2.1. Study Area

Chagan Lake is located in the western part of Jilin Province, which is the drainage
area for the commodity grain production base. Drainage from the surrounding irrigation
fields is the major water source of the lake, accounting for 63.4% of all water sources [20].
According to the Special Plan for Ecological and Environmental Protection of the Chagan
Lake Basin, the area of irrigated high-standard farmland in Jilin Province has continued
to grow since 2006, and the intensity of water supply and drainage in the irrigation area
has been continuously increasing. The drainage of farmland irrigation from the Qianguo
irrigation and deep waterlogging areas and the surface runoff formed in the surrounding
agricultural source, carrying large amounts of residual chemical fertilizers, pesticides,
and organic matter, enters Chagan Lake through the Xinmiao bubble, deep waterlogging
area, and Daan irrigation area. The BaiCheng Branch of the Jilin Water Environment Center
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regularly monitored the water quality of Chagan Lake from 2007 to 2016 to evaluate the
lake’s pollution level, and the monitoring indices mainly included the pH and dissolved
oxygen (DO), permanganate index (CODMn), biochemical oxygen demand (BOD5), ammo-
nia nitrogen (NH3-N), chemical oxygen demand (CODCr), and the total phosphorus (TP),
total nitrogen (TN), and fluoride (F) contents. The location of Chagan lake is as shown
in Figure 1.

Figure 1. Location of the study area: (a) Jilin Province, China; (b) the position of the study area in Jilin Province;
and (c) Chagan Lake wetland ecological environment reserve.

According to the regular monitoring water quality data of Chagan Lake obtained by
the BaiCheng Branch of Jilin Water Environment Center, the DO, F, CODCr, CODMn, BOD5,
TP, and TN contents are the main indicators affecting the aquatic environment of the lake.
After selecting the evaluation indicators, it was necessary to select their standard values
for all levels. As Chagan Lake is located in China, the Environmental Quality Standard of
Surface Water (GB3838-2002) issued by the Ministry of Ecology and Environment of the
People’s Republic of China in 2002 was selected as the evaluation criterion.

2.2. Method and Improvement
2.2.1. Fuzzy Synthetic Evaluation Method

The fuzzy comprehensive evaluation method conducts classification based on mem-
bership grade. The FSEM makes conducts comprehensive evaluation by quantifying
the factors whose borderlines are not easily quantified based on fuzzy mathematics and
the composition of fuzzy relationships. Specifically, a membership grade matrix was
established by building constructing a membership grade collection that indicates the rela-
tionship of each level of factor to each standard. The fuzzy product can then be obtained
by multiplying the weight sets of the factors by the membership grade matrix, thereby gen-
erating a comprehensive evaluation collection that indicates the membership grade of
the evaluated water quality to the standard water quality of each grade and reflects the
fuzziness of the comprehensive water grades [21]. The steps and technology roadmap of
the FSEM are as shown in Figure 2.
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Figure 2. Technical roadmap of fuzzy synthetic evaluation method.

1. Determination of the evaluation indicator, A = {DO, F, CODCR, CODEMN, TP, TN}
2. Determination of the standard value of each grade of the evaluation indicator,

V = {v1, v2, . . . , vm}.
3. Determination of the distribution function and calculation of the membership degree

to construct the fuzzy matrix R [22].

As the calculation method is simple, its meaning is clear and it is easy to understand;
thus, a trapezoidal distribution was adopted in this study. The calculation formula is as
follows:

rij(x) =


0

vj+1−x
vj+1−vj

1

x > vj+1
vj ≤ x ≤ vj+1

x < vj

i = 1 ∼ n
j = 1 ∼ m− 1

(1)

R =
(
rij
)
=


r11 r12 . . . r1m
r21 r22 . . . r2m
. . . . . . . . . . . .
rn1 rn2 . . . rnm

 (2)

where vj and vj+1 are the standard values of indicator i, x is the monitoring value of indicator
i, and rij represents the membership degree of a certain evaluation indicator Ai in a sample
to the water quality vj.

4. Calculation of the weight vector of all indicators, W = {w1, w2, . . . , wn}.
5. In the fuzzy operation, matrix multiplication is used to calculate the weight W and

membership R matrices, and the fuzzy synthetic operation result B is obtained.

B = W × R = (w1, w2, . . . , wn)


r11 r12 . . . r1m
r21 r22 . . . r2m
. . . . . . . . . . . .
rn1 rn2 . . . rnm

 = (b1, b2, . . . , bm) (3)

6. Comprehensive evaluation. The results of the fuzzy operation are calculated and
evaluated according to the principle of weighted average comprehensive evaluation
in this study, which regards the water quality grade as a continuous relative position,
and values {1, 2, 3, 4, 5} represent water quality grades {I, II, III, IV, V}, and these values
are the Z-rank of each water quality grade. The relative position BT, which expresses
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the grade of water quality by rational numbers rather than integers, of the water
quality grade of the indicator can then be obtained by weighting the Z-rank of
each water quality grade for each indicator [23]. Additionally, compared to the
maximum membership principle, this principle can preserve as much information in
the assessment coefficients as possible [24].

BT =
∑5

j=1 bβ
j × j

∑5
j=1 bβ

j

(4)

where BT is relative water quality grade for a sample, bj is the weighted membership
degree of the sample to the j-grade water quality, and β is the weighted coefficient
with a value of 2.

2.2.2. ESO Method

Weight assignment is conducted to quantitatively evaluate the importance of each
indicator to the water quality, which is the most critical step in synthetic evaluation.
The accuracy of the calculated weight is directly related to the final evaluation results. In the
typical fuzzy synthetic evaluation method, the weight of every indicator is determined
by calculating the superscale, which is the ratio of the value of each indicator at each
monitoring point to the corresponding water quality standard [25]. However, in this study,
the ESO method includes four main steps: entropy weight calculation, weight amendment
based on the single-factor evaluation results, over-standard weighting, and combined
weight calculation. The steps and technology roadmap of the ESO method are as shown
in Figure 3.

Figure 3. Technical roadmap of ESO method.

Step 1—Entropy weight calculation

During water quality evaluation, the entropy value can be used to assess the degree
of discreteness of the evaluation indicator: the smaller the information entropy value,
the greater the degree of discreteness of the indicator, and the greater its influence of the
indicator on synthetic evaluation (i.e., weight) [26]. That is, the entropy weight reflects the
useful information of the indicator to all samples. As the entropy weight is the comprehen-
sive weight reflecting the dispersion of all samples, the value need not be calculated for
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each sample individually; therefore, this method also has a lower workload. The EWM
calculation steps are as follows [27]:

1 Calculation of the original matrix, Q = (qij)(m×n), I = 1, 2, . . . , m; j = 1, 2, . . . , n.
For the “bigger the better” indicator:

qij =
xij − xmin,j

xmax,j − xmin,j
(5)

For the “smaller the better” indicator:

qij =
xmax,j − xij

xmax,j − xmin,j
(6)

2 The original matrix is normalized to obtain the matrix Cn = (cnij)(m×n)

cnij =
qij

∑m
t=1 qtj

(7)

3 As the logarithm will appear in the entropy calculation, matrix Cn must be modified to
prevent its zero element from being unable to be calculated. The revision is as follows:

c′ ij =
1 + cnij

∑m
t=1
(
1 + cntj

) (8)

4 Entropy calculation:

Ej =
−∑m

i=1 c′ ij × lnc′ ij
lnm

(9)

5 Determination of entropy weight:

Wj =
1− Ej

n−∑n
j=1 Ej

(10)

where m is the number of samples, n is the number of indicators, qij is the scale value
of indicator j in sample i that expresses the degree of discreteness of an index, xij is the
measured value of indicator j in sample i, xmin,j is the minimum value in the measured
value of evaluation indicator j, xmax,j is the maximum value in the measured value of
evaluation indicator j, cnij is the normalized scale value of indicator j in sample i, c’ij
is the normalized scale value of indicator j in revised sample i, Ej is the information
entropy of evaluation indicator j, and Wj is the weight value of evaluation indicator j.

Step 2—Weight correction based on the single-factor evaluation results

Although the entropy method can obtain the comprehensive weight that reflects
the difference in the degree of pollution of all samples, its weight value only reflects the
difference in the degree of pollution of each sample and cannot express the degree of
pollution. To resolve this problem, considering more angles, a method that can reflect
the degree of pollution must be used to modify the entropy weight. Although the result
of single-factor evaluation is conservative, it can fully reflect the degree of pollution of
each indicator; therefore, the result of single-factor evaluation is used in this study as an
amendment to modify the entropy weight, with the following correction method:

1 Determination of the amendment data. The amendment data refers to the basic data
used to modify the entropy weight, which can reflect the user’s attitude towards the
influencing factors of the parameters. This study thinks that the pollution degree
of each parameter is an important factor affecting its weight, so the single-factor
evaluation results are used as amendment data. The choice of the amendment data
can be determined according to the actual demand and, therefore, it is subjective.
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However, the ESO method is objective after determining the amendment data. If users
agree with the amendment rule of this study, they also could take the single factor
assessment results as amendment data, then the subjectivity disappears.

2 Calculation of the amendment entropy weight according to the single-factor evalua-
tion results using the amendment rule. The amendment data can be selected to the
requirement. As grade III is used to indicate whether the water quality is qualified or
not, the weights of sample indices better than grade III will be reduced, while those
of sample indices inferior to grade III will increase, taking grade III water as the refer-
ence point in the algorithm proposed in this study. This work is to avoid ignorance
to indicators with high pollution to cause an unreasonable result. The formula is
as follows.

Wnj = Wj ×
∑3

i=1 m× n
N

(11)

where Wnj is the amendment weight of indicator j, Wj is the entropy weight of
indicator j, m is the amendment value according to the single-factor evaluation results,
n is the number of samples corresponding to different amendment values, and N is
the number of samples.

As grade III in single-factor evaluation indicates whether water quality is qualified or
unqualified, it is given an amendment value of 1. The water quality indicators better than
grade III were not considered, and given an amendment value of 0, while those inferior to
grade III needed to be considered; thus, as the water quality grade increased, the amendment
value also gradually increased from 1. The amendment values are presented in Table 1.

Table 1. Amendment values for different water quality grades.

Grade I II III IV V Inferior V

m 0 0 1 2 3 4

3 The amendment entropy weight calculated by formula (11) was normalized, then,
amendment weight Wn’

j based on the result of single-factor evaluation was obtained.

W ′ j =
Wnj

∑n
j=1 Wnj

(12)

where Wnj is the amendment weight of indicator j, W’j is the normalized amendment
weight of indicator j (amendment entropy weight).

Step 3—OSE weight calculation

Although the amendment weight reflects the comprehensive pollution degree and its
difference for each sample at the same time, the weight value obtained was the comprehen-
sive weight of each indicator in all samples, which cannot reflect the pollution degree of
each indicator within each sample. Although this allows the weight calculation results to
have high fault tolerance, it is unreasonable for a certain indicator to use the same weight
and completely ignore the difference if there are significant differences between different
samples. The OSM method can quantitatively calculate the over-standard degree of each
indicator in each sample and then normalize it in the sample; the weight value of each
indicator in each sample can then be obtained. Therefore, the conflict between the overall
characteristics of the samples and differences between them can be solved by calculating
the combined amendment entropy and over-standard weights. The calculation steps of the
OSM are as follows [28]:
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1 Calculation of the degree by which each indicator exceeds the standard in each sample.
For the “bigger the better” indicator:

kij =
1
5 ×∑5

t=1 vjt

xij
(13)

For the “smaller the better” indicator:

kij =
xij

1
5 ×∑5

t=1 vjt
(14)

2 Determination of the weight value W′′ij:

W ′′
ij =

kij

∑n
t=1 ktj

(15)

where kij is the degree by which sample i exceeds the standard of indicator j, vjt repre-
sents the standard value of the t-grade water quality in indicator j, xij is the measured
value of indicator j in sample i, and W′′ij represents the weight value of indicator j in
sample i.

Step 4—The arithmetic average method was used to calculate the combined weights.
The weights obtained here are called ESO weights, as we used the ESO method in this
study [17].

Wcij =

(
W ′ j + W ′′

ij
)

2
(16)

where Wcij is the combination weight (ESO weight) of the amendment entropy and over-
standard weights, W′j is the normalized amendment weight of indicator j, and W′′ij is the
over-standard weight of indicator j in sample i.

3. Results and Discussion
3.1. Entropy Weight and Amendment Entropy Weight

The single-factor evaluation results for Chagan Lake from 2007 to 2016 are shown in
Table 2. The F results showed that the water quality was inferior to class V in three samples,
and class V in seven samples, while the CODCr results showed that there were eight class
V and two class IV samples; thus, F and CODCr were the two factors that exceeded the
standard most severely. Although the CODMn and TN results indicated that all samples
were inferior to class III, there were few class V samples, while there were three class V
samples for TP and five class III samples. Therefore, the over-standard degrees of CODMn,
TN, and TP were slightly better than those of F and CODCr. Only two BOD5 samples failed
to meet the standard, and the other eight samples were class III, which was a slightly over-
standard factor. All the DO and NH3-N samples reached the standard of class III, which was
the qualification factor. Therefore, the pollution degree of each factor was decreased in the
following order: F and CODCr > CODMn, TN, and TP > BOD5> NH3-N > DO.

The entropy and amendment entropy weights determined following steps 1 and 2 of
the ESO method are shown in Table 3. The data show that TP, BOD5, and CODCr were the
main indicators influencing the entropy weight, while the weight values of other indicators
were relatively evenly distributed, which is consistent with the data dispersion of samples
(expressed by variance) for each indicator in Table 3 (The indicators with underline are the
main pollution indicators determined by each method). This result demonstrates that the
entropy weight values can be determined from the dispersion of the sample data [29].
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Table 2. Single- factor evaluation results of each indicator in each sample.

Year DO F NH3-N CODCr CODMN BOD5 TP TN

2007 I IV III IV IV III V IV
2008 I IV III IV IV III V IV
2009 I Inferior V III V IV III IV IV
2010 I IV III V IV III V IV
2011 I IV II V IV III III IV
2012 I IV II V IV III III IV
2013 I IV II V IV III III IV
2014 I IV II V IV IV III IV
2015 II Inferior V II V IV III IV IV
2016 II Inferior V II V IV IV III V

Table 3. Weight values and variance of indicators.

DO F NH3-N CODCr CODMn BOD5 TP TN

Entropy weight 0.114 0.105 0.096 0.122 0.110 0.140 0.207 0.105
Amendment

entropy Weight 0.000 0.168 0.024 0.208 0.135 0.103 0.228 0.135

Variance (10−4) 3.18 2.94 2.68 3.54 3.04 4.25 5.97 2.82

The main influencing indicators of the amendment entropy weight were TP,
CODCr and F, and the weight values of the indicators which exceeded the standard seri-
ously in the single-factor evaluation, such as F, CODCr, CODMn, TP, and TN, were increased
to a certain extent compared with the entropy weight values, while those of DO, NH3-N,
and BOD5, which did not exceed the standard or slightly exceeded the standard, were re-
duced to a certain extent, and the DO even became 0. This result shows that the amendment
entropy weight is affected by the results of single-factor evaluation to a certain extent;
that is, the higher the degree of exceeding the standard of the indicator, the greater the
increase of the amendment weight value, and vice versa. The weight value of DO became
0 was because all its samples were better than class III, and it did not need to be concerned
according to the amendment rules in step 2, so it was given a weight of 0. However,
the result of amendment entropy weight was not completely consistent with single-factor
evaluation; for example, TP was not the most serious over-standard factor in single-factor
evaluation, but it was given the largest amendment weight value because it was affected
by dispersion degree according to Table 3.

The amendment weight values of the indicators that greatly exceeded the standard
in single-factor evaluation, such as F, CODCr, CODMn, TP, and TN, were higher than the
entropy weight values, while those of DO, NH3-N, and BOD5, which did not exceed the
standard or slightly exceeded the standard, were reduced to a certain extent, and the DO
even reached 0. This result indicates that the amendment entropy weight is affected by
the results of single-factor evaluation, to a certain extent. That is, the higher the degree by
which the indicator exceeds the standard, the greater the increase in the amendment weight
value, and vice versa. The weight value of DO was 0 because the quality of all DO samples
was better than class III and, therefore, it did not need to be considered according to the
amendment rules in step 2 and was given a weight value of 0. However, the amendment
entropy weight result was not fully consistent with the single-factor evaluation; for example,
TP was not the most severe over-standard factor in single-factor evaluation, but it was
given the largest amendment weight value as it was affected by the dispersion degree,
as shown in Table 3.

According to the above analysis results, the amendment entropy weight not only
retained the attention to the sample data dispersion but also considered the influence of
the over-standard degree of each indicator; the angle was more comprehensive, and the
evaluation result was closer to reality. Owing to the attention to the over-standard samples
and contempt for the qualified samples in the amendment rule, the amendment weights
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were allocated more to the indicators with a higher degree of pollution; thus, the final
comprehensive evaluation results were more conservative.

Although the single-factor evaluation result is also conservative, it is inherently differ-
ent to the ESO method. The single-factor evaluation method adopts the worst results in
each indicator as the comprehensive water quality grade, causing the results to become
more biased [30,31]. For example, the 2011 single-factor evaluation results in Table 2 show
that classes, I, II, III, IV, V, and inferior to V were observed for one, one, three, two, one,
and one indicator, respectively; however, the final evaluation results were directly classified
as class IV. However, the ESO method does not ignore the influence of samples and indica-
tors with any water quality grade. Rather, it increases the weight values of over-standard
factors, causing the evaluation grade to become too high. Consideration will only cease
when the quality of all samples of an indicator is better than class III because if the water
quality indicator is excellent in all samples, it is very unlikely to become a pollution factor
and it no longer requires consideration.

3.2. Over-Standard and ESO Weights

The weight values of the OSM and ESO methods determined according to steps 3 and
4 of the ESO method are shown in Tables 4 and 5 (underlined data are the maximum and
minimum values of the indicators in all samples). The results show that the over-standard
weight values of some indicators varied greatly between different samples; for example,
the weight value of TP was 0.202 in 2010, while it was only 0.059 in 2014, and that of BOD5
was 0.067 in 2011, but 0.12 in 2014. Although some differences in the ESO weight values
of these indicators in different samples remained, they were more similar. For example,
the weight values of TP were 0.215 and 0.143 in 2010 and 2014, while those of BOD5 became
0.091 and 0.111 in 2011 and 2014, respectively. The data of other indicators were also
aggregated, to a certain extent.

Table 4. Over-standard weight values.

Year DO F NH3-N CODCr CODMn BOD5 TP TN

2007 0.069 0.122 0.092 0.154 0.133 0.079 0.195 0.155
2008 0.07 0.139 0.066 0.158 0.118 0.079 0.183 0.182
2009 0.061 0.162 0.063 0.193 0.113 0.085 0.165 0.158
2010 0.071 0.115 0.071 0.176 0.130 0.080 0.202 0.156
2011 0.077 0.168 0.069 0.201 0.158 0.067 0.095 0.164
2012 0.075 0.167 0.049 0.220 0.168 0.097 0.071 0.153
2013 0.082 0.155 0.065 0.203 0.158 0.104 0.076 0.155
2014 0.078 0.185 0.059 0.203 0.140 0.120 0.059 0.156
2015 0.085 0.194 0.054 0.179 0.116 0.084 0.139 0.150
2016 0.080 0.166 0.061 0.169 0.133 0.097 0.082 0.212

Table 5. ESO weight values.

Year DO F NH3-N CODCr CODMn BOD5 TP TN

2007 0.035 0.145 0.058 0.181 0.134 0.091 0.212 0.145
2008 0.038 0.153 0.045 0.183 0.126 0.091 0.205 0.159
2009 0.030 0.165 0.043 0.201 0.124 0.094 0.196 0.146
2010 0.035 0.141 0.047 0.192 0.132 0.091 0.215 0.146
2011 0.039 0.168 0.047 0.204 0.146 0.085 0.161 0.150
2012 0.037 0.167 0.036 0.214 0.152 0.100 0.149 0.144
2013 0.041 0.161 0.045 0.206 0.147 0.104 0.152 0.145
2014 0.039 0.176 0.041 0.205 0.137 0.111 0.143 0.146
2015 0.042 0.181 0.039 0.194 0.125 0.094 0.183 0.142
2016 0.040 0.167 0.042 0.188 0.134 0.100 0.155 0.174
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The above analysis results indicate that the ESO weight combines the characteristics
of the amendment entropy and over-standard weights. According to Section 3.2, the values
of each indicator in the amendment entropy weight were the result of the comprehensive
action of all sample data. Even if the individual sample data are incorrect, they will not
significantly impact the comprehensive weight, resulting in high fault tolerance. However,
this is not only an advantage, but also a deficiency. The amendment entropy weight reflects
the average level of each indicator under all sample conditions; however, it cannot precisely
represent the actual situation of each indicator within each sample. The OSM method
can only calculate the over-standard degree of each indicator within each sample [32].
Therefore, the ESO weight, which combines the amendment entropy and over-standard
weights, simultaneously has global and local characteristics.

3.3. Fuzzy Synthetic Evaluation Results

The fuzzy synthetic evaluation method separately combined with weight values of
OSM, EWM, amendment EWM, and ESO method was used to evaluate the water quality
of each sample from Chagan Lake, and the results are shown in Table 6. The single-
factor evaluation results showed that the water quality of all samples was class V and
inferior to V; thus, they did not meet the standard. The EWM showed that five samples
exhibited class II water quality, and another five exhibited class III water quality, all of
which met the standard. The amendment EWM indicated that eight samples met the
standard, while the other two did not. The OSM method indicated that seven samples
met the standard, while the other three did not. The ESO method showed that eight
samples met the standard, while two samples did not. The above results indicate that the
ESO method evaluation result was between that of EWM and the single-factor evaluation
method and was similar to that of the OSM method; however, some differences remain.
This is mainly due to the effect of the over-standard method on the ESO method in the
final link, which has a great influence, while the entropy weight value is first modified
by the single-factor evaluation results and then combined with the over-standard weight,
which dilutes the influence twice. The evaluation results of the amendment EWM and ESO
methods were consistent, and there was only a slight difference.

Table 6. Water quality indicator and grade of each sample.

Year Single-Factor Evaluation
Method

Over-Standard
Method Entropy Method Amendment

Entropy Method ESO Method

2007 V 3.344 2.988 3.512 3.438
2008 V 3.802 3.535 3.867 3.847
2009 Inferior V 4.028 3.542 4.100 4.079
2010 V 3.587 3.299 3.663 3.639
2011 V 3.413 2.731 3.392 3.411
2012 V 3.700 2.987 3.555 3.649
2013 V 3.302 2.905 3.275 3.303
2014 V 3.402 2.859 3.314 3.385
2015 Inferior V 4.026 3.491 4.043 4.050
2016 Inferior V 4.021 3.281 3.735 3.895

The result of the single-factor evaluation method was too conservative, and the
consideration angles of the OSM and entropy methods were relatively simple; therefore,
the water quality grade of the ESO method was taken as the final result of the water quality
evaluation of Chagan Lake in this study. The water quality of Chagan Lake was class IV
in 2009 and 2015, and class III during the other years. According to the requirements for
lake water quality in the national 13th Five-Year Plan, only the water quality of classes
I, II, and III meets the standards; therefore, among the ten samples of Chagan Lake,
those collected in 2009 and 2015 did not meet the standard, while those collected in the
other years did.
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3.4. Applicability of the ESO Method

According to Section 2.2.2, the ESO method proposed in this study uses an objective
operation formula and is more stable than the traditional combination weighting method
(subjective + objective weighting methods). The ESO method evaluation result is not af-
fected by the professional ability of users and can be popularized more easily. According to
the analysis results in Section 3.1, the ESO method considers the influencing factors more
comprehensively than the objective weighting methods, and the weight can better reflect
the actual water quality situation. Therefore, this method is suitable for beginners and
frontline staff who do not have high professional literacy and cannot accurately conduct
subjective weighting.

The traditional weighting method calculates a comprehensive weight value for each
indicator to reflect the proportion of its impact on water quality, which is applicable to
spatial samples and even time-series samples with short intervals. However, for time-
series samples with a long interval, the influence of each indicator on water quality is not
constant over time. As shown in the single-factor evaluation results provided in Table 2,
the overall water quality of Chagan Lake in 2016 was worse than that in 2008. However,
according to Table 6, the entropy weight method evaluation results show that the relative
water quality grade in 2016 was better than that in 2008, which is obviously unreasonable.
While the result of the ESO method considering local weight is consistent with the actual
water quality situation, which is reasonable. Therefore, the ESO method is also suitable for
time-series samples with long intervals.

4. Conclusions

This study systematically analyzes the advantages and disadvantages of the subjec-
tive, objective, and traditional combination weighting methods, and constructs an ESO
weighting method based on the single-factor evaluation method, EWM, OSM method,
and amendment rules. Using water quality data of Chagan Lake from 2007 to 2016 as
research samples, the weights of the EWM, OSM, and ESO methods were calculated and
combined with the fuzzy synthetic evaluation method to obtain the final water quality
evaluation results for Chagan Lake. Based on the comparative analysis of the results of
the above weighting methods and final water quality evaluation results, the following
conclusions were drawn:

As an improved combination weighting method, the ESO weighting method does not
use any subjective processes; therefore, its evaluation results are relatively stable and it has
low requirements for the professional ability of users, and can be popularized more easily.
This method not only considers the discreteness of the sample data, but also considers
the influence of the degree of exceeding the standard in the single-factor evaluation of
each indicator; the influencing factors of consideration are more comprehensive, and the
evaluation result is closer to reality. Therefore, this method is suitable for beginners and
frontline staff who do not have high professional literacy and cannot accurately conduct
subjective weighting. Meanwhile, owing to the amendment rule and emphasis on the local
weight of the sample in the ESO method, it is more applicable to time-series data than the
comprehensive weight of the traditional weighting method.

Owing to the attention to the over-standard samples and contempt for the qualified
samples in the amendment rules of the ESO method, the amendment weights were more
allocated to the indicators with a higher degree of pollution; thus, the final comprehensive
evaluation results were relatively strict. However, this differs with respect to the single-
factor evaluation method, which determines water quality based on the grade of the worst
indicator, while the ESO method obtains the result of the comprehensive action of all
indicators; thus, the strict result of the ESO method was more reasonable.

The evaluation result of the ESO method was between those of the EWM and single-
factor evaluation methods, and slightly stricter than that of the OSM method. The evalua-
tion results of the amendment entropy weight method and ESO method were relatively
consistent, with only a slight difference. This result shows that, if the sample data are not a
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time-series, then the ESO weight should not be calculated, and the amendment entropy
weight can be used directly.

The water quality of Chagan Lake in 2009 and 2015 was class IV, which did not
meet the standard, while that in the remaining eight years was class III, which met the
requirements of the national 13th Five-Year Plan.
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