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Water quality is a significant issue, and its assessment plays an important role in environmental management and pollution
control. In this paper, we proposed a comprehensive water quality assessment method which takes into account both absolute and
temporal trends in water quality. As the first step, we derived and applied a comprehensive pollution index (CPI) to characterize
water pollution in 16 major tributaries to the Danjiangkou Reservoir, located in the upper reaches of the Hanjiang River in China.
Next, we used Spearman’s rank correlation analysis to quantify temporal CPI trends in each tributary. As the final step, we
conducted principal component analysis (PCA) using data on 8 water quality parameters and the temporal CPI trend from each of
the 16 tributaries. *e resultant comprehensive water quality assessment method identified tributaries, which stand to improve
and threaten water quality in the Danjiangkou Reservoir from both immediate and future perspectives.

1. Introduction

Sufficient access to freshwater resources is essential to the
survival of human and natural ecosystems, and its role is
inextricably coupled in economic sectors [1].*e actual state
of water resources is a sensitive and critical issue in many
countries, and the deterioration of water quality has become
a global problem. An appraisal of available water resources
and their quality is the first step to ensuring water security;
thus, research on water quality evaluation has been an area of
increasing interest and necessity [2].

Traditional methods for water quality assessment, which
include measuring chemical parameters in water and nor-
malized measurements against existing standards, are not
sufficiently effective [3]. With the advantage of fully using
water quality parameter information under a normative
value, the water quality index (WQI), proposed by Horton
[4] and Brown et al. [5], was widely applied to classify surface

quality [1, 6–9]. WQI pairs concentrations of several water
quality parameters such as dissolved oxygen (DO), pH,
nitrate, phosphate, ammonia, chloride, hardness, and metals
with associated weights [10]. *e lower the WQI, the better
the water quality, while a higher value indicates degraded
water quality. *e index value depends on monitored
constituents and threshold values of specific domestic or
local standards. In recent years, the WQI concept has
evolved into other formulations including the National
Sanitation Foundation WQI (NSFWQI) and the integrated
water quality index (IWQI) [11, 12].

With the advent of environmental monitoring networks
and chemometrics, there have been associated increases in
the application of multivariate statistical techniques, such as
cluster analysis (CA), principal component analysis (PCA),
and factor analysis (FA) [13–16]. *ese techniques can re-
duce the dimensionality of a multivariate dataset while still
maintaining the original structure, such as principal
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components or factors [14]. With the advantage of effective
dimension reduction, these techniques have been frequently
employed to classify water quality data and detect similar-
ities among variables in many research studies [17], which
help with the interpretation of results and in turn proffer a
less subjective and more objective process.

Previous methods for assessing water quality in the
environment were almost always based on historical data.
When, in fact, the conveyance and storage systems were
dynamic, water quality in the cleanest rivers could be in the
process of deteriorating, while the opposite could be true for
the most polluted rivers. A dynamic change in water quality
could lead to inconsistencies between results of a one-time
evaluation and reality.

In this paper, we proposed a water quality assessment
method which takes into account water quality trends. First,
a comprehensive pollution index (CPI) was calculated at
several monitoring locations within a larger field site. Next,
Spearman’s rank correlation analysis was used to determine
CPI trends at each location. Finally, principal component
analysis (PCA) was deployed to assess water quality at the
field scale using CPI trends as one of the evaluation pa-
rameters. *e process of the method is illustrated in Section
2.4.

2. Methods

2.1. Comprehensive Pollution Index (CPI) Method. *e CPI
method is one of the most common approaches used in
China to qualitatively evaluate the water quality [18–21].*e
following equation calculates the index P as

P �
1
n
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i�1
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(i � 1, 2, . . . , n), (1)

where Ci is the monitored value of water quality parameter i;
n is the number of water quality parameters monitored; and
Si is the standard permissible limit on water quality

parameter i according to the environmental quality stan-
dards for surface waters (GB3838-2002) in China (Table 1)
[22].

With this approach, P increases proportionally to the
concentration increase of each constituent normalized by its
water quality standard; hence, the value of P could be used to
classify the degree of water contamination (Table 2).

2.2. Spearman’s RankCorrelation Analysis. Spearman’s rank
correlation coefficient is defined as the Pearson correlation
coefficient between two ranked random variables. It is used
when data are not normally distributed between two vari-
ables. Spearman’s rank correlation coefficient, rs, can be
calculated with the following formula [23]:

rs � 1 −
6
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− 1 
, (2)

where di � Xi − Yi is the difference between the two ranked
variables and n is the total number of observations. In its
formulation, values of rs are constrained within −1≤ rs≤+1.
If rs�+1, it indicates a perfect positive correlation, while
rs� −1 indicates a perfect negative correlation.

In this approach, Xi is the ranking sequence according to
listed P values, and Yi is the ranking sequence according to
the year of sampling. As rs approaches +1, the more obvious
the uptrend in the value of P over time, hence indicating a
progressive deterioration of water quality. Conversely, as rs
approaches −1, the downtrend in P over time is more ob-
vious as is the progressive improvement in water quality
over time.

2.3. Principal Component Analysis. In this framework, the
main pollution sources were determined by principal
component analysis (PCA). *is method is widely used
because it can extract data and reduce system dimen-
sionality. In PCA, the dataset contains P uncorrelated
variables each of which is called a principal component
(PC). *e most important parameters are extracted in the
first component (PC1), while other parameters with rel-
atively less importance fall within subsequent components
(PC2, . . ., PCn). Algebraically, for n original variables, x1,
x2,. . .,xn, the expression of the principal component PCi is
determined as

Table 1: Classification of water area functions in GB3838-2002.

Classification standard value items Class I Class II Class III Class IV Class V
pH 6–9
DO 7.5 6 5 3 2
CODMn 2 4 6 10 15
CODCr 15 15 20 30 40
BOD5 3 3 4 6 10
NH3-N 0.15 0.5 1 1.5 2
TN 0.2 0.5 1 1.5 2
TP 0.02 0.1 0.2 0.3 0.4

Table 2: Standard of surface water quality classification.

Comprehensive pollution index (P) Water quality level
≤0.20 Clean
0.21–0.40 Less clean
0.41–1.00 Slight pollution
1.01–2.0 Moderate pollution
≥2.01 Severe pollution
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PC1 � a11x1 + a12x2 + . . . + a1nxn,

⋮ ⋮ ⋮

PCn � an1x1 + an2x2 + . . . + annxn,

(3)

where aii are the eigenvectors extracted from the covariance
or correlation matrix and the number of components n is
equal to the number of variables. As stated above, most of the
information found within the n original variables is captured
within the first few principal components, thus reducing the
practical dimensionality of the dataset. Further details can be
found elsewhere [14, 24].

*e score of each principal component can be obtained
from

Fi � Faci

��

λi



, (4)

where Fi is the score of PCi; Faci is the value of factor i; and λi
is the eigenvalue of PCi, and i is the index of the PCs. *e
comprehensive score can be calculated using the following
equation:

F �
1


n
i�1 αi



n

i�1
αiFi, (5)

where αi is the contribution rate of PCi and n is the number
of PCs. *e relative level of pollution at any given location
can be determined by ranking the comprehensive scores of
those sampled sections.*e higher the comprehensive value,
the lower the water quality.

2.4. >e Process of the Method. *e process of the com-
prehensive method can be described as follows (Figure 1).

Step 1. Calculate the annual composite pollution index
P for each monitoring location using equation (1) and
at least 4 years of monitoring data to generate 4 yearly
averages to be used in the next step.
Step 2. Use Spearman’s rank correlation coefficient
method to calculate CPI trends (rs) at each monitoring
location using equation (2).
Step 3. Using PCA and the original water quality
measurements of pH, DO, CODMn, CODCr, BOD5,
NH3-N, TN, TP, and the rs coefficient at each sampled
section, calculate and rank the scores of each section.
Step 4. *e levels of pollution in all rivers are identified
according to the score ranking.

3. Case Study

3.1. Study Area. *e Danjiangkou Reservoir (32°20′-
33°45′N, 110°40′-111°50′E) is located at the border of Hubei
and Henan provinces, China, and has a surface area of
1050 km2 when water reaches its normal level of 170m
[25, 26]. It is the main drinking water source for the Middle
Route of China’s South-to-North Water Transfer Project
(SNWTP). *e success of the SNWDP depends on the water
quality in the Danjiangkou Reservoir. *ere are approxi-
mately 200 tributaries in the Danjiangkou Reservoir

Catchment, of which 16 main tributaries make up 90% of the
whole drainage area [25]. Since July 2016, water quality
monitoring sections have been set up near the mouths of the
16 main tributaries, and the water quality samples were
collected monthly. *e location map showing the Dan-
jiangkou Reservoir and monitoring sites (sections) is de-
scribed in Figure 2 and Table 3.

3.2. Annual P Value for Each River Section. Monitoring data
from July 2016 to June 2020 were divided into four periods to
calculate the average annual water quality concentrations at
each river section. Water quality measurements of CODMn,
CODCr, BOD5, NH3-N, TN, and TP were used in the cal-
culation of annual P values for each period and at every river
section using equation (1). Results are shown in Table 4.

3.3. P Value Trend Analysis. Using annual P values listed
under each stream in Table 4, Spearman’s rank correlation
coefficient, rs, was calculated using equation (2), which
equates the slope of the CPI trendline listed in Table 5. Of the
16 major tributaries of the Danjiangkou Reservoir, 14
showed CPI trends of water quality improvement; moreover,
the Shengding River and the Quyuan River showed con-
tinuous improvement trends. *e two exceptions were the
Jiangjun River and the Jianhe River.

3.4. Evaluation of Water Quality with Trends Considered.
*ere are 9 original variables which were used in PCA. For
each sampled tributary, the first eight variables were water
quality indicators which included pH, DO, CODMn, CODCr,
BOD5, NH3-N, TN, and TP, while the last variable was the
CPI trend. Using PCA, the comprehensive scores of each
tributary were obtained. Again, a higher comprehensive
score equates to a tributary with lower water quality. PCA
results were obtained using the commercial computer
program SYSTAT version 19 from SPSS Inc.

*e 9 original variables were standardized (Table 6) and
then subjected to PCA. *e factor correlation coefficient
considered significant is the one that is greater than 85.0%.

PCA on 9 parameters yielded two principal compo-
nents explaining 88.3% of the sample variance. Table 7
shows component 1 describing 76.24% of the sample
variance and component 2 capturing 12.09%. Figure 3
represents the 2D plot of both principal components.
CODMn, CODCr, BOD5, NH3-N, TP, and TN had a positive
influence on PC1, while pH and DO had a negative impact.
As for PC2, it was dependent on rs coefficients, repre-
senting CPI trends.

According to the above analysis, scores from the first two
principal components and the comprehensive score are
obtained and shown in Table 8. As seen from this table, the
pollution conditions in the tributaries were confirmed
according to the comprehensive scores. When the CPI
trends were considered, the three most polluted rivers were
the Sihe River, Shending River, and Jianghe River, and the
three least polluted were the Taohe River, Baihe River, and
Qihe River, respectively.
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Step 4:

Step 3:

Step 2:

Step 1:

Obtain and rank the scores of each
section by PCA

Obtain the rs of each section by
Spearman rank correlation analysis

Obtain the annual P value of each
section by CPI method

�e concentration of pollutant(PH, DO,
CODMn, CODCr, BOD5, NH3-N, TN,

TP in this study) of each section

Determine the major pollution sections
based on the score rankings

Figure 1: Process of the comprehensive method.
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Figure 2: Location map showing the Danjiangkou Reservoir and monitoring sites.
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Table 3: Monitoring sites in the Danjiangkou Reservoir and its tributaries.

Tributary Qihe River Baihe River Duhe River Tianhe River Langhe River Shending
River Sihe River Jianhe River

Measuring
site M1 M2 M3 M4 M5 M6 M7 M8

Tributary Jiangjun
River

Taohe
River

Taogou
River

Quyuan
River

Xianghe
River Laoguan River Guanshan

River
Jianghe
River

Measuring
site M9 M10 M11 M12 M13 M14 M15 M16

Table 4: *e annual P value for each river section.

Measuring site P1 P2 P3 P4
Qihe River M1 0.28 0.28 0.18 0.26
Baihe River M2 0.28 0.27 0.18 0.24
Duhe River M3 0.29 0.30 0.22 0.29
Tianhe River M4 0.55 0.34 0.35 0.34
Langhe River M5 0.46 0.33 0.24 0.36
Shending River M6 1.68 1.55 1.43 1.23
Sihe River M7 1.99 1.45 1.66 0.76
Jianhe River M8 0.84 0.55 0.34 0.51
Jiangjun River M9 0.35 0.26 0.17 0.43
Taohe River M10 0.49 0.37 0.27 0.29
Taogou River M11 0.28 0.30 0.19 0.23
Quyuan River M12 0.53 0.38 0.35 0.26
Xianghe River M13 0.59 0.42 0.26 0.53
Laoguan River M14 1.06 0.38 0.41 0.39
Guanshan River M15 0.76 0.38 0.23 0.28
Jianghe River M16 0.64 0.54 0.45 0.68

Table 5: *e rs coefficient of all river sections.

Tributary Qihe River Baihe River Duhe River Tianhe River Langhe River Shending River Sihe River Jianhe River
rs −0.80 −0.80 −0.60 −0.80 −0.40 −1.00 −0.80 −0.80
Tributary Jiangjun River Taohe River Taogou River Quyuan River Xianghe River Laoguan River Guanshan River Jianghe River
rs 0.20 −0.80 −0.60 −1.00 −0.40 −0.40 −0.80 0.20

Table 6: *e normalized value of original variables.

ZpH ZDO ZCODMn ZCODCr ZBOD5 ZNH3-N ZTP ZTN Z_rs
Qihe River 0.03 0.37 −0.76 −0.70 −0.70 −0.51 −0.63 −0.62 −0.55
Baihe River 0.33 0.39 −0.81 −0.76 −0.84 −0.53 −0.55 −0.72 −0.55
Duhe River 0.09 0.23 −0.55 −0.59 −0.67 −0.49 −0.55 −0.65 0.00
Tianhe River 0.93 0.94 −0.44 −0.44 −0.32 −0.27 −0.05 −0.41 −0.55
Langhe River −0.45 −0.39 0.00 −0.01 −0.32 −0.43 −0.55 −0.33 0.55
Shending River −1.77 −1.88 1.98 2.07 2.49 2.60 2.29 2.36 −1.10
Sihe River −2.49 −2.39 1.96 2.05 1.89 2.44 2.63 2.10 −0.55
Jianhe River 1.53 0.73 1.07 1.44 1.01 −0.30 −0.21 −0.12 −0.55
Jiangjun River 0.63 0.75 −0.52 −0.62 −0.54 −0.49 −0.38 −0.59 2.19
Taohe River 0.39 −0.09 −1.05 −0.80 −0.71 −0.51 −0.72 −0.81 −0.55
Taogou River 0.39 1.30 −0.69 −0.66 −0.64 −0.52 −0.63 −0.92 0.00
Quyuan River 0.39 0.32 −0.77 −0.64 −0.46 −0.26 −0.05 −0.04 −1.10
Xianghe River 0.87 0.31 −0.86 −0.78 −0.62 −0.48 −0.55 0.07 0.55
Laoguan River −0.33 −0.80 0.66 0.25 0.54 0.08 −0.13 −0.03 0.55
Guanshan River −0.63 −0.52 −0.07 −0.26 −0.41 −0.20 −0.21 −0.45 −0.55
Jianghe River 0.15 0.72 0.87 0.44 0.29 −0.14 0.29 1.16 2.19
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Using PCA again, we repeated our evaluation without
CPI trends and compared results to those presented in
Table 8 in Figure 4. As shown in the figure, pollution

rankings for most rivers were different with the exception of
the two most polluted rivers. For example, the Jianghe River
changed its pollution rating from 4th to 3rd when its rs

Table 7: Eigenvalues and percentage of explained variance by PCA.

Component Eigenvalue Variance (%) Cumulative variance (%)
1 6.862 76.240 76.240
2 1.088 12.090 88.330
3 0.656 7.288 95.617
4 0.229 2.541 98.158
5 0.084 0.930 99.088
6 0.051 0.570 99.659
7 0.020 0.219 99.878
8 0.010 0.107 99.985
9 0.001 0.015 100.000
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Figure 3: 2D plot of two principal components.

Table 8: Scores of the tributaries of the Danjiangkou Reservoir and pollution rankings.

Tributary
Score

rs Factor 1 Factor 2 PC1 PC2 Comprehensive Ranking
Qihe River −0.80 −0.734 −0.659 −1.92 −0.69 −1.75 14
Baihe River −0.80 −0.807 −0.634 −2.11 −0.66 −1.91 15
Duhe River −0.60 −0.577 −0.185 −1.51 −0.19 −1.33 11
Tianhe River −0.80 −0.534 −0.209 −1.4 −0.22 −1.24 10
Langhe River −0.40 −0.093 0.246 −0.24 0.26 −0.18 6
Shending River −1.00 2.245 −0.921 5.88 −0.96 4.95 2
Sihe River −0.80 2.296 −0.847 6.02 −0.88 5.07 1
Jianhe River −0.80 0.268 0.585 0.7 0.61 0.69 5
Jiangjun River 0.20 −0.271 1.871 −0.71 1.95 −0.35 7
Taohe River −0.80 −0.845 −0.801 −2.21 −0.84 −2.02 16
Taogou River −0.60 −0.766 0.091 −2.01 0.09 −1.72 13
Quyuan River −1.00 −0.583 −0.985 −1.53 −1.03 −1.46 12
Xianghe River −0.40 −0.517 0.465 −1.35 0.48 −1.1 9
Laoguan River −0.40 0.401 0.378 1.05 0.39 0.96 4
Guanshan River −0.80 −0.250 −0.832 −0.65 −0.87 −0.68 8
Jianghe River 0.20 0.769 2.438 2.01 2.54 2.09 3
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coefficient was considered.*e rs coefficient is greater than 0
which indicates that water quality was deteriorating.
*erefore, particular attention should be paid to this trib-
utary when the local government plans to carry out pollution
mitigation efforts.

4. Conclusions

In this paper, a comprehensive method for water environ-
ment assessment considering water quality trends was
proposed and employed to analyze pollution in tributaries of
the Danjiangkou Reservoir. A preliminary assessment was
conducted using the CPI method and annual averaged water
quality data. Using the annual P values from each tributary,
CPI trends were quantified under Spearman’s rank corre-
lation analysis. CPI trends were shown to be important
parameters in PCA and in the determination of compre-
hensive scores. By employing the comprehensive method
developed herein, polluted tributaries were identified as
candidates for future environmental management and
pollution control.
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