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Abstract: Applied principal components analysis(PCA) to assess the water quality of Tongjiyan
River in 2014, based on monitoring data of 8 indicators, such as CODwmn, NH3-N, DO, etc.. As PCA
could not classify water samples according to their water quality, a PCA based water quality
classification method, which was similar to Nemerow approach, was proposed to overcome this
problem. Classification results were compared with other methods, such like Fuzzy Evaluation,
Nemerow index method and improved Nemerow index method. Result showed that PCA could
present an intuitive description of river’s pollution patterns in different months. Based on PCA
results, we used PCA based water quality classification method to classify water samples so that we
could get a deeper understanding of water pollution degree.

Introduction

River plays as one of the most important roles in socio-economic activities, such as drinking water
supply, agriculture, aquaculture and industrial activities. However, due to anthropogenic activities
many rivers have been contaminated by the pollutant inputs and the water quality was deteriorated.
In order to monitor and assess the river water quality, many water quality assessment methods
have been applied in China, such as the Nemerow pollution index, fuzzy comprehensive evaluation,
principle component analysis and so on[1]. The Nemerow pollution index is a water pollution index
taking extreme values into account using a weighted environmental quantity index and frequently
used in water quality assessments around the world. However, this method tends to overemphasize
the influence of the maximum evaluation factor (i.e., most serious pollutant factor). Thus, the
comprehensive score will be increased in situations where the index value for one evaluation factor
is much higher than those of others [2]. Hence, there exists the potential problem that the
assessment results may disagree with the overall water quality status. The fuzzy comprehensive
evaluation is the process of evaluating an objective utilizing fuzzy set theory, which
comprehensively considers the contributions of multiple related indicators according to weights and
decreases the fuzziness by using membership functions. The fuzzy set comprehensive evaluation
method can improve understanding of the diverse processes and complex phenomena involved in
environmental studies, which is why it has been successfully used to assess pollution levels for
water quality. This method can give us the assessment result but cannot compare with water
samples [3]. Principal component analysis (PCA) is designed to convert the original variables into
new, uncorrelated variables (axes), called the principal components. The PCA provides information
on the most meaningful parameters, which describes the whole data set interpretation, provides data
reduction, and summarizes the statistical correlation among water quality constituents with
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minimum loss of the original information. It has been frequently employed for the purpose of
evaluating water quality [4]. While the PCA method can figure out the quality of various water
samples but could not tell us the pollution extents (water quality classification). However, PCA
limitations include ignoring the degree of data dispersion and a weakness in processing nonlinear
data. Thus, principle component analysis may not have good accuracy and reliability.

In this study, a modified PCA water quality classification method was carried out based the
Nemerow theory. By setting up three classification principles, this method could classify the water
sample data by normalization and solved the limitation of PCA’s weakness in water quality
classification. A case study of Tongjiyan River was carried out and classification results were
compared between different methods including the modified PCA method, Nemerow index method
and fuzzy comprehensive evaluation.

Materials and methods

Study Area and Sampling. The Tongjiyan Irrigation Area (TIA) was firstly constructed around 25
AD, which was another important large-scale hydraulic project in ancient Sichuan besides the
world-famous Dujiangyan Irrigation System [5]. The TIA is situated between a latitude of
29°53’-3024° N and a longitude of 103°42°-103°51° E in the southwest edge of Chengdu Plain,
with an area of 880 km?2. The TIA has been an important tributary of the Minjiang River drainage.
The main river in the Tongjiyan Irrigation Area is Tongjiyan River, which flows from the west of
TIA to the Minjiang River at Qinglong. To characterize the water quality of the TIA before
emptying into the Minjiang River, monthly samplings were carried out at three sampling sites along
the mainstream of, from January to December, 2014. Triplicate water samples from1 to 5 m below
the water surface of each sampling site were collected using a portable water sampler (LB-8000E,
Qingdao Shouhang Instrument Co., Ltd, China). The measurement of water quality was conducted
within 24 h after sampling.

Water Quality Classification Method.

Nemerow pollution index. The mathematical formula for the Nemerow comprehensive index
calculation is as follows:

Ggefﬂefm
2

where P is the Nemerow comprehensive pollution index, n is the total number of water quality
parameters, P; is the pollution index of parameter i, and (Pi)max IS the maximum pollution index. The
following formulas are used to calculate P;:
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Xi is the measured value of parameter i, Mo is the desired water quality standard value
(GB3838-2002) of parameter i, and Cpor is the saturated dissolved oxygen concentration.

Principal component analysis. The first step of PCA is to normalize the measured values by the
following formula:
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X, = (X, - Xi)/ Jo, 2)

where, X is the normalized value of parameter i, X, is the mean of Xi, i is the variance of
parameter i.

Then do KMO test and Bartlett test of sphericity to verify data dependence before PCA. The
principal component can be expressed as:

Z, =, X, +a,X, +..+a,X,

3
Z=(V,+zN, +..+ .V ) IV, +V, +..+V,) )

Where, z is the component score, a is the component loading, X is the measured value of a
parameter, k is the component number, n is the total number of parameters, Z is the comprehensive
score, V is the total variance of each component, and m is the total number of components.
PCA based water quality classification.
(1) Classification principles

According to the Nemerow theory, a series of water quality classification principles was set up as
follows:

| For arbitrary i and j, if Mij>Mij+1, then A1 j>M"i j+1 and vice versa;

Il For arbitrary i and j, if M >Xi>Mij+1,then M’ij>Xi>Mij+1 and vice versa;

|11 For arbitrary i and j, if A" is decided, then ¥>_,|M; ; — X,| has minimum value.

where, M;j is the Class j water quality standard value of parameter i, M ij is the normalized water
quality standard value of parameter i, Xi is the measured value of parameter i, X is the normalized

value of parameter i, X, is the mean of X",

Principle 1 is to ensure the range consistency between the original standards and the normalized
ones. Principle Il is to make sure that if the measured value of parameter i X; satisfies Class j+1 but
not Class j according to original standards, the normalized value X", should also satisfies Class j+1
but not j according to normalized ones. Principle 111 is to ensure the normalized standard values are
as close as possible to the means of normalized values. The classification result will destabilized
due to a large deviation between the normalized standard values and the means of normalized
values.

(2) Classification method

Similar like the Nemerow method, the original water quality standard values were normalized by
the normalization formula (2), then a new normalized water quality standard was set up for
classification. It is easily to prove that the normalization satisfies Principle | and Il, as it is just a
mathematical translation of original standard values. In order to satisfy Principle Il and be
consistent with Principle | and 11, we suggest that once the Class j water quality standard value of
parameter i Mij>Ximax Or Mij<Ximin, We use the Ximax OF Ximin t0 substitute the water quality standard
value.

As a result, we carried out the PCA based water quality classification method as follows:
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where X, is the mean of X, si is the standard deviation of Xi, Xi, min is the minimum value of Xi, Xi
max 1S the maximum value of Xi.

Results and discussion

Data analysis. Standardization and independence test were carried out to the monthly mean
concentrations of 8 indexes, including CODwmn(X1), NH3-N(X2), DO(X3), Se(Xs), As(Xs), Zn(Xs),
Pb(X7) and Cu(Xsg).

After standardization, the KMO test and Bartlett sphericity test were used to check the feasibility
for PCA. If the KMO result is larger than 0.5 and Bartlett result is smaller than 0.05, this indicates
the non-mutual independence of data and can be applied for PCA [6]. In this study, the data’s KMO
test is 0.674 and Bartlett sphericity test is smaller than 0.001, which means the feasibility for PCA.

By using the SPSS 20.0, we gained the eigenvalues, as shown in Fig 1.
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Fig. 1 Scree plot of eigenvalues

The eigenvalues of Principal Component 1 and 2 (short for PC1 and PC2) are 4.922 and 1.997,
both of which are larger than 1. And the cumulative % of variance of PC1 and PC2 is 86.484%,
which is larger than 85%. These indicates that PC1 and PC2 have basically included the information
of raw data, which could be replaced by PC1 and PC2 [7].
Principal component loadings. The corresponding initial factor loadings of the PC1 and PC2 can
be calculated by the SPSS 20.0, and by using the formula below, we can get the principal
component loadings,

Ly = Vin/SQR (A1)

where, Vin and Am are the initial factor loading and eigenvalue of principal component m (m=1 and
2), respectively. Lm is the principal component loading of principal component m. The Principal
component loadings of PC1 and PC2 are shown in Fig. 2.
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Fig. 2 PC loadings (a) PC1 loading (b) PC2 loading

As shown, the correlations among PC1 and metal indexes like Se, As, Zn, Pb and Cu, are from
0.389 to 0.448, this indicates the PC1 has mainly revealed the situation of heavy metal indexes;
while, the correlations among PC2 and CODwmn and NHs-H are 0.669 and 0.558, this indicates the
PC2 has mainly revealed the situation of CODwmn and NHsz-H. And the correlations among the 2
principal components and DO are -0.166 and -0.395, this reveals a negative correlation, indicating
the larger DO, the better water quality.

Then we can get the principal component score functions by eq. (3),

F; = 0.030X; + 0.127X,—0.166X5+0.448X, + 0.448X: + 0.448X, + 0.389X,+0.448Xg (5)

F, = 0.669X; + 0.558X,—0.395X5;—0.054X, — 0.019X5 — 0.015X, — 0.285X,—0.014X5 (6)

And the comprehensive score function is,

F = 0.615F; + 0.250F, (7
Water quality by PCA. According to eq. (5), (6) and (7), the principal scores of each month in
2014 can be calculated, where a higher score a heavier pollution, shown in Fig. 3. In Fig.3 (a), we
found that except October, November and December, the PC1 scores ranged from 0.739 to 1.524 in
the rest months, indicating the TIA had severe heavy metal pollution in these 9 months; while for
the PC2 scores, higher scores appeared from March to June, indicating severe CODwmn and NHz-H
pollution occurred in the TIA in these months; and totally, the most severe pollution conditions
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appeared from March to June. In Fig.3 (b), we sorted the pollution severity by the comprehensive
scores month by month and we found the TIA was most polluted in April, while November had the
lightest pollution.
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Fig.3 PC scores (a) PC1 versus PC2 scores (b) PC comprehensive score
Water quality classification. The PCA can directly describe the pollution characteristics month by
month, but is disable to tell the water classifications. This study suggested a Water quality
classification method based on PCA results.
According to the water quality data and eq. (4), (5), (6) and (7), the PCA classification standards
were calculated, shown in Table 2.
Table 2 PCA classification standards

Category I I Il v V

Score -2.75 -1.11 1.31 1.93 1.99

Based on Fig.3 (a), we can get the classification plot according to Table 2 and eq. (7), shown in
Fig. 4. We can see that the water quality in November was Class | and Class Il for December; in
April it was Class 1V, which was the worst.
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Moreover, we compared the PCA classification results with Fuzzy Evaluation, Nemerow index
method and improved Nemerow index method, shown in Fig.5. It can be found that the PCA
classification had similar results with other methods, except in January and February, which was
sorted as Class Il by PCA method while Class | or 1l by other methods. We found that the PC2
scores for January and February were -2.136 and -1.006 in Fig.3 (a), while the PC1 scores were
0.739 and 1.225. By eq. (7), the PC1 has a higher weight of 0.615, larger than PC2, resulted in a
higher comprehensive scores in January and February. In comparison to other methods, the PCA
classification method can avoid the affecting of extreme data and is able to reflect the contribution
of most indexes in the classification results.
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Fig.5 Classification results with 4 methods

Conclusions

This study applied the PCA based water quality classification method to assess the water quality of
Tongjiyan Irrigation Area in Sichuan Province, China. The PCA classification method in this study
was based on the pollution characteristics and the 86.484% data information derived from PCA.
And the classification results were impacted by the contribution of different principal components.
It was found that the TIA was most polluted in April, while November had the lightest pollution in
2014. The water quality in November was Class | and Class IV in April.
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