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Abstract

Based on the fuzzy logic principle, a modified Fuzzy Synthetic Evaluation (FSE) is proposed to assess water quality status of
Weihe River (Baoji, China). The potential application of the FSE has been tested in a case study. Twelve sampling locations of
Weihe River and its tributaries in Baoji area were selected and seven water quality parameters of BODs, COD, fluoride, ammonia,
total phosphorus (TP), total nitrogen (TN) and permanganate index, were monitored from 2008 to 2009. The findings clearly
indicated that the methodology adopted in this study was reasonably close to the official reports published by the local
Environmental Protection Agency (EPA) on the pollution problems in the study area. The water quality of Weihe River in Baoji
area showed the Class II and III according to the Chinese classification standard. More importantly, this provides a good
showcase of the modified FSE in river water quality evaluation.
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1. Introduction

Pollutants to compromise the health of river
ecosystems can be very notable, depending on the
economic and social characteristics of the riparian
societies (Lekkas et al., 2004). Increasing dearth of
water in developing countries has made river water
quality evaluation an important issue in recent years
(Ongley, 1998; Wang et al., 2009). River water
quality evaluation is one of the safety problems of
water resources in China, especially among major
rivers, such as Yellow River and Yangtze River etc. It
has been well noted that the methodology to
effectively evaluate water quality and the concrete
evaluation criteria to assess the security and the risk
of water resources must be developed to ensure
sustainable development and to protect public health
(Ungureanu et al., 2010). Indeed, river water quality
evaluation has been extensively studied in recent
years (Benchea et al., 2011; Graca et al., 2002;
Yilmaz, 2007; Liu, 2010). However, discrepancies

frequently arise from: 1) the lack of clear boundary
distinctions between each water quality parameter; 2)
short samples and incomplete information; 3) the
uncertainty in the quality criteria employed and 4) the
imprecision, vagueness, or fuzziness in the decision-
making output values (William et al., 2006). This
caused some cases of invalid river water quality
evaluation in practice.

Traditionally, reports on water quality only
present monitored data on individual substances,
without providing an entire and interpreted profile of
water quality. To bridge this gap, various water
quality evaluation approaches have been developed to
integrate water quality variables, such as water
quality index (WQI) (Debels et al., 2005; Lumb et al.,
2006; Pesce and Wunderlin, 2000), Fuzzy synthetic
evaluation (FSE) (Chang et al., 2001; Liou et al.,
2003; Lu et al., 1999; Luo et al., 2003; Zou et al.,
2005), Fuzzy water quality index (Lermontov et al.,
2009), Fuzzy Neural Network (Chen and Li, 2005),
comprehensive water quality identification index
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(WQID) (Xu, 2005a). These approaches provide useful
information towards decision-making for water
environmental management and pollution control
(Merdun and Cinar, 2010; Wotawa et al., 2010).

Fuzzy set theory (Zadeh, 1965) has been
established to deal with uncertainty problems. It has
been widely applied in decision-making and
evaluation processes in imprecise situations (Dahiya,
2007; Mujumdar and Sashikumar, 2002). Many
applications of Fuzzy set theory have been quoted in
the last two decades, such as surface water and
groundwater remediation (Cheng et al., 2002; Nasiri
et al., 2007; Tzionas et al., 2004) soil amendments
(Busscher et al., 2007), air pollution management
(Fisher, 2003), and diverse air, water and terrestrial
ecosystem environmental studies (Astel, 2007). An
evaluation approach has been developed based on
Fuzzy logic and Fuzzy set theory, which has been
demonstrated to be effective in solving problems of
fuzzy boundaries and controlling the effect of
monitoring errors on assessment results (Wang,
2002). The Fuzzy logic and Fuzzy set theory-based
evaluation model can be used to describe fuzzy
character of classified bounds for water quality and it
could reflect the actual water quality on objectives
(Istrate and Grigoras, 2010; Pislaru et al., 2011).

In this study, a modified Fuzzy synthetic
evaluation is proposed based on fuzzy logic to
estimate water quality status of the Weihe River in
Baoji city, Shannxi Province, China, using the data
collected from 2008 to 2009.

2. Methodology

In FSE, the fuzzy boundary of various factors
is described using membership grade. Fuzzy
evaluation matrix is then established about
membership function. The class of evaluation objects
is determined using composite operators of the layers.
The Fuzzy evaluation process is divided into six main
steps:

Step 1. Determine an evaluation factor set U

(Eq. 1), based on the data of monitored water quality
parameters:

U={u), i=1,2,...,n (1)

where, n is the number of selected evaluation
parameters, u; is the i water quality parameter.

Step 2: Build evaluation criteria set V (Eq. 2),
based on the data of water quality criterion of the
Chinese standard (GB3838, 2002), as shown in Table
1.

V={hj=12....m 2)

where, m 1is the number of evaluation -criteria
categories, v, is the /* evaluation criteria category.
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Table 1. Water quality criteria applicable to river systems
in Baoji (GB3838, 2002)

Water quality Water quality classification
parameter 1| o m|wv]| v
BOD; mg/L < 3 3 4 6 10
COD mg/L < 15 15 20 | 30 40

Permanganate index

me/L < 2 4 6 10 15
Fluoride mg/L < 1.0 10 [1.0] 15 | L5
Ammonia mg/L < 0.15| 0.5 1.0 1.5 | 20
TP mg/L < 002] 01 02| 03 | 04
TN mg/L < 0.2 05 [10] 1.5 ] 2.0

Step 3: Establish membership functions and
form the fuzzy relationship matrix R (Eq. 3),
depending on the relation of U and V:

rll K rlm
R=Imo M )
r. L r

where, r;is the quality degree (membership grade) of
the i water quality parameter observed in the ;"
water quality criteria. In this step, three membership
functions are used, namely:

(1) j=1, the function being expressed as Eq. (4):

(X <S.
( i l/) (4)
=1 A (X080 )| 85 <X < Sy :1J
' ‘ ‘ Si/‘ 7Si(/+1)
o(Xi > S,.(M))

(2) j=2,...,m-1, the function being expressed as
Eq. (5):

)

1
A (Xi - Sf(fl))(st(/l) <X <S4 = SS(J
ij i(j-1)

i

1
4,(X, - S[(M))[sy. <X < Sy = e 5 )J
ij J+l

0, otherwise
(3) j=m, the function being expressed as Eq. (6):
1(X,25,)

4; =

ij >

(6)
o

n=14 (Xi—sl(.w)[sw AT

0(X<5,,.)

where: X is the observed value; Sj; is the j* water
quality criteria of the i observed water quality
parameter; if S;;=S;;, the real observed value is
smaller than Sj;, then 7; can be calculated by depicting

0.5.
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Step 4: Determine fuzzy weight of the
observed value. The weight values express the
relative importance of each parameter in order to be
more consistent with the corresponding usage mode.
Commonly, methods for calculating the weights
include the national environmental quality standards
method (Wang, 2002) and analytic hierarchy method
(Li et al., 2005; Yang et al., 2005) as well as other
methods according to the knowledge and experience
of experts (Hu and Liu, 1999). In this study, the
weight w; is defined in Eq. (7). It expresses the
pollution of one of all water quality parameters in a
river section based on water quality criteria
categories. The significance of w; is that the more
serious pollution, the greater value of w;, and vice
versa. The value of w; in Eq. (7) is subject to the
requirements in Eq. (8). Equation 8 is the process of
normalization, i.e. the total pollution of all pollutants
in river is seen as “1”, so the pollution degree of each
pollutant is w;.

x(15s] ™

s

w, =

3=

m

where, LZ g Is arithmetic mean of m evaluation
=i
criteria categories of the i water quality parameter.

S =1 (8)

Step 5. Use the fuzzy algorithm to establish
FSE vector B. This can be done by firstly choosing a
fuzzy algorithm. It is the critical factor, which would
affect the final evaluation results and determine the
fuzzy algorithm of B. At present, two fuzzy
composite operators (algorithm) are widely used in
various resource and environmental evaluation
systems, as fallows:

€)) Model M(A, V)
2) Model M(e,+)

The physical meaning of M( A, V) is to
modify the original membership degree 7; to min(w;,
7). The r; was adjusted with the w;, the largest value
of the r;; was taken as the b; in the end, i.e. the Eq. (9).
Here, “V”and “ /\” denote the supremum and the
infimum operators. M(/A,V) is known as the main
factor decision. A fuzzy model using the M(/A\,V)
operator will lose more information. Therefore, the
overall membership degree is to consider only the
grade with the most important factors while ignoring
the influences of the others.

bj :V(Wi/\ry) ©)

The M(e,+) operator that uses a weight average
to all the factors. Each factor ui was considered in the
model, which was defined as Eq. (10):

_Z (10)
b_]-—gi(wi"?y)

Step 6: Calculate Fuzzy Composite Index
(FSI). In this study, a new method of Fuzzy
composite index was introduced, i.e. FSI=BeS.
Where, S was a vector of water quality criteria
categories, as indicated in Eq. (11). It should be
pointed out that the FSI calculation adopted here is
more reasonable and applicable compared with the
traditional FSI approach based on Expert Rating. In
Expert Rating, S is obtained by expert scoring without
fixed standard. The different results can be obtained
depending on different experts recommended.

S=(1,2,3,4,5) (11)
3. Description of the study river (Weihe River)

Baoji is the second largest city in Shaanxi
province, China. It is located in the western
Guanzhong plain. Its east is close to Xianyang, south
meets Hanzhong while west and north approach
Gansu Province. Baoji comprises 12 counties with
181.6 km from east to west and 160.0 km from south
to north. The total area of Baoji is 18,196.44 km’.
Weihe River is the main river flowing through the
Baoji from west to east. It is one of the first-level
tributaries of the Yellow River. The total length of
Weihe in Baoji area is 200 km, which represents
about a quarter of the entire length of the Weihe
River. The Weihe River is located in western Valley
Basin in Baoji. It is a watershed linked mountain river
and plain river. Greater change was frequently
generated in river flow during the year. The runoff
flow is 2.4x109 m’ per year, which is 45.4% in flood
season and 9.4% in winter (Li et al., 2006).

At present, increased cases and serious water
pollution occur in China with the economic
development. Wastewater was discharged with total
volume of 1.1x108 t in the urban area in 2004 (Xu et
al., 2006). Because of insufficient stream flow,
uneven rainfall, seasonal run-off and pollution from
residential and factories, the water supply for
domestic, agricultural and industrial purpose is facing
a severe challenge. The development of analytical
tools to assess the present and future ecological
condition of water, as required in the Chinese Water
Framework Directive, is highly desirable. In 2008, a
two-year project to assess the Weihe River and its
tributaries water quality was conducted under the
financial support of local environmental protection
agency. Twelve sampling locations (SL) of Weihe
River and its tributaries in Baoji area were
determined, which are indicated in Fig. 1.
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Baoji City

w1 Linjia Village
= 2 Shengli Bridge

w 3 Wolongsi Bridge

w 4 Guozhen Bridge

w 5 Caijiapo Bridge

s G Chanagxing Bridge
=7 Yimen Bridge

= 5 Glassworks front
w9 Highway Bridge

=10 Jinhe Township
% 11 Tanneries front
= 12 Jinling Bridge

Fig. 1. Sampling locations of Weihe River and its tributaries in Baoji area

Water samples were taken once a month
during the study period and seven water quality
parameters of biochemical oxygen demand (BODs),
chemical oxygen demand (COD), fluoride, ammonia,
total phosphorus (TP), total nitrogen (TN) and
permanganate index were monitored according to the
Chinese national standard procedure (Wei et al.
2002). Selection of these seven parameters lies in the
previous study, showing that these parameters
represented the most serious river water quality
parameters in Northwest China, a large semi-arid
region. A water sample was divided into two parallel
samples to determine in the laboratory. Finally, the
average of two parallel samples was calculated.

4. Results and discussions

Fig. 2 and Fig. 3 present the results of Weihe
River and its tributaries water quality monitoring in
2008 and 2009, respectively. Each result represents
the average value of the samples of the year. It shows
that one of the major parameters of BODs;, COD, TN
and TP are high in some section while fluoride is
always the lowest compared with the national
standard (GB3838, 2002). Fig. 4 and Fig. 5 present
the weight value of the water parameters in each
section in 2008 and 2009, respectively. The weight
values were obtained by Eq. (7). It clearly shows that
the higher weight values are COD, TN and TP, which
indicate the major pollutants of organics, TN and TP.
By inspecting Fig. 4 and Fig. 5, it is clear that most of
the nitrogen in Weihe River is derived from the Shiba
River and the Jinling River. Relatively, the organic
pollution is more serious in the Qingjiang River. It is
noted in Fig. 4 and Fig. 5 that considerable change of
weight values between 2008 and 2009 was observed.
Weight values of BODs, Fluoride and TN are greater
in 2009 than in 2008 in almost all the river sections. It
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indicated that these pollutants were getting worse.
Weight values COD and Permanganate index are
smaller in 2009 than in 2008, indicating that those
pollutants were getting better. The average FSI values
(expressed in one decimal place) of the 12 indices for
the period 2008-2009 in each monitoring location are
shown in Table 2. Water quality classification is
clearly demonstrated via rounding numerical
outcomes of FSE. The result is more intuitive and the
water quality-depended classification can be indicated
directly (Table 2). It reflects the clear advantage of
the approach in this study compared with those of
comprehensive evaluation methods. Modified FSE
calculation is more convenient than traditional
methods of expert scoring (in FSE calculation) as a
number of uncertainties can be avoided (Y1, 2010).

In order to validate the results of the modified
FSE adopted in this study, comparison was made
among the modified FSE and the comprehensive
water quality identification index (WQII) (Xu, 2005b;
Zhang and Geng, 2010) as well as the official reports
(OR) transcribed from the annual reports of Baoji
environmental protection agency. The results are
illustrated in Fig. 6. It shows an overall profile of the
water quality classification of each river sections
studied. The classification is an integrated and
comparative indication on water quality.

Comparative analysis based on the outputs in
Yimen Bridge clearly indicates that OR presents the
worst water quality situation while FSE suggests a
relatively optimistic condition. Similar situations
occur in most cases in Fig. 6.

OR is more strict and FSE is more tolerant,
implying that outputs from FSE exhibit a mild
optimistic trend compared with OR and WQIIL. The
results generated by FSE have demonstrated an
identical trend in comparison to those obtained using
WQII and OR.
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Fig. 2. The outcomes of sampling in the Weihe River and its tributaries in 2008
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Fig. 3. The outcomes of sampling in the Weihe River and its tributaries in 2009
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Fig. 4. The weight value of water parameters in each section of Weihe River and its tributaries in 2008
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Fig. 5. The weight value of water parameters in each section of Weihe River and its tributaries in 2009

Table 2. The outcomes of water quality evaluation in each river section

Sampling Weihe River Qingjiang Shiba Jinling River
location River River
SL1 |SL2| SL3 |SL4|SL5|SL6| SL7 |SL8| SLY SL10 | SL11 | SL12
FSI values 1.5 2.1 2.3 2.8 3.1 14 1.9 1.8 1.8 1.9 2.2
Water Quality I I I I I I I I I I I
Class
5 ¢ ——FSE
@ —8—WQII
< 4 r —4&—O0R
—
©
23t
~
S
& 20 »
[
©
+ 1 r
@
=
0
SL 1 SL 2 SL3 SL4 SLb5 SL6 SL 7 SL8 SL 9 SL SL SL
10 11 12

Fig. 6. Comparative outputs of water quality classification on FSE, WQII and OR

River water quality is getting worse from upstream to
downstream in Baoji area. Water quality is improved
due to the confluence with many small tributaries and
reduction of pollution sources in Changxing Bridge as
the last section.

5. Conclusions

In this study, a modified fuzzy synthetic
evaluation method is applied to assess water quality
in Weihe River and its tributaries. The output is more
optimistic due to the effect of the consideration of
each water quality parameter in the calculation
process of weight values wi. The method is more
convenient to adopt than other traditional methods
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that were mainly based on Expert Rating. By using
the modified FSE, the water quality-depended
classification can be indicated directly via the
rounding numerical outcomes. The results of the
water quality of Weihe River in Baoji area showed
that the water quality is mainly Class II and III. The
water quality is getting worse from upstream to
downstream. The methodology derived from this
study can be an alternative tool to be used in
developing effective water management plan and
assessing water quality status. It should be pointed out
that due to the project funding and time limitation,
large scale river trial and more extensive sampling
with extended coverage of water quality parameters
(such heavy metals etc) should be conducted to
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further wvalidate and improve the proposed
methodology.
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