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Abstract

Having good water quality is important for a healthy river. However, it is difficult to quantify
the state of river water quality due to the large choice of possible water quality parameters used
to describe it. On the other hand, insufficient funding, particularly in developing countries, is
one of the most common constraints towards monitoring all water quality parameters of a river
as it is laborious and expensive. Given these facts, Water Quality Indices (WQIs) have been one
of the most commonly used approaches across the world in evaluating river water quality
effectively. A WQI is a useful tool to define the state of water quality in a body of water which
can be used for decision making and operational management by the water authorities. It can
also be used to compare the water quality of rivers spatially and temporarily, and to provide
water quality status reports to policy makers and the public in a simple and an understandable

manner.

Several WQIs have been developed by different agencies and researchers with the aim to
establish their own indices or improve the existing indices. However, no single WQI has been
globally accepted. In West Java and other provinces in Indonesia, the use of WQIs were

introduced in the early 1990s.

The Ministry of Environment (MoE) of Indonesia adopted the Storet Index and the Water
Pollution Index (WPI) for use in Indonesian rivers. However both these indices had been
developed based on the information on specific regions and areas without considering the local
conditions of West Java, such as appropriate parameters in the index which suit West Java
conditions and parameter weights that consider West Java stakeholder opinion. Therefore, at a
particular monitoring station, many parameters have been monitored, which has led to increased
monitoring cost in the field and increased cost in the use of WQIs. Therefore, this study aims at
developing a new WQI for use in the rivers in the West Java Province, called the West Java
Water Quality Index (WJWQI), that is specifically developed to address the limitations of the
currently used indices, namely the inability to make accurate comparisons of the general status
of water quality in West Java rivers, the inability to make these comparisons in a cost effective
manner, and the lack of credibility and acceptability of the currently used indices by relevant
authorities in West Java (since the local conditions and local expert opinion have not been
considered in the development of the currently used indices). The development of the WJWQI

involved four steps, which are selection of parameters, obtaining sub-index values

A. D. Sutadian: Development of a Cost Effective River Water Quality Index i



(transformation to a common scale), establishing weights, and aggregation of sub-indices to
produce the final index.

The following issues associated with the development of WIJWQI were addressed in this study:

1) A new methodology for the selection of parameters based on the statistical assessment for
parameter redundancy and the inclusion of three factors that represented criticality for cost
effective water quality monitoring. This reduced the number of water quality parameters to
be measured, which in turn reduced the cost of monitoring and the cost of using WIJWQI.

2) The involvement of local experts’ opinion in identifying parameter weights, and

3) Uncertainty and sensitivity analysis to determine the robustness of WJWQI. Accordingly,
these improvements increased the credibility and acceptability of WJWQI to be used by
relevant authorities in West Java.

The results of the application of WJWQI in West Java rivers provided information on the
current conditions of water quality in these rivers in a more cost effective way, and provided a
comparison of the general status of water quality in these rivers. The latter was possible, since
WJIWQI considered a common set of parameters (which is representative of all aspects of water
quality in the rivers), and hence these common parameters are able to be monitored for all West
Java rivers. This information obtained from WJWQI can be used by relevant authorities to
design appropriate programs to improve their management of water quality for rivers in West

Java.

The WIWQI can be used to replace the currently used WQIs in West Java, since it has
addressed the limitations of the currently used WQIs in West Java. This index with some

modifications, can also be applied to rivers in other provinces of Indonesia and worldwide.
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Chapter 1
Introduction

1.1. Background

“By polluting clear water with slime, you will never find good drinking water”. (Aeschylus)

Water is one of the basic needs for all living organisms on earth. For example, all plants and
humans cannot survive without water. Thus, it is of utmost importance to maintain this valued
resource so that it can be utilised by humans and others in a sustainable way (Juwana et al.,
2014). However, the increased human population and anthropogenic activities have resulted in
pressure on both quantity and quality of water resources (Ciavola et al., 2014; Goonetilleke and
Thomas, 2003; Gray, 2005). Thus, nowadays there is not only a lack of water availability but
water quality degradation is also a big challenge across the world. In terms of water quality,
Biswas et al. (1997) highlighted that in many countries water quality considerations are
receiving an increasing attention because of their adverse impacts on the health of people as
well as on ecosystems. Therefore, to maintain and improve water quality, an adequate

understanding of water quality management is required.

Water quality management is a term used for all aspects of water quality problems relating to
the suitability of various water uses (Krenkel, 2012). One of the important elements of water
guality management is monitoring the quality of water resources. This monitoring is undertaken
by collecting relevant information on the physical, chemical and biological categories of water
quality (Asadollahfardi, 2014; Sanders et al., 1983). Each category has a number of parameters
(Swamee and Tyagi, 2007). The collected information obtained from these categories of water
quality is then used to perform a complete assessment in evaluating quality of water bodies
(Chapman, 1996). This assessment provides basic data for detecting trends, for providing water
quality information to water authorities, and for making necessary decisions or
recommendations for future actions (Sutadian et al., 2016). However, as discussed in Biswas et
al. (2014), monitoring all water quality parameters with different sources of pollution (e.g. those
entering a river basin) is a difficult task since it is laborious and expensive. Somly6dy (1995)
has indicated that insufficient funding, particularly in developing countries, is one of the most
common barriers to conduct regular monitoring programs. Considering the above facts, the
water authorities should establish priorities for resource allocation and develop monitoring

programs effectively for future development of sustainable water quality management.
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Chapter 1: Introduction

There are a few approaches to assess water quality. In river water, traditionally it is done
through assessing its compliance with the permissible limit values as defined in the water
quality guidelines or objectives (de Rosemond et al., 2009). This approach is carried out on a
parameter by parameter basis (CCME, 2001). However, this traditional assessment cannot
provide sufficient amount of information on the general status of water quality spatially and
temporally (Kannel et al., 2007). Another approach, which is commonly used is the use of
multivariate statistical techniques. These techniques include cluster analysis and principal
component/factor analysis (PCA/PFA), which can also be used to assess river water quality.
This approach aims to identify dominant sources of river pollution spatially and temporally
using the similarity of water quality characteristics (Juahir et al., 2011; Kowalkowski et al.,
2006; Petersen et al., 2001; Shrestha et al., 2008; Wang et al., 2013). These techniques are
suitable to be used with large and complex water quality data obtained from different
monitoring stations. But the results of this approach are not always easy to interpret. Moreover,
the interpretation of the results tends to be based on assumptions or priori knowledge that may
be difficult to obtain.

One of the very important approaches considered in water quality assessments is the use of time
series analysis. It is commonly used for forecasting the future value of the investigated
parameters, based on time series data of other water quality parameters (Asadollahfardi, 2014;
Georgakarakos et al., 2006; Huck and Farquhar, 1974). Nevertheless, this approach needs high
observation frequency and long periods of monitoring data (Chapman, 1996). Another approach
used to assess river water quality is through the use of water quality simulation models in order
to predict impacts of water management policies and practices on the water quality (Loucks et
al., 2005). Nevertheless, using water quality simulation models is not easily applicable as it
requires significant efforts (Koger and Sevgili, 2014). This difficulty is caused mainly due to the
need for a large amount of data, significant financial resources, and expertise for model
development and application. Moreover, this type of assessment is only used for specific
parameters, for example, eutrophication models or oxygen balance models (Chapman, 1996).
Some other approaches have also been used for river water quality assessment, but the most
commonly used approach is the use of a water quality index (WQI). A WQI is a single
dimensionless number expressing the state of water quality in a simple form by aggregating the
measurements of selected water quality parameters. The objective of such a method is to
simplify water quality data by aggregating the measurement of selected parameters so that the

general status of river water quality can be identified.
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Chapter 1: Introduction

A WQI has been proposed as early as in 1965 and since then this approach has been one of the
most effective ways to provide and communicate information about water quality (Soliman and
Ward, 1994; Walsh and Wheeler, 2012). Even though there are a few limitations in the use of a
WQI, e.g. it cannot define the quality of water for all uses and all hazards nor can it provide
complete information on water quality (Cude et al., 1997), the WQI can be a useful tool with the

following benefits:

o Itis able to express the general state of water quality spatially and temporally; therefore, it
can be used as a basis for improvement in water quality programs (Cude et al., 1997).

e |t can be used to compare the water quality of different sources and sites without making
highly technical assessment of the water quality data. Thus, this approach can be used for
reporting to policy makers and the public in a simple and an understandable manner (CCME,
2001; Sarkar and Abbasi, 2006).

e |t can be used as a tool for decision making and operational management by water authorities
(Gitau et al., 2016; House, 1989; Ocampo-Duque et al., 2006).

In the recent past, in order to improve the existing indices, a number of water quality indices
(WQIs) have been developed and their applications have been reported by different agencies
and researchers (CCME, 2001; Gitau et al., 2016; Sargaonkar et al., 2008; Sutadian et al., 2016).
However, as highlighted by Lumb et al. (2011) and Srebotnjak et al. (2012), no single WQI can
be generally accepted as applicable worldwide and hence, there is a continuing interest to

develop accurate WQIs that suit a local or regional area.

In West Java, similar to other provinces in Indonesia, the use of WQIs has been introduced
since the early 1990s. The Ministry of Environment (MoE) uses two indices, wherein they have
fully adopted the Storet Index and Water Pollution Index (MoE, 2003). Although these WQIs
have been used with some success, they both had been developed based on other specific case
study areas without considering local knowledge or local conditions of the West Java, e.g. no
guideline on parameters selection or the involvement of stakeholder’s opinion on parameter
weights. Moreover, in calculating the final value for each monitoring station, these indices
require more than one measurement of parameters sampled during the desired period. This
requirement led to increasing of the monitoring cost in the field. Therefore, there is a need for a
new index that is developed to not only address the aforementioned limitations of the currently
indices, but also to provide a more accurate comparison of the general status of water quality

between the rivers in West Java in more cost-effective manners.
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Chapter 1: Introduction

This study was aimed to develop a cost-effective water quality index for West Java Province,
called the West Java Water Quality Index (WJWQI). This WIJWQI will be specifically
developed by taking into account the above notions of undertaking efficient water quality

assessments.

1.2. Aims of the Research

The overall aim of this research was to develop the West Java Water Quality Index (WJWQI) in
a cost-effective manner, which can be used as an affordable tool to assess water quality in rivers
across the West Java Province. This research consisted of two parts, which have been linked to
develop a cost-effective WQI. In the first part, this project aimed to develop a novel and
systematic approach to identify an optimal number of selected water quality parameters along
the main rivers. The developed methodology was then be applied to the major selected rivers in
the West Java Province as the case study. This is expected to reduce the costs associated with
the monitoring program. The second part aimed to develop the WQI by using the optimal
number of water quality parameters obtained from the previous part. The second part of the
project also considered local knowledge or local conditions of the West Java Province. Thus,
the developed WQI will be a valuable tool to assess the river water quality in a cost-effective
manner and also overcome the deficiencies of the currently used indices. The following specific

aims were also considered towards fulfilling the overall aim of the project:

o Develop a new methodology for water quality parameter selection for cost-effective
monitoring of the parameters, wherein this specific aim will reduce the associated costs of
monitoring in the field significantly through optimal selection of water quality
parameters. This was undertaken by identifying parameters to be continuously monitored
and those that are to be discontinued at the monitoring stations in West Java.

o Apply the developed methodology to the major rivers in West Java province to identify a
uniform set of selected parameters to be used in the development of the WJWQI.

o Establish the weights of the water quality parameters to be used in the further steps of the
development of WJWQI. This specific aim was needed to justify weights for each
selected parameter based on the opinion of local experts.

o Develop the WJWQI based on the basis four steps, which are selection of parameters,
obtaining sub-index values (transformation to a common scale), establishing weights, and
aggregation of sub-indices to produce the final index. This was followed by applying the
newly proposed WIWQI to evaluate the general status of water quality spatially and

temporally at monitoring networks in the case study area.
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Chapter 1: Introduction

o Undertake assessment of uncertainty and sensitivity analysis to determine the robustness
of the index that has been developed. The uncertainty analysis of WJWQI focused on an
investigation on how the variation in the thresholds and weights might affect the variation
of the final index value. On the other hand, the sensitivity analysis studied the importance
of the input uncertainties (thresholds and weights of parameters) in determining the final

index value.

1.3. Study Area
The aims of this study stated under Section 1.2 were demonstrated through a case study in the

West Java Province.

1.3.1. The West Java Province

The West Java Province is one out of thirty three provinces in Indonesia. It is situated in the
western part of Java Island and it lies between latitudes 50°50* and 70°50° South and longitudes
104°048> — 108°048’ East. The West Java occupies an area of 37,095 km?, which includes 9
cities and 18 regencies (as presented in Figure 1). It has a total coastline length of 842.66 km.
The landscape of the province can be divided into three main regions, namely steep terrain in
the south (altitude more than 1,500 meters above sea level (MASL), low plateaus in the middle
(altitude between 10 and 1,500 MASL), and plain region in the north (altitude between 0 and 10
MASL). As shown in Figure 1, the West Java shares borders with the capital of Indonesia
(Jakarta Province) and Banten Province to the west, Central Java Province to the east, the Java

Sea to the north, and the Indian Ocean to the south.

Indonesia
————— Java Sea

Bekasi 7’i

Bekasi City Karawang

Depok City Subang Indramayu

Bagor

gocor Gty Purwakarta Cirebon
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Cimahi City
Stkabumi City Banding City
Sukabumi ‘West Bandung Kuningan

Bandung

Ciamis

West Java

Tasikmalaya City Bariarda Gity

Garut Tasikmalaya
Pangandaran

Figure 1 The West Java Province
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The West Java is the highest densely populated province in the country (18.17% of the national
population). According to BPS (2015), the population in West Java has increased progressively
from 40.74 million in 2009 to 46.71 million inhabitants in 2015 with the population growth of
around 1.71% per year in 2015 (the highest among others). The northern part of the West Java,
which is particularly adjacent to the Jakarta (the capital of Indonesia) and in the middle part of
the West Java, especially Bandung and its vicinity, are the most populous areas in the West
Java, and also are well known as “home for industry” as most of industries in Indonesia are
located in these areas. The West Java Environmental Protection Agency (WJEPA) estimated
that there were 3,592 big industries and 199,723 small and medium industries across the
province (WJEPA, 2015). Most of these industries are textile, foods and beverages that
consume a large amount of water for their productions. The increased population, along with
economic growth from industrial sector has led to high demand on foods, housings, energy,
daily households, and raw materials for industries. Furthermore, the increased population also
has made significant impact on the existing land use. According to WJEPA (2015), between
1994 and 2012, forest areas have significantly changed to settlements, industry or agricultural,

and it only accounted for one tenth of total area of West Java Province.

The West Java has tropical climate with yearly average temperature of 22.9 — 27.4°C. Since the
West Java is influenced by Monsoon, it has two seasons, namely wet season (Oct — April) and
the remaining months are the so-called transition or dry season. In general, the West Java
receives high annual rainfall ranging from 500 — 4,000 mm (BMKG, 2017). As reported by the
West Java Water Resources Agency (WJWRA), across the West Java, there are 40 catchments
(WIWRA, 2017). The rivers of these catchments flow from the springs mostly in the upstream
mountainous regions, towards either the estuary in the Northern (22 rivers) or Southern Coast
(18 rivers) of Java Island. However, due to data availability that also was considered as a
limitation of this study, only seven rivers across the province as can be seen in Figure 2, namely
Cisadane, Ciliwung, Cileungsi, Citarum, Cimanuk, Citanduy, Cisadane, Cilamaya River were
considered as the study area. Figure 2 also shows monitoring network across the study area
managed by the WJEPA.. Even though there were 54 available monitoring stations, again due to
lack of data availability, 6 new stations of the Citarum River, which started operating in 2009
such as Jembatan Koyod, Citarik, Cisirung, Daraulin, Outlet Jatihulur, and Cikawao, were not
used in this study. Thus, only 48 stations were used to develop and apply the WJWQI, wherein
8, 9,9, 10, 5, 3, and 4 monitoring stations were located in Cisadane, Ciliwung, Cileungsi,
Citarum, Cimanuk, Citanduy, Cisadane and Cilamaya Rivers, respectively. These rivers have

several tributaries and pass through cities or regencies within the province.

A. D. Sutadian: Development of a Cost Effective River Water Quality Index 6



Chapter 1: Introduction

Legend :

e Monitoring Stations
Reservoir

River

Watershed Boundaries

?_ WEST JAVA
~ PROVINCE
- —
CET \"‘
s
Indian Ocean T~

CENTRAL JAVA
PROVINCE

—

Wanayass
s

| ¥

7.CILAMAYA RIVER

BANTEN
PROVINCE

M
L\ JAKARTA
..l
i
b
= N

S o

v gerprerig -
L Naat \
e ¢
13 \
4 T
i{
¢ SRumpin

1. CISADANE RIVER

\~- ;  JAKARTA

BANTEN Y

rrOVINCE [ i
F & '3\ !
Y NN i
.,7,.«“,»—»-.“‘/ (’,,;* i1 B
s B K & Panus
" Pondok Rajet
f
_ Kedung Halang
Y ” Sempur

N Kawlampa
LN
Bendung Gadog el ek
L Cisarua
..., Clsampaywi

" Attaawwn e

2. CILIWUNG RIVER

| Clkarang
»

0 ;. Jonggol
wclieungst W
\-: ufﬂwrvup F)
;. ‘H L Pokapuran

{

| :

3. CILEUNGSI RIVER

4. CITARUM RIVER

5. CIMANUK RIVER

6. CITANDUY RIVER

Figure 2 Water quality network across the West Java Province managed by the WIEPA

A. D. Sutadian: Development of a Cost Effective River Water Quality Index




Chapter 1: Introduction

These rivers play an important role in the country as they are valuable sources of water for
various needs such as agriculture and industry. They also provide bulk water supply for many
cities across the region, including the capital of Indonesia (Jakarta). However, most of these
rivers are vulnerable to pollution and have poor water quality, particularly those rivers that are
near or are passing through urban and industrial areas. Pollutants entering the catchment and its
rivers come from various activities, mostly domestic and industrial within the catchment. In
addition to those two sources of pollutants, agriculture and livestock have also contributed to
river pollution in the rivers (Juwana et al., 2014; WJEPA, 2015). As a result, water quality of

the rivers has deteriorated significantly.

The following sub-sections describe a brief description of seven main rivers used as the study

area is as follows:

1. Cisadane

The main river in the Cisadane catchment is the Cisadane River. The Cisadane River across two
provinces wherein only upper stream of this river located in the West Java. The total river
length is 126 km (only 76 km in length within the study area). The river originates from springs
of Mount of Pangrango and Mount of Salak, and passes through Bogor city and regency
towards the Banten Province. The river is used for bathing, washing, irrigation, and industries. It
is also used by water companies of Bogor city and regencies as the source of raw water for their

water treatment plants.

The catchment occupies an area of a 1,372 km?. As reported in Junaidi (2013), the most
dominant land use in the Cisadane catchment was shrub land of 53.82%. The second dominant,
as much as 22.94%, was forested land. Settlements accounted for 15.61% of the total catchment.
This was followed by cropland and paddy field of 6.16% of the total catchment. In 2010, the
total population of the Cisadane catchment was approximately 3.5 million people where one
third live in the upper area of the Cisadane catchment (Trimarmanti, 2014). According to
Alberto and Dasanto (2010), the Cisadane catchment was taken into account as one of the most
important catchments in the West Java, as it has rich natural resources (forest), provides various

daily needs, and is vulnerable to land use change.

According to historical data of the Cisadane River using the flow gauge at Serpong Station,
river flows vary during rainy and dry seasons with a 70 m®s of average flow, while the
minimum and maximum flow were recorded at 2.93 m®/s in 1991 and at 973.53 m3/s in 1997,

respectively (Junaidi, 2013). Meanwhile, in terms of water quality, various activities within the
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catchment contributed to deterioration of the water quality of Cisadane River. As reported MoE
(2012), the river suffers from three types of sources of untreated wastewater such as domestic,

industrial, and agriculture waste.

2. Ciliwung

The catchment occupies an area of approximately 347 km?, and the river length is 117 km.
Average annual rainfall of the Ciliwung catchment is between 3,500— 4,000 mm (Soewandita
and Sudiana, 2010). The river flows vary during rainy and dry seasons. It was observed that
during flood event in 2002 and 2007, flow gauge at the outlet of the catchment, Katulampa
Station was 247 m3/s and 247.6 m®/s, respectively (Ruspendi et al., 2013). In the upper part of
the Ciliwung catchment, the dominant land is used for forestry of 34.13% of the total catchment
(Soewandita and Sudiana, 2010). The Ministry of Environment and Forestry (MoEF) reported
that the catchment is taken account as one of the priority catchments nationwide in terms of

water quality and water scarcity (MoEF, 2015).

The Ciliwung River had been used as transportation until the early 1900s (INFID, 2010).
Currently, the Ciliwung River is used for different users including domestic, industries and
farmers. The river is also used by water companies in the catchment as the source of raw water
for their water treatment plants of Bogor and Depok City, Bogor Regency, and the Jakarta

Province.

As highlighted in Juwana et al. (2016), various activities by 5.17 million people living in the
Ciliwung catchment contribute to river pollution as approximately 40% of the total population
discharge their untreated wastewater, both directly and indirectly into the river. Juwana et al.
(2016) also highlighted that the river also suffers from industrial and agricultural waste, wherein
some of 101 industries in the Ciliwung catchment constantly discharge their untreated waste
into the river. Other potential pollutants come from agricultural (the use of fertilisers and
pesticides) and poultry (in the forms of biochemical oxygen demand, suspended particles, and

nitrogen) (Juwana et al., 2016).

3. Cileungsi

The Cileungsi catchment covers an area of approximately 266.15 km?, which includes Bogor
Regency and Bekasi City (Permatasari, 2015). The main river in the catchment is the Cileungsi
River, and its length is 39.11 km long. The dominant land use in the Cileungsi catchment is
plantation and settlement. WJEPA (2015) reported that as much as 41.61% of the Cileungsi
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catchment was used for paddy field in 2015. This was followed by settlement as the second
dominant land use in this catchment. Similar to other rivers in the study area, the main sources
of pollutants are discharge of domestic and industry disposed into the river without proper
treatment. WJEPA (2015) indicated that suspended solids, biochemical oxygen demand,
chemical oxygen demand. In addition, a few heavy metal parameters often exceeded their

permissible limits.

4. Citarum

The Citarum catchment occupies an area of approximately 7400 km?, which consist of three
sub-catchment, namely upper, middle and lower catchment. The main river in the Citarum
catchment is Citarum River, which is the longest river in West Java (297 km in length). It flows
across two main provinces, West Java and Jakarta, and stretching across 4 cities and 6
regencies. The Citarum River originates from Mount of Wayang in the Bandung Regency and it
ends to its estuary in the Java Sea. The Citarum catchment receives average annual precipitation
of 2,300 mm, or when gauged at the inlet of Saguling reservoir, it is equivalent to annual

discharge at around 5.7 billion m*® (Juwana et al., 2016).

As illustrated in Figure 2, the Citarum River feeds three multi-purpose cascade reservoir
systems (Saguling, Cirata, and Jatiluhur), generating approximately 1,400 MW of hydropower
that supports both Java and Bali Islands. These three reservoirs are also used to supply up to
80% of raw water for the regional water company in Jakarta, raw water for industry, irrigation,
fishery, flood control, and recreational (MoE, 2012). This catchment is referred as a ‘high
priority’ catchment across the country, as the catchment has made a significant impact on the
national development of Indonesia, particularly on the economic sector (Juwana et al., 2014;
Tarigan, 2009).

Total population within the catchment increased from 6.2 million in 2000 to 7.86 million
inhabitants in 2010. It is expected to keep growing, and it will have reached 11.4 million by
2025 (MoE, 2012). Pressures on the catchment and its rivers come mainly from untreated
domestic wastewater since its centralized domestic wastewater system only covers a small
portion of population living in urbanized area of the upper Citarum (Prihandrijanti and
Firdayati, 2011). In addition, industry, agriculture and livestock have also contributed to river
pollution in the catchment. Juwana et al. (2016) highlighted that hundreds of industries located
along the river also pollute the river due to lack of awareness on the importance of healthy

rivers and lack of law enforcement from the relevant authorities.
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5. Cimanuk

The Cimanuk catchment covers an area of approximately 3,409 km?, which includes upper,
middle and lower catchment. The catchment has annual precipitation of 2,800 mm. The main
river of this catchment is Cimanuk River. The Cimanuk River rises in the Mount of Papandayan
and flows from the southern into northern of the West Java, reaching its estuary in Java Sea
(258 km in length). This river flows through four regencies, which includes Garut, Sumedang,
Majalengka, and Indramayu.

As reported in Caya et al. (2014), the dominant land use in the catchment is mixed used among
open land, shrub land or even swamp (43.13%). This is followed as much 32.69% of the
catchment area, which is used for agriculture. As much as 14.73% and 5.88% of the catchment

area are used for forest and settlements, respectively.

Various activities by 3.3 million people living in the Cimanuk catchment contribute to river
pollution. As reported in Caya et al. (2014), industries might pollute the river as hundreds of
industries constantly discharge their waste into the river. Most of these industries are small
industries related to leather production processes, wherein they neither operate nor own a waste
water treatment plant (Caya et al., 2014). Agriculture and livestock also contribute to the
pollution of the river as phosphate and chloride often exceeded their permissible limits. The
Ministry of Public Works (MoPW) indicated that the Cimanuk catchment is one of the critical
catchments in terms of erosion, sedimentation, and flood risk. High erosion and sedimentation
rate are contributed to the pollution, particularly physical aspects of the river (turbidity and
colour) (MoPW, 2010).

6. Citanduy

The Citanduy catchment occupies two provinces, namely the West Java and Central Java. It
covers an area of approximately 4,472 km?, wherein only 2,214 km? is located in the West Java
(MoPW, 2013). The catchment encompasses several cities and regencies. These cities are
Banjar and Tasikmalaya, and the regencies are Ciamis, Tasikmalaya, Kuningan, Majalengka,
Cilacap and Banyumas. According to WJEPA (2015), in the Citanduy catchment, as much as
69.50% of the catchment area is used for cropland. MoPW (2013) reported that estimated of
total population living in the Citanduy catchment was around 3.2 million in 2010. Thus,
compared to the other catchments described in this study, the Citanduy catchment is the least
densely populous. As reported Prasetyo (2004) in Juwana et al. (2016), the catchment is also

one of the critical catchments in terms of erosion, sedimentation and flood risk.
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The main river of this catchment is Cilamaya River. The origin of the Cilamaya River are from
Mount of Cakrabuana 1,720 m ASL) in Tasikmalaya Regency, which flows eastward to its
estuary in Indian Ocean. The length of the river is 175 Km. However, only 60 km flows
thorough within the West Java, while the rest flows through within the Central West Java
Province (MoPW, 2013).

7. Cilamaya

The Cilamaya catchment is relatively smaller than other catchments in the study area as it
covers an area of approximately 335.91 km?. It occupies three regencies in the West Java
Province, which are Karawang, Purwakarta, and Subang. The main river of this catchment is
Cilamaya River. The Cilamaya River originates from mountainous areas in Purwakarta and
flows towards its estuary in Java Sea. Average annual discharge, which were recorded in 2012
at Cipeundeuy Station was at 189 million m*® (WJEPA, 2014). This river is used for bathing,
washing, irrigation, raw water of local water supply companies, and as well as for freshwater
shrimp. As reported in WJEPA (2014), total population within the catchment was over 1.1
million people in 2008. It was expected that due to lack of domestic wastewater treatment and
the decreased carrying capacity of the catchment, and hence the downstream of the river is not
be able to provide ‘self-purification’. As much as 53.6 ton/day of biochemical oxygen demand
and 2.1 ton/day were disposed into the river (WJEPA, 2014). Other sources polluting the river

are from industry, agriculture, and livestock waste.

1.3.2. Data Used

The water quality data from the WJEPA’s monitoring network were used in this study. The
study period was considered as 2001-2011. However, due to budgetary constraints and change
of institutional settings and laws in monitoring the water quality data, not all 54 stations as
illustrated in Figure 2 had data for the above study period, as the WJEPA did not monitor the
water quality data regularly for each station. The WJEPA also conducted irregular sampling
frequencies, ranging from zero to five measurements per year. As a consequence, in the
development and application of the WJWQI, not all monitoring stations even within the same
river had either the same period of monitoring or number of water samples. For example, in the
application of WJWQI, the final index was computed at the station CTM1 in the Citarum River
for the period between 2001 and 2010, while in the CTM3 in the same river, it was computed
for the period 2003 — 2010. In addition, as to the number water samples used in the application

of WIJWQI, since the general status of water quality refers to a specific time and location where
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a water sample was taken, in this study the application of WIJWQI was computed based on

individual samples rather than one average yearly value.

It is important to mention here (as discussed earlier in Section 1.3.1), 6 monitoring stations were
not used either in the development or application of WIJWQI. They are Jembatan Koyod,
Citarik, Cisirung, Daraulin, Outlet Jatihulur, and Cikawao, which are indicated by superscript of
(*) in column 2 of Table 1 as presented below. Furthermore, only water quality parameters
obtained from 30 out of the 54 monitoring stations were used for the application of parameter
selection for cost-effective water quality monitoring. Apart from the six monitoring stations
aforementioned, some of the monitoring stations were also excluded since they did not have a
minimum number of consecutive years of monitored water quality data that were considered for
the statistical assessment of the parameter selection. The monitoring stations used for parameter
selection for cost-effective water quality monitoring are provided in Table 1 and they are
indicated by superscript of (*) in column 2 of Table 1. Meanwhile, the spatial locations of these
30 monitoring stations can be seen in the Chapter 3 of the thesis, under Parameter Selection for
Cost Effective Water Quality Monitoring — Part Il: Application to Monitoring Network in West

Java, Indonesia.

Similar to the above reason, in the application of the WJWQI, only 48 out of the 54 stations
were used in this study since these 48 monitoring stations had the selected parameters used in
the development of the WIJWQI. The monitoring stations used for application of the newly
proposed WIWQI are provided in column 2 of Table 1 and they are indicated by superscript of
(®. In addition, the relative spatial locations of these 48 monitoring stations can be seen in
Chapter 5 of the thesis, under discussion of Development of the River West Java Water Quality

Index.
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Table 1 Monitoring network station used in the development and application of WJWQI

Data availability

River Monitoring Stations Code
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
1 (2 3) 4)

Cisadane 1 Cisalopal? CSN1 X X X X X X X X X X NA NA
2 Muarajaya? CSN2 NA NA NA NA NA X X X X X NA NA

3 Pancasan’ CSN3 NA NA NA NA NA X X X X X NA NA

4 Karya Bakti? CSN4 NA NA NA NA NA X X X X X NA NA

5  Yasmin? CSN5 NA NA NA NA NA X X X X X NA NA

6 Batubeulah? CSN6 NA NA NA NA NA X X X X X NA NA

7 Karihkil? CSN7 NA NA NA NA NA X X X X NA NA NA

8 Rumpin’? CSN8 X X X X X X X X X NA NA NA

Ciliwung 1 Atta'awun*? CLw1 NA NA X X X X X X X X ® Q)
2 Cisarual? CLW2 X NA X X X X X X X X NA NA

3 Katulampa CcLW3 NA NA X X X X e X X X ® ®

4 Kedung Halang CLW4 NA NA X X X X X X X X ® 3

5  Pondok Rajet CLW5 NA NA X X X X X X X X ® ®

6 Panus'? CLW6 X NA X X X X e X X X ® ®

7  Cisampay? CSP NA NA NA NA NA X X X X X NA NA

8 Bendung Gadog? BDG NA NA NA NA NA X X X X X NA NA

9  Sempur? SEM NA NA NA NA NA X X X X X NA NA

Cileungsi 1 Cileungsi-Pekapuran2 CcL1 X X X X X X X X X X X G
2 Cileungsi-Cileungsi? CL1A X X X X X NA NA NA NA NA NA NA

3 Cileungsi-Wanaherang? CL2 NA NA NA NA NA NA X X X X X ®

4  Cikeas-Citeureup®? CL3 NA NA X X X X X X X X X ®

5 Cikeas-Bojongkulur? CcL4 NA NA NA NA NA NA X X X X X ®

6 Cikarang-Jonggol*? CL5 X X X X X X X X X X X ®

7  Cikarang-Cikarang? CL6 X X X X X X X X X X X ®

8  Bekasi-Margajaya’ CL7 NA NA NA NA NA NA X X X X X ®

9  Bekasi-Babelan? CL8 NA NA X X X X X X X X X ®

Citarum 1  Wangiasagara? CTM1 X X X X X X X X X X ® G
2 Majalaya'? CTM2 X X X X X X X X X X NA NA

3 Sapan'? CTM3 NA X X X X X X X X X NA NA

4  Cijeruk®? CTM4 X X X X X X X X X X NA NA

5 Dayeuh Kolot*? CTM5 NA X X X X X X X X X NA NA

6 Burujul*? CTM6 X X X X X X X X X X NA NA

7 Nanjung'? CTM7 X X X X X X X X X X ® ®

8  Bendung Curug’? CTM8 X X X X X X X X X X NA NA

9  Walahar? CTM9 X X X X X X X X X X ® ®

10 Tanjungpural? CTM10 X X X X X X X X X X NA NA
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Data availability

River Monitoring Stations Code
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
) &) (©) @)
11  Jembatan Koyod” JK NA NA NA NA NA NA NA NA *) *) *) *)
12 Citarik® Cit NA NA NA NA NA NA NA NA *) *) NA NA
13 Cisirung” Cis NA NA NA NA NA NA NA NA *) * * *)
14  Daraulin” Dar NA NA NA NA NA NA NA NA *) *) NA NA
15 Outlet Jatiluhur” Out NA NA NA NA NA NA NA NA *) *) *) *)
16 Cikawao" Cik NA NA NA NA NA NA NA NA *) *) NA NA
Cimanuk 1  Bayongbong'? CMN1 X X X X X X X X X X X Q)
2 Sukaregang? CMN2 X X X X X X X X X X X ®
3 Wado? CMN3 NA NA NA NA NA NA NA NA X X X ®
4 Tomo'? CMN4 X X X X X X X X X X X 3
5 Jatibarang? CMN5 X X X X X X X X X X X ®
Citanduy 1 Panumbangan®? CTD1 NA NA X X X X X X X X NA NA
2 Bendung Paturamant? CTD2 NA NA X X X X X X X X NA NA
3 Tunggilis'? CTD3 NA NA X X X X X X X X NA NA
Cilamaya 1 Wanayasa’ CLM1 NA NA NA X X X NA X X X X NA
2 Barugbug? CLM2 NA NA NA X X X NA X X X X NA
3 BMP? CLM3 NA NA NA NA NA NA X X X X X NA
4 Blanakan? CLM4 NA NA NA NA NA NA NA NA X X X NA
* Neither for parameter selection nor application of WQI used these stations
L Water quality data in these stations were used for parameter selection in the development of WIWQI
2 Water quality data in these stations were used for application of WIWQI
3 Water quality data in the respective years were used only for parameter selection in the development of WJWQI
NA: Not available
X : Water quality data is available
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1.4. Significance of the research

To assess the general status of river water quality, the WJEPA uses two indices, namely the
Storet Index and the Water Pollution Index (MoE, 2003). Although these WQIs have been used
with some success, they both had been developed based on other specific case study areas
without considering local knowledge or local conditions of the West Java, e.g. no guidelines of
the selected parameters to be used in the currently indices. As a result, applications of such
WQIs might vary from one place to another because the selected parameters could be different,
both spatially as well as temporally. Thus, comparison the final values at monitoring sites across

rivers in the West Java using the two currently used indices were not possible.

In applying the currently used indices, many parameters need to be monitored at numerous
monitoring stations along the river. Such monitoring of water quality parameters requires
massive resources in terms of equipment, expertise and so on. However, due to the limited
budget available to the monitoring agencies, it is difficult to monitor all water quality
parameters at all the established monitoring stations. Moreover, in calculating the final index
value for each monitoring station, the two currently used indices require more than one
measurement of parameters sampled during the desired period. This requirement lead to
increasing of the monitoring cost in the field. Therefore, this study attempted to address the
limitations of the currently used indices by considering parameters selection in more cost
effective manner, which is expected to result in significant reductions in the costs for

monitoring of the water quality parameters.

This study proposed a new methodology for the selection of parameters in a cost effective way,
which can be applied in any case worldwide (not only for West Java case). The proposed
methodology was based on a statistical assessment for parameter redundancy and also
incorporated the use of three important factors (i.e. the cost of parameters’ monitoring, the
magnitude and frequency of the parameter exceeding its permissible limits). According to the
knowledge of the author, there are no records in the published literature on the development of a
water quality index taking account of cost-effective monitoring in selecting the WQIs’
parameters. Therefore, this provides international significance and it contribute to the existing
knowledge on water quality assessment, particularly to the previous research of parameter

selection since the approach has not been used in the selection of parameters of previous WQIs.

The development of the WJWQI was also specifically developed through the involvement of

water stakeholders in West Java for identifying parameter weights of the selected parameters.
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This not only addresses one of the limitations of the currently used indices in West Java, but
also at some level is important for the acceptability of a WQI as a useful tool in water resources
management. The WJWQI in the future may be an important part of water quality management
in West Java as it provides a better WQI for rivers across the West Java. Once this tool is
available, appropriate programmes can be designed more accurately and effectively to improve
the water quality of rivers throughout the province.

15. Outline of the thesis

This thesis consists of 6 chapters as presented in Figure 3, which indicates the interconnection
between chapters described in the thesis. The first chapter provides an introduction of the
research presented in the thesis and it has been discussed in the previous sub-sections of this

chapter.

The second chapter provides details on the literature on WQIs, their applications and significant
contribution to the development of future river WQIs. In the second chapter, a review of 30
existing WQIs based on the four steps needed to develop a WQI is presented. These steps are
the selection of parameters, the generation of parameter weights, the generation of sub-indices,
and the aggregation process to compute the final index value. Also challenges along with some
recommendations, for example, using statistical methods to select a fixed set of water quality
parameters in a WQI are discussed. In the second chapter, to improve acceptability of an index,
it was also observed that the involvement of the opinion of local water quality experts was
recommended to be undertaken in the first three steps. Moreover, since robustness analysis (i.e.
uncertainty and sensitivity analysis) is rarely investigated to identify and reduce sources of
uncertainty, hence such an analysis was also recommended for future studies in the second

chapter.

The third chapter presents a novel contribution of the thesis by proposing a generic
methodology for parameters selection in a more cost-effective manner, which was through an
enhancement of the statistical assessment based methodology used for hydrometric network
rationalization, and later adopted for parameter redundancy. The method comprised three
sequential steps, namely screening, statistical assessment for parameter redundancy to identify
redundant parameters, and identification of common parameters (i.e. a uniform set of
parameters) for use in a particular river basin or a region/country. The effectiveness of screening
step to eliminate some parameters based on ‘“data availability” and “being within the

permissible limits” was presented in a paper entitled “Use of exploratory data analysis for cost
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effective monitoring of water quality data”. Then, the statistical assessment based methodology
in general involved two sequential tasks, namely (i) identifying highly correlated clusters to
assess redundancy information among the studied parameters using correlation analysis and
hierarchal cluster analysis and (ii) identifying the optimal combinations of continued and
discontinued water quality parameters using an consolidated performance index (which was an
aggregated information based on the variance of the mean value estimator among the studied
parameters).

In Chapter 3, three critical factors were introduced to address limitations of the consolidated
performance index. These critical factors was proposed to be included since they reflect the
criticality of water quality parameters for cost effective monitoring. The first factor represents
the cost of monitoring of parameters, and the other two factors represent the magnitude and
frequency of the parameter exceeding its permissible limits. Through this enhancement, the
index developers or related water authorities are able to accurately select a fixed set of
parameters across the monitoring network. As a result, it will lead to a significant reduction in
the number of parameters to be used in the development of a WQI without losing a substantial
amount of information in representing the water quality. The application of this proposed
methodology is also presented in the same chapter, wherein results obtained in this chapter were
used in further steps of the development of the West Java WQI (described in the fourth and the
fifth chapter of the thesis).

In the fourth chapter, one of the most important steps in the development of a WQI, which is
that of establishing the weights of the water quality parameters, is presented. Taking in account
an important recommendation in the first chapter (i.e. in the literature review), stakeholder’s
opinion was involved in establishing the parameter weights. Two analytical hierarchal
procedure (AHP) models based on results of the third chapter, namely individual and parameter
groupings form were employed in this study. Later, a pool of respondents from related
stakeholders in West Java with different backgrounds was surveyed to obtain their judgement
independently. In the fourth chapter, results of both AHP models on parameters weights were
compared and investigated. Of the two AHP models, only the results of the best AHP model
was used for the remaining steps of this study, which is that of aggregations of sub-indices to

obtain the final index value.
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Figure 3 Interconnection between chapters presented in this thesis

Chapter 1: Introduction

This chapter provides an introduction part of research detailed
in the thesis

v

Chapter 2: Development of water quality index -
review

Identification of issues, challenges and recommendations
in the future directions of development of water quality
indices

Contains the paper entitled: (i) “Development of river water
quality indices—a review”

L 2

Chapter 3: Parameter selection for cost effective
water quality monitoring

Presentation of the proposed — generic methodology for
parameter selection in a more cost effective manner to be
used in the development of WQIs

Contains the paper entitled: (i) “Use of exploratory data
analysis for cost effective monitoring of water quality data”,
(ii) “Parameter Selection for Cost Effective Water Quality
Monitoring — Part I: Developing the Methodology” and
(iii)“Parameter Selection for Cost Effective Water Quality
Monitoring — Part 11: Application to Monitoring Network in

West Tava Indonesia”

v

Chapter 4: Identifying parameter weights using
Analytical Hierarchal Process

Two AHP models developed and a pool of respondents
were independently surveyed to obtain their judgement in
establishing the weights of the water quality parameters

Contains the paper entitled: (i) “Using the Analytic Hierarchy
Process to identify parameter weights for developing a water
quality index”

v

Chapter 5: Applying the West Java Water
Quality Index to the main rivers in West Java

A new water quality index was developed, along with the
application and robustness analysis of the index

Contains the paper entitled: (i) “Development of a Water
Quality Index for rivers in West Java Province, Indonesia”

v

Chapter 6: Summary, conclusion and
recommendations for future work

Summary, conclusions and recommendations of research
detailed in Chapters 2 to 5
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In the fifth chapter, the application of the WJWQI is presented. This index was developed based
on the basis four steps as described in the literature review chapter. The results obtained from a
novel approach for parameters selection in cost effective manner (as presented earlier in the
third chapter of the thesis) and the results of the parameters weights (as presented earlier in the
fourth chapter of the thesis) were used in the development of the WJWQI. Also for the first time
at monitoring networks of study area, application of the newly proposed index for rivers in West
Java was undertaken using monitoring data taken between 2001 and 2011, to evaluate the
general status of water quality spatially and temporally. Moreover, as recommended in the
second chapter, uncertainty and sensitivity analysis was undertaken to determine the robustness
of the index which have been developed. This analysis was used to finalize the outcomes of the
case studies, so water quality index calculations can be conveyed confidently. This will increase
credibility and validity of this WQI to be used by the index users such as the related authorities

in West Java.

Finally, in the sixth chapter, a summary and the conclusions drawn from the study are presented

along with some recommendations for future work.
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Chapter 2
Development of a Water Quality Index
for Rivers — A Review

2.1. Introduction

This chapter reviews the literature of Water Quality Index (WQI) for rivers worldwide to meet
the aim of this research, as outlined in Section 1.2. In this review, there are four steps used in
developing a Water Quality Index (WQI), which are selection of parameters, obtaining sub-
index values (transformation to a common scale), establishing weights, and aggregation of sub-
indices to produce the final index. A thorough review of 30 existing WQIs based on the four
aforementioned steps to develop a WQI is presented and 7 were identified as most important
based on their wider use. These 30 WQIs are discussed in greater detail in this chapter. It was
concluded that the index developers may consider all the four steps or they could consider some
of the steps. Neither of the available WQIs have been universally accepted, since 100 %
objectivity or accuracy cannot be achieved in applying a WQI as there is a lot of subjectivity
and uncertainty involved in the steps for developing and applying a WQI. Therefore,
minimizing subjectivity and uncertainty in each step should also be taken in the development of
a WQI. Some of the uncertainties and challenges in WQIs studies can be addressed in several
ways, such as through the use of statistical-based methods, which include correlation analysis or
multivariate analysis, involvement of the opinion of local water quality experts, and uncertainty
and sensitivity analysis. Taking into account the need for accurate comparisons of water quality
between monitoring stations/river basins, common WQI parameters (i.e. having a fixed set of
parameters) for river basins within a province or region was recommended. This chapter also
discussed the uncertainties and the challenges associated with development of river water

quality indices along with some potential recommendations for future directions.

This chapter contains the following journal paper:

1. Sutadian, A.D., Muttil, N., Yilmaz, A.G., Perera, B.J.C., 2016. Development of river water
quality  indices—a  review.  Environmental = Monitoring and  Assessment
188:58.10.1007/s10661-015-5050-0.
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Abstract The use of water quality indices (WQIs) as a
tool to evaluate the status of water quality in rivers has
been introduced since the 1960s. The WQI transforms
selected water quality parameters into a dimensionless
number so that changes in river water quality at any
particular location and time could be presented in a
simple and easily understandable manner. Although
many WQIs have been developed, there is no world-
wide accepted method for implementing the steps used
for developing a WQI. Thus, there is a continuing
interest to develop accurate WQIs that suit a local or
regional area. This paper aimed to provide significant
contribution to the development of future river WQIs
through a review of 30 existing WQIs based on the four
steps needed to develop a WQI. These steps are the
selection of parameters, the generation of sub-indices,
the generation of parameter weights and the aggregation
process to compute the final index value. From the 30
reviewed WQIs, 7 were identified as most important
based on their wider use and they were discussed in
detail. It was observed that a major factor that influences
wider use of a WQI is the support provided by the
government and authorities to implement a WQI as the
main tool to evaluate the status of rivers. Since there is a
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lot of subjectivity and uncertainty involved in the steps
for developing and applying a WQ)], it is recommended
that the opinion of local water quality experts is taken,
especially in the first three steps (through techniques
like Delphi method). It was also observed that uncer-
tainty and sensitivity analysis was rarely undertaken to
reduce uncertainty, and hence such an analysis is rec-
ommended for future studies.

Keywords Water quality indices - Water quality status -
Water quality parameters - River- Review

Introduction

Water quality is one of the important issues in water
resources management. In broad terms, water quality
can be classified into three broad categories, namely
physical, chemical and biological and each category
has a number of parameters (Swamee and Tyagee
2007). The assessment of these three categories by field
monitoring of rivers provides basic data for detecting
trends, for providing water quality information to water
authorities, and for making recommendations for future
actions. This assessment is usually conducted by refer-
ring to natural water quality, human health and intended
uses (Pesce and Wunderlin 2000; Gazzaz et al. 2012). In
fact, monitoring all parameters with different sources of
pollution entering a river basin is laborious and expen-
sive. Moreover, many scientists and researchers have
difficulty in defining water quality and presenting it in a
simple and consolidated way. This difficulty exists due
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to the complexity of factors or parameters affecting
water quality, and the large variability of parameters
used to describe the water quality status of water bodies
(Chapman 1992). This has led to many extensive at-
tempts to present the state of water quality in simply
ways without losing its scientific basis.

A water quality index (WQI) is a single dimension-
less number expressing the water quality in a simple
form by aggregating the measurements of selected pa-
rameters. A WQI has been proposed as early as in 1965,
to define the state of water quality in a river (Horton
1965). Considering the easiness of their use and the
scientific basis, WQIs have become important and pop-
ular tools in assessing the water quality of water bodies
worldwide, particularly of rivers. Since the birth of the
concept of WQI, various indices have been formulated
and developed by many researchers. WQIs have also
been considered as a pivotal component of the wider
environmental or natural resource indices such as the
Environmental Performance Index (EPI 2010) and the
Stream Index (Ladson et al. 1999).

The general structure of a WQI is presented in
Fig. 1. As can be seen in the figure, a WQI consists
of a number of water quality parameters, which are
transformed to a common scale. Such transformations
are carried out since the monitored water quality data
have different units. These values of the parameters
transformed to a common scale are known as sub-
indices. After all the sub-indices are obtained, they
are aggregated to form the final index value. As
indicated in Fig. 1, the aggregation process may occur
in two sequential stages, from the sub-indices to the
aggregated sub-indices (if aggregated sub-indices ex-
ist) and then from the aggregated sub-indices to the
final index. The final index will be interpreted to
evaluate or assess the status of the water quality.

In general, the information gained from the WQIs
can be used for the following purposes:

a) To provide an overall status of water quality to the
water authorities and the wider community
(Ocampo-Duque et al. 2006)\

b) To study impacts of regulatory policies and envi-
ronmental programs on environmental quality
(Swamee and Tyagi 2007)

c¢) To compare the water quality of different
sources and sites, without making highly tech-
nical assessment of the water quality data
(Sarkar and Abbasi 2006)

@ Springer

d) To assist policy makers and the public to avoid
subjective assessments and subsequent biased opin-
ions (Stambuk-Giljanovic 1999; 2003)

The use of river water quality indices as a tool to
evaluate water quality status has been adopted by many
organizations and agencies, but there is no worldwide
accepted methodology in developing a WQIL. On the
basis of literature reviewed, all indices have their own
strengths and weaknesses. There are a few studies that
have reviewed the existing WQIs. Lumb et al. (2011a)
reviewed the conceptual frameworks of various WQI
models developed from the 1960s till 2010 and
presented the importance of various WQIs, the steps
used in their formulation and their current uses. They
also presented future directions and noted a need to
develop a universally applicable WQI model that is
flexible enough to cut across the available data for
assessing the water quality for different uses. Tyagi et
al. (2013) reviewed four popular WQIs and presented
their merits and demerits. However, there is no system-
atic and thorough review of existing WQIs in the liter-
ature to explore and assess the steps used in their devel-
opment and bring out the advantages and disadvantages
of different methods used in each step.

This paper reviews 30 WQIs developed and used in
different countries across the world. The reviewed
WQIs, the country or region where they were
applied and the reports or papers that presented their
application are listed in Table 2 in the Appendix. The
indices are reviewed on the basis of the following four
steps that have been used in the past to develop a WQI
(Abbasi and Abbasi 2012):

1. Selection of parameters

2. Obtaining sub-index values (transformation to a com-
mon scale)

3. Establishing weights

4. Aggregation of sub-indices to produce the final index

This paper presents the different methods employed
in the reviewed indices for each of the above steps
needed to develop a WQI. The advantages and disad-
vantages of the different methods used in each step are
also discussed. Although 30 WQIs were reviewed, sev-
en WQIs were identified as most important based on the
popularity of their use. For these seven WQIs, the dif-
ferent steps used in their development and application
are presented in detail.

30


Arief Sutadian
Typewritten text
30


Environ Monit Assess (2016) 188:58

Page 3 of 29 58

Sub-indices 1

Parameter Xz % Sub-indices 2
Parameter X3 % Sub-indices 3
Parameter X4 | Sub-indices 4

Sub-indices 5

Parameter Xs
Parameter Xn B

Fig 1 General structure of an index

Sub-indices n

The structure of this paper is as follows. Firstly, an
overview of the 30 WQIs reviewed in this study is
presented. Based on the 30 WQIs, details of the different
methods used in each of the above-mentioned four steps
needed to develop an index are then presented. This is
followed by a detailed discussion on how the seven
selected popular WQIs were developed and applied.
Finally, recommendations for future research and con-
clusions are presented.

Overview of the reviewed WQIs

The 30 WQIs reviewed in this study (which are listed in
the Appendix) are based on their applications in 66
journal articles, 30 reports from various government
agencies and 4 conference papers. The applications for
each of the 30 WQIs are also presented in the Appendix.
The journals that contributed the maximum to this re-
view are Environmental Monitoring and Assessment (19
papers), Water Research (8 papers), Journal of Environ-
mental Engineering (4 papers), Environmental Manage-
ment (4 papers), Ecological Indicators (4 papers) and
Water Science and Technology (2 papers). The other
journals had contributions of less than two papers each.
The reviewed applications were published during the
period 1987-2014, but it should be noted that the WQI
may have been originally developed prior to 1987. In
Table 2, the report or paper that presented the originally
developed index is in italics.

Although all WQIs have a common overall structure,
there were two main purposes in developing an index.
These purposes can be either for general assessment of

Aggregated
sub-indices 2

Aggregated
sub-indices n

Final Index
Value

Legend

- : Aggregation process

the water quality or for some specific uses. For all the
reviewed WQIs, the purpose for which it was developed
or has been applied is also provided in Table 2 (column
5). A general assessment aims to provide a glimpse of
the water quality status, whereas specific uses are
intended to fulfil “suitability” for certain uses (Smith
1990). As can be seen in Table 2, most of the WQIs aim
to provide a general assessment of the river water qual-
ity status, whereas a few WQIs also consider specific
uses such as suitability for drinking water supply, irri-
gation, bathing, aquaculture, forestry related activities
and recreational uses.

It is worth mentioning here that the reviewed WQIs
are based predominantly on physical and chemical pa-
rameters, and only a few WQIs have faecal coliform as
an indicator for assessing the suitability of the river for
recreational use. A state-of-the-art review of WQIs
based on bioassessment has been presented in Abbasi
and Abbasi (2011). It should also be noted that some of
the WQI applications have adopted an originally devel-
oped WQI as it is or have modified a previous WQI so
as to make it more suitable for a particular region or for a
particular purpose. These modifications were typically
made by using different water quality parameters or by
applying different types of aggregation methods.

Steps in developing a water quality index

As mentioned earlier, there are in general four steps
undertaken for the development of a WQI. Table 1
presents specific details about each of these four steps
for all 30 WQISs reviewed in this study. Some studies had
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considered all steps to establish their indices, while a
few others considered only certain steps in the develop-
ment of the WQI. Of the four steps, 1, 2 and 4 are
essential for all WQIs, whereas step 3 (which is the
establishing of weights) was not used in some indices
(i.e. they used equal weights). Details of these steps,
including the different methods used under each step are
discussed in this section.

Selection of parameters

Parameter selection is an essential step in the develop-
ment of an index as the selected parameters are the main
constituents of a WQI. The indices have different num-
ber of selected parameters, ranging from four (in Ross
1977; The River Ganga Index of Ved Prakash et al. as
cited in Abbasi and Abbasi 2012) to 26 (in Diljido et al.
1994). With regard to the type of system used for the
selection of parameters, they can be divided into three
categories, viz. fixed, open and mixed systems. These
three systems are discussed below:

1. Fixed system: The majority of WQIs reviewed have
used a fixed set of parameters (e.g. Brown et al.
1970; Prati et al. 1971; Scottish Research Develop-
ment Department (SRDD) 1976; Ross 1977;
Dunnette 1979; House 1986; Cude 2001, Depart-
ment of the Environment (DoE) Malaysia 2002;
Hallock 2002; Liou et al. 2004; Said et al. 2004,
Almeida et al. 2012). Consequently, the user can
only utilize the selected parameters for final index
calculation. Although using the same set of param-
eters will allow the user to have a better comparison
of water quality status among sites or among rivers,
this will create a common problem in index appli-
cation called “rigidity”. Rigidity is manifested when
necessity arises for additional important variables to
be included in an index to address specific water
quality concerns, but the user cannot add the new
parameters needed for the future index application
(Swamee and Tyagi 2007).

2. Open system: Some WQIs recommend the use of a
minimum number of so-called basic parameters
based on their characteristics [Ministry of the Envi-
ronment of Indonesia (MoEI) 2003; CCME 2001]
and also based on their impacts on the environment
(Oudin et al. 1999). The basic parameters are a fixed
set of parameters that should always be in the final
index calculation as they are the most significant

@ Springer

parameters for water quality evaluation in that site
or region (Dojlido et al. 1994). On the other hand,
some WQIs (e.g. Harkins 1974) do not provide any
guidelines at all for the selection of parameters.
Application of such WQIs might vary from one
place to another because not only are the parameters
not specified, but the maximum number of selected
parameters in the final index calculation is also not
specified. Thus, in the application of such WQIs,
the users are able to incorporate as many parameters
from the list of potential parameters. Such flexibility
has the advantage that it will avoid rigidity
(Swamee and Tyagi 2007). However, not having a
fixed set of parameters poses critical issues such as
difficulty in making comparisons among monitored
sites and among river basins (Terrado et al. 2010).

3. Mixed system: The mixed system consists of
the basic as well as additional parameters.
Additional parameters are used in the final
index calculation only if one of the additional
parameters has a greater sub-index value than
the aggregated index value based on the basic
parameters. In this case, the final aggregated
index value should be recalculated by adding
or considering those additional parameters hav-
ing greater sub-index values (Dojlido et al.
1994). These additional parameters are usually
less monitored, particularly toxic parameters
(Hanh et al. 2011).

The selection of parameters, in particular for the
fixed and mixed systems, aim to select the
parameters which have the greatest influence on
water quality of the river. However, Abbasi and
Abbasi (2012) accentuate that there is no method
by which 100 % objectivity or accuracy can be
achieved in the selection of parameters. In general,
in the design of a WQI, an initial set of the water
quality parameters is decided through the
following:

a) A literature review (Said et al. 2004; Pesce and
Waunderlin 2000; Kannel et al. 2007)

b) Data availability (Cude 2001)

¢) Redundancy of parameters (parameters that have
similar properties need not be considered)
(Dunnette 1979)

d) Parameters should represent the overall water qual-
ity status (Dunnette 1979; Hanh et al. 2011)
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e) The intended use of the water body (Prati et al.
1971; Stoner 1978; Smith 1990; Hurley et al. 2012)

To minimize subjectivity and uncertainty in this step,
the initial set (decided based on the above criteria) is
usually refined through two methods, namely expert
judgement and statistical methods, which are discussed
below:

Expert judgement

One of the challenges in many WQIs is the selection of
significant parameters to be included in the final aggre-
gation of the index. The initial set of selected water
quality parameters involves a great deal of subjective
assessment of the index developers. To deal with this,
the involvement of expert judgement has been applied
to reduce the uncertainty and inaccuracy in selecting the
significant parameters.

In general, expert judgement can be incorporated in
the selection of parameters through three approaches,
namely individual interviews, interactive groups and the
Delphi method (Meyer and Booker 1990). Of the three
approaches, the Delphi method is the one that has been
widely used for the selection of parameters (Juwana et
al. 2010). This method aims to mine view or opinion
from experts without having the experts to congregate at
an agreed time and place (Delbecq et al. 1975). Linstone
and Turoff (2002) define the Delphi method as follows:

...a method for structuring a group communica-
tion process so that the process is effective in
allowing a group of individuals, as a whole, to
deal with a complex problem (Linstone and Turoff
2002, p. 3).

There is an important pre-condition for the Delphi
method that should be met before its implementation.
The index developers should isolate the water quality
experts from one another when they give their judge-
ments and should also make their judgements anony-
mous. This aims to avoid some of the biasing effects,
particularly due to interactions between experts. Such
interactions could lead to dominant experts causing the
other experts to agree to a judgement that they do not
hold (Meyer and Booker 1990).

Application of this method often needs several
rounds of questionnaires until convergence of experts’
opinion is achieved (Brown et al. 1970; SRDD 1976;

Dunnette 1979; Dinius 1987; House 1989; Almeida et
al. 2012). In the first questionnaire, the respondents are
asked to rate a set of parameters for possible inclusion in
the WQI. At this stage, they are also allowed to add new
parameters that were not included in the questionnaire.
In the second round, they are asked to review the results
of the first questionnaire, including adding new param-
eters. The intention here is to introduce new parameters
and initiate a lesser divergence of water quality experts’
opinion with respect to various parameters rated. These
iterations can be continued until consensus on types and
number of parameters is achieved.

Statistical methods

The other approach that is commonly used in the selec-
tion of significant parameters is the use of statistical
methods, which include Pearson’s coefficient of corre-
lation and principal component/factor analysis (PCA/
PFA). Although this might be the most objective method
for parameter selection, it is still subjective in the sense
that these methods are ultimately dependent upon the
data provided for the analysis (House 1986; Abbasi and
Abbasi 2012).

Pearson’s coefficient of correlation is, in general,
used to reduce the number of water quality parameters
by eliminating some parameters which are highly cor-
related with the others. For example, Debels et al.
(2005) eliminated ammonia and orthophosphate due to
their high correlation with chemical oxygen demand
(COD). The other statistical method, PCA/PFA, is often
employed for grouping the parameters that have similar
characteristics (Liou et al. 2004; Hanh et al. 2011) and to
reduce number of parameters by selecting the parame-
ters that explain most of the variance observed. Debels
et al. (2005) and Koger and Sevgili (2014) used PCA to
cluster several parameters into “certain groups” and
then removed some of them to develop a WQI with a
minimum number of parameters. Gazzaz et al. (2012)
employed the PFA to reduce number of water quality
parameters by considering only parameters that exhibit
large factor loadings for subsequent analysis.

Generation of sub-indices

This step aims to transform the water quality parameters
into a common scale since the actual values of the
parameters have their own different units; for example,
ammonia nitrogen has the unit of milligram per litre,
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while turbidity is presented in nephelometric turbidity
units (NTU). Further, the ranges of levels to which
different parameters can occur vary greatly from param-
eter to parameter; for example, dissolved oxygen (DO)
would rarely be beyond the range 0—12 mg/L, whereas
sodium can be in the range 0-1000 mg/L or beyond
(Abbasi and Abbasi 2012). In most of the WQIs, the
parameters can only be aggregated when they have the
same common scales; therefore, rescaling or standard-
izing to form sub-indices is necessary. A few WQIs do
not consider this step. Instead of sub-indices, the actual
values of the parameters are used in the final index
aggregation. For example, CCME (2001) developed
multivariate statistical procedure to aggregate the actual
values of the parameters without transforming them into
a common scale, whereas Said et al. (2004) proposed a
specific mathematic equation used for directly aggregat-
ing the index, in which there is no need to standardize
the parameters.

In some WQIs, particular parameter(s) are directly
taken as individual sub-indices to be aggregated to a
final index value. On the other hand, the individual sub-
indices can also be further aggregated to form a bigger
group of sub-indices, which are then aggregated to a
final index value (often called composite or aggregated
sub-indices). For example, Bhargava’s Index (Bhargava
1985) has four different aggregated sub-indices, viz.
coliform, heavy metals, physical parameters and organic
and inorganic sub-indices. The Status and Sustainability
index (Oudin et al. 1999) has 12 different aggregated
sub-indices, ranging from phosphorous matter to phyto-
plankton sub-indices.

In general, to obtain the sub-index values, the index
developers establish sub-index functions or rating
curves. Sub-index functions are mathematical relation-
ships between actual values of parameters monitored
and the sub-index values. The actual values of the
parameters can be converted to sub-index values using
the sub-index functions. A rating curve is a correspond-
ing graph of the value of parameters (on x-axis) against
the sub-index values (on y-axis). In most WQIs, differ-
ent sub-index functions are used for computing the sub-
index values of different parameters. These sub-index
functions or rating curves can also be used interactively
and thus help the index developers to define all param-
eters with dimensionless values within an identical
range (i.e. 0—100 or 0—1). To establish the sub-index
functions or rating curves of different parameters, there
are three different methods that are commonly
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employed: (1) expert judgement, (2) use of the water
quality standards and (3) statistical methods.

Expert judgement

Experts’ judgement can be used to develop sub-index
functions or rating curves. In this approach, “key
points” of rating curves are obtained using question-
naires. Similar to the selection of parameters for the
WQI, the Delphi method is employed here also to have
convergence of water experts’ opinion on sub-index
values. Deininger (1980) explained that the experts are
asked to draw (often manually) the rating curves based
on their judgement to identify the level of water quality
variation by the various possible measurements of the
respective parameters. A set of rating curves were de-
veloped based on agreed key points from experts’ opin-
ions. In many WQIs, such rating curves are then con-
verted into linear or non-linear sub-index functions.
Then, the index users generate the sub-index values
through direct calculations by using the sub-index func-
tions. Such an approach has been widely used in the
development of various WQIs, such as the National
Sanitation Foundation (NSF) Index (Brown et al.
1970), the Scottish Research Development Department
(SRDD) index (SRDD 1976), Ross’ Index (Ross 1977),
Oregon Index (Dunnette 1979), House’s Index (House
1986), and Almeida’s Index (Almeida et al. 2012).

Use of the water quality standards

Another approach to establish rating curves or sub-index
functions is based on the permissible limits from the
legislated standards, such as technical regulations, nation-
al water requirements and WHO standards or
international directives. House (1986) explained that the
use of water quality standards facilitates sub-division of
sub-index values and provide more information for the
users. In this approach, the key points defining rating
curves or sub-index functions are obtained using the
permissible limits for various levels of intended uses.
On the basis of these, actual parameter values can be
transformed into sub-index values through three
methods, namely linear interpolation rescaling, categori-
cal scaling and comparison with the permissible limits.
The linear interpolation rescaling is a method used to
produce an identical range for sub-index values, usually
0-100 or 0—1 (Prati et al. 1971; House 1989; Bascardén
1979; Dojlido et al. 1994; Stambuk-Giljanovic 2003;
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Liou et al. 2004). The index developers established the
rating curves based on drinkable water use (class 1),
domestic water supply (class 2), irrigation (class 3), nav-
igation (class 4) and wastewater (class 5), wherein the
permissible limits for each class has different sub-index
values. For example, the permissible limit for BODs is 4,
6, 15, 20 and 50 mg/L for class 1, 2, 3, 4 and 5,
respectively. Those actual parameters are then converted
into specific sub-indices, e.g. 100, 75, 50, 25 and 1,
respectively. These pairs of data (i.e. 4:100, 6:75, 15:50,
20:25 and 50:1) based on the relationship between the
permissible limits and the sub-index values are referred to
as the key points of rating curves (Hanh et al. 2011). If
actual parameters lie in between two classes, a simple
linear interpolation is used to obtain their sub-index
values. The permissible limits of upper and lower classes
will be the maximum and minimum values. In this meth-
od, sub-index functions used to calculate the sub-index
values use the following general equations:

S; = Sy- [(SI—SZ) (xl_x")} 2)

X17X2

where S; is ith sub-index value, S; and S, are the
sub-index values for upper and lower class, respec-
tively, and X; and X, are values of the permissible
limits for upper and lower class. Equation (1) is
used to generate sub-indices when a parameter has
a decreasing level of water quality with an in-
crease in actual parameter values (e.g. BODs).
On the other hand, Eq. (2) is used if a parameter
has an increasing level of water quality with an
increase in actual parameter values (e.g. DO).
The second method that transforms actual pa-
rameter values to sub-indices is the categorical
scaling method. It is a method typically used for
parameters assigned as constants wherein the
values must be 0 or 1. If the concentration of a
parameter is well above or exceeding the permis-
sible limit, then the sub-index value will fall to O.
In contrast, the sub-index value will be 1 if the
concentration is below the permissible limits
(MoEI 2003; Liou et al. 2004). The general

equation to generate sub-index values using this
method is as follows:

S; =0, if X; is well above the permissible limits

(3)

S; =1, if X; is well below the permissible limits
(4)

where §; is the ith sub-index value and x; is the ith actual
parameter value.

The last method to generate sub-indices is based on
comparison of the actual value of the parameters with
their permissible limits. The sub-index values range
from 0 to 1, in accordance with the degree of water
quality from worst to highest. Liou et al. (2004) defined
the sub-index value in this approach as follows:

Xi
Sl' =

5

Xmax ( )
where S; is ith sub-index value, X; is the actual parameter
value (mg/L) and X,.x is the maximum value of the
permissible limit (mg/L).

Statistical analysis

This approach utilizes statistical characteristics (like the
mean or various quantiles) of the historical data to obtain
the key points for generating the rating curves. For ex-
ample, Dunnette (1979) used arithmetic mean of actual
parameter values of six monitoring stations during the
years 1973-1975 in Willamette River in Oregon to cor-
respond to sub-index values of 80 for BODs, total solids,
oxygen and nitrogen and 70 for faecal coliform (FC).
Hallock (2002) developed rating curves of total phospho-
rous, total nutrients, turbidity and total suspended solids
based on fitting sub-index values of 100, 80, 40 and 20 to
actual parameter values of those parameters at the 10th,
80th, 95th and 99th percentiles, respectively.

Establishing weights

The weights are assigned to the parameters with regard to
their relative importance and their influence on the final
index value. In general, the weights of all parameters can
be either equal or unequal. Equal weights are assigned if
the parameters of an index are equally important, whereas
if some parameters have greater or lesser importance than
others, then unequal weights are assigned.
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A few of the index developers used equal weights in
the development of WQIs (e.g. Nemerow and Sumitomo
1970; Harkins 1974; Dojlido et al. 1994; Oudin et al.
1999; Cude 2001; CCME 2001; Hallock 2002; Hanh et
al. 2011). These studies preferred equal weights to un-
equal weights since there were doubts related to subjec-
tivity over experts’ opinion in reaching a convergence (as
expert panel often give different weights to the same
parameters) (Harkins 1974). Moreover, different weights
could lead to sensitivity of the final index to the most
heavily weighted parameter. For instance, in an index
heavily weighted towards DO, high concentrations of
faecal coliform may not be reflected in the final index
value if DO concentration is near ideal. This characteris-
tic (of high faecal coliforms not being reflected in the
final index) may be desirable in water quality indices
specific to the protection of aquatic life. However, for
WQIs that are designed to communicate general status of
water quality rather than the quality of water for any
specific use, sensitivity to changes in each variable is
more desirable than sensitivity to the most heavily
weighted variable (Cude 2001).

In unequal weights, to avoid subjectivity of the index
developers, parameter weights are given based on
participatory-based approaches, which may involve the
key stakeholders like water quality experts, policy
makers or practitioners from environmental protection
agencies of a certain region. Even though there are a
few participatory-based approaches that are available to
generate weights, only two methods have been widely
used. These two methods are the Delphi method and the
analytical hierarchy process (AHP). The other available
participatory-based approaches such as budget allocation
procedure (BAP) and the revised Simos’ procedure have
been used to determine weights of indicators for indices
other than WQIs (Kodikara et al. 2010).

The Delphi method has been commonly used for sum-
ming up individual expert opinions to establish parameter
weights for various WQIs. Horton (1965) proposed
weights for parameters as follows: one for four parameters
(special conductivity, chlorides, alkalinity and carbon chlo-
roform extract), two for one parameter (coliform) and four
for three parameters (DO, sewerage treatment and pH). To
minimize subjectivity and enhance credibility, this
procedure for parameter weighting was then improved by
Brown et al. (1970) through incorporating a large panel of
water quality experts from the USA. They were asked to
compare relative water quality using a scale of 1 (highest)
to 5 (lowest). Arithmetic mean was calculated for the
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ratings of all experts’ opinion. Then, a temporary weight
of 1.0 was assigned to the parameter which received the
highest significance rating. All other temporary weights
were obtained by dividing the highest rating by the indi-
vidual mean rating. Each temporary weight was then
divided by the sum of all the temporary weights to arrive
at the final weight. Since then, the Delphi method has been
used in many WQIs to generate the relative weights of the
selected parameters. It should be noted that the total
weight, which is the summation of weights of all the
selected parameters, is 1 for most WQIs.

The AHP is the other method employed to gain expert’s
judgement for assigning weights to the parameters. It is a
mature and easy concept, which has been widely used in
many other different fields. It allows the decision-makers
to incorporate both quantitative and qualitative aspects in
the decision-making processes. In this method, a weight
assessment is performed through pair-wise comparison
matrices, in which the respondents (experts or public) are
required to give their preference by comparing several
choices. The AHP method is very useful to determine the
weights of either individual or aggregated parameters.
Ocampo-Dugque et al. (2006) employed the AHP for gen-
erating weights of five groups of similar parameters.
Gazzaz et al. (2012) used the AHP for establishing weights
that will be used in an artificial neural network (ANN)
model for computing the WQL

Index aggregation

Index aggregation is performed after the assignment of
weights to obtain the final index value. Such an aggre-
gation may occur in sequential stages if an index has
aggregated sub-indices. In such cases, the aggregated
sub-indices are again aggregated to obtain the final
index value. The two most common aggregation
methods for the sub-indices are the additive
(arithmetic) and multiplicative (geometric) methods. It
should also be noted that there are other modified ver-
sions of these two basic methods. The basic equations
for additive aggregation with equal and unequal weights
are presented in Egs. (6) and (7), respectively.

WQI=>"s; (6)
i=1
i=1
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where WQI is the aggregated index, 7 is the number of
sub-indices, w; is ith weight and S; is the ith sub-index.
The weights (w,) indicate the relative importance of S;.
As can be seen in Table 1 (column 5), the additive
method has been widely used to aggregate the sub-
indices of various existing WQIs (e.g. Prati et al. 1971;
Brown et al. 1970; SRDD 1976; Ross 1977; Bascarén
1979; Dunnette 1979; House 1989; Sargaonkar and
Deshpande 2003). It offers simplicity wherein the final
index value is calculated by the addition of the weighted
sub-indices.

A few WQIs have also used modified additive
methods that calculate the squared function of an
aggregated index and then divide it by 100 (SRDD
1976; Bordalo et al. 2006; Carvalho et al. 2011),
as shown by the following equations:

. 2
1
WQl = oo (Z S,-) (8)

i=1

" 2
1
WQI = 100 <lz; SiW:) 9)

where the symbols in Egs. (8) and (9) are the same as
those in Egs. (6) and (7).

Bascaron (1979) proposed another modified version of
the additive method for index aggregation, as shown in Eq.
(10). In this version, the total values of final aggregation
should be divided by the total weights of the selected
parameters. Such an aggregation method has been adopted
and modified further in some WQIs (e.g. Pesce and
Wunderlin 2000; Debels et al. 2005; Abrahao et al. 2007;
Sanchez et al. 2007; Koger and Sevgili 2014).

WQI = % (10)
i b

where WQI is the aggregated index, n is number of
parameters, C; is the sub-index value (called normaliza-
tion factor in Bascaron index) and P; is the relative weight
of each parameter. Details of the method used for calcu-
lating C; are presented later, when the Bascaron index is
discussed in detail.

Although the additive method provides a simple way
of index aggregation, this method creates the problem
known as “eclipsing”, wherein the final index value
does not represent the actual state of overall water
quality as the lower values of one or some sub-indices

are dominated by the higher values of other sub-indices
or vice versa (Swamee and Tyagi 2000; Liou et al. 2004;
Juwana et al. 2012). Smith (1990) also highlighted that
this method would never produce a zero value of the
final index albeit one of sub-indices is 0.

The other commonly used index aggregation meth-
od, namely the multiplicative method which is shown in
Egs. (11) and (12), was suggested by Brown (1973).
Since then, this method has been adopted for final
aggregation in many WQIs (e.g. Walski and Parker
1974; SRDD 1976; Bhargava 1985; Dinius 1987;
Almeida et al. 2012).

WQI = [T S¥ (11)
1=1

WQI = [ 8./ (12)
1=1

where the symbols are the same as earlier and the sum of
weights is equal to 1. When the weights in Eq. (11) are
equal, then the equation takes the form presented in
Eq. (12).

Although perfect substitutability and compensability
among sub-indices do not arise in the multiplicative meth-
od (as these problems occur in the additive method), the
multiplicative method still suffers from the eclipsing prob-
lem (Simth 1990; Swamee and Tyagi 2000; Juwana et al.
2012). Smith (1990) and Liou et al. (2004) showed that if
one low water quality parameter exists, using the multipli-
cative method will lead to a low final aggregated index. As
an extreme case, the final aggregated index value will be 0
if one of the parameters has a sub-index value of 0 (irre-
spective of other sub-index values). Furthermore, another
ambiguity arises if variables’ weighing is very close to
zero. It will lead to the weighted sub-index value being
close to 1 (even though it has a high unweighted sub-index
value). Such a situation in aggregation is referred to as the
dichotomous sub-index problem (Ott 1978; Liou et al.
2004). Thus, the value of the sub-index gets transformed
into either 0 or 1. To deal with these limitations, Smith
(1990) proposed a minimum operator to aggregate sub-
indices, which is defined by Eq. (13):

WQI = Min(I,,15, ...,1,) (13)

where /; is the sub-index value for the ith parameter and »
is number of sub-indices.

The minimum operator aggregation addresses eclips-
ing and ambiguity in the aggregation process; however,
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this method fails to provide a composite picture of
overall water quality (Swamee and Tyagi 2000). This
aggregation method has been adopted by few indices
(Oudin et al. 1999; Hebert 2005).

Dojlido et al. (1994) proposed to use the harmonic
mean of squares method to aggregate sub-indices of a
WQI in order to deal with the eclipsing problem. Cude
(2001) explained that this method allows the parameters
that have low quality to impart the greatest influence on
the water quality index and acknowledges that different
water quality parameters will pose different significance
to overall water quality at different times and locations.
Nevertheless, Swamee and Tyagi (2000) highlighted
that such an aggregation method suffers from the prob-
lem called “ambiguity”. Ambiguity exists where all the
sub-indices are acceptable and yet the overall index is
not. This may result in considering the overall water
quality as unacceptable, although it actually is of accept-
able quality. The equation for the square root of the
harmonic mean of squares (of the sub-indices) aggrega-
tion is as follows:

where the symbols are the same as those used earlier. In
this aggregation method, it is assumed that all S; values
are non-zero and if any S; value is zero, the WQI will be
taken as zero.

To avoid the problems of eclipsing and ambiguity,
another aggregation approach was proposed by Liou et
al. (2004) through the use of a mixed-aggregation meth-
od (combination of additive and geometric methods).
According to Liou et al. (2004), parameters that have a
very strong correlation are first clustered into three
groups, namely organics, particulates and faecal coli-
form. In order to generate the aggregated sub-index
values for each group, parameters in the same group
are aggregated through the equal additive method. Then,
the three sub-indices are aggregated to have the final
index value by using geometric mean. The overall water
quality index is generated by multiplying the aggregated
index by three scaling coefficients, as shown in Eq. (15):

(S ) () (S )]

(15)

WQI = Clemp CpH Crox
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where I; denotes the sub-index value for the organics
parameters, /; represents the sub-index value for the partic-
ulate parameters and /; is the sub-index for faecal coliform.
In addition, three scaling coefficients are prefixed, which
address the sub-indices of temperature (Ciemp), pPH (Cpn)
and toxic substances (Cy,y), respectively. Hanh et al.
(2011) also employed a similar hybrid aggregation method
(of additive and multiplicative forms) to aggregate the sub-
indices to produce a final index value.

In addition to the methods explained above, a signif-
icant contribution for final aggregation was introduced
in the development of the CCME WQI (CCME 2001).
In this method, all parameters are standardized, and
three factors on which the index is founded are calcu-
lated. These three factors are scope, frequency and am-
plitude, which are denoted by notations F, F, and F3j,
respectively. F refers to the number of parameters that
do not meet the water quality standards (calculated using
Eq. (16)), whereas frequency defines the frequency with
which the objectives are not met (Eq. (17)). Amplitude
corresponds to the amount by which the objectives are
not met. The calculation of F| and F, is relatively
straightforward, but F5 requires some additional steps.
F3 is calculated in three steps. In the first step, the
number of times by which an individual concentration
is greater than the objective of a parameter (or less than,
when the objective is a minimum) is termed an
“excursion” and is calculated using Eq. (18) (when the
test value must not exceed the objective). Then, the
collective amount by which individual tests are out of
compliance is calculated by summing the excursions of
individual tests from their objectives and dividing by the
total number of tests (both those meeting objectives and
those not meeting objectives). This variable, referred to
as the “normalized sum of excursions”, or nse, is calcu-
lated using Eq. (19). The amplitude F; is then calculated
using Eq. (20) and the final index is calculated using Eq.
(21) (CCME 2001).

Number of failed variables
F, = 1 1
1 < Total number of tests ) x 100 (16)
Number of failed variables
F, = 1 1
? ( Total number of tests ) x 100 (17)
Failed Test Value;
excursion; = are .es. Value, -1 (18)
Objective;
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n

Z . excursions .
nse = number of tests (19)
nse
Fi=——""—— 20
’ (0.01nse—|—0.001) (20)
CCME WQI
F1) + (F2) + (F3)?
. VD) + (F2) + (F3) o
1.732

where 1.732 is a constant that normalizes the
resultant values to a range between 0 and 100,
where 0 represents the “worst” and 100 represents
the “best” water quality. Tyagi et al. (2013) point-
ed out some demerits of this aggregation method,
especially indicating that F'; does not work appro-
priately when too few variables are considered or
when too much covariance exists among them.

Another final aggregation method was proposed
by Said et al. (2004). They used a simplified
mathematical expression for final aggregation,
which is presented in Eq. (22). The advantage of
this method is that it is able to determine the final
aggregated index through direct calculations using
the selected parameters and without generating the
sub-indices. However, this equation was developed
for a specific region and it might not be suitable
for other regions.

DO'?
WQI = log -
(3.8)™ (Turb)*"* (15)% + 0.14(5C)°*

(22)

where DO is the dissolved oxygen (% oxygen
saturation), Turb is the turbidity (in nephelometric
turbidity units [NTU]), TP is the total phosphorus
(mg/L), FCol is the faecal coliform bacteria
(counts/100 mL) and SC is the specific conductiv-
ity (in MS/cm at 25 °C).

Important water quality indices

Although 30 WQIs were reviewed in this study, only
seven of those WQIs (first seven indices listed in the
Appendix) were selected and explained in detail in this
section based on their popularity. The popularity of a

WQI was decided based on two criteria, namely the
number of their applications in refereed journals and
by government agencies. The indices presented in Table
2 are listed in the order of their popularity, with the first
WQI in the list (CCME WQI) being the most popular,
with its applications presented in 14 journal papers and
in more than ten government agency reports. These
applications are listed in columns 3 and 4 of Table 2.

The following sub-sections discuss the seven select-
ed WQIs, especially with emphasis on the four steps in
developing a WQL. It should be noted that once a WQI is
developed, the final index value will have to be
interpreted to assess the water quality for its suitability
for specific purposes. Hence, for each of the seven
WQIs, a discussion on how the final index value was
interpreted is also presented.

Canadian Council of Ministers of the Environment
Index

The CCME WQI was developed by the Canadian Coun-
cil of Ministers of the Environment as a tool to assess
and report water quality information to both manage-
ment institutions and the public (CCME 2001). Several
studies in the literature have applied this index for
various purposes. In Canada, it was used to evaluate
the water quality status of several river basins (Khan et
al. 2003; Lumb et al. 2006; Davies 2006), to evaluate
drinking water quality (Khan et al. 2004; Hurley et al.
2012) and to assess water quality in metal mines (de
Rosemond et al. 2009). In addition to the above-
mentioned applications of CCME WQI in Canada, this
index also has been adopted in several other countries.
For example, it was employed in Turkey (Boyacioglu
2010), India (Sharma and Kansal 2011), Spain (Terrado
et al. 2010), Chile (Espejo et al. 2012), Albania (Damo
and Icka 2013) and Iran (Mostafaei 2014).

a) Selection of parameters

The CCME WQI allows flexibility to select pa-
rameters so that the index users can easily modified
and adopted according to local conditions and is-
sues. For instance, Alberta State in Canada used
four groups of parameters, metals (up to 22 param-
eters), nutrients (6 parameters), bacteria (2 parame-
ters) and pesticides (17 parameters), while New
Brunswick State used only 14 parameters in apply-
ing the CCME WQI.
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b) Generation of sub-indices
The CCME WQI index does not use this step to
obtain sub-indices.
c) Establishing weights
Since sub-indices are not generated in this WQI,
there are no weights associated with them.
d) Index aggregation
As explained earlier, the CWQI provides a
straightforward mathematical framework for aggre-
gating the final index value (with Eq. (21) used to
calculate the final index).
e) Final index value interpretation
A grade of 0 to 100 is considered to interpret the
final index value. The CCME WQI values are clas-
sified into five different categories, namely excel-
lent quality (from 95 to 100), good quality (from 80
to 94), fair quality (from 65 to 79), marginal quality
(from 45 to 64) and poor quality (from 0 to 44).

National Sanitation Foundation Index

The National Sanitation Foundation (NSF) WQI is one
of the earliest WQIs, which was developed during the
early 1970s (Brown et al. 1970). The index obtained
credibility among other available WQIs since more than
hundred water quality experts from throughout the USA
were considered in the development of this index. Al-
though originally developed in the USA, this WQI or its
modified version has been applied in various countries
including Brazil (Simdes et al. 2008), India (MPCB
2014) and Iran (Mojahedi and Attari 2009).

a) Selection of parameters
The NSF WQI used the Delphi technique to
finalize a fixed set of parameters. Based on the
consensus of water quality experts from across the
USA, nine parameters were selected as presented in
Table 1 (column 2). Later, two more parameters
(pesticides and toxic elements) were added to the
set of nine parameters.
b) Generation of sub-indices
The sub-indices for NSF WQI were also
established through the Delphi technique. This in-
formation was later used to produce “an average
curve” which represented the general pattern of all
sub-indices, except for pesticides and toxic ele-
ments. These two sub-indices were established
through categorical scaling of 0 and 1. If both
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parameters exceed the permissible limits, the status
of water quality is automatically registered as O (the
worst level).
c) Establishing weights
Using the Delphi technique, another question-
naire was constructed to identify individual weights
for the selected parameters. Based on this proce-
dure, the final weights (in brackets) were as follows:
DO (0.17), FC (0.16), pH (0.11), BODs (0.11),
temperature (0.10), TP (0.10), NO; (0.10), turbidity
(0.08) and TS (0.07). The sum of all individual
weights is equal to 1.
d) Index aggregation
In the index originally proposed by Brown et al.
(1970), the aggregation of the sub-indices was un-
dertaken using the additive method. In the course of
using the index, it was found that the arithmetic
formulation, although easy to understand and cal-
culate, as highlighted in Lumb et al. (2011a), lacked
sensitivity in terms of the effect a single bad param-
eter value would have on the WQI. This led Brown
et al. (1973) to propose a variation of NSF WQI in
which the multiplicative aggregation is used.
e) Final index value interpretation
The final index values ranged from 0 (very bad
water quality) to 100 (very good water quality).
Brown and McClelland (1974) suggested the fol-
lowing classification of the index scores for grading
the quality of water in the NSF WQI: excellent (90—
100), good (70-89), medium (50-69), bad (25-49)
and very bad (0-24).

Oregon Index

The Oregon Water Quality Index (OWQI) was devel-
oped in the 1970s (Dunnette 1979) for the purpose of
summarizing and evaluating water quality status and
trends in Oregon. The original OWQI was
discontinued in 1983 due to the enormous resources
required for calculating and reporting the results. With
the advancements in computer technology, enhanced
tools of data display and visualization and a better
understanding of water quality, the OWQI was
updated by Cude (2001) by refining the original sub-
indices and improving the aggregation method. The
purpose of the updated OWQI was to express ambient
water quality for general recreational use. However, it
has been widely used by the Oregon Department of
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Environment Quality (ODEQ) to evaluate the overall
water quality of Oregon’s rivers (ODEQ 2014). The
OWQI was also used by the Idaho Department of En-
vironmental Quality (IDEQ 2002) to conduct an inte-
grated approach in assessing ecological of Idaho’s riv-
ers. The OWQI is also part of a suite of popular WQIs
that were incorporated in an automated software called
Qualidex (Sarkar and Abbasi 2006).

a) Selection of parameters

The selection of parameters was conducted based
on water quality data of the Willamette River basin
in Oregon (Dunnette 1979). The author undertook
an exhaustive process for parameter selection,
which involved several stages in consecutive order,
namely literature review of previous WQIs, a pa-
rameter selection procedure based on rejection ra-
tionales, a modified Delphi technique and consider-
ation of major impairment categories.

In the first stage, 90 possible parameters were
listed based on a literature review of available
WQIs. Then, three rejections were used to reject
parameters, namely availability of data, parameters
being of questionable significance and not being
present in harmful amounts. These rejections re-
duced the number of parameters from 90 to 30.
Then, the Delphi technique was applied to the 30
parameters. Unlike in the NSF WQI, only staff
members of the ODEQ were considered as respon-
dents. Through their consensus, 14 parameters were
selected and subjected to another rejection rationale
of redundancy and impairment categories. The re-
dundancy rejection is usually carried out by exam-
ining Pearson’s correlation coefficient, while in the
impairment rejection, the water quality was classi-
fied according to the impairment categories of oxy-
gen depletion, eutrophication or potential for excess
biological growth, dissolved substances and health
hazards. Finally, six parameters were selected, as
presented in Table 1 (column 2).

In addition to the originally selected six parame-
ters, Cude (2001) argued that two additional param-
eters (TP and temperature) should be added to the
set of parameters. These parameters were added
based on a better understanding of their significance
to water quality in Oregon’s streams.

b) Generation of sub-indices

To generate sub-indices in the updated OWQI,

Cude (2001) developed non-linear regression rating

curves for the original six parameters based on the
original logarithmic graphs proposed when OWQI
was originally developed. The rating curve for TP
was developed based on the risk of eutrophication
in Oregon’s streams and that for temperature was
developed with the protection of cold water fisher-
ies (Cude 2001). For each sub-index, parameter
measurements were converted to a relative quality
rating between 10 (worst case) and 100 (ideal).
c) Establishing weights
The original OWQI (Dunnette 1979) used
the Delphi technique to generate weights. The
weights of the six selected parameters were
obtained as follows: DO (0.4), FC (0.2), pH
(0.1), nitrate+ammonia-N (0.1), TS (0.1) and
BOD (0.1). On the contrary, Cude (2001) ar-
gued that unequal weights for the parameters is
only suitable for WQIs that were developed for
a specific use, not for general use, in which
some parameters might play a more important
role than the others. Therefore, equal weight
parameters were used for this index.
d) Index aggregation
The original OWQI (Dunnette 1979) used addi-
tive method for index aggregation. Once all six
different sub-index values were obtained, they were
aggregated using the additive method to produce
the final index value (using Eq. 7). Since there was
an eclipsing problem, in the updated index, Cude
(2001) adopted an unweighted harmonic square
formula (presented in Eq. 14) to aggregate the
sub-indices.
e) Final index value interpretation
The water quality is evaluated by the OWQI
according to five classes, which are as follows:
excellent (final index value from 90 to 100), good
(85 to 89), fair (80 to 84), poor (60 to 79) and very
poor (10 to 59).

Bascaron index

The Bascaron index was developed by Bascaron (1979)
specifically for Spain. This index has been used in
several studies, particularly from South American coun-
tries. For example, it was used and applied in Argentina
(Pesce and Wunderlin 2000), in Chile (Debels et al.
2005), in Brazil (Abrahdo et al. 2007), in Spain
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(Sanchez et al. 2007), in India (Kannel et al. 2007) and
in Turkey (Koger and Sevgili 2014).

a) Selection of parameters
The Bascarén index enables flexibility in the
inclusion and exclusion for parameter selection
(Bascaron 1979 in Abrahdo et al. 2007; Lumb et
al. 2011a); however, it was recommended that 26
parameters be considered in the final index aggre-
gation (which was earlier presented in Table 1 (col-
umn 2)).
b) Generation of sub-indices
The sub-indices (term C; in Eq. (10)) were ob-
tained by normalizing the actual parameter values to
a common scale ranging from 0 to 100. Using the
normalization factors, the sub-indices can take one
of the values from 0, 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100. The value will depend on the permis-
sible limits of the respective parameter, which is
derived from water quality directives.
c) Establishing weights
In the Bascar6n index, different weights are
assigned for different parameters. The values of
weights vary from 1 to 4, with the sum of all
weights being 54. This sub-indices had weights as
presented in brackets—pH (1), BODs (3), DO (4),
temperature (1), TC (3), colour (2), turbidity (4),
permanganate reduction (3), detergents (4), hard-
ness (1), DO (2), pesticides (2), oil and grease (2),
SO4 (2), NO;s (2), cyanides (2), sodium (1), free
CO, (3), ammonia-N (3), Cl (1), conductivity (4),
Mg (1), P (1), NO; (2), Ca (1) and apparent aspect
(no weight given).
d) Index aggregation
Index aggregation is undertaken using a modi-
fied version of the additive method, which was
presented in Eq. 10 (Bascaron 1979 in Abrahdo et
al. 2007).
e) Final index value interpretation
The interpretation of the final index is done
based on five categories: good (final index value
from 91 to 100), acceptable (61 to 90), regular (31 to
60), bad (16 to 30) and very bad (0 to 15).

House’s Index

This index was developed by House (1986). The author
developed four indices, in which each could be used
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separately or in combination when the users needed a more
detailed picture of river water quality status. The first of
these four indices was a general WQI developed to be used
as an indicator of river health for routine monitoring pro-
grams. The other three indices were potable water supply
index (PWSI), aquatic toxicity index (ATI) and potable
sapidity index (PSI). The PWSI, ATI and PSI were spe-
cially used in evaluating suitability of potable water supply,
toxicity in aquatic and wildlife population, respectively.
Although no formal reports from environmental agencies
were found regarding the application of these indices, there
were some publications in the literature presenting the
application of this WQI in the UK, where many reaches
were evaluated using the general WQI (House 1989, 1990;
Tyson and House 1989; House and Ellis 1987). In addi-
tion, Carvalho et al. (2011) adopted rating class of House’s
Index when assessing water quality status of a small river
in Portugal.

a) Selection of parameters

The author conducted rigorous interviews with
water authorities and river purification boards to
ascertain which parameters should be included for
the indexing system. Parameters were selected
based on routinely monitored parameters of water
authorities and river purification boards, based on
interviews with officers and also based on the per-
missible limits for different uses.

These four indices have different selected param-
eters. The general WQI used nine parameters, as
presented previously in column 2 of Table 1. The
PWSI consisted of thirteen parameters, which in-
cluded nine parameters from the general WQI and
four additional parameters, which were sulphates, F,
colour and dissolved iron. The ATI considered
heavy metals, pesticides and hydrocarbon parame-
ters for a more detailed monitoring of water
quality and it had twelve parameters as presented
in column 2 Table 1. The last index, which is the
PSI, also had the same parameters with those of the
ATI. The only difference was in the form of the
substances (in the ATI most of the selected param-
eters were in dissolved forms, while in the PSI, they
were in total substance forms).

b) Generation of sub-indices

These indices used a scale of 10-100, with a
score of 10 reflecting poor water quality akin to
sewage and that of 100 indicating waters of high
purity. Rating curves were developed using the
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©)

d)

permissible limits of available water quality stan-
dards for different uses. If a particular parameter
had two or more standards, the median of these
permissible limits was selected and converted into
specific sub-index values.
Establishing weights

Different weights for individual parameters were
established using the Delphi technique. The
panellist consisted of personnel in the pollution
prevention organizations and water experts. Final
weights were then established based upon the me-
dian rankings. The general WQI had weights of DO
(0.2), BODs (0.18), ammoniacal nitrogen (0.16),
suspended solids (0.11), total coliforms (0.11), ni-
trates (0.09), pH (0.09), Cl1 (0.04) and temperature
(0.02). The PWSI had weights for its 13 parameters,
involving total coliforms (0.14), ammoniacal N
(0.10), NO3 (0.10), SS (0.10), colour (0.10), pH
(0.09), iron (0.09), BODs (0.09), DO (0.05), fluo-
rides (0.05), chlorides (0.04), SO4 (0.02) and tem-
perature (0.02). Weights were not developed for the
ATT and the PSI as all parameters had equal impor-
tance and were considered very harmful for human
and aquatic life.
Index aggregation

There was no grouping of parameters to
form aggregated sub-indices within these
WQIs. Therefore, after transforming the actual
values of the parameters into sub-indices, they
were aggregated to the final index using a
variance of the additive method developed by
the SRDD. The aggregation formula adopted is
presented in Eq. 9 (House 1989).
Final index value interpretation

The interpretation of the index is divided
into four classifications, involving highly pol-
luted water (10-30) which is used for non-
contact recreational uses, sewage transport
and navigation; moderately polluted water
(31-50) that can be used for potable water
supply after advanced treatment, indirect con-
tact sports and breeding fish population; water
of reasonable quality (51 to 70) suitable for
potable water supply with conventional treat-
ment, fisheries, indirect contact sports and
some industrial uses at moderate costs; and
finally water of high quality (71-100) suitable
for potable water supply, game fisheries, con-
tact recreation and high quality industrial uses.

Scottish Research Development Department index

The Scottish Research Development Department
(SRDD) index was developed by the Engineering Divi-
sion of the SRDD (SRDD 1976) based on steps similar
to those in the NSF WQIL. It is also called as the Scottish
WQI. Although the SRDD index was originally devel-
oped for Scotland, it has later been modified and used to
evaluate the status of water quality in several river
basins from different countries (for example, Thailand
(Bordalo et al. 2001), Spain (Bordalo et al. 2006), Por-
tugal (Carvalho et al. 2011) and Iran (Dadolahi-Sohrab
etal. 2012)). The steps used for the application of SRDD
index are as follows:

a) Selection of parameters
The Delphi technique was used for the selection
of parameters in the SRDD index. Several rounds of
questionnaires were distributed to the local water
experts from around Scotland (SRDD 1976). Fol-
lowing the same path as the NSF WQI, the SRDD
index selected a fixed set of ten parameters as pre-
sented in column 2 of Table 1.
b) Generation of sub-indices
Sub-indices of the SRDD index were developed
based on the convergence of panellists’ judgement.
The respondents were asked to decide the possible
lowest and highest values of each sub-index. The
SRDD index considered that values of all sub-
indices started from 0 (the lowest sub-index value)
to 100 (the highest sub-index value).
c) Establishing weights
The Delphi technique was again used in estab-
lishing the weights for each of the selected param-
eters as indicated in brackets: DO (0.18), BODs
(0.15), free and saline ammonia (0.12), pH (0.09),
total oxidized nitrogen (0.08), phosphate (0.08), SS
(0.07), temperature (0.05), conductivity (0.06) and
Escherichia coli (0.12).
d) Index aggregation
The SRDD index used the modified additive
method for index aggregation (using Eq. 9). Since
this index does not have any grouping of parame-
ters, there is only one level of index aggregation.
The final index value is obtained by directly aggre-
gating sub-index values of each parameter.
e) Final index value interpretation
Similar to the NSF WQI, higher values of the
SRDD index indicate better overall water quality.
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There are seven levels of water quality status in the
SRDD index, namely clean (final index from 90 to
100), good (80 to 89), good water quality with some
treatment (70 to 79), tolerable (40 to 69), polluted
(30 to 39), severely polluted (20 to 29) and finally
water akin to piggery waste (0 to 19).

Fuzzy-based indices

In the recent past, several index developers have started
applying fuzzy-based indices, which were developed
based on fuzzy logic technique (Zadeh 1965). Fuzzy
logic is used to define classes of objects that have an
ambiguous status. In many environmental problems,
including water quality, such an ambiguity exists.
Hence, it is not easy to quantify water quality using
crisp data or limited indicators (Ocampo-Duque et al.
2013). Instead, Mahapatra et al. (2011) suggested to
consider water quality as a fuzzy term appropriately
estimated with linguistic computations.

In a fuzzy-based index, only two steps namely, pa-
rameter selection and weighing, are undertaken as in
conventional indices. The two other steps (including
classifying for interpretation) are completely obtained
by rules (using expert’s judgement) and sets of linguistic
computation, e.g. fuzzification, evaluation of inference
rules and defuzzification. The development and appli-
cation of this index have been applied in Spain (in
Ocampo-Duque et al. 2006), in Iran (in Nikoo et al.
2011) and in Brazil (in Lermontov et al. 2009).

a) Selection of parameters
Fuzzy-based indices use open system. Thus, any
parameter can be selected based on water quality
monitoring programs or a fixed set of parameters
can be adopted from existing WQIs.
b) Generation of sub-indices
In a fuzzy-based index, parameters are normal-
ized and grouped through a fuzzy interference sys-
tem (FIS) wherein the numerical values (inputs) are
fuzzified into a qualitative state (outputs) and proc-
essed by an inference engine, membership func-
tions, rules, sets and operators in a qualitative state
(Lermontov et al. 2009).
c) Establishing weights
Successful application of an FIS depends on an
accurate weight assignment to the parameters in-
volved in the fuzzy rules (Ocampo-Duque et al.
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2006; Lermantov 2009). The pair-wise comparison
matrix in the AHP can be used for obtaining differ-
ent weights for individual parameters (Ocampo-
Duque et al. 2006) or for a different set of parame-
ters (Nikoo et al. 2011).
d) Index aggregation
Index aggregation was undertaken through a
certain set of rules written by the index developers.
To obtain the final index, defuzzification is conduct-
ed. Defuzzification is a process of transforming the
fuzzy outputs into non-fuzzy or numerical outputs
(Ocampo-Duque et al. 2006).
e) Final index value interpretation
In Lermontov et al. (2009), the interpretation of
the final aggregated index was then performed
based on the following classification scheme: water
quality is interpreted as poor (final index from 0 to
19), bad (20 to 36), fair (37 to 51), good (52 to 79)
and excellent (80 to 100).

Summary, conclusions and recommendations

A water quality index (WQI) is a tool to assess the status
of water quality at certain times and locations. It aggre-
gates water quality parameters into useful information
that is simple and easily understandable and thus can be
used by the water authorities as well as the general
public. The review presented in this paper on the devel-
opment of river WQIs aimed to provide significant
inputs to river water authorities worldwide for using or
customizing existing indices for their application and
contribute to future river WQI development studies.
With this aim, this study reviewed 30 available WQIs
and discussed them in light of the four steps that should
be considered in the development of WQIs. These steps
are the selection of parameters, generation of sub-indi-
ces, generation of parameter weights and final index
aggregation process.

In this study, seven WQIs were identified as the most
important based on their wider use, and they were
discussed in detail. A main factor that influences the
wider use of any WQI is the support and encouragement
that is provided by the government and authorities to
implement the index as the main indicator or tool to
evaluate the status of the rivers in that region (or coun-
try). The Canadian Council of Ministers of the Environ-
ment (CCME) WQI and Oregon Water Quality Index
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(OWQI) are good examples of this support and encour-
agement provided by the government since they have
been widely used in all states of Canada and two states
in the USA (Oregon and Idaho).

In general, it can be concluded that there is no world-
wide accepted method in constructing a WQI. The index
developers might consider all the four steps in develop-
ing a WQI or they could consider some of the steps.
Moreover, there is no method by which 100 % objec-
tivity or accuracy can be achieved in the development of
a WQI, specifically for the selection of parameters,
generation of sub-index values, generation of parameter
weights and the choice of index aggregation method.
Thus, problems like rigidity, eclipsing and ambiguity
will always be a challenge in the development of a WQI.

Since there is subjectivity and uncertainty involved in
the steps of developing a WQ)], it can also be concluded
that statistical-based methods, which include correlation
analysis, principal component analysis (PCA), cluster
analysis (CA) and discriminant analysis (DA), might be
useful methods in minimizing uncertainty in steps like
the parameter selection process. For example, Wang et
al. (2013), Juahir et al. (2011), Shrestha and Kazama
(2007), Singh et al. (2005), Singh et al. (2004) and
Waunderlin et al. (2001) applied the CA and DA for
seeking the optimal selection of water quality parame-
ters for cost-effective monitoring purpose. In addition,
Khalil et al. (2010, 2014) applied correlation analysis
and CA to select the best set of parameters that can be
used for water quality index development. However,
statistical methods are still subjective as they rely on
the data provided for analysis. Thus, it is recommended
that the opinion of local water quality experts is taken
into account (through techniques like the Delphi meth-
od) in each of the steps in developing a WQI. For
example, in the National Sanitation Foundation (NSF)
WQI in the USA, the involvement of water quality
experts is very high and this has become a standard
approach for developing the methodology for other
indices such as the Ross’ Index (Ross 1977), SRDD
index (SRDD 1976), Oregon Index (Dunnette 1979),
Dinius’ index (Dinius 1987), House’s Index (House
1986), Smith’s index (Smith 1990) and Almeida’s Index
(Almeida et al. 2012).

In this review, it was also observed that uncer-
tainty and sensitivity analysis was rarely undertak-
en to minimize the uncertainty associated with the
development of a WQI. Uncertainty analysis aims
to identify sources and quantify the uncertainty

involved in the development of a WQI and to
investigate the influences of those uncertainties
on the final index values. The sources of uncer-
tainties can be the inclusion or exclusion of the
parameters, the selection of normalization schemes,
the weights and the choice of aggregation
methods. On the other hand, sensitivity analysis
aims to study the response of an output variable
(i.e. the final index value) to variations in or
influence of the input uncertainties (Nardo et al.
2005; CCME 20006).

It is worth mentioning that only the CCME
WQI had undertaken a sensitivity analysis for all
the steps in the development of their WQI (CCME
2006), which involved investigation of the final
index values with respect to the number of select-
ed parameters, number of data samples, index ag-
gregation methods and the water quality objec-
tives. Other WQIs applied such an analysis only
for some of the steps. For example, it was under-
taken through inclusion or exclusion of several
parameters (Rickwood and Carr 2009), selection
of different aggregation equations (Brown et al.
1970; Landwehr and Deininger 1976; Dunnette
1979; House 1989; Smith 1990; Liou et al. 2004;
Said et al. 2004), selecting different number of
parameters (Bhargava 1985) and using different
weighting methods (Smith 1990). Hence, this
study also recommends that the sources of uncer-
tainty are identified in every step of the develop-
ment process and that those uncertainties are quan-
tified. Quantification of the uncertainty in every
step of the index development process increases
the credibility of an index, as well as it helps
index developers and their users to have a better
understanding of the strengths and weaknesses of
an index.

It is also recommended that a common WQI is
used within a region or province. With regard to
the selection of parameters, it is preferable that
each river basin should have a unique set of pa-
rameters. However, this has a practical disadvan-
tage that comparison of WQIs between different
river catchments in a region will not be possible
because of the constituent parameters being differ-
ent. Hence, to facilitate comparison of WQIs be-
tween river basins, it is also recommended to have
a common WQI (with a fixed set of parameters)
for river basins within a province or region.
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http://www.oregondeq.org/lab/wqm/wqindex/powder3.htm
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Chapter 3

Parameter Selection for
Cost Effective Water Quality Monitoring

3.1. Introduction

In this chapter, a new methodology for the selection of parameters in a cost effective way is
presented (and which in this study was used for developing a water quality index). The
presented methodology was based on a statistical assessment for parameter redundancy and also
incorporated the use of three critical factors (based on the cost of laboratory analysis of
parameters, and the magnitude and frequency of the parameters exceeding their permissible
limits). This methodology was demonstrated for a case study based on monitoring stations
located in the main rivers across the West Java province, Indonesia. For this case study area, a
uniform set of parameters was identified in this chapter, which then was used in developing a
new WQI called the West Java Water Quality Index (WJWQI).

With regard to obtaining a uniform set of parameters for use in WQIs as highlighted in Chapter
2 (on literature review), researchers have used different approaches to select the water quality
parameters, such as expert judgment using Delphi Method (Brown et al., 1970), literature
review (Said et al., 2004, Kannel et al., 2007), data availability (Cude, 2001), redundancy of
parameters (Dunnette, 1979), overall water quality status (Dunnette, 1979, Liou et al. 2004, Thi
Minh Hanh et al., 2011) and the intended use of the water body (Hurley et al., 2012). To the
best our knowledge, no researcher has undertaken studies in the past to select a uniform set of
parameters for use in a WQI for rivers other than using approaches aforementioned. Thus, in the
development of WIJWQI, the application of the proposed methodology offered a novel approach

to select parameters for developing a WQI.

The proposed generic methodology for the selection of water quality parameters for cost

effective water quality monitoring comprised of three sequential steps:

e Two screening procedures to exclude monitoring stations that did not have a minimum
number of consecutively monitored data. Screening was also undertaken to exclude
unimportant parameters based on data availability and data being within the permissible

limits.
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e Statistical assessment for parameter redundancy to identify redundant parameters, This
second step was performed to identify the parameters to be removed from further
monitoring based on an enhanced version of the methodology developed by Ouarda et al.
(1996), and later adopted by Khalil et al. (2010, 2014).

¢ Identification of common parameters (i.e. a uniform set of parameters) for use in a particular
river basin or a region/country. A uniform set of parameters should also include at least one

parameter belonging to each of the seven different groupings of water quality parameters.

Using water quality data from the monitoring stations of Citarum River, Indonesia, an example
of the use of exploratory data analysis for screening using box plots and hierarchical cluster
analysis (HCA) to exclude unimportant parameters were presented in Paper 1 of this chapter.
The parameters available after applying this screening procedure were then used to implement
the proposed generic methodology, which are presented in Paper 2 and Paper 3 of this chapter.

Through the application of the methodology, which was proposed and presented in this chapter
to select the most significant water quality parameters in a cost effective manner, a uniform set
of common parameters to be used across river basins/regions have been identified, wherein the
number of parameters were reduced from 62 to 26 through the screening procedures. The
number of parameters to be continuously monitored at all stations was then reduced from 26 to
13 using further stages of the proposed methodology. Therefore, only 13 parameters
representing all the 7 different grouping of water quality parameters were recommended to be
used for further steps in the development of the WJWQI (which are presented in Chapter 4 and
5 of this thesis).

This chapter contains the following papers, which demonstrates the use of statistical analysis for

parameters selection used in the development of WIWQI:

1. Sutadian, A. D., N. Muttil, A. Yilmaz, and C. Perera. 2015. Use of exploratory data
analysis for cost effective monitoring of water quality data. 36th Hydrology and Water
Resources Symposium Hobart, Tasmania, 7-10 December 2015, 1147-1154.

2. Sutadian, A.D., Muttil, N., Yilmaz, A.G., Perera, B.J.C., 2016b. Parameter Selection for
Cost Effective Water Quality Monitoring — Part 1: Developing the Methodology.
Submitted to Journal of Environmental Management (Under review).

3. Sutadian, A.D., Muttil, N., Yilmaz, A.G., Perera, B.J.C., 2016c. Parameter Selection for
Cost Effective Water Quality Monitoring — Part Il: Application to Monitoring Network in

West Java, Indonesia. Submitted to Journal of Environmental Management (Under review).
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3.4 Parameter Selection for Cost Effective Water Quality Monitoring —

Part I. Developing the Methodology
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Abstract

This paper, which is the first in a two-part series, presents a new methodology for water quality
parameter selection for cost effective monitoring of the parameters. Using the proposed
methodology, parameters to be monitored continuously and those that are to be discontinued at
the monitoring stations can be identified. The methodology will also provide a uniform set of
common parameters to be monitored across all monitoring stations in a river basin or in a
region/country. This methodology is developed based on the statistical assessment of parameter
redundancy using association between different parameters and the use of three critical factors
(based on the cost of the laboratory analysis of parameters and the magnitude and frequency of
the parameters exceeding their permissible limits). Using the critical factors proposed in this
study, an enhanced performance consolidated index is developed to identify the cost effective
optimal set of parameters to be monitored for each monitoring station. Only parameters
recommended to be monitored continuously at majority of the monitoring stations are then
selected to be included in the uniform set of parameters to be monitored across a river basin or a
region/country. The second paper of this series presents the application of the proposed
methodology, which has been applied to a number of monitoring stations in rivers across the West
Java province in Indonesia. Results of applying this methodology can be used either for the
development of a Water Quality Index for rivers or for cost effective monitoring of parameters in

future water quality monitoring programs.

Keywords: Parameter selection, Parameter redundancy, Critical factors, Water quality index,

Monitoring network
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1. Introduction

Water quality monitoring and assessment is an essential aspect of water resources management.
In recent times, water quality deterioration has become a growing concern since poor water
quality causes additional stress on water availability and aquatic ecosystems. To deal with this
concern, during the last few decades, many countries have paid more attention to develop Water
Quality Monitoring (WQM) programs (Debels et al., 2005). Such monitoring programs help to
understand various water quality processes and provide the necessary information to water
authorities for effective water resources management in general and specifically for improved
water quality management (Khalil et al., 2010). In order to develop and implement a
comprehensive water policy, adequate WQM and assessment on a long-term basis is necessary
(Biswas et al., 1997), and therefore, providing representative and reliable monitoring of water

quality is critical (Massoud, 2012).

Water quality parameters are generally defined under three broad categories viz. physical,
chemical and biological, and each group has several parameters (Boyacioglu, 2010; Gazzaz et al.,
2012; Swamee and Tyagi, 2007). Monitoring of all water quality parameters is an expensive and
laborious task. Chapman (1996) recommends that the parameters to be monitored must be chosen
carefully and as efficiently as possible by considering their relationships with the assessment
objectives and specific local knowledge. Therefore, the water authorities should establish their
own programs and priorities for resource allocation and develop WQM programs effectively for

cost effective and sustainable water quality management.

The traditional approach to river water quality assessment is through comparing its compliance
with water quality guidelines or objectives. (de Rosemond et al., 2009). This approach is carried
out for each water quality parameter (CCME, 2001). However, this type of assessment cannot
provide sufficient amount of information on the general status of water quality (Debels et al.,
2005). One of the very important approaches considered in water quality studies is the use of time
series analysis. It is commonly used for forecasting the future value of the investigated
parameters, based on time series data of other water quality parameters (Asadollahfardi, 2014;
Georgakarakos et al., 2006; Huck and Farquhar, 1974). Nevertheless, this approach needs high
observation frequency and long periods of monitoring data (Chapman, 1996). Another approach
to assess river water quality is using water quality simulation models. Such an approach can be
used to assist in predicting the water quality impacts of water management policies and practices
(Loucks et al., 2005). This approach is not easily applicable and requires significant efforts

(Kocer and Sevgili, 2014). This difficulty is caused mainly due to the need for a large amount of
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data, significant financial resources, and expertise for model development and application
(Kannel et al., 2007; SomlyoDy et al., 1998). Some other approaches have also been used for
river water quality assessment, but the most commonly used approach is the use of Water Quality
Indices (WQIs). Even though there are a few limitations of the use of the WQI, e.g. it cannot
define the quality of water for all uses and all hazards (Cude et al., 1997), the WQI can be a useful
tool to express the general state of water quality spatially and temporally; therefore, it can be
used as a basis for improvement in water quality programs (Cude et al., 1997). A WQI transforms
selected water quality parameters into a dimensionless number by aggregating the measurement
of selected parameters so that the general status of river water quality can be defined. The WQI
can also be applied as an operational management tool by water authorities (Ocampo-Dugue et
al., 2006).

Parameter selection is an essential step in the development of a WQI since the selected parameters
are the main constituents of a WQI. Researchers have used different approaches in the past to
select the water quality parameters for use in WQIs, such as expert judgment (Brown et al., 1970),
literature review (Kannel et al., 2007; Said et al., 2004), data availability (Cude, 2001),
redundancy of parameters (Dunnette, 1979), overall water quality status (Dunnette, 1979; Thi
Minh Hanh et al., 2011) and the intended use of the water body (Hurley et al., 2012). To select
the optimal set of water quality parameters in a cost effective manner, the number of selected
parameters should be kept to a minimum and should potentially be representative of a larger
number of parameters (Landwehr et al., 1974). Thus, statistical assessment of the association
between different parameters can be used to identify the optimal set of water quality parameters.
Such an approach will lead to a reduction in the number of parameters to be monitored without

losing a substantial amount of information in representing the water quality.

This study proposes a methodology for parameter selection, which is an enhancement of the
statistical assessment based methodology developed by Ouarda et al. (1996) for hydrometric
network rationalization, and later adopted by Khalil et al. (2014; 2010) for parameter redundancy.
The statistical assessment based methodology in general involves two main steps, namely (i)
integration of criteria developed from record augmentation procedure with correlation analysis
and Hierarchal Cluster Analysis (HCA) to identify highly correlated parameters, and (ii)
application of a consolidated performance index (l.) to systematically identify an optimal set of
parameters to be monitored continuously and the parameters to be discontinued. However, there
were limitations in the application of I, in previous studies since often different sets of parameters

to be continuously measured had the same I, values. As a result, the water authorities and other
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users of this methodology will encounter difficulty in identification of the parameters to be
continued and those to be discontinued. To deal with this difficulty, in this study, three critical
factors were introduced to enhance the l.developed by Ouarda et al. (1996) and later adopted by
Khalil et al. (2010, 2014). These critical factors were proposed to be included in the calculation
of I,, since they reflect the criticality of water quality parameters for cost effective monitoring.
The first factor represents the cost of monitoring of parameters, and the other two factors represent
the magnitude and frequency of the parameter exceeding its permissible limits. This enhancement
results in different I, values and hence will assist in accurately selecting the parameters to be

continuously monitored.

The application of a WQI in a river basin or in a region/country with multiple river basins requires
a uniform set of common water quality parameters measured at all stations so that the general
status of water quality from one monitoring station to another station can be compared through
the WQI. To achieve this, the proposed methodology has to be first applied to each monitoring
station. The water quality parameters identified to be monitored continuously for a majority of
the monitoring stations can be proposed to be used as the parameters in the development of a
WQI. In addition, such common parameters should incorporate parameters from different water
quality groupings (i.e. physical, chemical, etc.). Therefore, at least one parameter from each
grouping should be included in the final set of common parameters to be continuously measured
at all stations. This methodology offers a novel approach to select parameters for developing a

WQI, since such a methodology has not been used in the parameter selection of previous WQIs.

This paper, which is the first in a two-part series, presents the proposed methodology for
parameter selection in a more cost effective manner. The main aim of the methodology is to
provide a sound statistical basis for identifying the water quality parameters that have to be
monitored continuously and those to be discontinued, thus making the WQM more cost effective.
The specific objectives of this study are to develop a new methodology for: (i) identifying an
optimal set of the water quality parameters based on statistical assessment for parameter
redundancy and three critical factors (i.e., representing cost of parameter monitoring, and
magnitude and frequency of the parameter exceeding its permissible limits), and (ii) selecting a
uniform set of parameters to be monitored across stations in a cost effective way, which can then
be used either for the development of a WQI for rivers or for future water quality monitoring

programs.
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This paper is structured as follows. Section 2 presents the proposed methodology used to identify
the cost effective optimal set of water quality parameters that should be continuously monitored
for each station. This section also presents identifying a set of common parameters to be used
across all monitoring stations. Summary and conclusions drawn on parameter selection for cost
effective water quality monitoring are presented in Section 3. The second paper of this two-part
series presents a case study, which is the application of the proposed methodology in the water
quality monitoring network of West Java Province, Indonesia.

2. Methodology

This section presents the proposed generic methodology for the selection of water quality
parameters for cost effective WQM. It comprises three sequential steps, namely screening,
statistical assessment for parameter redundancy to identify redundant parameters, and
identification of common parameters (i.e. a uniform set of parameters) for use in a particular river

basin or a region/country.

The first step (i.e. screening) was carried out to exclude monitoring stations that did not have a
minimum number of consecutively monitored data. The screening was also undertaken to identify
parameters that do not meet the minimum data criteria and parameters that are within the
permissible limits. The second step (i.e. statistical assessment for parameter redundancy) is
performed to identify the parameters to be removed from further monitoring based on the
methodology developed by Ouarda et al. (1996), and later adopted by Khalil et al. (2014; 2010).
It was done through identifying highly correlated clusters to assess redundancy information
among the studied parameters. This is followed by calculating a consolidated performance index
(1a) to define optimal combinations of water quality parameters to be continued and discontinued.
This consolidated index is an enhancement of the index developed by Ouarda et al. (1996), later
adopted by Khalil et al. (2014; 2010). The final step (i.e. identification of a uniform set of common
parameters) aims to define a uniform set of parameters for use either in the development of a WQI
or for future WQM programs for a particular study area. To obtain this set, the parameters should
meet one of the three criteria based on: (i) identified as single parameter clusters at least for 70%
of water quality monitoring stations, (ii) commonly recommended to be monitored continuously
at least for 80% of water quality monitoring stations, (iii) grouping of water quality parameters.
Details of each step of the methodology are explained in the following sub-sections. This

methodology is presented in Figure 1.
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2.1 Screening

Screening is an initial step that consists of two criteria, that is, screening based on “data
availability” (Dunnette, 1979; Thi Minh Hanh et al., 2011) and “data being within the permissible
limits”. Only stations and parameters which had a minimum of six or more consecutively
monitored data were used in this study as the statistical assessment used in further analysis needs
that requirement. Therefore, using data from the relevant stations, a list of potential parameters
was compiled based on water quality parameters that have been monitored across a particular
study area and then subjected to the above two rejection criteria.

In the first screening criteria, some parameters that were not consistently monitored were
recommended to be removed from the list of potential water quality parameters based on the
assumption that they were not consistently monitored because they were not considered that
important. Moreover, since data are not consistent, they cannot be used in the subsequent step of
statistical assessment (presented in Section 2.2). In this study, similar to screening for stations,
the parameters that have less than a minimum of six or more consecutive years of valid records

during the considered monitoring period were excluded from further analysis.

In the second screening criteria, box plot analysis was used to provide a summary visualization
of the data. The box plot analysis shows a measure of central location (the median), a measure of
spread (inter-quartile range), the skewness (orientation of the median relative to the quartiles) and
potential outliers (marked individually). Details about box plots can be found in Muttil and Chau
(2007). Box plot of particular parameters were then compared with their permissible limits using
designated water uses for a particular study area. This type of designated water use may vary from
one country to another and is usually outlined in Clean Water Acts or Water Quality Guidelines
as water quality standards to protect the public health and enhance the quality of water. According
to the permissible limits of the chosen designated water uses, the parameters that are always
‘within the permissible limits’ are not considered for further analysis as they are not present in

significant amounts to be harmful to human or ecological health.

2.2  Statistical assessment for parameter redundancy

As mentioned earlier, the statistical assessment technique developed by Ouarda et al. (1996) for
hydrometric network rationalization and later adopted by Khalil et al. (2014; 2010) specifically
for parameter redundancy, was applied in this study. This statistical assessment was used to
reduce water quality parameters by integrating criteria developed from a correlation procedure
for augmenting hydrologic data (Matalas and Jacobs, 1964). This record augmentation procedure

is a useful approach for estimating the mean and variance of short hydrological records by
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employing the cross-correlation between a long and a short sequence of data (Vogel and
Stedinger, 1985). Such criteria help to develop a correlation coefficient threshold (dissimilarity
distances) to be used in Hierarchal Cluster Analysis (HCA) in identifying highly correlated
clusters of water quality parameters. This is then followed by the application of the consolidated
index (Ia) to systematically identify the optimal set of parameters to be continued and those to be
discontinued. The I, was further enhanced in this study by considering three critical factors to be
included in the calculation of l.. This enhancement enables different multiple combinations of
parameters to be continued and those to be discontinued to have different I, values. Such an
enhancement is useful for the water authorities to select parameters to be continued and those to

be discontinued with certainty in their WQM programs.

2.2.1 Correlation and cluster analyses

An integration of the Pearson’s correlation coefficient analysis with HCA was employed by Khalil
et al. (2014; 2010) to identify clusters of highly correlated water quality parameters. The
Pearson’s correlation coefficient (r) provides a measure of level of association among parameters,
whereas HCA is a common approach used to classify data into clusters (Singh et al., 2004). This
integration as applied by Khalil et al. (2014; 2010) using the Pearson’s correlation coefficients as
‘dissimilarity distances’ among parameters by converting their Pearson’s correlation coefficient
values into (1 — r?). Subsequently, HCA was performed through average linkage method using
such ‘dissimilarity distances’ to produce correlated water quality parameters in a cluster. Then, to
identify the number of clusters, Khalil et al. (2014; 2010) adopted correlation coefficient
thresholds (i.e. as developed by Ouarda et al. (1996)) so that a high correlation among water

quality parameters can be defined with certainty.

Khalil et al. (2010) reviewed that correlation together with regression analysis is often used for
the assessment and reselection of water quality parameters. Moreover, Khalil et al. (2010)
identified two main deficiencies in this correlation — regression approach, namely: (i) the absence
of a correlation coefficient threshold to identify a high correlation among water quality
parameters, and (ii) the absence of an objective criterion to identify the optimal combination of
water quality parameters to be discontinued and parameters to be continued to be monitored. To
address these deficiencies, Khalil et al. (2010) modified the correlation — regression approach for
reselection of water quality parameters by using criteria from record augmentation procedure
(developed by Ouarda et al. (1996) for hydrometric network rationalization) to identify a
correlation coefficient threshold and used a consolidated index (l.) to evaluate all possible

combinations of parameters to be continued and discontinued.

A. D. Sutadian: Development of a Cost Effective River Water Quality Index 81



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

The background of the record augmentation procedure used by Khalil et al. (2014; 2010) is
described as follows. Assume that there is a pair of parameters measured in parallel (denoted as
parameters y and x). After a certain period, it was decided to stop monitoring parameter y, but
parameter x was continued to be monitored. The parameter y (the short sequence) is assumed to
be stopped after n; years, while the parameter x (the long sequence) is continued to be measured
for another n, years after parameter y is stopped, as indicated below:

After n, years, assessment and reselection of parameters to be continued and discontinued to be
monitored will take place. In the record augmentation procedure, the mean of population () and
population variance (03%) of the variable y after n, years (i.e. the extended series of variable y
although it was not monitored after n; years) can be estimated by using the relationship through
the period n; of variable y and the period of n1 + n, of variable x (the long sequence). Matalas and
Jacobs (1964) developed a procedure for obtaining both unbiased estimators for the mean (4,)
and variance (6)3) of the extended series of variable y. They can be estimated from Equations (1)
and (2):

ny
ng +n,

B(x, — %;) €Y

ﬁy:yl-i'

(ny +n, —3) n, —1 R
v, — Bsi, (2)

52 — p262 4 |1 —
Oy = B"sx n,—3)+Mn,+n,—1) nl—ZSy1

where y; and x;are the mean values of variable y and x (both are the short sequences), which are
measured during the period of concurrent records i=1, ..., n1, X, is the mean value of variable x
recorded during the extension period i=ny,..., N2, the parameter £ is the estimated regression
coefficient, s2 is the variance estimated based on the entire x series, and sf,land s,%lare the
standard deviations of variable y and x (the short sequences). Based on this formulation, Cohran
(1953) showed that the variance of the mean value of the extended series of variable y can be
estimated by using Equation (3), while Matalas and Jacobs (1964) showed the variance of the

variance of the extended series of variable y can be estimated by using Equation (4).

40y n, 1—p?
Var{.“y} - n_l [1 - (nl + nZ) <p2 - n, — 3)] (3)
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205 N nyoy
n—1)  (yn, —1)%(n, —3)

Var{?} = C (Ap?+Bp+0C) (4)
where ayz is the population variance, p is the population correlation between variable x and y.
For practical use, ayz and p may be replaced by their estimates based on data available during the
n; years of data (Khalil et al., 2014; Khalil et al., 2010; Ouarda et al., 1996). Meanwhile, A, B,

and C are constants and depend on n; and n,. They are defined by Matalas and Jacobs (1964) as

follows:
Ao (ny +2) g: : g (n, — 8) + (ng — 4) < (n’il:lz 3()71(11; :1)2) B ngl (1ni ;)4) B 4> (5)
p = 52 (;12)_(7;1) =6, 2(n? —n, — 14) +

O e AR e )
C =20, +1)+ <3((nnlzj52)) St 1)(2%:_1121)_ 2l 3> +

=)y gy 2 0+ ) @

Ouarda et al. (1996) and Khalil et al. (2014; 2010) stated in order to assess whether the variance
of the mean and the variance of extended series provides additional information on the parameter
y, their values must be compared with the variance obtained from the short sequence (n: years of
data). In this case, the critical value of p should meet requirements as defined in Equation (8) for

an improved estimator of the mean and Equation (9) for an improved estimator of the variance.

1

P > =2 8

2o [-B + (B? — 4AC)'/?]

Py 2 €))

To integrate the correlation analysis with HCA, Khalil et al. (2014; 2010) then adopted Equation
(8) and (9) to calculate the required correlation coefficient thresholds. Since dissimilarity (1 —r?)
was used to identify groups of highly correlated parameters, Khalil et al. (2014; 2010) converted
Equation (8) and (9) to Equation (10) and (11). These two equations (Equation (10) and (11))
were then applied in the HCA to identify the number of clusters that can be created. The HCA
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was carried out in two consecutive steps: (1) identify distance among parameters by converting a
correlation matrix (r?) to dissimilarity matrix (1— %) and (2) identify the linkage distance, which
is the distance between two clusters and defined at each step of clustering process using the
average linkage function. The lower of the two criteria using Equation (10) and (11), i.e. dy or dn
was used as the coefficient thresholds to identify the level of dissimilarity among parameters.

1

d, <1— (=B + /B2 —4AC)/24 (11)

where, dm and dy correspond to dissimilarity measures (i.e. the coefficient threshold), n; is the
number of concurrent years of measurements, and n; is the number of years after the assessment
and reselection took place. According to such thresholds, the HCA results may have two different
types of clusters: The first type is the single parameter clusters (i.e. only one parameter in a
cluster), while the second type is multiple parameter clusters (i.e. two or more parameters in a
cluster). In practice, if the linkage distance of correlated parameters is clustered above the
coefficient threshold (either dn or dy), it is classified as single parameter clusters, whereas if the
linkage distance of correlated parameters is clustered below the coefficient threshold (either dm or

d), it is classified as multiple parameter clusters.

In addition, as described and applied by Khalil et al. (2014; 2010), the selected parameters should
ideally come from all clusters since information about a parameter in a particular cluster cannot
be reconstituted from other clusters. Therefore, all single parameter clusters are recommended to
be taken as parameters to be monitored continuously either for the development of a new WQI
or used in the future WQM programs, since the information of these parameters cannot be
provided by other parameters. Moreover, as this study aims to obtain a minimum number of
parameters to be monitored, only one parameter is selected from multiple parameter clusters to
represent its cluster. Therefore, for multiple parameter clusters, only one parameter should be

considered to be continued, while the other(s) should be discontinued.

2.2.2 Assessing parameters to be continued and discontinued

The assessment of appropriate parameters to be measured continuously in the future monitoring
program is applied only for multiple parameter clusters. Such an assessment involves the
following 3 steps:

(a) Identification of best auxiliary parameters based on variance of the mean estimator
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(b) Identification of possible combinations of parameters to be discontinued and continued
parameters

(c) Establishment of critical factors for the enhanced I, for all possible combinations of
parameters to be continued and discontinued.

The above 3 steps are discussed in detail below.

(a) Ildentification of best auxiliary parameter

Identification of the best auxiliary parameter was examined for each multiple parameter cluster
separately. The auxiliary parameters are parameters used to reconstitute statistical information of
discontinued parameters. This step aims to identify the best auxiliary parameter from a cluster if
a particular parameter from that cluster is assumed to be discontinued. The approach assumes that
within each cluster, each parameter will be discontinued (done one by one), and for each
discontinued parameter the best auxiliary parameter is selected from the other parameters in the
same cluster. This was done through the calculation of the variance of the mean estimator for
parameters to be monitored continuously using Equation (3). For practical use, as stated by
Ouarda et al. (1996) and applied by Khalil et al. (2014; 2010), the population variance of
parameter y and the population correlation between x and y are replaced by their estimates based
on the n; years data. To identify the best auxiliary parameter for a specific parameter to be
discontinued in a cluster, Equation (3) was applied based on that specific parameter to be
discontinued and all other parameters in the same cluster (i.e. their variance of the mean estimator
should be separately calculated one by one), and the parameter that provides the least variance of
the mean estimator (based on Equation (3)) was considered the best auxiliary parameter for that

specific parameter to be discontinued.

(b) ldentification of possible combinations of discontinued and continued parameters

Each cluster has different number and types of parameters. Therefore, they might have many
combinations of parameters to be discontinued. To identify different combinations that can be
formed, the binomial coefficient (C’) was employed (2014; Khalil et al., 2010). C is the number
of combinations for parameters to be continued and discontinued, w is number of all parameters
that are in the list, while k is the number of parameters to be discontinued. Since the objective of
this study is to select the optimal number of parameters to be monitored continuously, only one
parameter in each multiple parameter cluster is taken as parameters to be continued, while the
other parameters in the same cluster are to be discontinued. Therefore, to identify how many

possible combinations of parameters to be continued and discontinued that could be possibly
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formed across multiple parameter clusters, multiplication of the binomial coefficient in each
cluster has to be employed (C,) (C;?) (Ci?) .- (Ce.m) as combinations that involved more

than one parameter to be continued from the same multiple parameter clusters were excluded. wy,
W2, W3 ...... Wy is number of all parameters that are in the n cluster, while ki, ko, ks... .... kn is the
number of parameters to be discontinued in the n cluster. For example, consider a case where
there are 10 parameters investigated at a particular station. After the cluster analysis, it is
identified that there are 3 multiple parameter clusters (with 2 cluster has two parameters and the
last cluster has 6 parameters). In this case, only one parameter in each multiple parameter cluster
is taken as parameters to be continued, while the other parameters in the same cluster are to be
discontinued. At this particular station, 1 out of 2 parameters (from the first and the second
multiple parameter clusters) could be potentially discontinued, while 5 out of 6 parameters could
be not be monitored any longer (from the last cluster that has 6 parameters). Thus, in the first and
second clusters: wi, and w, = 2, while ki and k. = 1. Meanwhile in the third cluster that has 6
parameters, ws = 6 and ks = 5. Using multiplication of the binomial coefficient, 24 possible
combinations should be considered in making a decision to obtain the optimal set of parameters
to be continued and discontinued.

(c) Establishment of critical factors for the enhanced consolidated performance index (la)

The 1, was used to assess the best combination of parameters to be continued and discontinued as
it provides the decision maker with the rank of the best of combinations of parameters to be
continued and discontinued. For practical comparison of the combinations, the 1, must be based
on some kind of aggregated information; thus, I, consists of the variance of the mean value
estimator expected after n, years both for parameters to be continued and those to be discontinued
(Khalil et al., 2014; Khalil et al., 2010; Ouarda et al., 1996). The combination that has the least
value I, is selected as an optimal combination of water quality parameters for future monitoring
as it has the least of an aggregated variance of the mean estimator for all parameters investigated.
Since the scale and the unit of parameters are different, 1. is applied using the standardized
parameters to remove the dimensionality and the scale effects of the parameters. The I, developed
by Ouarda et al. (1996) for network hydrometric network rationalization, later adopted by Khalil

et al. (2014; 2010) for parameter redundancy is defined as follow:

I, = Z Var{p{x}} (12)

Variable X

where X is the water quality parameter (including both parameters to be continued and

discontinued) and Var{ﬁ{X }} is the variance of the mean value estimator expected after n, years.
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As stated by Khalil et al. (2014; 2010), in the application of 15, for those water quality parameters
assumed to be discontinued, the variance of the mean value estimator expected after n, years is
calculated using Equation (3), and the population parameters (variance and correlation) are
replaced by their estimates based on data available during the n; years of data. Meanwhile, for
parameters decided to be continuously monitored, the variance of the mean value after n, years is
assumed to be equal to the variance of the mean after n; years multiplied by (ni—1)/(n1+n>—1)
(Khalil et al., 2014; Khalil et al., 2010). The application of I, is explained using the following

example:

Assume a case where there is a cluster consisting of 3 parameters, namely parameters x, y, and z.
A decision is made that two parameters are discontinued and one remaining parameter is
continued to be monitored. Using the binomial coefficient, there are three combinations of
parameters to discontinued and continued (C3 = 3). In the first combination, suppose parameter y
and x are assumed to be the discontinued parameters, while the parameter z is assumed to be
continued. In this case, the parameter z should be the best auxiliary parameter for the parameters
y and x. The variances of the mean value estimator after n, years for parameters to be discontinued
are calculated using Equation (3). This equation should be applied separately based on: (i) the
relationship of the parameter y and the parameter z and, (ii) the relationship of the parameter x
and the parameter z. Meanwhile, since the parameter z, in this first combination, is assumed to be
the continued parameter, its variance of the mean value estimator after n, years is estimated using
its variance of the mean after n; years multiplied by (n;—1/n1+n,—1). Thus, the summation of the
variance of the mean value estimator expected after n, years both for parameters to be
discontinued (the parameter y and x) and those to be continued (parameter z) is the value of I, for
the first combination. To calculate I, for two other combinations, wherein the parameter y or the
parameter x are assumed to be continued parameters, similar procedures are performed. Finally,
after having examined all these 3 possible combinations, the combination that has the least I is

the optimal combination of parameters to be continued and discontinued.

The I is calculated assuming that all water quality parameters have equal importance. Khalil. et
al. (2010) also stated that the I, can be modified by assigning different weights for each parameter
(assuming that the parameters have unequal importance). As mentioned earlier, often different
multiple combinations of parameters to be continued have the same I, values. To overcome this
limitation, three critical factors were introduced as an enhancement of the l.. This enhancement

aims to give different weights to individual parameters with regards to their relative importance
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and their influence on the I, so that different multiple combinations of parameters to be continued
and discontinued provide different I, values.

The first critical factor is associated with the monitoring cost (c) of a parameter. In this study,
only the cost of laboratory analysis of the sampling was considered. The cost of laboratory
analysis that is priced by an official regulation and issued by related authorities was used in this
study. The other associated costs for the sample collection (e.g. labor, equipment, transportation,
etc.) were not considered in this study as they cannot be defined and separated precisely based on
individual parameters. Moreover, these associated costs used for sample collection will be
dependent on the number of samples taken (monitoring frequency) (Erechtchoukovaa and

Khaitera, 2013). The more expensive the parameter is, the more desirable it is to be discontinued.

The second critical factor is related to the frequency (f) of the parameter exceeding its permissible
limit. As proposed and applied in CCME (2001), the frequency factor is calculated by dividing
the number of measurements of that parameter exceeding the permissible limit to the total number
of measurements of this parameter. A high frequency means that the measurements of the
parameter are frequently not within permissible limits and therefore this parameter has high

importance, so it should be continued to be monitored.

The last critical factor is the magnitude (m) of the parameter exceeding its permissible limit, which
is the difference of the largest value recorded during the observation period over the permissible
limit. If the concentration of a particular parameter is much larger than the permissible limit, then
this parameter should be considered for continuous monitoring. On the other hand, if the
concentration of a parameter is below the permissible limit, then the measurement of that

parameter should be discontinued.

Establishment of each critical factor (c, f and m) for all parameters was developed based on deciles
(the sorted data divided into ten equal parts) to make them in the same scale (1 to 5). Such an
approach has been used by Gibbs and Maher (1967) to classify the drought index in Australia. As
indicated earlier, the laboratory costs of sampling for each parameter was used to establish the
classification based on an official regulation on laboratory cost. Similar to the cost factor, due to
practical use, a common numerical scale for classifying the frequency and magnitude for all
parameters was established (except for heavy metals). To establish that common scale for
classifying the frequency and magnitude, only the minimum values of frequency and magnitude

for each parameter calculated from different stations were considered and used for calculation the
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deciles as these minimum values are assumed to reflect the best pristine or natural condition across
the study area. Thus, they (the minimum values of frequency or magnitude for each parameter)
were ranked and divided into 5 classes (from accepted to extremely critical).

For heavy metal parameters, the classification of frequency and magnitude (of heavy metals) were
not established based on deciles because they are regarded as toxic substances, and even small
concentrations are not permissible. Instead, their classification is undertaken using a categorical
scaling wherein the values must be either 1 or 5. For frequency, if all concentrations of a heavy
metal parameter is below the permissible limit (f = 0), that parameter will fall to 1 (normal).
Meanwhile, if there is concentration of a heavy metal parameter that is equal or above the
permissible limit (f > 0), that parameter will fall to 5 (critical). For magnitude, the classification
will be 1 (normal) if the largest concentration of a heavy metal parameter recorded during the
observation period is never over the permissible limits (m < 1). Otherwise, the classification will
fall to 5 if the largest concentration of a heavy metal parameter is above or exceeding the

permissible limits (m > 1).

Each of the three factors, namely c, f, and m, for all parameters are computed separately by using
the classification scheme described above. Then, the additive aggregation method as presented in
Equation (13) was applied to aggregate the three different factors for each parameter, to form
specific weights for the parameters. The additive aggregation was selected because of two
reasons: (i) it offers simplicity wherein the final critical factor (cf) value is calculated by averaging
the three critical factors and (ii) all aggregation methods are affected by eclipsing (i.e. one factor
can show a poor/high quality, but the aggregated value may “eclipse” the poor/high quality of
that single factor) (Swamee and Tyagi, 2000).

_c+f+m

cf 3

(13)

The cf values are used as unequal weights for each parameter representing the relative importance
and influence of that parameter. The I, is modified in this study (as different than Ouarda et al.
(1996) and Khalil et al. (2010, 2014) by considering the weights (cf values) to represent the

unequal importance of the parameters, as shown below in Equation (14):

=) ()xvar{a) (14)

Variable X

where (cf)xis the critical factor calculated using Equation (13), while the symbols of X and {,a{X }}

are the same as those used earlier in Equation (12). In this proposed enhancement of 15, for those
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water quality parameters assumed to be discontinued, the variance of the mean value estimator
expected after n, years is calculated using Equation (3). On the other hand, for the parameters
assumed to be continuously monitored, as proposed by Khalil et al. (2014; 2010) in Equation (12),
the variance of the mean value after n, years is assumed to be equal to the variance of the mean
after ny years multiplied by (ni—1)/(n1+n2—1). Until this section, through inclusion of critical
factors, an enhanced 1, was developed and applied to identify the cost effective optimal set of
parameters to be monitored for each monitoring station for a particular study area.

2.3 ldentifying a set of common parameters across monitoring stations

This final step was carried out to define a uniform set of parameters to be used in the development
of a new WQI or in the future WQM programs for a particular study area. To achieve this, the
application of the proposed methodology that was discussed in Section 2.2, has to be first applied
to each relevant monitoring station across the study area. The results of the statistical assessment
for parameter redundancy, with inclusion critical factors, may vary from one station to another
station in a river basin or a region/country as some parameters might be important at a specific
station, but they might not be important for other stations. Considering this fact, three criteria are
proposed to be applied to obtain a uniform set of common parameters to be monitored across all
stations. If a particular parameter meets any one of these three criteria, that parameter is
recommended to be included in the uniform set of parameters to be monitored across all stations.

The three criteria are as follows:

(i) Single parameter clusters for at least 70 % of the total monitoring network are recommended
to be selected as the common parameters across all stations as the information of these
parameters cannot be replaced by other parameters. This criteria is somewhat subjective
since the more the percentage is, the less will be the number of parameters to be continued
and are involved in the development of the WQI. Therefore, the index developers or water
authorities can decide the percentage value of this criteria based on their preferences or on
the significance of specific single parameter clusters in their own studies.

(i) Only water quality parameters that are identified to be monitored continuously (i.e. based on
results of single-parameter clusters (presented in Section 2.2.1) and the enhancement of the
la in multiple-parameter clusters (Section 2.2.2) for at least 80% of the total monitoring
network are proposed to be included in the uniform set of parameters across stations. Even
though this criterion is somewhat arbitrary, this will increase the chance that some
parameters that are commonly recommended to be continued at the majority of monitoring

network, can be used as the common parameters in the development of a WQI. Subsequently,
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these parameters can be used as the auxiliary parameters to reconstitute statistical
information of the discontinued parameters across stations in the future WQM programs.
(iii) The uniform set of parameters should include at least one parameter belonging to each of the
seven different grouping of water quality parameters, involving physical, oxygen depletion,
organics, nutrients, minerals, heavy metals, and biological parameters. The later criteria will
ensure that the significance of each grouping of water quality parameters is considered in the
final index aggregation of a WQI or in the future WQM programs. Therefore, if no parameter
for a water quality grouping has been identified to be monitored continuously in a particular
grouping of water quality parameters using the two criteria aforementioned, at least one
parameter from that grouping should be included in the uniform set of parameters. Thus, a
uniform set of water quality parameters representative of all water quality groupings can be

identified for all monitoring stations for a particular river basin or a region/country.

3. Summary and Conclusions

This paper is the first part of a two-part series of papers on parameter selection for cost effective
water quality monitoring. This paper presented a new methodology for selection of the most
significant water quality parameters to be continuously monitored, thus leading to a cost effective
monitoring of the parameters. The methodology consists of three sequential steps: (i) screening,
(i) the statistical assessment for parameters redundancy and the inclusion of three critical factors
(based on cost of the laboratory analysis of the parameters and magnitude and frequency of the
parameter exceeding its permissible limits), and (iii) identifying a uniform set of common
parameters across all stations. Also an enhanced performance consolidated index was developed
to identify the best combination of continued and discontinued parameters to be monitored at each

monitoring station.

Since the proposed methodology is generic, it can be applied to any study area to identify the
parameters to be continuously monitored and those that are to be discontinued from the network
of monitoring stations. As a case study, the second paper of this series presents the application of
the proposed methodology to a number of monitoring stations in rivers across the West Java
province in Indonesia. Based on the results of applying the proposed methodology, parameters
commonly recommended to be monitored continuously at the majority of monitoring stations will
be selected as a uniform set of parameters to be monitored at all stations across the river basins

of West Java.
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Conclusions from this paper are summarized below:

e To select parameters for cost effective water quality monitoring, the number of selected
parameters should be kept to a minimum and potentially be representative of a larger list or
grouping of parameters. Thus, the exclusion of redundant parameters without losing important
information in representing the surface water quality is important. In this study, the proposed
methodology for parameter redundancy (i.e. through the inclusion of critical factors in
calculation of 1) provided a novel contribution to the previous research and lead to the
selection of parameters to be continuously measured.

¢ |t was also concluded that continuously monitored parameters across stations (based on the
proposed generic methodology) can be used as a uniform set of common parameters for either
the calculation/development of a WQI or as a set of “basic parameters” that should be included
in the list of parameters to be monitored in a cost effective manner across stations in a river

basin or a region for future water quality monitoring programs.
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Abstract

A methodology for parameter selection for cost effective water quality monitoring was developed
and presented in the first paper of this two-part series. Using the proposed methodology,
parameters to be continuously monitored and those that are to be discontinued at the monitoring
stations can be identified. The methodology will also provide a uniform set of parameters to be
monitored across all monitoring stations in a river basin or a region/country. The proposed
methodology comprises three sequential steps, namely screening to exclude parameters that are
not critical from the list of potential measured parameters, the statistical assessment of parameter
redundancy and inclusion of three critical factors to identify the parameters to be removed from
further monitoring, and identifying a uniform set of parameters. An enhanced performance
consolidated index was also developed to identify the best combination of parameters to continued
and discontinued at each monitoring station. This paper, which is the second in the series, presents
the application of the proposed methodology to a number of monitoring stations in rivers across
West Java, Indonesia. Through the application of this methodology, the number of parameters
was significantly reduced from 62 to 26 using the first step of screening. Then, several different
parameters at each monitoring station were eliminated using the statistical assessment. Finally,
only 13 parameters identified to be monitored at the majority of monitoring stations and
representing different groupings of water quality parameters were recommended to be used as a

uniform set of parameters to be monitored continuously across all stations in West Java. Such a
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uniform set of parameters can be used for applications like the development of river Water Quality

Indices (WQIs) or for future water quality monitoring programs.

Keywords: Parameter selection, Monitoring network, cost effective monitoring, West Java

Province, Water quality indices

1. Introduction

Parameter selection is one of the important factors in water quality monitoring activities (Sanders
et al., 1983). Parameter selection for cost effective water quality monitoring aims to obtain an
optimal set of water quality parameters for individual station and a uniform set of parameters to
be monitored across all monitoring stations in a river basin or region/country. To achieve such an
aim, the selected parameters should be kept to a minimum and they should be representative of
larger number of parameters (Landwehr et al., 1974). To achieve cost effective monitoring, Strobl
and Robillard (2008) stated that it is necessary to reduce the number of parameters monitored
without substantial loss of information and to allocate the available resources effectively (for
example, by minimizing the cost of the laboratory analysis). Thus, statistical assessment of the
association between different parameters can be used to identify the optimal set of water quality
parameters in a cost effective manner. Such an assessment will keep a substantial amount of
information in representing the water quality even though there is a reduction in number of

parameters to be monitored.

In the first part of this two-part series, a new methodology for parameter selection for cost
effective water quality monitoring was developed and presented. The proposed methodology
comprises of three sequential steps: (i) screening using two rejection criteria, i.e. data availability
and data being within the permissible limits. In the screening, parameters that were not
consistently monitored were not to be used for further analysis based on the assumption that they
were not considered that important, (ii) the statistical assessment of parameter redundancy and
the inclusion of three critical factors to identify parameters to be continued and discontinued at
individual stations, and (iii) identifying a uniform set of water quality parameters to be monitored
across all monitoring stations, wherein such a uniform set of parameters can then be used either
for the development of a Water Quality Index (WQI) or for future water quality monitoring

programs.

With regard to obtaining a uniform set of parameters for use in WQIs, researchers have used

different approaches to select the water quality parameters, such as expert judgment (Brown et
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al., 1970), literature review (Kannel et al., 2007; Said et al., 2004), data availability (Cude, 2001),
redundancy of parameters (Dunnette, 1979), overall water quality status (Dunnette, 1979; Thi
Minh Hanh et al., 2011) and the intended use of the water body (Hurley et al., 2012). To the best
our knowledge, no researcher has undertaken studies in the past to select a uniform set of
parameters of the WQI for rivers other than using approaches aforementioned. Thus, the
application of the proposed methodology offers a novel approach to select parameters for
developing a WQI.

The statistical assessment of parameter redundancy used in this study is the statistical assessment
based methodology developed by Ouarda et al. (1996) for hydrometric network rationalization,
and later adopted by Khalil et al. (2014; 2010) for parameter redundancy. As presented in the first
part of this series, this statistical assessment involves two main steps, namely (i) integration of
criteria developed from record augmentation procedure with correlation analysis and Hierarchal
Cluster Analysis (HCA) to identify highly correlated parameters, and (ii) application of a
consolidated performance index (l.) to systematically identify an optimal set of parameters to be
continuously measured and the parameters to be discontinued. However, in the applications of
the I, often different sets of parameters continued to be measured had the same I, values. To deal
with this difficulty, three critical factors (based on the cost of laboratory analysis of parameters,
and magnitude and frequency of the parameter exceeding its permissible limits) was introduced
to enhance the I, developed by Ouarda et al. (1996). The inclusion of these critical factors also
reflects the criticality of water quality parameters for cost effective monitoring. Detailed

discussion on the I, can be found in the first part of this series.

This paper, which is the second of this series, presents the application of the proposed
methodology to a case study area. The statistical assessment of parameter redundancy and three
critical factors included in the development of . was successfully applied to a number of
individual monitoring station in rivers across the West Java Province in Indonesia. The
application resulted in a significant reduction in the number of parameters to be monitored without
substantial loss of information. Results of this statistical assessment at individual stations can be
used as the selected parameters in the development of a WQI. Nevertheless, the application of a
WQI in a river basin or in a region/country with multiple river basins requires a uniform set of
water quality parameters measured at all stations. Such a uniform set of parameters will facilitate
the comparison of the general status of water quality from one station to another through the use
of the WQI. Therefore, only water quality parameters identified to be monitored continuously for

a majority of the monitoring stations and representing different water quality groupings (i.e.

A. D. Sutadian: Development of a Cost Effective River Water Quality Index 99



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

physical, chemical, etc.) were proposed to be used as the common parameters in the development

of a WQI or for regular water quality monitoring programs across river basins.

This paper is structured as follows. Section 2 describes the case study area and datasets which
includes its water quality monitoring network and the data used. Application of the proposed
methodology, results and discussion are presented in the next section. Finally, summary and

conclusions drawn from this study are presented.

2. Study area and datasets

The West Java Province is situated in the western part of Java Island, Indonesia. There are six
main rivers across the province, which are used in this study, namely Cisadane, Ciliwung,
Cileungsi, Citarum, Cimanuk and Citanduy rivers. These six rivers along with the water quality
monitoring stations used in this study are presented in Figure 1. All these rivers have several
tributaries and pass through various cities or regencies within the province. Their flows originate
from the springs mostly located in the upstream mountainous areas, and flow either towards the

northern or southern coast of Java Island.

All these six main rivers are valuable sources of water for various needs such as agriculture and
industry. They also provide bulk water supply for many cities across the region, including the
capital of Indonesia (Jakarta). However, as reported by the West Java Environmental Protection
Agency (WJEPA) (WJEPA, 2013), most of these rivers are vulnerable to pollution and have poor
water quality, particularly those rivers that are near or are passing through urban and industrial
areas. Such situation arises since the rivers are easily accessible for disposal of domestic as well
as industrial wastewater or other activities. For example, in the Citarum River, over the past two
decades, rapid urbanization and industrial growth have resulted in growing quantities of untreated
domestic wastewater and industrial effluents being dumped in the river. In addition to those two
sources of pollutants, agriculture and livestock have also contributed to river pollution in the river
(Juwana et al., 2014), leading to severe water pollution in the Citarum River (Fulazzaky, 2010).
As a result, water quality of the river has deteriorated significantly, threatening public health and

increasing economic losses (ADB and WB, 2013).
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To deal with the above water quality problems, ambitious programs to clean the rivers have been
launched and promoted for almost two decades by the Government of Indonesia (Afsah et al.,
1996). Such programs aim to reduce the pollution load in the rivers and thus improve river water
quality. They also aim to improve the water resources management capability of the water
authorities (MoE, 1995). Under such programs, to date, around 54 water quality monitoring
stations along the six main rivers have been established (seventeen stations in Citarum river, ten
stations in Ciliwung, nine stations in Cileungsi, six stations in Cimanuk, four stations in Citanduy
and eight stations in Cisadane River), wherein this WQM network is operated and managed by
the WJEPA. Nevertheless, it is also worth mentioning here that even though there are 54
monitoring across the study area, only 30 stations consistently measured the majority of
parameters and had the required consecutive records during the considered monitoring period

were selected and used in this study.

The general objective of the WJEPA’s water quality monitoring networks is to obtain necessary
information on the physical, chemical and biological parameters of river water quality. The
WJEPA periodically reports their compliances against the water quality objectives or standards,
and specifically assesses the general status of river water quality through the calculation of a WQI.
However, due to budgetary constraints and change of institutional settings and laws, the WIEPA
did not identify a uniform set of parameters to be monitored at all stations. In many cases, from
one station to another even within the same river, the WJEPA monitored different parameters,
with irregular sampling frequencies (ranging from zero to five measurements per year). Some of
the parameters were consistently monitored for almost all stations, but some others were only
monitored at a few stations for less than a 3-year monitoring period. For example, water
temperature was always monitored each year at all stations by the WJEPA, while potassium
permanganate (KMNO.) had been monitored only from 2004 to 2005 at one third of the stations
in the monitoring network. Thus, not having a WQI with a uniform set of common parameters
caused difficulty for the authority in comparing river water quality across stations within a river

and across river basins in the region.

3. Application of methodology and results

This section presents the application of the methodology (that was presented in the first part of
this series) for selecting the parameters to be continuously monitored at WIEPA’s monitoring
stations in a cost effective manner. Section 3.1 presents the results for the first of the 3 steps,
namely screening of the parameters, to remove the unimportant parameters from further analysis.

Section 3.2 presents the results of the second step, which is that of statistical assessment of
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parameter redundancy and the inclusion of critical factors to develop the enhanced l.. This section
identifies the parameters that are recommended to be continuously monitored and those to be
discontinued. The results of the next step, namely identification a uniform set of common
parameters for either the development of a new West Java WQI or for future monitoring programs
is presented in Section 3.3.

3.1 Screening

According to the first rejection procedure in the screening step as described in the methodology
(in Section 2.1 of the first part in this series), only stations and parameters which had a minimum
of six or more consecutive monitoring period were selected in this study as the statistical
assessment used for further analysis needs this requirement. Therefore, only 30 out of 54
monitoring stations were used in this study. From those 30 monitoring stations across the
WIEPA’s network within the West Java Province, a potential list of 62 different water quality
parameters monitored between 2001 and 2012 was compiled. Data for each parameter was then
scrutinized individually to identify their availability across the considered time period (i.e. 2001-
2012).

In the first screening, it was observed that more than half of the parameters were monitored only
for certain periods of the considered time period. These parameters were conductivity (EC), color,
free ammonia (NHs-N), total ammonia, alkalinity (CaCOs), acidity (CO.), total iron (Fe),
orthophosphate (PO.-P), total cadmium (Cd), potassium (K), calcium (Ca), hardness (CaCQO3),
total chromium (Cr), magnesium (Mg), total manganese (Mn), sodium (Na), % sodium, nickel
(Ni), total nickel (Ni), organic nitrogen (N), chlorine (Cl,), residual sodium carbonate (RSC),
total cooper (Cu), total lead (Pb), arsenic (As), Sodium adsorption ratio (SAR), total zinc (Zn),
silica reactive (SiOy), cobalt (Co), barium (B), cyanide (CN), sulphide (H-S), selenium (S) and
total coliform (TC). At the majority of monitoring stations, most of these parameters had been
monitored intermittently or were only available for the period 2001 — 2006. These parameters that
were not consistently monitored were recommended to be removed based on the assumption that
they were not consistently monitored because they were not considered that important. Thus, only
27 parameters (out of the potential list of 62 parameters), which were consistently monitored
between 2001 and 2012, were selected and used for further analysis. Table 1 shows these 27

parameters along with their units and permissible units.
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Table 1 Water quality parameters used in this study

e il _unis USRS o v e
Temperature Temp °C NA Iron Fe mg/L 0.30
Dissolved solids DS mg/L 1,000 Manganese Mn mg/L 0.10
Suspended solid SS mg/L 50.00 Boron B mg/L 1.00
pH pH - 6-9 Fluoride F mg/L 0.50
Biochemical oxygen demand  BOD mg/L 2.00 Chloride Cl mg/L 600
Chemical oxygen demand COoD mg/L 10.00 Sulphate S04% mg/L 400
Dissolved oxygen DO mg/L 6.00 Cadmium Cd mg/L 0.01
Nitrate NOs-N mg/L 10.00 Chromium(IV)oxide Cr mg/L 0.05
Nitrite NO,-N mg/L 0.06 Zinc Zn mg/L 0.05
Total ammonia TA mg/L 0.50 Copper Cu mg/L 0.02
Total phosphate TP mg/L 0.20 Lead Pb mg/L 0.03
Detergent as MBAS Deter Ho/L 200 Mercury Hg mg/L 0.001
Phenol Phen pa/L 1.00 .

Faecal coliform FC MPN /100 mL 100
Fat-oil FO pg/L 1,000

These 27 parameters were then subjected to the second rejection procedure in the screening using
a box plot analysis. As explained in Section 2.1 of the first part of this series, the box plot analysis
was used to provide a summary visualization of the data and compared it with the permissible
criteria. In this second screening, each box plot analysis of particular parameters was compared
with their permissible criteria in class | (raw water used for drinking water supply), which is
defined in Government Decree of Government of Indonesia No. 81/2001 concerning Water
Quality Control and Management (MoE, 2001). This quality criteria was selected due to two
reasons: (i) class | water is the best reference for pristine water quality or ecological status in
Indonesia, and (ii) in developing countries, the majority of population may be dependent on raw
water for drinking purposes without any treatment (Helmer and Hespanho, 1997). According to
that permissible criteria, the parameters that are always ‘within the permissible criteria’ were not
considered for further analysis as they are not present in significant amounts to be harmful to

human or ecological health.

The monitoring stations were plotted on the x-axis and the respective water quality parameters
with their units were plotted on the y-axis in box plots. The permissible limits for those particular
parameters were also indicated in box plots by the horizontal dotted line. The lower, middle and
upper horizontal lines in the boxes represent their 1t quartile (Q1), median, and 3™ quartile values
(Qs), respectively. As examples, box plot for two parameters, namely sulphate (SO4*) and
biochemical oxygen demand (BOD) are discussed in this section and the box plots for these

parameters are presented in Figure 2(a) and (b), respectively. In Figure 2(a), the box plot indicated
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that SO4% at all the 30 stations were within the permissible limit (of 400 mg/L) and hence was
considered to be not harmful. Therefore, SO,* was excluded from further analysis. Meanwhile,
the box plot of BOD showed that they were well above 2 mg/L, indicating that this parameter at
all stations often did not meet the permissible limit set up by the authorities for designated class |
water use (drinking or bulk water). Thus, this parameter was considered for further analysis.
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Figure 2 Box plots for (a) Sulphate and (b) Biochemical oxygen demand

Box plots of the remaining 25 parameters are shown in Appendix A of this paper. These 25
parameters showed a similar pattern to that of BOD, wherein the values of their upper quartile
often exceeded the permissible limits at the majority of water quality stations. Thus, these
parameters were also considered for further analysis. Thus, since SO4> was the only parameter
excluded based on the box plot analysis, the 27 parameters identified earlier for further analysis

was reduced to 26.

Moreover, the box plots also indicated that most stations in the Citarum River for nearly all
parameters clearly stood out as being the most polluted among rivers across the West Java
Province (see Appendix 1). Their Qi1, Q- and Qs (nearly for all parameters) had relatively higher
concentrations and more frequently did not meet the permissible limits when compared to the
stations in other rivers. This shows that the Citarum River is the most vulnerable to pollution, and
this is most probably a consequence of a failure or a less coverage of wastewater treatment along
this river (Fulazzaky, 2010; Sutadian et al., 2015).

According to the above screening, only 30 out of 54 monitoring stations that had a minimum of

six or more consecutive monitoring records were used for further analysis, while 24 monitoring
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stations were excluded from the analysis. Also, only 26 out of 62 parameters were thus selected
and used for the following statistical assessment as they had been monitored consistently for the
considered time period and often exceeded the permissible limits across the 30 monitoring
stations.

3.2 Statistical assessment

To obtain the optimal combination of parameters to be continuously monitored and those that are
to be discontinued, two different steps were performed under statistical assessment, 1) HCA-
correlation coefficient thresholds, and 2) assessments of parameters to be continued and those to
be discontinued at each individual station. As an example, the results of applying this step at the
first monitoring station in Citarum River (located at Wangiasagara and henceforth called station
CTML1 in this paper) are presented. A data preparation was carried out before conducting the
statistical assessment as there were gaps in the data and inconsistency in measurements among
different stations. This was undertaken to rearrange the water quality parameter data on a yearly
basis since they were mostly monitored in different months with irregular sampling frequencies.
If a water quality parameter was measured twice or more than twice during the same month, these
two (or more than two) measurements were firstly averaged to obtain a single data for each month.
Finally, all data values in the same year were averaged to have yearly data. Pre-analysis was also
done before performing this statistical assessment by testing the shape of distribution and normal
distribution of the selected data, to meet normality assumption of this statistical assessment.
Therefore, Kolmogorov-Smirnov goodness of fit test was applied to check the normality of the
water quality parameters used in this study (Khalil et al., 2011). If a particular parameter was
found not to follow the normal distribution, the Box-Cox transformation was employed to satisfy

the normal distribution requirement.

3.2.1 HCA - Correlation coefficient thresholds

As discussed in the methodology in the first part of this series, the integration of HCA, correlation
analysis and the correlation coefficient thresholds was applied to identify groups of highly
correlated water quality parameters. Figure 3 shows an example of cluster analysis results for
water quality parameters monitored at the station CTML. In this figure, the water quality
parameters are plotted on the x-axis and the linkage distances (height) between clusters are plotted
on the y-axis. Meanwhile, the dy and dr, (calculated using Equation (10) and (11) presented in the
first part of this series, respectively) are indicated by the horizontal dotted and dashed lines,

respectively.
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Figure 3 Cluster tree for water quality parameters monitored at the station CTM1

Results of HCA at CTM1 show that value of d, (0.41) was smaller than that of dn (0.88). Thus,
dy criterion (dashed line in Figure 3), was used to identify the clusters at CTM1. Water quality
parameters at this station could be divided into seventeen different clusters, namely eleven single
clusters (i.e. only one parameter in a cluster) and six multiple parameter clusters (i.e. two or more
than two parameters in a cluster). The eleven single clusters include the parameters of TA, phenol,
Cl, Cu, DS, NO3, SS, TP, Temp, DO and FC. These eleven parameters should be continued to be
monitored at CTM1 as their statistical information cannot be replaced by other parameters from
different clusters. Meanwhile, the six multiple parameter clusters were considered for further
statistical analysis (Section 3.2.2 of this paper). The first cluster consisted of BOD and DO. The
second cluster was NO3 and Detergent. The parameter fat oil and Cd formed the third cluster. The
fourth cluster was composed of B and F. The two other clusters consisted of more than two
parameters. The parameters Pb, Cr (V1), and Hg form the fifth cluster and the parameters Fe, Mn,

pH, and Zn form the last multiple parameter cluster.

As discussed in the methodology in the first paper of this series, it should be noted that only one
parameter from each multiple parameter cluster has to be identified to be continuously monitored,
while the other parameters will be excluded from the list of parameters continued to be monitored.
Thus, at station CTM1, to obtain the optimal selection of water quality parameters to be
monitored, nine out of fifteen parameters (from six multiple clusters) could be discontinued. The
parameters that could be potentially discontinued for the other twenty nine stations (other than
CTM1) were also identified. Results show that the number of single and multiple parameter

clusters can be different for stations. As a result, the number of parameters that could be
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potentially discontinued vary from one station to another, ranging between 4 and 10 parameters
as presented in Appendix B. For example, four parameters should be discontinued at station
CMNG, five parameters could be discontinued at CLW®6, and ten parameters for CTMG6.

3.2.2  Assessment of parameters to be continued and discontinued in monitoring
As discussed in Section 2.2.2 of the first part of this series, this assessment was applied only for
multiple parameter clusters and involved the following steps:

(a) ldentification of best auxiliary parameters

In all multiple parameter clusters, each parameter (within the cluster) was assumed to be
discontinued, and its best auxiliary parameter was identified from other parameters in the same
cluster using Equation (3) in the first paper of this series. For a multiple parameter cluster that
consisted of two parameters, one parameter would be the discontinued parameter and the other
would be its best auxiliary parameter. For an example, as presented in Figure 3, the first multiple
parameter cluster at station CTM1 consisted of BOD and COD. The parameter to be continued
and discontinued could be any one of them. If BOD was assumed to be the discontinued
parameter, COD would be the best auxiliary parameter for BOD or vice versa. Then, the variance
of the mean value of BOD or COD was estimated using the Equation (3) presented in the first
paper of this series.

Meanwhile, within a multiple parameter cluster that consisted of more than two parameters, the
best auxiliary parameter should be examined one by one from the parameters excluding the
discontinued parameter in that cluster. If a specific parameter was discontinued, the variance of
the mean value estimator for each continued parameters was calculated to find the best auxiliary
for that specified discontinued parameter. This was done individually by applying Equation (3)
to all other parameters in that cluster. The parameter that provided the least variance of the mean
estimator was the best auxiliary parameter for that specified discontinued parameter. For an
example, at CTM1, the fifth cluster consisted of three parameters, which were Pb, Cr(\V1) and Hg.
If Pb was assumed to be the discontinued parameter, using the Equation (3), the values of the
mean estimator of Pb — Cr(VI) and Pb — Hg were estimated separately. Through this process, it
was found that Cr(VI) was the best auxiliary parameter for Pb as the mean estimator value of Pb
— Cr(V1) (0.0835) was smaller than that of Pb — Hg (0.0858). The same process was also applied
to identify the best auxiliary parameter if Cr(\VV1) and Hg were assumed to be discontinued. Results
of the variances of the mean value estimator to identify the best auxiliary parameters (using

Equation 3 from the first part of this series) are presented in Table 2. As discussed in the first part
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of this series, the variance of the mean value presented in Table 2 was used in the calculation of
the consolidated performance index without the inclusion of the critical factors (using Equation
(12) from the first part of this series) or with the inclusion of the critical factors (using Equation
(14) from the first part).

Table 2 One parameter to be discontinued and their best auxiliary parameter for CTM1

One parameter to be discontinued Best auxiliary parameter Var
BOD COD 0.0706
CoD BOD 0.0706
Fe Mn 0.0815
Mn Fe 0.0815
Cr(VI) Hg 0.0820
NO3 Detergent 0.0732
Detergent NO3 0.0732
Pb Cr(vi) 0.0835
Zn pH 0.0843
Cd Fat-oil 0.0852
B F 0.0856
F B 0.0856
Hg Cr(VI) 0.0820
pH Zn 0.0843
Fat-oil Cd 0.0852

(b) ldentification possible combinations of parameters to be discontinued and continued

If a specific parameter is to be discontinued from the list of parameters measured at a monitoring
station, all the possible alternatives for the discontinued parameter should be considered using the
binomial coefficient, i.e. C} (as explained in Section 3.2.2(b) in the first part of this series). C is
the number of combinations for continued and discontinued parameters, w is number of all
parameters that are in the list, while k is the number of discontinued parameters. For a case, w =
15 and k = 1; thus, there were fifteen different alternatives of one discontinued parameter at
CTML1. To identify the best parameters to be continued and those to be discontinued, the statistical

assessment using ., was applied. This is presented in the following sub-sections.

Since the objective of this study is to select the optimal number of parameters, only one parameter
in each multiple parameter cluster is taken as continued parameter, while the other parameters in
the same cluster are discontinued. As an example, the first multi-parameter cluster at CTM1
consists of BOD and COD. If the combinations have both of them as continued parameters, they
should be excluded for further analysis. Therefore, as discussed previously in Section 3.2.1 (the
result of HCA-Correlation coefficient thresholds), nine out of fifteen parameters monitored at

CTM1 (as presented in Figure 3 and column 4 of Appendix 2) should be discontinued. Then, the
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multiplication of the binomial coefficient in each cluster, i.e. (C;))) (C;2) (Ci?) (Gt
(Ce) (Ce®) (using wy to wa = 2, ws = 3, We = 4 and k; to ks =1, ks = 2, ks = 3) was then applied
to identify how many possible combinations of these nine discontinued parameters could be
possibly formed. Considering such an objective, using multiple of the binomial coefficient across
multiple parameter clusters only 192 different combinations of continued and discontinued
parameters were used for application of the I..

(c) Establishment of critical factors for the enhanced consolidated performance index (la)

The consolidated performance index (la) was used to assess the best combination of parameters
to be continued and discontinued as it provides the decision maker with the rank of the best of
combinations of parameters to be continued and discontinued (Khalil et al., 2014; Khalil et al.,
2010). However, in the calculation of I,, often different sets of parameters continued to be
measured had the same I, values as presented in Table C.1 and Table C.2 of Appendix C. Table
C.1 presents the values of 1, if only one parameter was to be discontinued at CTM1. Results show
that two parameters, which were BOD and COD had the least and the same value of I, (which is
3.9919). Therefore, it is difficult to select either of these parameters as the discontinued parameter
at CTML1 (if only one parameter is to be discontinued). Other parameters also had the same I,
value (Fe and Mn had I, value of 3.9937 and Detergent and NO3 had 3.9967). These parameters
also had the same difficulty of identifying the optimal number of parameters to be discontinued.
Table C.2 presents the first ten of optimal combinations for nine parameters to be discontinued
and six parameters to be continued at CTM1 with their I, values (calculated without critical
factors). Results in Table C.2 show the same I, value (of 4.1417) obtained for the first eight
combinations. This again leads to an uncertain decision for the user with regards to identifying

the optimal set of parameters if the analysis is based on the original 1, value.

To deal with this issue, as explained in the methodology in the first part of this series, the critical
factors of laboratory cost of monitoring, and frequency and magnitude of the parameters
exceeding the permissible limit were introduced into the calculation of the I., to give different
weights for each parameter with regards to their relative importance and their influence on the ..
The critical factor was set based on deciles to make them in the same scale. Table 3 presents
classification of parameters based on cost of laboratory analysis for all parameters. Table 4 and
Table 5 present the classification of frequency and magnitude for all parameters, except heavy
metals, respectively. Meanwhile, as explained in Section 2.2.2(c) of the first part of this series,
the classification of frequency and magnitude (of heavy metals) were undertaken using a

categorical scaling wherein the values must be either 1 or 5 since they are regarded as toxic
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substances, and even small concentrations are not permissible. The frequency and magnitude

classification for heavy metals are presented in Table 6 and Table 7, respectively.

Table 3 Cost (c) classification used for all parameters

Threshold range Cost range in Indonesian Rupiah (IDR)  Cost classification
Deciles 9-10 (Most expensive) p > 128,000 1
Deciles 7-8 (Expensive) 88,000 < p < 128,000 2
Deciles 5-6 (Average) 48,750 < p < 88,000 3
Deciles 3-4 (Low) 32,500 < p < 48,750 4
Deciles 1-2 (Lowest) p < 32,500 5

Threshold range is calculated based on deciles

Table 4 Frequency (f) classification used for all parameters (except heavy metals)

Threshold range f Frequency classification
Good f<0.7% 1
Low critical 0.7% <f<1.4% 2
Critical 1.40% < f < 2.10% 3
Very critical 2.10% < f< 4.0% 4
Extremely critical f>4.0% 5

Threshold range is calculated based on deciles.

Table 5 Magnitude (m) classification used for all parameters (except heavy metals)

Threshold range m (Max event/WQ standard)  Magnitude classification
Good m<0.30 1
Low critical 0.30 <m<0.65 2
Critical 0.65<m<1.13 3
Very critical 1.13<m<220 4
Extremely critical m>2.20 5

Threshold range is calculated based on deciles

Table 6 Frequency classification for heavy metals

Threshold range F Frequency classifications
Normal 0 1
Critical >0 5

Table 7 Magnitude classification for heavy metals

Threshold range  m (Max event/WQ standard)  Frequency classifications

Normal <1 1
Critical >1 5

To demonstrate how to calculate the critical factors, an example of the classification scheme is
applied to a particular station that has monitoring data (actual parameter values) of BOD for the

period 2001 — 2012. This parameter has been monitored 48 times (number of measurements)
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during this period. Using official regulation concerning tariff and water quality guideline class 1,
the laboratory cost of BOD per sample and the permissible limit of BOD are IDR 150,000 (in
Indonesian Rupiah) and 4 mg/L, respectively. As can be seen from Table 3, the cost factor (c) for
BOD at this example station lies in the range of most expensive parameters, as its laboratory cost
is more than IDR 128,000. Thus, it has a c factor of 1. Meanwhile, Table 4 and Table 5 are used
to compute f and m factors, as BOD is not regarded as a heavy metal. First, all actual parameter
values of BOD are sorted either in increasing or decreasing order and compared with the
permissible limit of BOD to identify how frequently BOD exceeds the permissible limit for the
calculation of f. Meanwhile, the largest value recorded during the observation period is used for
the calculation of m. According to the sorted data, it is identified that 12 out of 48 monitoring data
exceeded the permissible limit and the largest value recorded is 4.25 mg/L. As mentioned in
Section 2.2.2(b) of the first part of this two-part series, the frequency factor is calculated by
dividing the number of measurements of that parameter exceeding the permissible limit with the
total number of measurements (i.e., f = 12/48*100%= 25%), while the magnitude factor is defined
as the largest value recorded during the observation period over the permissible limit (i.e., m =
4.25/4 = 1.06). Therefore, based on Tables 5 and 6, f and m factors for parameter BOD at this
particular station are 5 and 3, respectively. Having obtained c, f, and m of BOD, Equation (13) in
the first part of this series was used to calculate the critical factor (cf) for BOD. The cf values are
used as unequal weights for each parameter representing the relative importance and influence of

that parameter in the application of the I..

(d) Application of the enhanced consolidated performance index

Unequal weights for each parameter based on the use of the critical factors were incorporated into
the calculation of the enhanced consolidated performance index to identify the best parameters to
be continued and those to be discontinued. The combination that had the least value 1, was then
selected as an optimal combination of water quality parameters for future monitoring as it had the
least of an aggregated variance of the mean estimator for all parameters investigated. In this
proposed enhancement of I,, for those water quality parameters assumed to be discontinued, the
variance of the mean value estimator expected after n, years is calculated using Equation (3) in
the first part of this series. Detailed explanation on the variance of the mean value estimator used
for discontinued parameters on the I, has been already discussed in Section 3.2.2(a) and Table 2
of this paper. On the other hand, for the parameters assumed to be continuously monitored, as
proposed by Khalil et al. (2014; 2010), the variance of the mean value after n, years is assumed

to be equal to the variance of the mean after n; years multiplied by (n;—1)/(ni+n.—1). In this study,
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for CTM1, n; was 10 (based on the period of concurrent records for the two parameters), while

n, was assumed to be 3 years.

Table 8 presents all the alternatives if a certain parameter was assumed to be discontinued (column
1), parameters to be discontinued (column 2), and their I, values (column 3). According to values
of the enhanced I, in Table 8, Cr(VI) has the highest priority to be excluded from the list of
parameters to be monitored. Cr(IV) not only had relatively smaller variance of the mean variance
value, but it is also more expensive and less critical than others. If our decision is to discontinue
Cr(VI) at CTM1, Hg should be retained so that statistical information of Cr(\V1) can be obtained
from its best auxiliary parameter (Section 3.2.2(a) of this paper discussed the best auxiliary
parameters). Meanwhile, eight other parameters involved Hg, BOD, B, COD, Detergent, Mn, Fe,
pH, NOs, Pb, Zn, Fat-oil, F, Cd were continued to be monitored.

Table 8 One parameter to be discontinued for CTM1 based on the enhanced consolidated

performance index (l.)

One Parameter to be

) ) Parameters to be continued la

discontinued

Cr(VI) Hg, BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, Fat-oil, F, Cd 13.4415
Hg Cr(VI1), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, Fat-oil, F, Cd 13.4553
BOD Hg, Cr(VI), COD, B, Detergent, Mn, Fe, pH, NOg, Pb, Zn, Fat-oil, F, Cd 13.4608
B Hg, Cr(VI), COD, BOD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, Fat-oil, F, Cd  13.4621
COD Hg, Cr(VI), B, BOD, Detergent, Mn, Fe, pH, NOgz, Pb, Zn, Fat-oil, F, Cd 13.4673
Detergent Hg, Cr(1V), BOD, B, COD, Mn, Fe, pH, NOg, Pb, Zn, Fat-oil, F, Cd 13.4735
Mn Hg, Cr(1V), BOD, B, COD, Detergent, Fe, pH, NOs, Pb, Zn, Fat-oil, F, Cd 13.4790
Fe Hg, Cr(1V), BOD, B, COD, Detergent, Mn, pH, NOs, Pb, Zn, Fat-oil, F,Cd  13.4790
pH Hg, Cr(1V), BOD, B, COD, Detergent, Mn, Fe, NOs, Pb, Zn, Fat-oil, F, Cd 13.4823
NO3 Hg, Cr(1V), BOD, B, COD, Detergent, Mn, Fe, pH, Pb, Zn, Fat-oil, F, Cd 13.4833
Pb Hg, Cr(1V), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Zn, Fat-oil, F, Cd 13.4955
Zn Hg, Cr(1V), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Fat-oil, F, Cd  13.4964
Fat-oil Hg, Cr(I1V), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, F, Cd 13.4969
F Hg, Cr(1V), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, Fat-oil, Cd  13.4994
Cd Hg, Cr(I1V), BOD, B, COD, Detergent, Mn, Fe, pH, NOs, Pb, Zn, Fat-oil, F 13.5092

In a similar way, the optimal number of parameters to be continued and those to be discontinued
for all stations in the study area were identified. Table 9 shows the first ten combinations of nine
parameters to be discontinued and their enhanced . values for the case when nine out of fifteen
parameters could be considered for discontinuation at CTM1. Even though differences in the Ia
values among different combinations were relatively small, the best combination of nine
discontinued parameters to be chosen could be identified. As can be seen in Table 9, B, Fat-oil,
BOD, Detergent, Cr, Hg, pH, Fe and Zn (the first combination) were the parameters that could be

discontinued, whereas the six parameters, namely F, Cd, COD, NOs, Pb and Mn were identified
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to be monitored for future monitoring programs. Until this point, the application of proposed
methodology was able to identify the optimal combination of parameters that could be
discontinued at each monitoring station for a more cost effective monitoring. This will lead to a
reduction in the number of parameters to be monitored without losing a substantial amount of

information in representing the water quality for the regular monitoring programs for each station.

Table 9 Combination of nine parameters to be discontinued and six parameters to be continued at

CTML1 using the enhanced consolidated performance index (1)

Nine parameter to be discontinued Six parameters to be continued la

B, Fat-oil, BOD, Detergent, Cr, Hg, pH, Fe, Zn F, Cd, COD, NOs, Pb and Mn 13.8780
B, Fat-oil, COD, Detergent, Cr, Hg, pH, Fe, Zn F, Cd, BOD, NOs, Pb and Mn 13.8845
B, Fat-oil, BOD, NO3, Cr, Hg, pH, Fe, Zn F, Cd, COD, Detergent, Pb and Mn 13.8877
B, Cd, BOD, Detergent, Cr, Hg, pH, Fe, Zn F, Fat-oil, COD, NOs, Pb and Mn 13.8902
B, Fat-oil, COD, NO3, Cr, Hg, pH, Fe, Zn F, Cd, BOD, Detergent, Pb and Mn 13.8942
B, Cd, COD, Detergent, Cr, Hg, pH, Fe, Zn F, Fat-oil, BOD, NO3, Pb and Mn 13.8968
B, Cd, BOD, NO3, Cr, Hg, pH, Fe, Zn F, Fat-oil, COD, Detergent, Pb and Mn 13.9000
B, Fat-oil, BOD, Detergent, Cr, Hg, pH, Mn, Zn F, Cd, COD, NOs, Pb and Fe 13.9033
B, Cd, COD, NO3, Cr, Hg, pH, Fe, Zn F, Fat-oil, BOD, Detergent, Pb and Mn 13.9065
B, Fat-oil, COD, Detergent, Cr, Hg, pH, Mn, Zn F, Cd, BOD, NOs, Pb and Fe 13.9098

3.3 ldentification a uniform set of parameters

To identify a uniform set of parameters for use in the proposed WQI for rivers in the West Java,
the statistical assessment that was presented in Section 2.2 of the first part of this series had to be
first applied to each monitoring station across the study area. According to this statistical
assessment, there were two types of cluster of parameters, first, those identified as single
parameter clusters, i.e. clusters with only one parameter and hence that parameter cannot be
replaced by other parameters. And the second type of cluster is the multi-parameter clusters,
where the best auxiliary parameter is obtained using the enhanced l.. Since the parameters to be
continuously monitored varied from one station to another, three criteria were then applied to
obtain a uniform set of parameters. As presented in Section 2.3 of the first part of this series, the
parameters that were recommended to be included in the uniform set of parameters should meet
one of the following three criteria:

(i) Parameter identified as single parameter cluster for at least 70 % of the total monitoring
network.

(i) Parameters identified as those taken from single parameter clusters and the parameters
obtained from multi-parameter clusters using the enhanced I, for at least 80% of the total

monitoring network.
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(iii) The uniform set should include at least one parameter belonging to each of the seven different
grouping of water quality parameters, namely physical, oxygen depletion, organics,
nutrients, minerals, heavy metals, and biological grouping of parameters.

Figure 4 presents the results of identifying a uniform set of parameters that are to be used in the
development of a WQI or for monitoring programs across stations in the study area. The 26
parameters used in this study were plotted on the x-axis of Figure 4, and the total of number of
stations where the respective parameter would be continuously monitored was plotted on the
primary y-axis (left side). The secondary y-axis (right side) of Figure 4 indicates the number of
stations to be continuously monitored as a percentage of the total number of stations. As
mentioned in Section 3.1 of this paper, a total of 30 stations were used in this study. The
parameters to be continuously monitored taken from single-parameter clusters were shown using
blue shaded bars whereas the parameters to be continuously monitored obtained from multi-
parameter clusters under the enhanced I, values were shown in grey shaded bars. Meanwhile,
thresholds of the first and second criteria for identification of a uniform set of parameters to be
used across all monitoring stations were indicated by dashed and dotted lines, respectively. As an
example, TP as single parameter cluster was identified to be monitored at 27 monitoring stations
(the blue shaded bar) and based on the enhanced I, values for multiple-parameter clusters, this
parameter was recommended to be monitored at 2 stations (grey shaded bar). Therefore, the total
of number stations identified for monitoring TP was 29 stations (or 96.67% of the total network
of 30 stations). On the other hand, Cr(IV) was considered to be continuously monitored at 2 and
1 station from single parameter clusters and based on the application of the enhanced I,

respectively. Thus, only 3 stations were recommended for continuous monitoring of Cr(1V).
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From Figure 4, it can be seen that there were 4 parameters that met the first criteria for selecting
a uniform set of parameters, namely that of parameter identified as being in a single cluster for at
least 70% of the stations (indicated by the dotted line in Figure 4). These 4 parameters were
Temperature, SS, TP and Detergent. Temperature, SS, TP and Detergent were identified to be
monitored at 23, 21, 27, 23 stations, respectively. Thus, they were selected to be included in the
uniform set of parameters. Then, using the second criteria (indicated by the dashed line in Figure
4), 8 parameters were selected to be included in the uniform set of parameters to be continuously
monitored. These 8 parameters are COD, DO, NOy, Phenol, Zn, Pb, Hg and FC, which were
identified to be continuously monitored at at least 80% of the 30 stations. COD, DO, NO», Phenal,
Zn, Pb, Hg and FC were to be monitored at 25, 28, 28, 25, 25, 24, 25, 24 stations, respectively. In
addition to these two criteria, the third criteria stated that the uniform set of parameters should
include at least one parameter belonging to each of the seven groupings of water quality
parameters. With respect to this criterion, it can be observed from Figure 4 that the grouping of
ions and minerals has no parameter that was proposed to be continuously monitored. Therefore,
in addition to the twelve parameters mentioned above, one of the parameters under ions and
minerals grouping should also be selected to be included in the uniform set of parameters to be
continuously monitored. Considering this, Cl (Chloride) was selected as the parameter
representing ions and mineral grouping rather than any one of the other parameters (i.e. Fe, Mn,

B, F) because of the following reasons:

A. D. Sutadian: Development of a Cost Effective River Water Quality Index 116



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

e Clalong with Fe had the highest number of stations (21 stations) where they were identified
to be continuously monitored when compared to the other parameters in the same grouping.
But CI had more number of stations where it was present as a single parameter cluster and
hence did not have an alternate representative parameter.

e Clis more frequently selected as the main constituent of a WQI than other ion and mineral
parameters in previous WQIs (Dinius, 1987; Dojlido et al., 1994; Gazzaz et al., 2012; Horton,
1965; House, 1989; Prati et al., 1971; Sargaonkar and Deshpande, 2003).

e Clisrecommended as one of the basic parameters measured for monitoring of streams under
the United Nations Global Environment Monitoring System (GEMS) Water Programme
(Chapman, 1996).

e No preservation or special treatment for monitoring of Cl is required and can be stored at
room temperature (Chapman, 1996). Thus, there is no additional cost involved in the

monitoring of CI.

Thus, 13 parameters have been identified for continuous monitoring through a comprehensive
statistical assessment. These parameters will be used as a uniform set of parameters for the
proposed cost effective WQI for the rivers in West Java, which will be developed in the future.
Moreover, these parameters should always be used as the “basic parameters” to be monitored for

all the stations if the water authorities intend to undertake WQM in a cost effective manner.

4. Summary and conclusions

This study presented an application of the methodology (which was proposed and presented in
the first part of this two-part series) to select the most significant water quality parameters in a
cost effective manner. Parameters that are to be continued and discontinued to be monitored at
each monitoring station have been identified. Also a uniform set of common parameters to be
used across river basins/regions has also been identified through the proposed methodology,
which included the introduction of the critical factors in the calculation of the enhanced
performance consolidated index (l.). The proposed methodology was successfully applied to a
number of monitoring stations across river basins in the West Java Province of Indonesia. Sixty
two parameters that had been monitored by the authority across stations for the considered time
period (i.e. 2001-2012) were compiled and listed. The number of parameters was then reduced
from 62 to 26 through screening. The number of parameters to be continuously monitored at all

stations was then reduced from 26 to 13 using the proposed methodology.
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The conclusions drawn from this study are summarized below:

e  The results of application of the statistical assessment for parameters redundancy and the
enhanced performance consolidated index with the inclusion of the critical factors leads to a
significant reduction in the number of parameters to be continuously monitored at each

monitoring station.

e The results of study indicated that redundancies exist among water quality parameters.
Through such statistical assessments undertaken separately for each individual station, only
13 parameters representing all the 7 different grouping of water quality parameters were
recommended to be monitored continuously across the network of stations in West Java.
These parameters are Temperature and SS (physical), COD and DO (oxygen depletion), NO-
and TP (nutrients), Detergent and Phenol (organics), Cl (ions and minerals), Zn, Lead (Pb)
and Hg (heavy metals) and fecal coliform (microbiology). These parameters are
recommended as a uniform set of common parameters to be used in the development of a
new West Java WQI that will be undertaken in a future study. Such a uniform set of
parameters will also be highly beneficial for cost-effective monitoring in water quality

monitoring programs.
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Appendix A Box plot analysis for the 25 parameters used for further analysis (statistical

Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring
assessments)

Monitoring stations

g s 3 s
SuBpESID v umo-n‘ Fesne suepesy | —D—=o | Hesne auepesig ey
To.wz_ ,,,,,,,,,,,,,,,,,,, = EIE S e e e SNt & mw&..
: 03 N R HCTD3 SREE
A I = = =
” nlu..o? ot e s S S S R O
ynuew) i Bl e 1 = FCMNS i RN
' -, FCMN2 Anuewi) | =, a HCMNZ N 2 v g
........................................ n_ oo [FCMN | I . HCMINT hoo»
rexI- s m f b = o BT T T s e e ot i
‘ n“.. e § ——fmd HCLE m .m. “.T
1sbunajiy ' 8 e S isBunayy | LD L5 2 1s6unajin e
Fppo g == ol L
“““““““““““““““““““““““““ R 5 R B T
-0 S - e o N i
Bunmtd s Bunmy Mo o— 1" Mwﬂm £ Bunwiig " ”u.q.w
- Bl 0w tovvs 2 : R
. &R e | Feve & 5
................ T ——— TR N 1 | O R e L] SoESees L e S e
ok . A oo = RRCE
a ' FCTMs ™ = | FCT™Y i*
"o gl FCTM7 L DUHU N Bl v
e T ] 3,1 X > Mﬁ.ﬁ a0
no o Ik [CTMS e 2%
. % mo” I SR e . s FCT™S unwn
wnep o of wd{Th [fcrws wnieyp © 1 —C—— e wnueny N e
=, % Fong — — ~CTM3 ~ S
Bl Boa [nw o oty Bk =31
‘ N - ®
E § § § % &8 G T == T T T A T T T T
S @ < - b b= d ] o 2
(1/6w) spijos paajossiqg H (1/6w) a3unN
g
auepesi) —_—T— ©, Lesns BUBPESID BuUEPES|D) w.ou
. e (P FCSN1 ey . e
—— e FCT03 Bt
Anpueysy — -CTD2 Anpueny Anpueys 3 Ht_....
RN 00 e e cane ?”....m.,n.,
nuewy anuewro "...J.n
s 4
i Bt v I e = RA
c =, c o, ”.n.o.
..m 1sBunajin .m 1sbunapy ¥ Y i
© " s
L B LA
E) ¥
] 5 & T
unmit H Bunmiiy N o .n&._
= . fow
£ e °
- A - N .- o, M vy
Fenitto Lt o i el I it b S S _.amau.
+7*) fCTM % Radn
- Lie 4 CTME o
e oo CeTe sk foTw7 . 3 .mn
-« - a
SR ab Fonm i
P |
5 1ok CTM s
wneyn —— FCTM wnieyd - e Rl wnieyy %5
= = P 3l 2
e FCTM 9
—_— HCTMI ol v
L
% 5 & & ¢ § ¢ &8 g ° E § & E & & R O
(20) aunjesadway (7/6w) spijos pepuadsng (7/6w) eyenN

A. D. Sutadian: Development of a Cost Effective River Water Quality Index



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

, g i ¥ iy
° 2 suepes| ¥ CSNg
- ! auepesiy f 8%, [esns S | S of) _ fCan
auepesi) . ) [Cshe TP COsE 0 ecesesssmisasas So D FeTDd
i Bl ' Mo ~» Fcm2
.......................................... < Foros Anpuend e g =
npueo T IO ) - S SO — FeGom " o
.................................... P B ] ) CoRF  FoMN2
REat M OMNS @D Fcunt
ynuewis WY e e | G Rl towe ) T o CL s b
. “ e @ RCMNT » g=iD fcLe
....................... B " & gl ST R = i HCLS
et BT m ° 1s6unajiy s
Sl o ® o
1sBunajin Tl P k1 o) L
: . o o3 . ., P Feiws
hadey + o 50 @ o -, —D FcLws
......................................... SR LG g c D Clwa
ol s = Bunmiy &% L
,..aﬁ reuw g S sl ¥g Biigies
Bunmyjin 2 FCLW3 & o ol oWt
a B owe € Saen Tenno
“s s ed towt © . ToED fcTMo
“““““““““““““““““““ e w.nnvﬁ LeTmito = o | T D cTHs
" T ta ok [ene %0 T o
e 3t w= TV ™ = I (T
oo e Bl B i s DY =1
3 de” »—LIH MG To — 1 Fome
& " o 8 . — T o wnaenn | — = oM
T TSo —{In FoTMA wneyd —T{ T o e | FCTM2
wnieyn . R, . xowlsg. LeTvG L2 ) Letna 2, 5, 7»-%% Lo
e mmd‘ﬁ ree nﬁ. oMY =
i B R HCTMI 23
! ! y T T L 5
T T L 3 3 2 2 * g 3 a -
T T T . . 2 3 & = - i Bielo
@ @ -, =~ = 96Ax0 [eo1wa! (7/6w) webiereq
(1/6w) ajeydsoyd [ejoy (71/6w) puewsap u [ednwuayd
o:uuumo 8, ﬂ.nmm.x L csne
suepesi) i) [CSNe S S - FCSN
S gEMopesw | [ 0 FEERSTRRSnERSseete e ~cTD3
............................................ FcTo3 LéTD2
fnpueyo T2 ke
o, fRem | YW . e ey 0 = B
.................................................... cuns LCMNS
NS
-~ 8, o =
Anuewiy v N W : -fou
................................................ e @ ~CLG
m [FCL6 o ~CLS
o 1s6unapg [FCLs w ~CL3
1sBuna)n .m g — s ] [cL3 -l
3 R . Yt kv @ s
7] Fewve o CLWS
o IUUJ.,m Fewws € LeLwa
£ Bunmyi) —CI——5de " . tom S i
Bunmijin I} “o —{T 300 = oL o LeLw2
E Feuw2 '€ 1 B
s W FCTMI0
.............. FeTmio 2 [cTve
s D CTMS
A B HCTM7
FeTwr el
: Bk ' % —1 FcTes
. & @ ———1 cmws ot B & ——
B L e S— & uE_.:u__u|H —CTM3
wnieyg [— e— R T o ' 8= W FcTM2
wnseyy e — ——— 2, B — e
a, T —{T 33— ce FeT™ ¢
;
: IS
& & ¢ 5 & § & § &
& 5 5 8 2 8 : a s
3 3 s -] o o = = ° - o s - - (1/Bw) o pus 14
=3 - =4 L - -
N b - uabAxo panajossig
(7/6w) wniuowwe o) (1/6w) PaAj|

123

Monitoring stations

Monitoring stations
A. D. Sutadian: Development of a Cost Effective River Water Quality Index




Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

= = =
3 = g
BUBPESID &, . s auepesiy .Wun_w& suepesiy . 1 kena
HCSNY e g —-Foswm % < ! 1_fcsw
% SRR #—m- e S, T
FeTD3 » .u FcTD3 - - ° To  m———{""D, fcroa
Bk Anpugyd o fem: fnpuens ' T fem2
1. CTO1 BB e mm.ﬂ FCTO ! a 245 [C10
—CMNG 2 Hao Sl 2|0 TR emear ol R Do FOMNG
Mtnw Anuewrd = -.mn.o-nﬁ Fowe ynuswiy “ thww"
M 5
IS .. et STl nhmxnﬁmqvﬁ!_ : o.mocmﬂu
Hos @ B ) 2| 00 T e e | R YWt
s 5 s ncs.m.ﬂ [as m | s meles
LS = 186unajiy LTEN S Bl 1s6unajiy ! S
el 8 nam& s ® : - o
m 0 o I S e D TP ot U Lo O - SR— 24 v
Ciws 2 i3 fone 2 _ 2o e
Houws B Bl B0 fow T . 245 foone
FCLW3 .0 o ”m_rn- FoLwG ,M Bunwiio _ mom i)
e § o B | otfam
L U O S I SIS UL S STl S0 STyt G S o il
~CTMI0 Terd oo B B e ..mow..ﬂso
~CTMG 30 fene | ¥ fone
e MR R
HCTMG T ...“.o..“ Bt | 1 b
™S
s m._..e Lo \ " fene
HCTMA A Re "o fonm 1 I Fenm
FCTH3 BB, nmnoé ke wnimyo | . tonm
CTM2 20 fene | 3‘: oTI
FCTMI Re g Fema | 4 oo
f |
;
5 3 3 & 1 3 ¥ 1 % & 1 °
a s ] e < . s i & - 2
(71/6w) uoiog (71/6w) spuolys
= M o
auepes|) P auepes|y n T auepes| tf
: m'% FCsNe 4 . @0 fcsne PesIy B fess
........................................... S8 kos e : g R R i T IR 1 1 13 )
o’ gl . ~CTD3 S50 e
Anpueyn 8t Lo Anpueyg .Mﬁ HcTD2 Anpueo N,Tua. o2
........................................... Ly .HH_, ao.mﬁﬁw_, SR — ....:...:..?%: Feror
"8 L) ™ 'L-g.n OGS
ynuews Z oY SCHNS nuew oo =l CNNS . bmle oS
2 2 5 dWE toune 5 REED foo o BeTedd fomn S ARD " S D tome
SRR It SeESem e [ 4 ol S i so _—CD__Foun i SRS .. . S atg Ol ount
93 gA» “ Moy @ z =3 ks @ R T
o S fes § . Lief0 e € "o — fus
1sBunajy mum.ﬁ. BHOLS S 1sBunan) ssod) LS m 1sBunajiy T D fas
¥ e M_.w & L B o E e I E
,,,, .ss.m%: U ® L SOy e DTSN S0 [ P T e o T8
el Fiive 2 g VTR0 e
- 2.
Bunmn g "3 o .m Bunmin ¥ "o fciwa B Bunmin 6 W o
2 o M_mﬁ N uoﬁ s " w0 =D tave
=8 o 20 rFowe —0
.......................................... 3 .n..,n:z.m S . W »- 5 tu,on“_, b
Sagremo aourrm.. HCTHI0 = . z .\Bm.mw kerwo
2 % o ~CTHO . *2 0 O o
N »wm._u o Forus T 0 fomwe e ,wr.g Fers
LA e . [eme . N orw
8 o FCTMS R e I
s A% .mo..n— M““n —T fcrms s s 0D ftoms
wniey: o —{TF FCTM o~ oo fenm
jo} nu M“um wreps 8, » [oThe wniey) -u. Ly By
Fa=il temw 2 Z 30 e e =
<98 . ol CTMI sva” D fenm
S 4 L
s 8 8 5 & E & E & E & & P & & & E L &
= < b3 s - b o H e & s 4 E ] 3
(7/6w) jousyg (1/6w) esauebuey (1/6w) spunojy

124

Monitoring stations

Monitoring stations

A. D. Sutadian: Development of a Cost Effective River Water Quality Index



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

125

Monitoring stations

Monitoring stations

f

g g -
e, ouepesip =, =, S, fesne auepesi B e fosm SHERERID h
............................................... 5 f-CON1 Y, (VO - (W - LS . o ) ooy 1
F o by [cTD3 o t e R :..‘.%...u
npusHO sl [ Anpuend o " o [ Anpueyo o,
o an.wz Fcune Y Ty g omne AT T e e
. e
ynuew m. By ro:”w ynuewn K, 2 wx.“ M“uw nuewy B, R, xm.
.................................... oo 88,5 ko I RPN Ny o1 " " m.&..ﬂ e -
S EaTW s @ TR ek @ [ Seeomes e e S PO
gy o m ‘wakee § PR ]
1sBunajin Ve .4.05 u 1s6unajy o °* FCLS o= 1s6unajin “ . _snwm 0
[ Y p ek m . 8 Ear: < 8 . * Som
............................................. Budzlct @ Ty Ty, L I et
e fovwe g % THACRAW /0 [OToestseransiusessssmssessseses .‘,:!.m..m,.m:
gy S S
Bunmyo M Tl pow o v
g Bt m Bunmiyio o S fows S Bunwmijig sqs‘xo.“
glo [eiw2 m * o) o S e 3°aol
......................................... N S oy 1T [ SSE——— N S
m.n FcTMa 8, mm%w CTMO .M. #2448
2-CTMS 4 FeTMs o
o ol o 245 LT LA a ke FeTa N x..mmp
o = e Veu $4” Lot - W Be Bad
e, e S *¥1, pomis & R 4 Fomus o5 . .wm
wnieps L ag <84a MH"“ Lnseys n.h M“"“ wniepy * R an S
bR o o
A3 pena P b LT 3
o 1 . 4 FcTit - -l
2 8 g g £ 13 3 13 3 £ T & & & £ & %
2 3 8 g < S " b s s b = H s 3 e 2
(1/6w) Aindsey (1/6w) no (7/6w) pea
8
5 g
auepesiy LN M.M..n, lesns auepesi) a, vws O |lesne auepefiy a, m.s a
o 754% oan B, R, 828 .5 Faw ; 8, B, 28 o
...................................... - 88 e [OSN S S . SRR . 1 S = 1 S| RSOSSN < (OE. 1.0o< B ~ 1
ETE 4 “s. @ e “e. @
Anpueyd > u“. [cTo2 Anpueyy . enem ., D [cT2 Anpuendy . erxs” . @
.................................. 8t 3% €D PORSNDRA . [ SIERRR. - J0 | =8 Sgr5s 0O
LT u‘m.dzi P e I o s W=l
ynuewny o Qum m-n:zw ynuew an 5 €1 cuns x::-E.o a8 R 5 =
" F g e S romn J = a* nn =7 O Fewnz = a* 2¢." O
O R i . Y < T N e W s B m HCMNT ) A Vo .sm.m.m. m
s =€ace @ M O = I ) ¥ e
f, a23Gos § A, nm:nn a s § % : fuzs O
1sBunayjiy .mlon cLs m 1sB6unajn o f 0O fos m 1s6unajin o RE, =]
P 3 b % 8, ‘ 228 wo o # L Ry ° =]
o i, . a 4
..................................... V..“....w.n...u. Feuwe i.wM.«..ﬂU'o_.ia o AR AR R < 2o = T
o T gbirouws W o £70 O ows € , a* 27n ~O
Bunmiiy T o woig e Bunmipo o' “ute O Fowt T e wra Vet B
i e B8 Lo 2 . v rha O taw S SuSetacree | fn
” ».|.&u Feuwz .m T 1o nlnu_ CLw2 .MO , Ta for Ll.nu_
T eltiw O L e e O e O | A ER'Re..O
.......... 0 . RATE e s T e B i a Spelhihg
e Z A FeTme . & % ln O e . SIS = |
By ANz Fotus a 8 g O fome z 8, 8,88 O
s 2347 Lerwr xRy 9 oW , £ iy B
i . 8 245 CTHS ogeen BT m [CTMG , Te e @' o
S 54" boms a, & ,)=%dm Bkt | z, R, &%dn O
wneyy e 2 4% e wniey) e =, TR D). [ wniely UM
. 4 w3 3 R, "R N [T ¥ . . Ty i
f Ml T - *a m.. o™ O Fetm2 ‘ s o .o O
3,343 Fena Ly B o , iyt g
a'am '
T T T T T T T 2 5 2 & & 5 2 2 P 2 2 & s 3
2 2 2 2 s s 3 s s 3 H 3 b4 s 3 3 3 b=
(1/6w) ourz (7/6w) wniwped (/6w) (1A) 12

A. D. Sutadian: Development of a Cost Effective River Water Quality Index



Chapter 3: Parameter Selection for Cost Effective Water Quality Monitoring

25,000,000 poe
"
£ o > [ - @
s 5 2 | 2 3 5
— < z S ] = =
- 5 = = i E = b
= 20,000,000 2 S g o o
o H
o |
e :
- 1l
= |
Q. 15,000,000 :
£ :
2 10.000.000 !
[=] |
Qo 1 1l
® g 5 | H 10 |
— - 10 ' ] |
g 5,000,000 "(",:"‘: Y i i :l .'T‘:
u ‘ g :
.
17 se.os 21 16,
& 3B o 3% 5. 4534 4y 0 o8 49
1 1 as 7 37 # Ny S, “olord g 16
o o ] "o e ® oihinic bio 48 % ii:g »
42, 4 a 28 3332954024 35 29 4231 32,5745 4, 1T,
daddddddd
SLULLESES
S5

5

Monitoring stations

Appendix B Maximum number of parameters to be discontinued for each monitoring station

Maximum number of

Name of river Monitoring Stations Code . .
discontinued parameters
Wangiasagara CTM1 9
Majalaya CTM2 9
Sapan CTM3 7
Cijeruk CTM4 9
Citarum Daye_uh Kolot CTM5 6
Burujul CTM6 10
Nanjung CT™M7 8
Bendung Curug CTM8 8
Walahar CTM9 9
Tanjungpura CTM10 9
Atta'awun CLW1 9
Cisarua CLW2 7
- Katulampa CLW3 7
Ciliwung
Kedung Halang CLW4 10
Pondok Rajet CLWS5 7
Panus CLW6 8
Cileungsi-Pekapuran CL1 9
Cikeas-Citeureup CL3 8
Cileungsi Cikarang-Jonggol CL5 8
Cikarang-Cikarang CL6 5
Bekasi-Babelan CL8 6
Bayongbong CMN1 6
Cimanuk Sukaregang CMN2 7
Tomo CMN5 6
Jatibarang CMN6 4
Panumbangan CTD1 8
Citanduy Bendung Paturaman CTD2 10
Tunggilis CTD3 10
Cisadane Cisalo.pa CSN1 9
Rumpin CSN8 6
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Appendix C

Table C.1 One parameter to be discontinued, their best auxiliary parameters and their I,

(calculated without critical factors using the Equation (12) form Part | paper)

Discontinued parameter Best auxiliary parameter la

BOD COoD 3.9919
COD BOD 3.9919
Fe Mn 3.9937
Mn Fe 3.9937
Cr(V1) Hg 3.9946
NO3 Detergent 3.9967
Detergent NO3 3.9967
Pb Cr(V1) 3.9972
Zn pH 3.9986
Cd Fat-oil 4.0002
B F 4.0007
F B 4.0007
Hg Cr(V1) 4.0126
pH Zn 4.0166
Fat-oil Cd 4.0181

Table C.2 Ten Combinations of nine parameters to be discontinued-six parameters to be continued
and their la at CTM1 (calculated without critical factors using the Equation (12) from Part | paper)

Nine parameter discontinued Six parameters to be continued la

B, Cd, BOD, NOs, Cr, Pb, Fe, Mn, Zn F, Fat-oil, COD, Detergent, Hg, pH 41417
B, Cd, BOD, Detergent, Cr, Pb, Fe, Mn, Zn F, Fat-oil, COD, NOs, Hg, pH 4.1417
F, Cd, BOD, NOg, Cr, Pb, Fe, Mn, Zn B, Fat-oil, COD, Detergent, Hg, pH 41417
F, Cd, BOD, Detergent, Cr, Pb, Fe, Mn, Zn B, Fat-oil, COD, NOs, Hg, pH 4.1417
B, Cd, COD, NOsg, Cr, Pb, Fe, Mn, Zn F, Fat-oil, BOD, Detergent, Hg, pH 4.1417
B, Cd, COD, Detergent, Cr, Pb, Fe, Mn, Zn F, Fat-oil, BOD, NOs, Hg, pH 41417
F, Cd, COD, NOs, Cr, Ph, Fe, Mn, Zn B, Fat-oil, BOD, Detergent, Hg, pH 4.1417
F, Cd, COD, Detergent, Cr, Pb, Fe, Mn, Zn B, Fat-oil, BOD, NOs, Hg, pH 41417
B, Cd, BOD, NOs, Cr, Pb, pH, Fe, Zn F, Fat-oil, COD, Detergent, Hg, Mn 4.1444
B, Cd, BOD, Detergent, Cr, Pb, pH, Fe, Zn F, Fat-oil, COD, NOs, Hg, Mn 41444
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Chapter 4
Identifying Parameter Weights
using Analytical Hierarchy Process

4.1. Introduction

Chapter 3 presented a generic methodology for selection of parameters in a cost effective
manner. This was undertaken through an enhancement of the statistical assessment based
methodology used for parameter redundancy. This methodology was applied for the case study
area in Chapter 3 and only 13 parameters representing all the 7 different grouping of water
quality parameters were recommended to be used for the subsequent steps in the development of
West Java Water Quality Index (WJWQI).

This chapter presents one of the most important steps in the development of WJWQI, which
was that of establishing the weights of the 13 water quality parameters identified in the previous
chapter. As per the recommendations from the second chapter, it is highly desirable to obtain
local stakeholder’s opinion in the development of a WQI. Taking into account the advantages of
Analytic Hierarchy Process (AHP) and its recent successful applications for estimating weights,
it was concluded that the AHP (in compared to other methods) was most appropriate to
determine the weights of water quality parameters in this study. Two AHP models were then
employed to calculate weights of the 13 selected parameters for the rivers in West Java,
Indonesia. These parameter weights were identified based on local experts’ opinion, which also
addressed one of the limitations of the currently used indices in West Java. This step is expected
to increase the credibility and acceptability of WIWQI to be used by related authorities and
users of WIJWQI in West Java. The results of the second AHP model demonstrated in this
chapter would be then used for the remaining steps in the development of the WIJWQI. These
steps include aggregation of the sub-indices to produce the final index and undertaking

uncertainty and sensitivity analysis of the WJWQI.

This chapter contains the following journal paper, which demonstrates the use of AHP to

identify the weights of the water quality parameters:
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1. Sutadian, A. D., Muttil, N., Yilmaz, A. G., & Perera, B. J. C. (2017). Using the Analytic
Hierarchy Process to identify parameter weights for developing a water quality index.
Ecological Indicators, 75, 220-233. doi:http://dx.doi.org/10.1016/j.ecolind.2016.12.043.
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ABSTRACT

One of the most common approaches used to evaluate the state of water quality in a water body is
through the use of water quality indices (WQISs). This paper presents one of the most important steps in
the development of a WQI, which is that of establishing the weights of the water quality parameters. The
Analytic Hierarchy Process (AHP) was employed to calculate weights based on 13 selected parameters
from within 7 water quality groupings for rivers in West Java, Indonesia. Thus, two AHP models were
employed in this study, the first had 13 pairwise questionnaires to be compared (individual form) and
the second model had 7 comparisons (group form). A pool of respondents from related stakeholders with
different backgrounds in West Java was surveyed to obtain their judgement independently. In the first
AHP model, both chemical oxygen demand (weights in the range 0.102-0.185) and dissolved oxygen
(weights in the range 0.103-0.164) consistently received relatively high weights, compared to other
water quality parameters. Meanwhile, in the second model, oxygen depletion (weights in the range
0.160-0.233) and microbiology (weights in the range 0.098-0.249) had high weights. Thus, both models
estimated relatively high weights for COD, DO and FC. However, considering that the second AHP model
can provide individual weights as well as weights of parameter groupings, this model was preferred in
this study. Therefore the results of the second AHP model will be used for the remaining steps in the

development of the West Java WQI in the future.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most common approaches used to evaluate the state
of water quality in a water body is through the use of water quality
indices (WQIs). A WQI transforms and aggregates selected water
quality parameters into a dimensionless number so that the sta-
tus of river water quality can be defined in a simple manner. Even
though the WQI approach has certain limitations, e.g. it cannot
determine the quality of water for all uses nor can it provide com-
plete information on water quality (Cude et al., 1997), it is able to
express the general state of water quality spatially and temporally,
and is easy to interpret and can be used as a basis for improvement
of river water quality through various implementation programs.
More importantly, this approach can be used for reporting to policy
makers and the public in a simple and an understandable manner
(CCME, 2001). Therefore, the WQI has been one of the most effective

* Corresponding author.
E-mail address: arief.sutadian@live.vu.edu.au (A.D. Sutadian).

http://dx.doi.org/10.1016/j.ecolind.2016.12.043
1470-160X/© 2016 Elsevier Ltd. All rights reserved.

ways to communicate information about water quality in a water
body (Walsh and Wheeler, 2012).

The West Java is situated in the western part of Java Island,
Indonesia. It is the second most densely populated province in the
country (BPS, 2016; Juwana et al., 2016b). There are several main
rivers across this province, which are valuable sources of water for
various needs. However, as reported by the West Java Environmen-
tal Protection Agency (WJEPA) (WJEPA, 2013), most of the rivers are
vulnerable to pollution and have poor water quality due to domes-
tic, agricultural and industrial activities. To assess the general status
of river water quality, the WJEPA uses two indices, namely the
Storet and the Water Pollution Index (WPI) (MoE, 2003). Although
these WQIs have been used with some success, they both had
been developed based on other specific case study areas without
considering local knowledge or local conditions of the West Java,
e.g. stakeholder’s opinion on parameter weights. Therefore, the
West Java WQI will be specifically developed taking into account
the above notions, after which appropriate programmes can be
designed to improve the water quality of rivers throughout the
province.
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There are in general four steps undertaken for the development
of a WQI, which are the selection of parameters, obtaining sub-
index values, establishing the weights of water quality parameters
and aggregation of sub-indices to produce the final index (Abbasi
and Abbasi, 2012). The establishing parameter weights aims to
provide relative importance of the parameters and their influence
on the final index value (Sutadian et al., 2016a). Equal weights
are assigned if the parameters of an index are equally important,
whereas unequal weights are assigned if some parameters have
greater or lesser importance than others.

A few methods are available in the literature for estimating
unequal weights of parameters or indicators in the development
of an index. However, there is no generally accepted method to
determine such weights (Bohringer and Jochem, 2007). More-
over, all methods have their own advantages and disadvantages
(Fetscherin and Stephano, 2016; OECD, 2008). In general, in assign-
ing different weights on parameters or indicators, OECD (2008)
classifies weighting techniques into two broad categories, which
are statistical-based methods (objective) and participatory-based
methods (subjective). In the first category, weights are assigned
based on the analysis on the data of the parameters or indicators
using statistical-based approaches. In the second category, weights
are assigned using judgement of related experts, policy makers
and practitioners from different agencies of a certain area. As high-
lighted in OECD (2008), regardless of which method is used, weights
are essentially value judgements. Therefore, although the first cat-
egory seems to be more objective than the second category, the
first is still subjective as it relies on the data provided for analy-
sis. Also the statistical-based methods are less acceptable because
of two reasons, namely the weight identification procedure is not
very clear compared to that of the participatory-based methods
(Zardari et al., 2015) and parameters or indicators that are theorit-
ically insignificant could have high values (Bohringer and Jochem,
2007).

Methods such as the principal component/factor analysis
(PCA/PFA) and the objective dynamic weight method are exam-
ples of the statistical-based methods. The weight identification
procedure of the PCA/PFA has been applied in the environmental
sustainable index (Esty et al., 2005), social sustainable develop-
ment index (Panda et al., 2016) and the Langat River WQI (Mohd
Ali et al., 2013). The PCA/PFA assigns weights based on the loading
factor of each indicator. The PCA/PFA considers interrelationships
between the parameters, and the weights cannot be estimated if no
correlation exists between indicators (OECD, 2008). The disadvan-
tage of the PCA/PFA is that this method has a strict assumption
of linear relationships among parameters, but in general non-
linear relationships exist among parameters (Mohd Ali et al., 2014).
In addition, regarding the required sample sizes, Hutcheson and
Sofroniou (1999) recommended that at least 150-300 cases are
needed to obtain satisfactory results in using PCA/PFA. Meanwhile,
this study had small sample sizes due to limited data availability.
Considering these disadvantages, the PCA/PFA was not considered
in this study for identifying the parameter weights.

The objective dynamic weight method assumes different
weights on a monthly or seasonally basis for each station (Yan et al.,
2015) or based on site-specific polluting parameters (Sargaonkar
et al., 2008). The weight identification procedure of the objec-
tive dynamic weight method has been applied in a dynamic WQI
(Sargaonkar et al., 2008; Yan et al., 2015). The weights are assigned
using the concentration ratio (water quality data over the surface
water quality standards). This method has flexibility with respect
to degree of pollution of the parameters that frequently varies with
time, wherein it cannot be reflected with fixed weights. However,
there is difficulty in making comparisons of the final index value
among monitored stations, since different stations have different

(1) Structure a hierarchy

v

(2) Construct pairwise
comparison matrices (to be
included in the questionnaire)

v Re-ask the corresponding
(3) Calculate weights (i.e. the stakeholder(s) to revise their
g N judgement

priority eigenvector)

v

(4) Consistency evaluation

A

Are all the
matrices
consistent?

(5) Aggregate individual
weights to group weights

Fig. 1. Steps used in the AHP for establishing the weights.

weights (although they are monitored at the same period monitor-
ing) and hence is not considered in this study.

In the participatory-based methods, techniques such as the
revised Simos’ procedure, the subjective dynamic weight, the
Delphi and the Analytic Hierarchy Process (AHP) methods are
available. The revised Simos’ procedure is simple and easy to use
(Zardari et al., 2015). The weights of the indicators are computed
based on order of cards representing the stakeholder’s preferences
(Figueira and Roy, 2002). However, the revised Simos’ procedure
method is less popular in WQI studies. This method has been
applied to determine weights of indicators for indices other than
WQIs. For example, this method has been used in the develop-
ment of water sustainability index by Juwana et al. (2016a). In
the subjective dynamic weight method, weights are assigned based
on relative significance of parameters obtained using researchers’
own judgements (Yan et al., 2015). As discussed in the objective
dynamic weight method in the previous paragraph, this method
was not selected in this study mainly because of the inability to
compare the final index values among stations or rivers. The Del-
phi method has been commonly used for summing up individual
expert opinions to establish parameter weights for various WQIs
(Almeida et al., 2012; Brown et al., 1970; Dunnette, 1979; House,
1989; Semiromi et al., 2011; Smith, 1990; SRDD, 1976). It is under-
taken based on opinions of the stakeholders involved in a research
through several rounds of questionnaries. Nevertheless, to reach
convergence of the stakeholders’ opinion, it is a lengthy and time
consuming process (Franklin and Hart, 2007; Hartwich, 1999). As
a result, it is more expensive than other methods (Zardari et al.,
2015). Therefore, the Delphi method was not selected to be used
in this study. On the other hand, the AHP is a mature and easy
concept to gain experts judgement for assigning weights to the
parameters. This method collects the related stakeholders’ judge-
ment using a sequence of pairwise comparison on a relative value
of one over another between two quantities, wherein the judge-
ment might be based on thoughts, experiences, and knowledge of
the related stakeholders (Saaty, 1980). The advantages and disad-
vantages, along with a number of studies that have used the AHP
method for estimating weights of parameters or indicators are dis-
cussed in Section 2.

Methods to identify weights of the currently used WQIs in the
case study area (West Java Province), namely the Storet and the
WPI were also investigated. Both methods assign equal weights. In
addition, these two methods do not provide any guidelines for the
selection of parameters. Consequently, applications of such WQIs
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might vary from one place to another because the selected param-
eters could be different, both spatially as well as temporally. Thus,
comparison between the weights obtained based on the AHP in
this study and these two currently used methods cannot be under-
taken. Moreover, to the best of our knowledge, no research has been
undertaken in the past to identify weights of the WQI for rivers in
West Java Province using methods other than these two methods.

Taking into account the advantages of AHP and its recent suc-
cessful applications for estimating weights (as discussed in Section
2), it was concluded that the AHP is more appropriate to deter-
mine the weights of water quality parameters in this study for the
development of a WQI for West Java.

This paper presents a thorough description of the use of the AHP
to identify parameter weights, which would then be used for devel-
oping a WQI for rivers in West Java. The structure of this paper is
as follows. Firstly, an overview of the AHP is presented in Section 2.
Details of the steps used in the AHP to establish parameter weights
are then presented in Section 3. The process used for the identifi-
cation of water quality related-stakeholders involved in the AHP is
presented in Section 4. A detailed discussion and the results based
on the water quality related-stakeholders’ judgement are then pre-
sented in Section 5. Finally, a summary and conclusions drawn from
this study are presented in Section 6.

2. Overview of AHP

The AHP is a Multi-Criteria Decision Analysis method that is
used to determine relative weights of available alternatives. Based
on these weights, the AHP can effectively prioritise choices among
those alternatives. Many researchers have successfully applied this
method in alarge number of diverse research areas, such as in archi-
tecture (Bitarafan et al., 2015), banking (Kamil et al., 2014), defence
(Sahni and Das, 2015), education (Bodin and Gass, 2004; Dorado
et al., 2011), energy (Ishizaka et al., 2016), fishery (Jennings et al.,
2016), food (Sun, 2015), medicine (Gupta, 2015; Kuruoglu et al.,
2015), supply chain (Gorane and Kant, 2016).

Recent studies have also used the AHP for identifying rela-
tive weights of indicators and sub-indices, for example, tourism
index (Tonggian et al., 2016), resources and environment effi-
ciency evaluation (Li and Zhang, 2015), the development of product
sustainability index (Hassan et al., 2012), satisfaction index for
workplace environments (Khamkanya et al., 2012), deprivation
indices to analyse health inequalities (Cabrera-Barona et al., 2015),
legislative budgetary institution index (Chunsoon, 2014), and
development of water and environment related indices (Kang et al.,
2016; Nasiri et al., 2013; Shabbir and Ahmad, 2015). These also
include few applications for establishing parameter weights in
WQI studies (Abtahi et al., 2015; Chakraborty and Kumar, 2016;
Ocampo-Duque et al., 2006; Tallar and Suen, 2016).

The AHP has been discussed in detail by its supporters and many
other researchers. The AHP is theoretically sound, readily under-
standable and easily implemented (Forman and Gass, 2001). It also
provides a better focus on multiple attribute decision making cri-
teria for eliciting weights (Ishizaka et al., 2011; Ishizaka and Labib,
2009). Another advantage of the AHP is related to integration of
the diverse judgements and preferences for group decision mak-
ing (Basak and Saaty, 1993; Oddershede et al., 2007; Saaty, 1989).
With regard to simplicity, the AHP also has the ability to decompose
a complex decision problem using hierarchical levels in systematic
ways (Saaty, 1980; Shen et al., 2015). Moreover, the AHP is easy to
use due to the use of pairwise comparisons (Mulder, 2011). And it
even enables to quantify both the experts’ objective and subjective
judgments in order to make a trade-off and to determine the pri-
ority (relative weight of each element over another) (Lewis et al.,
2006).

In spite of these advantages, just as with any research tool, dis-
advantages exist in the use of the AHP. Various disadvantages of
the AHP have been also discussed thoroughly by a few researchers.
For instance, Warren (2004) has identified uncertainties of the-
oretical aspects in the AHP, such as scale misinterpretation and
the axiomatic foundation. In addition to the above disadvantages,
Hartwich (1999) highlighted that the AHP does not give any con-
structive guidance to the structuring of the problem. While, with
respect to which point scale and the aggregation process to use,
[shizaka et al. (2011) pointed out that there were different com-
peting preference point scales and aggregation methods to be used
within the AHP. Therefore, different choices of point scales and the
aggregation methods will lead different weight values.

In spite of the above discussed disadvantages of the AHP, the
advantages outweigh the disadvantages and hence the AHP is an
attractive tool that can be used to establish weights of different
water quality parameters. Once the weights are obtained, further
work can be undertaken towards the development of a WQI for
West Java.

3. Steps used in AHP for establishing weights

In this study, the AHP was applied to establish the weights of
the water quality parameters for developing the West Java WQI.
The procedure used to establish the weights using the AHP method
includes several steps (Shen et al., 2015): (1) structure a hierarchy,
(2) construct the pairwise comparison matrix, (3) calculating the
weights (i.e. the priority eigenvector), (4) consistency evaluation,
and (5) aggregate individual weights to obtain the group weights.
Fig. 1 presents these steps used in the AHP method to establish
weights as a flowchart.

Each of the above mentioned steps used in the AHP are discussed
below:

(1) Structure a hierarchy

In general, the hierarchy is set by defining a specific goal at the
highest level. This is followed by lower level(s) used to achieve that
goal. In this study, establishing weights of the water quality param-
eters is the goal at the highest level and the lower level(s) is water
quality parameters either in individual or in group forms.

The results from our previous study for parameter selection to
achieve cost effective water quality monitoring was used to develop
the hierarchy (Sutadian et al., 2016b,c). In this previous study,
an enhanced version of the statistical assessment for parameter
redundancy developed by Khalil et al., (2014, 2010) was applied in
order to obtain the selected parameters. This was undertaken using
several screening procedures, statistical assessment for parameter
redundancy to identify redundant parameters, and identification
of common parameters across stations. The screening procedures
were carried out to exclude parameters that did not meet the min-
imum data criteria and parameters that are within the permissible
limits. The statistical assessment was performed to identify the
parameters to be removed from further monitoring based on a
parameter redundancy based methodology developed by Ouarda
et al. (1996), and later adopted by Khalil et al. (2014, 2010). The
identification of common parameters was undertaken to identify
a uniform set of parameters across stations, which is necessary for
the development and use of a WQI.

In the first screening procedure, only stations which had a min-
imum of six or more consecutive years of monitored data were
considered since the statistical assessment for further analysis
needed this requirement of consecutive data. Out of 54 monitoring
stations in rivers of West Java, only 30 qualified under this criteria,
and hence these stations were considered in the subsequent screen-
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Table 1
Stages used for the selection of parameters.
No Water quality Units Screening Statistical Common
parameters assessment parameters
across stations
Based on Based on parameters
stations
Data Within permissible
availability limits
(1) (2) (3) (4) (5) (6) (7) (8)
1 Physical
1 pH - X X X X
2 Electrical conductivity umhos/cm X
3 Turbidity NTU X
4 Temperature °C X X X X X
5 Color Unit PtCo X
6 Dissolved solids mg/L X X X X
7 Suspended solids mg/L X X X X X
8 Alkalinity mg/L CaCOs3 X
9 Acidity mg/L CO, X
11 Oxygen depletion
1 Biochemical oxygen demand mg/L X X X X
2 Chemical oxygen demand mg/L X X X X X
3 Dissolved oxygen mg/L 0, X X X X X
111 Nutrients
1 Free ammonia mg/L NH3-N X
2 Total ammonia mg/L NH;-N X X X X
3 Orthophosphate mg/L PO4-P X
4 Total phosphate mg/L PO4-P X X X X X
5 Nitrate mg/L NO3-N X X X X
6 Nitrite mg/L NO,-N X X X X X
7 Organic nitrogen mg/LN X
v Organics
1 Detergent as MBAS pg/L X X X X X
2 Phenol mg/L X X X X X
3 Fat-oil g/l X X X
\% Heavy metals
1 Total chromium mg/L Cr X
2 Chromium(IV) oxide mg/L Cr X X X X
3 Nickel mg/L Ni X
4 Total nickel mg/L Ni X
5 Zinc mg/LZn X X X X X
6 Total Zinc mg/LZn X
7 Copper mg/L Cu X X X X
8 Total copper mg/L Cu X
9 Lead mg/L Pb X X X X X
10 Total lead mg/L Pb X
11 Mercury mg/L Hg X X X X X
12 Arsenic mg/L Ar X
13 Cobalt mg/L Co X
14 Barium mg/L Ba X
15 Cadmium mg/L Cd X X X X
16 Total Cadmium mg/L Cd X
VI Ions and minerals
1 Iron mg/L Fe X X X X
2 Total iron mg/L Fe X
3 Boron mg/LB X X X X
4 Fluoride mg/LF X X X X
5 Potassium mg/LK X
6 Calcium mg/L Ca X
7 Hardness mg/L CaCO3 X
8 Chloride mg/LCl- X X X X X
9 Magnesium mg/L Mg X
10 Manganese mg/L Mn X X X X
11 Total Manganese mg/L Mn X
12 Natrium mg/L Na X
13 %Na - X
14 Sulphate mg/L SO4 X X
15 Silica reactive mg/L SiO; X
16 RSC - X
17 SAR - X
18 Cyanide mg/L CN- X
19 Chlorine mg/L Cl, X
20 Sulphide mg/L H,S X
21 Selenium mg/L X
22 Potassium permanganate KMNO4 X
VI Microbiology
1 Total coliforms MPN/100 ML X
2 Faecal coliforms MPN/100 mL X X X X X

Parameters used in each stage of parameter selection are indicated by (x), while the final common parameters used in the AHP are in bold.
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Weights of the water quality Goal
parameters of West Java WQI
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Phen Cl Zn Pb Hg FC

Level 1

Fig. 2. Hierarchy based on the 13 individual parameters.

ing procedures. Table 1 presents the stages used for the selection
of parameters. Using the water quality data from the 30 stations
selected in the first screening procedure, 62 different parameters
monitored between 2001 and 2012 were compiled (and indicated
by (x) in column 4 of Table 1) under 7 water quality groupings (i.e.
physical, oxygen depletion, nutrients, organics, ions and minerals,
heavy metals and microbiology groups).

The parameters were then subjected to the second and third
screening procedures, namely “data availability” and “parameter
within permissible limits”. Similar to the screening for stations,
the parameters that had less than a minimum of six or more con-
secutive years were excluded. This procedure resulted in only 27
parameters in the 7 different water quality groupings for further
analysis (indicated by (x) in column 5 of Table 1). It was also
assumed that since the removed parameters were not monitored
continually, they were less important to the water authority in the
assessment of rivers. Then the third screening procedure, a box plot
analysis was used to provide a summary visualization of the data,
which was then compared with the permissible criteria (obtained
from Government Decree of Government of Indonesia No. 81/2001
concerning surface water quality standards, Class I for drinking
water with simple treatment). Using this procedure, one parame-
ter, namely SO42~, was excluded from further analysis. The box plot
of SO42~ indicated that this parameter at all 30 stations was within
the permissible limit and hence was considered to be not harm-
ful to human or ecological health. Therefore, based on this third
screening procedure, the number of parameters was reduced from
27 to 26 parameters (as indicated by (x) in column 6 of Table 1).

Then the statistical assessment for parameter redundancy was
undertaken separately at each individual station for these 26
parameters. This statistical assessment was undertaken to assess
redundancy among these 26 parameters and to identify the water
quality parameters to be continued and discontinued at each moni-
toring station. There were two main analysis undertaken, namely (i)
identifying highly correlated clusters to assess redundancy infor-
mation among the studied parameters using correlation analysis
and (ii) identifying the optimal combinations of continued and
discontinued water quality parameters using an enhanced con-
solidated performance index (which is an aggregated information
based on the variance of the mean value estimator among these
26 parameters). As a result, this statistical assessment led to a
further reduction in the number of parameters to be monitored
without losing a substantial amount of information in representing
the water quality.

Applying this statistical assessment at each individual station,
the continued parameters should ideally come from all clusters
since information about a parameter in a particular cluster cannot
be reconstituted from other clusters. Therefore, all single parame-
ter clusters (only one parameter in a cluster) were recommended
to be taken as a continued parameter since the information of
these parameters cannot be provided by other parameters. More-
over, as our previous study aimed to obtain a minimum number
of parameters to be monitored, only one parameter was selected
from multiple parameter clusters (more than one parameters in a
cluster) to represent its cluster. Therefore, for multiple parameter
clusters, only one parameter should be considered to be continued,

while the other(s) should be discontinued. However, the results of
the statistical assessment revealed that the parameters to be con-
tinued and discontinued varied from one station to another station.
This result was not acceptable in the development of West Java WQI
since a common set of parameters is required for the WQI to assess
and compare water quality in rivers of West Java. Therefore, consid-
ering this fact, few additional criteria were proposed to be applied
to identify common set of parameters to be used in the West Java
WAQI. These additional criteria were:

(i) Parameter identified as being in single clusters for at least
70% of the total monitoring network were recommended to be
selected as the common parameters across all stations (based
on results of correlation and on cluster analysis).

(ii) Only parameters that are identified to be monitored contin-
uously (i.e. based on results of single parameter clusters and
the enhancement of consolidated index in multiple parame-
ter clusters) for at least 80% of the total monitoring network
were proposed to be included in the uniform set of parameters
across stations.

(iii) The uniform set of parameters should include at least one
parameter belonging to each of the 7 different grouping of
water quality parameters. This will ensure that the significance
of each grouping of water quality parameters was considered
in the final index aggregation of a WQI.

If a particular parameter met any of these criteria, that param-
eter was recommended to be selected as a common parameter
in the development of the West Java WQI. For example, apply-
ing the second criteria, in grouping of heavy metal parameters, Cd
was excluded from the selected parameters as this parameter was
recommended to be monitored continuously for less than 80% of
total monitoring stations. On the other hand, Zn, Pb, and Hg were
included since they were recommended to be monitored at more
than 80% of the stations.

Through the steps aforementioned, it was established that only
13 parameters representing all the 7 different groupings of water
quality parameters were needed to be continuously monitored.
Thus, those 13 parameters would be used for establishing the
weights using the AHP (indicated by (x) in column 8 and are shaded
inTable 1). They are were temperature (temp) and suspended solids
(SS) representing the physical group, chemical oxygen demand
(COD) and dissolved oxygen (DO) in the oxygen depletion group,
nitrite (NO,) and total phosphate (TP) in nutrients group, deter-
gent (Deter) and phenol (Phen) in the organics group, chloride
(C1) in ions and minerals group, Zinc (Zn), Lead (Pb) and mercury
(Hg) in the heavy metals group, and faecal coliform (FC) in the
microbiology group. The detailed procedure on how to obtain these
common parameters to be used in the West Java WQI can be found
in (Sutadian et al., 2016b,c).

Two AHP models were developed; the first was based on the 13
individual parameters and the second on the 7 groupings of param-
eters and their sub-groupings. Figs. 2 and 3 present the structure
of the hierarchy for the two AHP models. In the first AHP model,
there is only one level of hierarchy that stands for the goal and it
consists of the 13 individual parameters. On the other hand, in the
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Weights of the water quality Goal
parameters of West Java WQI
. Oxygen . . Tons and Heavy . .
Physical Nutrients Organics Microbiology
Y depletion £ minerals metals Upper level
Temp || SS COD || DO || NO2 TP || Deter || Phen Cl Zn Pb Hg FC Lower level
Fig. 3. Hierarchy based on the 7 groupings of parameters.
Table 2
The 1-9 point scale used for the pairwise comparisons (Saaty, 1980).
Relative importance Scale Relative importance Scale
Equally important 1 Equally important 1
Moderately important 3 Moderately less important 1/3
Strongly important 5 Weakly important 1/5
Very strongly important 7 Very weakly important 1/7
Extremely important 9 Extremely weak 1/9
Intermediate values 2,4,6,8 Intermediate reciprocal values 1/2,1/4,1/6,1/8

second AHP model, there are two levels of hierarchy, namely the
upper and the lower level. The upper level consists of the 7 group-
ings of parameters and the lower level encompasses sub-groupings
of parameters describing the upper level.

(2) Construct pairwise comparison matrix

The next step is to construct the pairwise comparison matrix,
which would be included in the questionnaires that are to be dis-
tributed to the respondents. Pairwise comparisons (of the water
quality parameters in this study) are a fundamental step in the
use of the AHP (Saaty, 1987). Various scales have been proposed
to rate the related stakeholders’ judgements, such as the 1-9 point
scale (Saaty, 1980), the power scale (Harker and Vargas, 1987), the
geometric scale (Lootsma, 1989) and logarithmic scale (Ishizaka
et al,, 2011). However, the 1-9 point scale has strongly been rec-
ommended to be used as an acceptable scale in the AHP (Harker
and Vargas, 1987; Saaty, 2001). The advantage in using the 1-9
point scale is that it has qualitative distinctions and provides more
options to assess the relative importance among the parameters,
compared to smaller point scales (Saaty, 1980, 2001). Furthermore,
the 1-9 point scale is simple, straightforward, and easy to use
(Zhangetal.,2009).Recent studies show that the 1-9 point scale has
been widely used in numerous AHP applications (Abdollahzadeh
et al., 2016; Ishizaka et al., 2016; Shen et al., 2015; Singh and
Nachtnebel, 2016; Wang et al., 2016). Hence, the 1-9 point scale
was used in this study to transform the stakeholders’ judgements
into numerical values in the pairwise comparisons. The detailed
interpretation of the 1-9 point scale is described in Table 2, wherein
the values the values of the scale range from1/9 to 9.

The pairwise comparisons are undertaken between two param-
eters, for example, parameter i and parameter j to assess their
relative importance. In the scale described in Table 2, a scale value
of 1 means that both parameter i and parameter j are equally pre-
ferred and a value of 9 gives extreme importance to parameteriover
parameter j. Conversely, if one parameter is preferred less than the
other in a comparison, the reciprocal values of scale (i.e. column 2 of
Table 2) are used to reflect the intensity of lower importance. Using
Table 2, then each of stakeholder judgements is recorded in the
form of a pairwise comparison matrix A of dimension N x N, where
N is the number of parameters to be compared. Fig. 4 presents the
pairwise comparison matrix.

[ 11 Q12 Qi3 . AiN T
az1 Q22 .- . azn
A=|0az > Qs o A3y
Ay Anz Qy3 Ann

Fig. 4. The pairwise comparison matrix used in AHP.

As presented in Fig. 4, it is also worth mentioning that the
respondents were required to fill only the upper triangular of the
matrix for all pairwise comparisons since the lower triangular is
always the positive reciprocal of the upper triangle (i.e. a;=1/aj;
foralli,jfrom 1, 2...N). The diagonal elements of the matrix (ayy)
are all equal to 1. Thus, the lower triangular values were automat-
ically derived from responses of the upper triangular part of the
matrices (Inamdar, 2014).

(3) Calculating the weights

In general, the weights are elicited by employing matrix alge-
bra to determine the principal eigenvector w=(wq, w;. .. wy) from
N

matrix A, where w; >0 andij = 1. The principal eigenvector for
i=1

each matrix, when normalized, becomes the vector of priorities

(i.e. weights) for that matrix (Saaty, 1980). Mathematically, as pro-

posed by Saaty (1980), the principal eigenvector of A as the desired

priority vector w can be estimated by solving Eq. (1) below.

Aw=paxW (1)

where Ay is the largest eigenvalue of the matrix A and the cor-
responding eigenvector w. This approach is well known as the
eigenvalue method (Dong et al., 2010). The eigenvalue method
was then used to estimate the weights of individual parame-
ters/groupings of parameters/sub-groupings of parameters across
all hierarchy levels. In this study, the AHP software package Expert
Choice was used to undertake the computational procedure for
determining the weights.
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Table 3
Random Index (RI) values for different values of N (Saaty, 1980).
N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59
Table 4

Summary of number of respondents initially invited and those finally used with consistent responses.

Respondent groups Initially invited Agreed to Number of stakeholder responses
respondents participate
Initial C. R? Revised Finally used
consistent consistent
responses responses
<0.1 >0.1
Government officials 7 5 3 2 1 4
Academics 6 5 3 2 2 5
Researchers 6 5 3 2 - 3
Consultants 6 5 3 2 - 3
Total 25 20 12 8 3 15

2 C.R.<0.1 indicates acceptable consistency and C.R.>0.1 indicates inconsistent responses.

(4) Consistency evaluation

Consistency is a measure to evaluate whether relative judge-
ment given by the respondent is consistent or not. A judgement is
said to be consistent if it meets the logic of preference of transitive
property (i.e. a;. aj, = ;) (Saaty, 1980). Hence, this step provides a
logical consistency of the stakeholders’ judgement since perfectly
consistent judgement is difficult to attain in practice. Saaty (1980)
proved that the A2« is always greater than or equal to N for posi-
tive reciprocal matrices and is equal to N if and only if the matrix A
is a consistent matrix. Therefore, the closer A\px is to N, the more
consistent the judgement is. In this consistency evaluation step,
AMax is then used as an important validating parameter to measure
consistency of stakeholders’ judgement and shown in Eq. (2).

Max — N
Cl= N_T (2)
where Cl is the consistency index, N is the dimension of the matrix,
and Apax is the same as that in Eq. (1).

Furthermore, for different dimension of the matrix (N), Saaty
(1980) generated random matrices and calculated their mean CI
value. These mean Cl values are called the random index (RI). Using
ClasshowninEq.(2)and the Rl values as presented in Table 3, Saaty
(1980) developed the consistency ratio (CR) to measure consistency
for a given pairwise comparison matrix with respect to its Rl as
shown in Eq. (3).

CR = CI/RI (3)

where if the value of CR is less than 0.10, then the judgement
responses in the pairwise comparison matrix can be considered as
having an acceptable consistency (Saaty, 1980). The computational
procedure for consistency evaluation was undertaken using the
AHP software Expert Choice. In this study, to deal with inconsistent
responses (when the CR exceeds 0.10), the respective stakeholders
were required to re-review their judgements. The new values of
pairwise comparisons from the respective stakeholders were then
re-assessed again for evaluating their consistency.

(5) Aggregating individual to group weights

For each level of hierarchy, to obtain a set of weights from
group judgement responses, the aggregating individual priorities
(AIP) method was employed. In the AIP, all different sets of weights
from individual responses are first elicited from the pairwise com-
parisons independently. Then, these different sets of individual

weights are aggregated to represent weights of the group judge-
ment responses (a collection of individuals). Such an aggregation of
different individual weights can be computed using either an arith-
metic or geometric method (Forman and Peniwati, 1998). However,
in this study the geometric method is preferred to be used due to
two reasons as discussed below:

(v) The geometric method is more consistent with previous steps
in the AHP since the stakeholder’s judgements used in the pair-
wise comparison represent relative importance (ratios) of one
over another (Forman and Peniwati, 1998).

(vi) Although the arithmetic method provides a simple aggrega-
tion, it creates the problem known as “eclipsing”, wherein
lower values of individual weights are dominated by the higher
values of other individual weights or vice versa. With consider-
ably high individual weights, as shown by Ishizaka et al. (2011),
the arithmetic method will overrate the group weights (final
priorities).

Considering the above reasons, all the different weights
obtained from the individual’s pairwise comparisons were there-
fore aggregated using the geometric method. In this study,
consensus of the group judgement’s responses was neglected. The
aggregated weights were then normalized as the sum of weights at
each hierarchy should be 1.

Since the first AHP model only had one hierarchy to represent
the overall weights of the water quality parameters, all weights
were automatically the overall weights corresponding to the 13
individual of parameters. On the other hand, the second AHP model
had two levels of hierarchy (i.e. upper and lower levels). Therefore,
The overall weights in the lower levels were obtained by multiply-
ing the normalized weights of those levels and the preceding levels
(Lewis et al., 2006). As an example, the overall weight of temper-
ature was obtained by multiplying the weight at the upper level
(of physical) by its weight at the lower level (of temperature). This
multiplication process was continued until all overall weights of
the sub groupings of parameters in the lower level were obtained.

4. Identification of water quality-related stakeholders

To obtain an unbiased opinion, in this study, stakeholders
in West Java were identified from different groups of experts.
Four different groups namely, government officials, academics,
researchers, and consultants were chosen and invited for the ques-
tionnaire based survey. These are important groups since they

138


Arief Sutadian
Typewritten text
138


A.D. Sutadian et al. / Ecological Indicators 75 (2017) 220-233 227

0.200
0.160 +
X
¢

2 0.120 + L

i’

; |
0.080 + +
0.040 + % I i

4 X X
0.000 t t t t t + t t t } t
Temp SS COD DO NO2 TP  Deter Phen Cl Zn Pb Hg FC
® All respondents ™ Government officials ¢ Academics XResearchers +Consultants

Fig. 5. Weights of 13 individual parameters for the different groups of respondents obtained from the first AHP model.

influence decisions related to water quality management. Even
though these groups may have different degrees of influence, but
their contributions are useful towards representing the stake-
holder(s) with strong interests in the development of the proposed
West Java WQI. Juwana et al. (2010) have suggested that the local
stakeholders should be preferred when compared to stakeholders
from other areas as they are considered to have extensive knowl-
edge of issues related to water resources management in West
Java.

In this study, the stakeholders for undertaking the question-
naire based survey were identified in the following manner. First,
the stakeholders who are key persons working in the above four
groups were long listed. Second, to obtain reliable and accurate
judgements, only the stakeholders who have an average working
experience of more than 10 years and related educational back-
ground in water quality management were identified. With this
two-step process in identifying stakeholders, 7 officials from water
quality related government organisations, 6 lecturers from 2 uni-
versities, 6 researchers from research institutions or water centres
and 6 professionals who are working as consultants were identified.
Then, they were contacted either via email or phone calls. Most of
the contacted stakeholders were willing to participate in this study.
Finally, 20 stakeholders confirmed and 5 refused by expressing
their unwillingness or by not responding to email invitations. The
20 stakeholders consisted of 5 in each of the four different groups.

5. Results and discussions
5.1. Preparation of AHP questionnaire

Using the basic hierarchic structure described in Figs. 2 and 3,
pairwise comparison questionnaire of 13 individual parameters
and 7 groupings of parameters were developed. Since sub-
groupings of parameters in the second AHP model consisted of the
same individual parameters as in the first AHP, pairwise compari-
son for sub-groupings of parameters in the second AHP model were
not specifically developed. The reason was to not only reduce the
number of questions, but also to avoid repetition of some com-
parisons. Accordingly, the respondents did not necessarily rate the
same comparisons twice and kept maintaining the consistency
of the stakeholders’ judgement for those respective comparisons.
Instead, the stakeholders’ judgements on individual parameters
were also used to estimate the weights by decomposing into related

sub-groupings of parameters. As an example, for the physical
grouping, only judgement on temperature and SS of 13 individ-
ual parameters pairwise comparison were used to develop its own
pairwise comparison.

Before the questionnaire was distributed to the respondents,
a mini-survey was carried out to seek preliminary feedback and
comments, particularly in relation to the clarity of questions for
the pairwise comparison matrices. Since this questionnaire was to
be distributed in West Java, Indonesia, a few Indonesian students
in Melbourne and colleagues in West Java Environmental Manage-
ment Agency, were requested to complete the questionnaire form
as part of the mini-survey. They were also requested to provide
comments for improving the language and quality of translation
(since the questions were also provided in Indonesian language).
Based on the responses from the mini-survey, a few questions
mostly regarding the clarity of questions and vocabulary mistakes
in the Indonesian language were refined.

Further, through these questionnaires, the involved respon-
dents were asked about their opinion on the relative importance of
one parameter over another for both the 13 individual parameters
and the 7 groupings of parameters. Along with the questionnaires,
a background of the study and a brief description of the previ-
ous research in selecting individual parameters and groupings of
parameters were provided to each of the respondents.

5.2. Distribution and collection of the AHP questionnaire

The final version of the AHP questionnaire was sent to the 20
respondents individually through email in order to avoid their
interacting with each other. This was aimed to avoid dominance
of some respondents over others (Shen et al., 2015; Singh and
Nachtnebel, 2016). All the 20 respondents returned the question-
naire and their responses were tabulated into an excel file. Next,
the consistency of the pairwise comparison matrix for the two dif-
ferent AHP models were individually checked. It was observed that
8 out of the 20 respondents had inconsistent answers as the val-
ues of CR for their responses were more than 0.1. Hence, another
request was sent to those 8 respondents to revise their responses. A
response was received from 5 out of 8 respondents, who had revised
their answers. The consistency of their pairwise comparison matrix
was re-checked. However, only 3 out of 5 responses were consis-
tent, and hence another request was sent to the 2 respondents who
were still not consistent in their responses.
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Fig. 6. Weights of 7 grouping of parameters for different groups of respondents obtained from the second AHP model.

With respect to inconsistent and incomplete responses, Al-
Barqawi and Zayed (2006); Singh and Nachtnebel (2016) suggested
that inconsistent responses, late answers and those who were
reluctant to complete the questionnaire were excluded from the
analysis. In addition, Qureshi and Harrison (2003) also concluded
thatre-asking the respondents to revise their judgement would not
necessarily remove the problem of inconsistency in AHP. Hence,
in this study, 5 respondents were left with inconsistent responses
within a set timeframe of 1 month as those respondents nei-
ther responded nor revised their judgements. Using this procedure
described above, responses of only 15 out of the initially selected
20 stakeholders were used for further analysis to obtain weights of
the water quality parameters. A summary of the number of invited
respondents and the number of respondents whose responses were
finally used is presented in Table 4.

5.3. Establishing the weights of the water quality parameters

As discussed in Section 3 and shown in Figs. 2 and 3, in the
first AHP model, there is one level of hierarch with respect to the
13 individual parameters, while the second AHP model has two
levels of hierarchy corresponding to 7 groupings of parameters
and their sub-groupings. At the upper level in the second AHP
model, 5 groupings of parameters had either 2 or 3 sub-groupings
of parameters. Meanwhile, the other two groupings (ions and min-
erals and microbiology) had only one parameter each within their
grouping with no other parameter to be compared with. Thus, such
sub-groupings of parameters consisting of only a single parameter
received a weight of 1.

As mentioned earlier, four groups of respondents participated in
the survey to estimate the weights of the water quality parameters.
In addition to considering the weights of all respondents together,
the weights of different groups of respondents (government offi-
cials, academics, researchers and consultants) were also assessed
to analyse if any group was dominating the stakeholders’ opinions.
However, only the overall weights of both AHP models, calculated
based on the group of all respondents were compared. The better
of the two will be used in the aggregation and further analysis for
developing the West Java WQI. The following sub-sections discuss
the weights from both the AHP models in detail based on the dif-
ferent groups of respondents. It is worth mentioning that all the
weights discussed in the following sub-sections were the aver-

aged weights of the group judgement responses calculated using
geometric mean based on the AIP (please refer to Section 3 (5)).

5.3.1. First AHP model based on 13 individual parameters

Fig. 5 presents the weights obtained in the first AHP model
for the 13 individual parameters. As can be seen in the figure,
all the groups of respondents assigned relatively high weights
to COD when compared to the other parameters. The weights
of COD ranged from 0.102 to 0.185. The second parameter that
received high weights consistently by all groups of respondents
was DO, wherein the weights were 0.135 (all respondents), 0.091
(government officials), 0.110 (academics), 0.105 (researchers) and
0.148 (consultants). This was followed by FC, which had a simi-
lar pattern to the two-aforementioned parameters. All the groups
of respondents, with the exception of researchers, assigned high
weights to FC of 0.111, 0.150, 0.142, and 0.145 for group of all
15 respondents, government officials, academics, and consultants,
respectively. These groups of respondents were likely to recognise
that these parameters (namely COD, DO, and FC) are often well
above their permissible limits. Recent studies in West Java have
also shown that the water quality of the rivers in West Java have
deteriorated because of contamination caused by growing quan-
tities of untreated residential and industrial wastewater (WJEPA,
2014). This fact could be a supporting reason for the respondents
judging that COD, DO and FC were largely more important than the
other individual parameters.

The above results, which assigned the highest weights to the
oxygen depletion parameters and FC were also in line with that
of some other popular WQIs, which consider DO and FC as the
most important parameters. For example, out of the 9 parameters
in the National Sanitation Foundation WQ]I, the two highest weights
were received by DO (0.200) and FC (0.160) (Brown et al., 1970). In
the Oregon WQI, the two highest weights from the six selected
parameters were also for DO (0.400) and FC (0.200) (Dunnette,
1979). Similar results, particularly for DO, were observed in Dal-
matian, Debel’s, and Malaysian WQIs, where DO was considered as
the most important parameter among others (Debels et al., 2005;
Shuhaimi-Othman et al., 2007; Stambuk-Giljanovi¢, 1999). Hence,
this indicates that controlling the activities that increase the con-
centration of FC and deplete the DO should be the top priority for
water quality managers in West Java.

Fig. 5 also shows that the group of researchers had a very dif-
ferent opinion about the weights of Temp, SS, Pb, and Hg when
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Fig. 7. Weights of the sub-grouping of parameters at the lower level in the second AHP model.

compared to the other groups of respondents. The researcher
group assigned relatively high weights to temperature (0.151)
and SS (0.100), whereas the other groups of respondents assigned
relatively low weights to temperature (0.024-0.043) and SS
(0.051-0.073). The high preference to temperature provided by the
group of researchers is likely to be because of their knowledge about
how temperature influences other parameters (such as DO) as well
as other chemical-biological processes in a water body (such as
metabolic rates of aquatic organisms and the solubility and reaction
rates of chemicals).

On the other hand, the group of researchers assigned relatively
low weights to Pb (0.025) and Hg (0.031), whereas the other groups
of respondents assigned higher weights to them with values rang-
ing from (0.079 to 0.114) and (0.111 to 0.145) for Pb and Hg,
respectively. The higher weights to these heavy metals given by
the other groups of respondents (other than researchers) is likely
to be driven by the fact that heavy metal contamination, especially
in rivers passing through urban and industrial areas in West Java,
have been regularly reported through the official reporting process
and is widely covered in the public media.

5.3.2. Second AHP model based on 7 groupings of parameters
Fig. 6 presents the weights obtained in the second AHP model

for the 7 groupings of parameters. All groups of respondents except
the researchers assigned relatively high weights to oxygen deple-
tion (0.160-0.233), microbiology (0.098-0.249) and heavy metal
parameters (0.117-0.221). Thus, the judgement of all groups of
respondents (except researchers) indicate that these three group-
ings of parameters always receive a higher weight relative to the
other groupings of parameters. The researchers on the other hand
give lesser preference to oxygen depletion (0.160), microbiology
(0.98) and heavy metals (0.117) when compared to the other group-

ings of parameters.
It can also be seen in Fig. 6 that all the different groups of respon-

dents indicated similiar preference to physical, nutrients, organics
and ions and minerals groupings of parameters. The only contra-
diction to this is the preference of the researchers, who assigned
much higher average weights to nutrients (0.199) and organics
(0.235). All other groups assigned relatively lower avarage weights
to physical, nutrients, organics and ions and minerals groupings
of parameters. It is also important to note that the oxygen deple-
tion parameters in the second AHP model and its sub-groupings
of parameters (COD and DO) in the first AHP model received rel-
atively high weights in both the AHP models. These were also

observed in the other groupings of parameters and sub-groupings
of parameters, namely for microbiology, ions and mineral and phys-
ical groupings, wherein both AHP models had a similar pattern of
weights. In addition, the F-test for each parameter was performed
to see if the variances of the overall weights obtained from individ-
ual respondents for both AHP models have similar characteristics.
In this study, the null hypothesis, i.e. Hy: 01 =0 (i.e. the variances
of first and the second AHP models were equal) was tested, wherein
the critical value of F for a 2-tailed test, F-criticai(0.025,14,14) for a sig-
nificance level of 0.05 with 14° of freedom was 2.98. The Hy was
accepted if the F-y,ue Was less than the F-ctical, oOtherwise the Hy
would be rejected. As presented in Table A1 in the Appendix A,
analysis of variances of both models for each parameter providing
F-values and p-values shows that the variance between the first and
the second AHP models were not statistically different, with excep-
tions for the data of Cl and Zn. These results confirm that the first

and the second AHP models were in agreement.
As discussed earlier in Section 5.1, at the lower level of hier-

archy in the second AHP model, weights corresponding to the
sub-groupings of parameters were generated using the respective
pairwise comparison matrix from the 13 individual parameters.
Fig. 7 presents these weights of each sub-grouping of parameters
at the lower level of hierarchy. It was observed that four of the
sub-groupings of parameters, namely Temp-SS (physical), COD-
DO (oxygen depletion), NO,-TP (nutrients), and detergent-phenol
(organics), had fairly equal weights. Academics and consultants
assigned weights to these sub-groupings of parameters between
0.44 and 0.55, while the government officials and researchers
assigned a larger range of weights ranging from (0.25-0.63) and
(0.27-0.75) respectively. As can also be seen in Fig. 7, for the
sub-groupings of heavy metal parameters, almost all the groups
of respondents, except the researchers, assigned a similar pat-
tern of weights. This sub-grouping received weights of (0.19-0.21),
(0.31-0.33), and (0.42-0.47) for Zn, Pb, and Hg respectively. It
should be noted that the sum of weights in the AHP at any given
level of hierarchy is equal to 1. Therefore, sub-groupings of param-
eters of ions and minerals and microbiology, which were, Cl and
FC had weights of 1 since within these groupings had only one
sub-grouping of parameters.

5.3.3. Comparison of the overall weights between first and second

AHP models
Fig. 8 presents a comparison of the overall weights obtained

from both the AHP models. As seen in this figure, the overall weights
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Fig. 8. Comparison of overall weights between the first and second AHP models.

of temperature, NO,, and TP were not significantly different. Both
models also had similar results corresponding to relatively high
overall weights for COD, DO and FC and relatively low weights
for temperature and Zn. However, when the weights were ranked,
there were slight differences between the two models. COD and DO
had the highest parameter weights in the first AHP model, whereas
FC and COD had the highest parameter weights in the second AHP
model. Fig. 8 also shows that the overall weights of FC (0.179) and
Cl1 (0.077) in the second AHP model was significantly higher than
that in the first AHP model (0.111 and 0.048, respectively). This is
because adding or deleting alternative(s) (which in this study are
the parameters to be compared) from the original set of hierarchy
change the weights and the rank order (rank reversal) (Hartwich,
1999; Raharjo and Endah, 2006; Warren, 2004). As an example,
when Cl in the first AHP model was compared to other 12 parame-
ters, it was less preferred parameter. Nevertheless, considering the
fact Cl was the only parameter in the ions and minerals grouping, Cl
appeared to be a more preferred parameter when it was compared

to other 6 groupings of parameters in the second AHP model.
A comparison of the consistency of the stakeholders’ judgement

was investigated to identify the better of the two AHP models. Two
criteria were applied for this comparison, first being fewer numbers
of inconsistent responses and the less average consistency ratio for
all respondents being the second criterion. Tables A2 and A3 in
the Appendix A presents weights for different respondent groups
and their consistency ratios for the first and the second AHP mod-
els, respectively. It was observed that the number of inconsistent
responses based on the second AHP model was fewer than that
of the first AHP model. The result for the second criteria indicated
that the average consistency ratio of the second AHP model (0.052
for 15 respondents and 0.072 for 20 respondents) was less than
that of the first AHP model (0.059 for 15 respondents and 0.097
for 20 respondents). One of the causes inconsistency mentioned
in the literature is the size of dimension of pairwise comparison
(N) (Koyun and Ozkir, 2014). This has also been discussed by many
researchers, for example and Han (2016). As the size of N increases,
the number of pairwise comparisons increases largely by a factor
of N(N-1)/2 (Harker and Vargas, 1987; Zardari et al., 2015). Conse-
quently, the respondents have difficulty to complete all judgements
in the pairwise comparison (Zardari et al., 2015) or in other words,
the respondents find it somewhat tedious to go through all the
pairwise comparisons, leading to more inconsistency due to some
incorrect comparisons (Hartwich, 1999). Accordingly, considering

the reliability of judgements obtained from the respondents, the
second AHP model appeared to be better than the first model as
it had fewer numbers of pairwise comparisons. In addition to the
aforementioned reason, the second AHP was also preferred in this
study since this model will provide individual parameter weights
as well as weights of parameter groupings. This in turn will be use-
ful later when the WQI will be developed. Therefore, the second
AHP model will be used in the further steps to be undertaken in the
future for the development of a WQI for West Java.

6. Summary and conclusions

This paper presented one of the most important steps in the
development of a WQI, which is that of establishing the weights of
the water quality parameters. In this study, through reviewing and
comparing with other weighting methods, the Analytic Hierarchy
Process (AHP) was identified to be a suitable tool to establish the
weights of water quality parameters. Therefore, the application of
AHP to estimate the parameter weights is an important step in the
future work of developing a WQI for rivers in West Java, Indonesia.
The AHP was employed based on the thirteen selected parameters
from within seven water quality groupings for the rivers in West
Java. Thus, there were 13 (individual form) and 7 (grouping form)
pairwise comparison questionnaires to be undertaken.

In this study, two different AHPs models were developed. The
first AHP model was based on 13 individual parameters and it
involved one level of hierarchy to describe the goal of this study. On
the other hand, the second AHP model used 7 grouping of param-
eters in structuring its hierarchy and it comprised of two levels
of hierarchy in order to obtain the weights. A pool of respondents
from West Java Province with different backgrounds (grouped into
government officials, academics, researchers and consultants) were
surveyed to give their judgements. Only those respondents whose
judgements were consistent were used for the further analysis to
obtain the weights. The weights from group judgement responses
was then calculated based on the aggregating individual priorities.
Furthermore, the weights of different groups of respondents were
also assessed to analyse if any group was dominating the stake-
holders’ opinions. However, only the overall weights of both AHP
models, calculated based on the group of all respondents were com-
pared to seek the better of the two AHPs.

In the first AHP model, both chemical oxygen demand and
dissolved oxygen, consistently received relatively high weights
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for all respondent groupings, compared to other water quality
parameters. While in the second AHP model, different groups of
respondents assigned high weights to oxygen depletion and micro-
biology. In addition, the overall weights of the two AHP models
revealed that both models received relatively high weights for COD,
DO and FC. However, of the two AHP models, considering the con-
sistency and the reliability of respondents’ judgement, the second
AHP model was better than that of the first AHP model. Therefore
the results of the second AHP model will be used in the future for
the remaining steps of this study, which is that of aggregation of
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Table A1

Analysis of variances for each parameter (F-test) comparing the first and the second AHP models.
WQ parameters Temp SS CoD DO NO2 TP Deter Phen Cl Zn Pb Hg FC
F-value 2.439 1.836 1.818 1.375 1.956 1.554 1.493 1.802 9.813 3.619 2.393 0.811 2.138
p-value 0.107 0.268 0.276 0.559 0.222 0419 0.463 0.282 0.000 0.022 0.114 0.700 0.167

Bold p-values are significant at 0.05.

Table A2

Weights of different groups of respondents and their consistency ratios for the first AHP model.
Individual Government officials Academics Researchers Consultants
Parameters

G1 G2 G3 G4 G5 A6 A7 A8 A9 A10 R11 R12 R13 R14 R15 C16 Cc17 C18 C19 C20

Temp 0.053 0.018 0.014 0.015 0.010 0.024 0.012 0.009 0.012 0.187 0.027 0.078 0.152 0.210 0.018 0.130 0.007 0.020 0.017 0.034
SS 0.076 0.152 0.018 0.041 0.019 0.020 0.079 0.021 0.032 0.137 0.032 0.046 0.152 0.106 0.031 0.130 0.045 0.027 0.066 0.166
CoD 0.054 0.152 0.067 0.141 0.175 0.114 0.111 0.097 0.029 0.137 0.072 0.189 0.163 0.149 0.139 0.130 0.114 0.134 0.171 0.102
DO 0.051 0.152 0.062 0.141 0.173 0.149 0.145 0.118 0.046 0.137 0.039 0.046 0.171 0.149 0.139 0.130 0.097 0.145 0.171 0.102
NO2 0.073 0.066 0.034 0.077 0.091 0.031 0.029 0.025 0.040 0.041 0.043 0.098 0.078 0.044 0.066 0.053 0.059 0.050 0.066 0.040
TP 0.072 0.066 0.033 0.061 0.038 0.031 0.029 0.022 0.039 0.041 0.056 0.098 0.053 0.044 0.052 0.053 0.043 0.042 0.045 0.040
Deter 0.037 0.064 0.030 0.031 0.039 0.031 0.045 0.025 0.033 0.041 0.072 0.189 0.044 0.042 0.065 0.053 0.023 0.027 0.060 0.046
Phen 0.086 0.064 0.028 0.025 0.032 0.032 0.046 0.023 0.043 0.041 0.081 0.163 0.028 0.042 0.081 0.053 0.034 0.033 0.029 0.054
Cl 0.068 0.028 0.070 0.063 0.053 0.033 0.045 0.026 0.053 0.031 0.083 0.021 0.059 0.042 0.027 0.040 0.093 0.027 0.027 0.059
Zn 0.090 0.028 0.068 0.035 0.096 0.078 0.099 0.169 0.105 0.023 0.097 0.021 0.025 0.042 0.100 0.026 0.045 0.028 0.027 0.064
Pb 0.096 0.028 0.149 0.146 0.096 0.109 0.099 0.169 0.200 0.023 0.109 0.021 0.025 0.042 0.102 0.026 0.110 0.195 0.072 0.123
Hg 0.147 0.028 0.159 0.146 0.078 0.172 0.099 0.253 0.223 0.023 0.137 0.021 0.025 0.042 0.114 0.026 0.149 0.186 0.072 0.087
FC 0.096 0.152 0.269 0.078 0.100 0.176 0.162 0.045 0.145 0.137 0.152 0.011 0.025 0.042 0.067 0.151 0.182 0.084 0.178 0.082
Sum 1.00 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1.00 1.00
Consistency 0.09 0.02 0.09 0.08 0.13 0.06 006 0.08 0.08 0.06 0.13 0.06 007 0.01 0.22 002 032 008 0.03 0.24
ratio

Consistency ratio values greater than 0.10 are inconsistent and are in bold.

Table A3

Weights of different groups of respondents and their consistency ratios for the second AHP model.
Groupings of Government officials Academics Researchers Consultants
Parameters

G1 G2 G3 G4 G5 A6 A7 A8 A9 A10 R11 R12 R13 R14 R15 C16 C17 C18 c19 c20

Physical 0.029 0.182 0.035 0.046 0.045 0.076 0.046 0.038 0.046 0.224 0.029 0.109 0.057 0.143 0.032 0.173 0.037 0.046 0.032 0.140
Oxygen depletion  0.145 0.290 0.131 0.190 0.275 0.260 0.176 0.178 0.071 0.199 0.047 0.109 0.190 0.143 0.202 0.173 0.238 0.185 0.289 0.298
Nutrients 0.078 0.112 0.082 0.105 0.109 0.126 0.056 0.056 0.053 0.117 0.071 0.232 0.172 0.143 0.154 0.173 0.078 0.104 0.116 0.112
Organics 0.089 0.095 0.082 0.186 0.244 0.100 0.242 0.178 0.092 0.093 0.093 0.428 0.154 0.143 0.126 0.188 0.072 0.164 0.116 0.112
Ions and minerals  0.125 0.040 0.052 0.046 0.062 0.155 0.036 0.040 0.202 0.063 0.133 0.048 0.065 0.143 0.120 0.053 0.108 0.051 0.043 0.112
Heavy metals 0.386 0.040 0.219 0.260 0.194 0.142 0.151 0.481 0.243 0.094 0.235 0.048 0.172 0.143 0.200 0.053 0.217 0.366 0.116 0.112
Microbiology 0.148 0.240 0399 0.166 0.071 0.142 0.293 0.030 0.294 0.210 0.392 0.025 0.190 0.143 0.167 0.188 0.250 0.085 0.289 0.112
Sum 1.00 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1.00 1.00
Consistency ratio 009 003 008 004 011 007 008 007 008 009 022 004 003 000 011 000 020 006 002 0.02

Consistency ratio values greater than 0.10 are inconsistent and are in bold.
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Chapter 5
Applying the West Java Water Quality Index to
the Main Rivers in West Java

5.1. Introduction
This chapter presents the development and application of the West Java Water Quality Index
(WJIWQI) to the main rivers in West Java Province, Indonesia. This included the following four

steps:

1) Selection of parameters
2) Obtaining sub-index values (transformation to a common scale)
3) Establishing weights

4) Aggregation of sub-indices to obtain the final index.

As outlined in Section 1.2 of Chapter 1, this study aimed to develop a methodology for selection
of parameters for the WIJWQI in a cost effective manner. The selection of parameters for the
case study area was presented in Chapter 3. The outcome of this first step of parameter selection
was the identification of 13 parameters, which were then used for the three remaining steps in
the development of WIJWQI. In this chapter, the sub-index values of 100 — 5 were obtained
from the sub-index functions based on the permissible limits (thresholds) from the legislated
water quality standards. This facilitated sub-division of sub-index values and provided more
information to the users for management of river quality. Subsequently, as demonstrated in
Chapter 4, the 13 parameters were then used to establish the weights of the water quality
parameters. These parameter weights were then used for aggregation of sub-indices to produce
the final index and to undertake uncertainty and sensitivity analysis of WJWQI. Finally, based
on the advantages and disadvantages of the available aggregation methods (which were
discussed in Chapter 2), the weighted geometric method was used in this chapter to produce the

final index value.

These four steps presented above, particularly that of the selection of parameters in a cost
effective manner and the inclusion of local experts’ opinion for identifying parameter weights

will increase the credibility and acceptability of WIJWQI to be used by related authorities and
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users of WJWQI. Thus, this proposed index can be a more reliable alternative to the currently
used WQIs in West Java.

The application of WIWQI in this chapter using monitoring data taken between 2001 and 2011
was used to evaluate the general status of water quality spatially and temporally at monitoring
networks of the study area. The application of WJWQI presented in this chapter provided a
more accurate and valid comparison between stations and rives as the same parameters were
employed to compute the final index values. Moreover, in this chapter, the uncertainty and
sensitivity of two sources were undertaken, which were that from the thresholds and weights of
the WIJWQI parameters. This was undertaken in this study using the 10,000 Monte Carlo (MC)
simulations. These sources of uncertainties have not been investigated and discussed yet in
available WQIs studies. Therefore, the quantification of the uncertainty and sensitivity in both

these sources using the MC simulations provided new insights into the development of a WQI.

This chapter contains the following journal paper, which presents the development of WJWQI
based on the four aforementioned steps, its application, and the uncertainty and sensitivity

analysis of WJWQI using the MC simulations:

1. Sutadian, A. D., Muttil, N., Yilmaz, A. G., & Perera, B. J. C. (2017). Development of a
Water Quality Index for rivers in West Java Province, Indonesia. Submitted to Ecological

Indicators.
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Abstract

The West Java Water Quality Index (WJWQI) described in this paper was specifically developed
to replace the currently used indices in West Java, Indonesia. The WJWQI addressed the
limitations of the currently used indices, namely their inability to make accurate comparison of
the general status of water quality between the rivers in West Java, inability to make these
comparisons in a cost effective manner, and the lack of credibility and acceptability of the
currently used indices by relevant authorities in West Java (since the local conditions and local
expert opinion have not been considered in the development of the currently used indices).
Addressing these limitations increases the credibility and acceptability of WIWQI to be used by
the relevant authorities and the users of WJWQI in West Java. This index was developed using
four basic steps, which are selection of parameters, obtaining sub-index values (transformation to
a common scale), establishing weights, and aggregation of sub-indices to produce the final index.
The methodology for parameter selection used in the development of WJWQI, which considered
cost effective monitoring of water quality parameters in West Java rivers and the inclusion of
local experts’ opinion in establishing the parameter weights will increase the credibility and
acceptability of WIWQI among the relevant authorities and the users of WIJWQI. The application
of WIWQI for the West Java Province was demonstrated using monitoring data taken between
2001 and 2011, to evaluate the general status of water quality spatially and temporally. The results
of the application show that most monitoring stations had marginal water quality, indicating that

rivers in the West Java Province have been experiencing water quality deterioration significantly.
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Moreover, an uncertainty and sensitivity analysis was undertaken through Monte Carlo simulation

to determine the robustness of WJWQI, which proved to be robust.

Keywords: West Java WQI, Monitoring, West java province, Application, Robustness analysis

1. Introduction

Having good water quality is important for a healthy river, as it affects the humans, animals and
plants that utilise the water. However, it is difficult to quantify the state of river water quality
due to the large choice of possible water quality parameters used to describe it. On the other hand,
insufficient funding, particularly in developing countries, is one of the most common constraints
towards monitoring all water quality parameters of a river as it is laborious and expensive. Thus,
Water Quality Indices (WQIs) have been used in the past as one of the most commonly used
approaches to evaluate water quality of a water body (Abbasi and Abbasi, 2012; Soliman and
Ward, 1994). A WQI is a single dimensionless number expressing the status of water quality of
a water body (e.g. river) and is obtained by aggregating the measurement values of the selected

water quality parameters.

WQIs have been proposed as early as in 1965, to define the state of river water quality (Horton,
1965). Since then, this approach has been one of the most effective ways to communicate
information on water quality (Walsh and Wheeler, 2012). Even though the WQI cannot evaluate
the quality of water for all types of uses and all hazards, and nor can it provide complete

information on water quality (Cude etal., 1997), it can be a useful tool with the following benefits:

e |tis able to express the general state of water quality spatially and temporally; therefore, it can
be used to assess water quality improvement programs (Cude et al., 1997).

e It can be used to compare water quality of different water sources and sites, without
undertaking highly technical assessment of water quality data. Thus, this approach can be used
for reporting the general status of water quality to policy makers and the public in a simple
and understandable manner (CCME, 2001; Sarkar and Abbasi, 2006).

e It can be used as a tool for decision making and operational management by water authorities
(Gitau et al., 2016; House, 1989; Ocampo-Duque et al., 2006).

Several WQIs have been developed in the past by different agencies and researchers with the aim
to establish their own indices or to improve the existing indices (Gitau et al., 2016). However, as
highlighted by Lumb et al. (2011), no single WQI has been globally accepted. In West Java and

other provinces in Indonesia, the use of WQIs was introduced in early 1990s. The Ministry of
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Environment (MoE) in Indonesia has adopted and used with limited success two indices, namely
the Storet Index and the Water Pollution Index (WPI) (MoE, 2003). However, both these indices
had been developed based on the information on other specific regions and areas and without
considering the local conditions of West Java. These include use of parameters in the index which
do not suit West Java conditions and parameter weights that do not consider opinion of
stakeholders in West Java. Therefore, at a particular monitoring station, many parameters have
been monitored, which has led to increased monitoring cost in the field and increased cost in the
use of the WQI. Moreover, since the parameters monitored at different stations are different, a
comparison of WQI values between stations and river basins is not valid. Therefore, there is a
need for a new WQI that is specifically developed to address the above limitations of the currently
used indices in West Java, namely to provide a more accurate comparison of the general status of
water gquality among rivers in West Java and also to undertake these comparisons in a more cost

effective manner.

This paper aims to develop a new WQI (which is referred to as the West Java Water Quality Index
(WIWQI) in this paper) for use in rivers across West Java, Indonesia by addressing the limitations
of the currently used indices, and also by considering water quality monitoring in a more cost
effective manner. The statistical assessment developed by Ouarda et al. (1996) for hydrometric
network rationalization and later adopted by Khalil et al. (2014; 2010) for parameter redundancy
was enhanced in this study to select water quality parameters for WIWQI (Sutadian et al., 20173,
b). This enhanced statistical assessment which included three critical factors (based on the cost of
laboratory analysis of parameters, and the magnitude and frequency of the parameters exceeding
their permissible limits), reduced the number of water quality parameters to be measured. This in
turn reduced the cost of monitoring and the cost of using WIJWQI. Next, the local experts in West
Java were consulted to identify parameter weights of the selected parameters. These two steps
increase the credibility of WJWQI to be used as a tool to communicate the general status of water
quality to scientists, decision-makers, and the general public, and to design appropriate programs
to improve water quality of rivers throughout the province. This paper also presents the
application of WJWQI to several main rivers in West Java using water quality data from the West
Java Environmental Protection Agency’s (WJEPA) network. The results of this application can
provide basis for recommendations to the relevant authorities to improve the management of
water quality in those rivers. Furthermore, this paper discusses the uncertainty and sensitivity
analysis undertaken in the development and application of WIJWQI, which uses the Monte Carlo
(MC) simulation approach. This uncertainty and sensitivity analysis was used to assess the
robustness of WIJWQI, which further increases the credibility of WJWQI.
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The structure of this paper is as follows. Firstly, the study area and the data used are presented in
Section 2. The development of WIJWQI is then presented in Section 3. This is followed by a
discussion of the application of WJWQI in the study area presented in Section 4. Section 5
presents the uncertainty and sensitivity analysis of the WJWQI. Finally, a summary and
conclusions drawn from this study are presented in Section 6.

2. Study area

The West Java Province is situated in the western part of Java Island, Indonesia. It occupies an
area of 37,095 km?, which can be divided into 26 cities or regencies. It has population of 46.71
million inhabitants, and it is the second most densely populated province in the country (BPS,
2015). As shown in Figure 1, the West Java shares borders with Jakarta (capital of Indonesia) and
the Banten Province to the west, the Central Java Province to the east, the Java Sea to the north,

and the Indian Ocean to the south.

The West Java has two seasons, namely wet season (October — April) and the remaining months
are the so-called transition or dry season. In general, West Java receives high annual rainfall
ranging from 500 — 4,000 mm (BMKG, 2017). Across West Java, there are several main rivers
flowing from the springs mostly in the upstream mountainous regions, towards either the estuary
in the Northern or Southern Coast of Java Island. However, due to data availability, only seven
rivers across West Java as can be seen in Figure 1, namely Citarum, Ciliwung, Cileungsi,
Cimanuk, Cilamaya, Citanduy, and Cisadane River were considered as the study area. All these
rivers have several tributaries and pass through various cities or regencies within the province.
Figure 1 also shows 48 monitoring stations used in the application of WJWQI, wherein 10, 9, 9,
5, 4, 3, and 8 monitoring stations were located in Citarum, Ciliwung, Cileungsi, Cimanuk,
Cilamaya, Citanduy, and Cisadane River respectively. This monitoring network is managed by

the West Java Environmental Protection Agency (WJEPA).

These rivers play an important role in the country as they are valuable sources of water for various
needs such as agriculture and industry. They also provide bulk water supply for many cities across
the region, including Jakarta. However, most of these rivers are vulnerable to pollution and have
poor water quality, particularly those rivers that are near or are passing through urban and
industrial areas. Pollutants entering the catchment and its rivers come from various activities,
mostly domestic and industrial within the catchment. In addition to those two sources of

pollutants, the agriculture and livestock have also contributed to river pollution in the rivers
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(Juwana et al., 2014; WJEPA, 2015). As a result, the water quality of these rivers has deteriorated

significantly.
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Water quality data from the WJEPA’s monitoring network were used in this study. The study
period was considered as 2001-2011. However, due to budgetary constraints and change of
institutional settings and laws in monitoring the water quality data, not all 48 stations had data for
the above study period, as the WJEPA did not monitor the water quality data regularly for each
station. The WJEPA also conducted irregular sampling frequencies, ranging from zero to five
measurements per year. As a consequence, in the development and application of the WJWQI,
not all monitoring stations even within the same river had either the same period of monitoring
or the number of water samples. For example, in the application of WIJWQI, the final index was
computed at the station CTML in the Citarum River for the period between 2001 and 2010, while
in the CTM3 in the same river, it was computed for the period 2003 — 2010.

3. Development of West Java Water Quality Index

The WIJWQI was developed using four steps that have been used in the past to develop a WQI
(Abbasi and Abbasi, 2012; Dojlido et al., 1994; Smith, 1990). These steps are selection of
parameters, obtaining sub-index values (transformation to a common scale), establishing weights
and aggregation of sub-indices to produce the final index A thorough review of the four-steps
aforementioned can be found in Sutadian et al. (2016), while the use of these four steps in the
development of WJWQI are discussed in the following sub sections.

3.1. Selection of parameters

Parameter selection is an essential step in the development of a WQI as the selected parameters
are the main constituents of an index. In our previous study (Sutadian et al. (2017a, b)), an
enhanced version of the statistical assessment for parameter redundancy developed by Khalil et
al. (2014; 2010) was applied to obtain the selected water quality parameters for WIWQI. This
was undertaken using three sequential stages, namely two screening procedures, statistical
assessment for parameter redundancy, and finally the identification of common parameters across

stations.

In the first stage, two screening procedures were carried out to exclude parameters that did not
meet the minimum data criteria and parameters that are within the permissible limits. In the first
screening procedure, the parameters that have less than a minimum of six or more consecutive
years of data during the considered monitoring period were excluded from further analysis since
they cannot be used in the subsequent step of the statistical assessment. In the second screening
procedure, the parameters that are always ‘within the permissible limits’ were not considered for

further analysis as the pollutants defined by these parameters were not present in significant
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amounts to be harmful to human or ecological health. It is important to note that 62 different
parameters were subjected to this stage of parameter selection. These 62 parameters were
categorised under 7 water quality groupings (of physical, oxygen depletion, nutrients, organics,
ions and minerals, heavy metals and microbiology groups).

Then in the second stage, the statistical assessment for parameter redundancy was performed to
identify the parameters to be removed from further monitoring (and their subsequent use in
WJIWQI) based on the methodology developed by Ouarda et al. (1996), and later adopted by
Khalil et al. (2014; 2010). In this stage, the statistical assessment was developed through the
inclusion of critical factors (i.e. the cost of parameter monitoring, and the magnitude and
frequency of the parameter exceeding its permissible limits). This statistical assessment was
undertaken to assess redundancy among the studied parameters and to identify the water quality
parameters to be continued and discontinued at each monitoring station. There were two main
analysis undertaken, namely (i) identifying highly correlated clusters to assess redundancy
information among the studied parameters using correlation analysis and (ii) identifying the
optimal combinations of continued and discontinued water quality parameters using an enhanced
consolidated performance index (which is an aggregated information based on the variance of the
mean value estimator among parameters investigated, wherein different weights for each
parameter were included based on the cost of parameter monitoring, and the magnitude and
frequency of the parameter exceeding its permissible limits). As a result, this statistical assessment
led to a further reduction in the number of parameters to be monitored without losing a substantial

amount of information in representing the water quality in the rivers.

The continued parameters obtained from this statistical assessment should ideally come from all
clusters since information about a parameter in a particular cluster cannot be reconstituted from
other clusters. There are two type of parameters clusters, those which included a single parameter
(only one parameter in a cluster) and those with multiple (more than one parameters in a cluster)
parameters. Applying this statistical assessment for each single monitoring station, all single
parameter clusters were recommended to be taken as a continued parameter since the information
of these parameters cannot be provided by other parameters. On the other hand, for multiple
parameter clusters, only one parameter should be considered to be selected to represent its cluster

as our previous study aimed to obtain a minimum number of parameters to be monitored.

Finally in the last stage, since the results of the statistical assessment revealed that the parameters

to be continued for monitoring varied from one station to another station, the identification of a
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uniform set of selected parameters across stations for use in the WIJWQI was undertaken. The
uniform set of selected parameters is required for comparison of the water quality across rivers of
West Java and also for the comparison of the general status of water quality from one monitoring
station to another through the use of the WJWQI. Therefore, few additional criteria were proposed

to be applied to identify the common set of selected parameters, which are as follows:

(1) Parameter identified as being in single clusters for at least70% of the total monitoring
network were recommended to be selected as the common parameters across all stations
(based on results of correlation and cluster analysis).

(2) Only parameters that are identified to be monitored continuously (i.e. based on results of
single parameter clusters and the enhancement of consolidated index in multiple parameter
clusters) for at least 80% of the total monitoring network were proposed to be included in
the uniform set of parameters across stations.

(3) The uniform set of parameters should include at least one parameter belonging to each of the
7 different grouping of water quality parameters. This will ensure that the significance of
each grouping of water quality parameters was considered in the final aggregated index.

Through the first stage (two screening procedures) aforementioned, the number of water quality
parameters was initially reduced from 62 to 26. Then, using the next two stages, it was established
that only 13 parameters representing all the 7 different groupings of water quality parameters
would be used for the further steps in the development of the WJWQI. The final uniform set of
selected parameters of the WJWQI is shown in Table 1. These 13 parameters were temperature
(temp) and suspended solids (SS) representing the physical group, chemical oxygen demand
(COD) and dissolved oxygen (DO) in the oxygen depletion group, nitrite (NO2) and total
phosphate (TP) in nutrients group, detergent (Deter) and phenol in the organics group, chloride
(CI) inions and minerals group, Zinc (Zn), Lead (Pb) and mercury (Hg) in the heavy metals group,
and faecal coliform (FC) in the microbiology group. The detail procedure of enhanced statistical
assessment for parameter selection for a WQI and its application in the development of WJWQI
are described in Sutadian et al. (2017a) and Sutadian et al. (2017b).
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Table 1 Final set of selected parameters of the WIJWQI

Grouping of Water Quality .
Units
Parameters Parameters
. Temperature °C
Physical Suspended solids mg/L
. Chemical oxygen mg/L
Oxygen depletion Dissolved oxygen mg/L O;
. Nitrite mg/L NO»-N
Nutrients Total phosphate mg/L PO4-P
. Detergent as MBAS pa/L
Organics Phenol Mg/l
lons and minerals Chloride mg/L CI’
Zinc mg/L Zn
Heavy metals Lead mg/L Pb
Mercury mg/L Hg
Microbiology Faecal coliforms MPN/100 mL

3.2. Obtaining sub-index values

Sub-index functions are employed to compute the sub-index values of water quality parameters,
which transforms the parameter values into a common scale. This process, which is commonly
known as rescaling or standardisation, is necessary to use the parameters in the development of a
WQI, since the actual values of the parameters have their own units. For example, DO has the
unit of milligram per litre, while FC is presented in most probable number per hundred millilitre
(MPN/100 mL). Furthermore, the ranges of these parameters vary greatly from parameter to
parameter; for example, DO would rarely be beyond the range 0-12 mg/L, whereas FC can be in
the range O—millions MPN/100 mL.

The sub-index functions based on the permissible limits from the legislated water quality
standards had been used in the past, since the use of water quality standards has different intended
uses or water classes, and provide more information to the users for operation management of
river quality (House, 1989; Liou et al., 2004; Thi Minh Hanh et al., 2011). In the development of
WJIWQI, the thresholds defining sub-index functions were obtained using the permissible limits
for various levels of intended uses or water classes. For example, the thresholds for COD were
considered as 10, 25, 50, 100 and >100 mg/L for water classes 1, 2, 3, 4 and 5 respectively based
on the permissible limits of various classes, which is defined in the Government Decree of
Government of Indonesia No. 81/2001 concerning Water Quality Control and Management
(MoE, 2001). Based on different thresholds, 5 different water classes for sub-index values were
determined. However, if the thresholds for particular classes are not available in Indonesia’s
surface water quality standards for certain WIJWQI parameters, water quality standards of other
countries that have similar conditions to Indonesia, international agencies, e.g. in EU (2007) and
WHO (2011), and other WQI studies were used (Liou et al., 2004; Stoner, 1978; Thi Minh Hanh
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et al., 2011). This approach has been also used in in Liou et al. (2004) and Thi Minh Hanh et al.
(2011).

With respect to common scale used, House (1989) proposed a non-zero value for the lower end
of each sub-index scale instead of a value of 0, since water will always has an economic value.
Therefore, the sub-index for each parameter receives a scale of 100 (the best case) — 5 (the worst
case) in WJWQI. The 13 water quality parameters, their thresholds, and sub-index values for 5
different classes defining for sub-index functions are presented in Table 2. Note that temperature

in Table 2 has one threshold.

Table 2 Water quality parameters, their thresholds, and sub-index values

No Selected parameters Units Parameter Sub-index values (Si)
Min Max (between 100 and 5)

1 @ 3) 4) (5)

1  Temoerature (temn) °C
Class 1-4 <40b Si =100
Class 5 >4(QP Si=5

2 Suspended solids (SS) ma/L
Class 1 0 200 Si =100
Class 2 >20P 300 100<Si<75
Class 3 >30P 502 75<Si<50
Class 4 >502 4002 50<Si<5
Class 5 >4002 Si=5

3 Chemical oxvaen demand ma/L
Class 1 0 102 Si =100
Class 2 >102 252 100<Si<75
Class 3 >252 502 75<Si<50
Class 4 >502 1002 50<Si<5
Class 5 >1002 Si=5

4 Dissolved oxvaen (DO) ma/L O2
Class 1 >62 Si =100
Class 2 <6? 42 100<Si<75
Class 3 <42 32 75<Si<50
Class 4 <3? 2.044 50< Si<5
Class 5 0 >2.044 Si=5

5 Nitrite (NO2) ma/L NO2-
Class 1 0 0.010 Si =100
Class 2 >0.01P 0.02° 100< Si<75
Class 3 >0.02° 0.04b 75< Si<50
Class 4 >0.04° 0.062 50< Si<5
Class 5 >0.062 Si=5

6  Total phosphorous (TP) ma/L POs-P
Class 1 0 0.22 Si =100
Class 2 >0.22 0.4¢ 100<Si<75
Class 3 >0.4¢ 12 75<Si<50
Class 4 >]8 52 50< Si<5
Class 5 >52 Si=5

7 Deteraent as MBAS ua/L
Class 1 0 0.00f Si =100
Class 2 >0.00f 2002 100<Si<75
Class 3-4 >2002 500¢ 75<Si<5
Class 5 >500¢ Si=5

8  Phenol (Phen) ua/L
Class 1 0 18 Si =100
Class 2 >]2 5¢ 100<Si<75
Class 3-4 >5¢ 10¢ 75<Si<5
Class 5 >10¢ Si=5

9  Chloride (CD ma/L CI
Class 1 0 200¢ Si =100
Class 2-3 >200¢ 250¢ 100<Si<50
Class 4 >2508 6002 50<Si<5
Class 5 >6002 Si=5

10  Zinc (Zn) ma/L Zn
Class 1 0 0.052 Si=100
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Class 2 >0.052 1¢ 100<Si<75
Class 3-4 >]¢ 22 75<Si<5
Class 5 >22 Si=5
11 Lead (Pb) mo/L Pb
Class 1 0 0.02b Si =100
Class 2 >0.02° 0.032 100<Si<75
Class 3 >0.032 0.05¢ 75<Si<50
Class 4 >0.05¢ 1@ 50< Si<5
Class 5 >]2 Si=5
12 Mercurv (Ha) ma/L Ha
Class 1 0 0.0005 Si =100
Class 2 >0.0005° 0.0012 100<Si<75
Class 3 >0.001¢  0.0022 75<Si<50
Class 4 >0.0022  0.005?2 50< Si<5
Class 5 >0.0052 Si=5
13 Faecal coliforms (FC) MPN/100
Class 1 0 500 Si =100
Class 2 >50P 1002 100<Si<75
Class 3 >1002 10002 75<Si<50
Class 4 >1000? 20002 50< Si<5
Class 5 >2000? Si=5

2 Indonesia’s water quality standards (MoE, 2001)

® Vietnam’s regulation surface water quality (MONRE, 2008)

¢ Guide or mandatory level using Directive 75/440/EEC (EU, 2007)

4 Value’s sub-indices developed by Liou et al. (2004)

¢ WHO’s Guidelines for drinking-water quality (WHO, 2011)

f1deal concentration for MBAS for drinking water (Stoner 1978)
On the basis of these thresholds (column 3 and column 4 of Table 2), the actual parameter values
can be transformed into a common scale of sub-index values (i.e. 100 — 5) through either
categorical scaling or linear interpolation rescaling methods. The categorical scaling method was
used for only for temperature since this parameter has only one threshold as stated earlier, and it

is shown in Eqg. (1) and Eq. (2).

S; =5if X; is equal or above the threshold (D

S; =100 if X; is below the threshold 2

where S;is the i" sub-index value and X; is the i actual parameter value.

The linear interpolation rescaling method was used for the other WIJWQI parameters. The linear
interpolation rescaling is a method used to produce a common scale of sub-index values, wherein
the thresholds for each class has different sub-index values (Dojlido et al., 1994; House, 1989;
Liou et al., 2004; Prati et al., 1971; Stambuk-Giljanovi¢, 2003; Thi Minh Hanh et al., 2011). In
this method, the following general equations were used to calculate the sub-index values use.
Equation (3) was used to generate sub-indices when a parameter has a decreasing level of water
quality with the increase in actual parameter values (e.g. COD). Equation (4) was used if a
parameter has an increasing level of water quality with the increase in actual parameter values
(e.g. DO).
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_ .

Si =381 —[(S1—52) <ﬁ> 3)
_ .

Si=5-|(5-$5) (ﬁ) )

where S; is i sub-index value, Xi is the measurement data, S; and S, are the sub-index values
corresponding to upper and lower threshold of the class respectively, and X; and X, are values of

the permissible upper and lower thresholds of the class.

3.3. Establishing weights

Weights were assigned to the selected parameters in a WQI with regard to their relative
importance and their influence on the final index. Taking into account the advantages, along with
its recent successful applications to identify weights of indicators in water and environmental
fields (Al-Bargawi and Zayed, 2006; Do et al., 2013; Huang et al., 2013; Qureshi and Harrison,
2003), the AHP method is found to be more appropriate for use in this study. As discussed in
Sutadian et al. (2017c), this method was selected due to few reasons. First, it can be easily
implemented for eliciting weights, compared to other methods. Second, the AHP enables to
quantify both the experts’ objective and subjective judgments. Finally, this method has been also
used for parameter weights in previous WQI studies, such as in Ocampo-Duque et al. (2006),
Karbassi et al. (2011), and Tallar and Suen (2016).

In this study, local experts’ opinion was considered in identifying the parameter weights to
address one of the limitations of the currently used indices (of not involving local expertise
considered in developing the index). This also increases the acceptability of WJWQI as a tool for
water resources management for use by relevant authorities in West Java. Table 3 presents the
weights assigned to the selected parameters of WJWQI using the AHP. As can be seen from Table
3, COD, DO and FC had relatively high weights of 0.1, 0.1, 0.179 respectively, because the local
experts recognised that these parameters are often well above their permissible limits. These three
parameters are important for aquatic life and human health. Assigning higher weights for these
parameters by the local experts indicates that controlling the activities that increase the
concentration of FC and deplete the oxygen level in the rivers should be the top priority for water
quality managers in West Java. The high weights of DO and FC were also in line with those of
other popular WQIs such as National Sanitation Foundation Index, Dalmatian Index, Oregon
Index, which show that DO and FC are the most important parameters (Brown et al., 1970,
Dunnette, 1979, Stambuk-Giljanovic’, 1999, Debels et al., 2005).
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The detailed procedure of the AHP can be found in (Saaty, 1980), whereas the detailed application
of AHP and the results of identifying parameters weights for WJWQI can be found in Sutadian
et al. (2017c).

Table 3 Weights assigned to the selected parameters using the AHP

WJIWQI parameters Final weights
Temperature 0.034
Suspended solids 0.044
Chemical oxygen 0.100
Dissolved oxygen 0.100
Nitrite 0.065
Total phosphate 0.058
Detergent 0.079
Phenol 0.085
Chloride 0.077
Zinc 0.038
Lead 0.061
Mercury 0.079
Faecal coliform 0.179

3.4. Aggregation of sub-indices to produce the final index

An aggregation is performed after the assignment of weights and calculating the sub-index values,
to obtain the final index value in a WQI. Numerous aggregation methods are available in the
literature, such as arithmetic (Bordalo et al., 2006; Brown et al., 1970; Dunnette, 1979; House,
1989; Prati et al., 1971; Sargaonkar and Deshpande, 2003; Semiromi et al., 2011; SRDD, 1976),
geometric (Almeida et al., 2012; SRDD, 1976; Walski and Parker, 1974), minimum operator
(Smith, 1990), combined arithmetic and geometric (Liou et al., 2004; Thi Minh Hanh et al., 2011),
harmonic square (Cude, 2001; Dojlido et al., 1994), Canadian Council of Ministers of the
Environment,(CCME, 2001), and specific linear (Said et al., 2004). Detailed discussion of these
aggregation methods can be found in (Sutadian et al., 2016).

In this study, the non-equal geometric method was used to produce the final index due to its
simplicity and extensive use. More importantly, this aggregation method was chosen since it does
not create perfect substitutability and compensability among the sub-index values, wherein the
higher values will not compensate or hide the lower values (Juwana et al., 2016b; OECD, 2008).
Since one of the aims of developing the WJWQI is to increase the credibility and acceptability by
involving the opinion of local experts, the non-equal weights of parameters have been established
using AHP (Section 3.3), where the water related stakeholders in West Java considered some
parameters to be more important than the others. The final index value is calculated using the

following equation:
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n
Al = HSi“’i (5)
i=1

where Al is the aggregated index; n is the number of sub-indices; w; is i" weight and S;is the i
sub-index. The weights (w;) indicate the relative importance of water quality parameter i in
WJIWQI.

Adopting boundary values from other WQIs, particularly for water quality classifications
proposed in Hanh et al (2012), Al is classified into 5 different water quality as presented in Table

4.

Table 4 Water quality classifications as determined by the final aggregated index

Final aggregated index Water quality classification
100 >= Al >=90 Excellent
90 > Al >=75 Good
75> Al >=50 Fair
50 > Al >=25 Marginal
25> Al >=5 Poor

4. Application of WIWQI to Study Area Rivers

The WIWQI was applied for 1,271 water samples taken from 48 water monitoring stations
between 2001 and 2011 in the seven main rivers. Since the general status of water quality refers
to a specific time and location where a water sample was taken, the application of WIWQI was
conducted (hence the final index computed) on each individual sample rather than one average
value for a year. Table 5 presents the calculation of WIJWQI for the water sample taken on 22
July 2003 at water quality station CTM7 of the Citarum River, as an example. Columns 1 and 2
of Table 5 present WJWQI parameters and their units respectively. Column 3 presents the
measurement data for the sample on 22 July 2003. Column 4 presents the sub-index values for
each WJWQI parameters, which were obtained using one of either Eg. (2), (3), or (4), while
column 5 presents weights of WIJWQI parameters as discussed in Section 3.3 (Table 3). Then, the
final index, which was computed using the Eq. (5), is presented in column 6. The status of water
quality of this final index was classified in column 7 as poor water quality (Table 5), as its value
was lower than 25. The calculation of the sub-index values presented in column 4 of Table 5
shows that only 5 parameters, namely temperature, chloride, lead, zinc, and nitrite had high values
of 87.50 — 100. The remaining parameters had low to moderate sub-index values. The sub-indices
for dissolved oxygen, detergent, phenol, and faecal coliform had values of 5 (which is the lowest

sub-index value a parameter can have in WJWQI).
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Table 5 Example of WJWQI calculation for CTM7 for water sample on 22 July 2003

Water quality parameters Unit  Measurement Sub-  Weights Final Status of water
) ) Q) 4) () (6) @)
Temperature ©C) 28.002 100? 0.034  21.86° Poor
Suspended solids mg/L 50.00¢  50.00° 0.044
Chemical oxygen demand mg/L 66.00¢  35.60° 0.100
Dissolved oxygen mg/L Oz 0.50° 5.00* 0.100
Nitrite mg/L NO2-N 0.015¢  87.50° 0.065
Total phosphate mg/L POs-P 0.71¢ 62.08° 0.058
Detergent as MBAS ug/L 680° 5.00° 0.079
Phenol pa/L 73.00¢ 5.008 0.085
Chloride mg/L CI 68.00°¢ 1008 0.077
Zinc mg/L Zn 0.080¢  99.213 0.038
Lead mg/L Pb 0.000°¢ 1003 0.061
Mercury mg/L Hg 0.001¢  75.00° 0.079
Faecal coliforms MPN/100 mL 110000 ¢ 5.00° 0.179

@ Categorical parameter; 2 Sub-index value computed using Eq. (2)

® Non-categorical parameters where the-sub index value increases with the increase in measurement value; * Sub-index value

computed using Eq. (3)

¢ Non-categorical parameter where the sub-index value decreases with the increase in measurement value; * Sub-index value

computed using Eq. (4)

5 Final index value computed using Eq. (5)
Figure 2 (a-g) shows the application of WJWQI tor each station in Citarum, Ciliwung, Cileungsi,
Cimanuk, Cilamaya, Citanduy, and Cisadane Rivers. This figure also presents yearly pie charts
for each station indicating the number of water samples taken per year during the study period,
along with the dates showing when the water samples were taken. Blue, green, yellow, orange,
and red in these pie charts show the status of river water quality as excellent, good, fair, marginal,
and poor water quality respectively for each water sample, determined based on the final index
(Table 4). As seen from Figure 2a-g, there were many stations showing either marginal or poor

water quality (shown with the colours orange or red respectively).

In general, the status of water quality in these rivers are far from satisfactory. Very few of the
monitoring stations across these seven main rivers were classified as either excellent or good
water quality based on the water samples that had been taken during the study period (shown with
the colours blue or green respectively). These results during the monitoring period are not
surprising, as industrial, domestic and agricultural discharges pollute these rivers. WJEPA (2014)
stated that there were 3,500 big industries and more than a hundred thousand medium and small
industries in West Java, majority being textile, food, and beverage industries. A subsequent report
WJEPA stated that the effectiveness and performance of the wastewater treatment of these
industries is still questionable, and hence many of these industries were polluting rivers in West
Java (WJEPA 2015). These rivers also suffered from the improper discharge of domestic waste
of millions of people in West Java. It was observed that only 2 out of 27 cities in West Java,
namely Bandung and Cirebon, have centralized sewer systems (USAID, 2006), and 46.16% of

households in West Java do not have access to either on or off-site sanitation system (WJEPA,
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2015). In addition, to some extent, agriculture and livestock have also contributed to river
pollution in the rivers (Juwana et al., 2016a). As a consequence of industrial, domestic and
agricultural pollution in these rivers, the measured values of many water quality parameters were
often well above the permissible limits. Therefore, intermediate and complementary measures are

needed to improve river water quality in the rivers in the study area.
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Figure 2a water quality as determined by WJWQI for each monitoring station in Citarum River (2010 — 2010)
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Figure 2b water quality as determined by WIWQI for each monitoring station in Ciliwung River (2010 — 2010)
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Figure 2c water quality as determined by WJWQI for each monitoring station in Cileungsi River (2010 — 2011)
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Figure 2d water quality as determined by WJWQI for each monitoring station in Cimanuk River (2010 — 2011)
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Figure 2e water quality as determined by WJWQI for each monitoring station in Cilamaya River (2010 — 2011)
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Figure 2e water quality as determined by WJWQI for each monitoring station

in Citanduy River (2010 — 2010)
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Figure 2g water quality as determined by WJWQI for each monitoring station in Cisadane River (2010 — 2010)
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Figure 2 (a-g) also shows that the monitoring stations CTM2 — CTM?7 in the Citarum River, CL5,
CL7, and CL8 in the Cileungsi River, and CLM2 — CLM 3 in the Cilamaya River had experienced
poor water quality during 2001 — 2011. These stations were the sites most susceptible to pollution
among all monitoring stations in the study area. This is because they are located in more urbanized
areas, wherein rapid urbanization and industrial growth have resulted in growing quantities of
untreated wastewater and industrial effluents discharged to these rivers. In addition to the above
monitoring stations mentioned, several other monitoring stations, for examples, CTM8 — CTM10
in the Citarum River, CL1A in the Cileungsi River, CSN3 — CSN 6 in the Cisadane River had

nearly similar water quality in terms of more frequent marginal water quality.

As can be seen in Figure 2a, CTM7 was the monitoring station which is most susceptible to
pollution in these rivers. During the period of monitoring between 2001 and 2011, the water
quality of CTM7 had only once fair water quality (on 23 August 2007), while the remaining
samples had either poor or marginal water quality. This station had the highest frequency of poor
water quality status, as indicated in yearly pie charts in red (i.e. 15 out of 36 samples), compared

to other stations in all these rivers. CTM7 also did not have either excellent or good water quality.

Table 6 presents the percentages of 5 different water quality status (or classifications) as
determined by the final index of WJWQI for each station in the seven rivers in the study area,
considering all water samples of all years in the monitoring period. In general, most of the
monitoring stations across the rivers had high percentages of marginal and fair water quality. This
was followed by those of low percentages of poor, good and excellent water quality. As can be
seen in Table 6, CTMG6 in the Citarum River had the highest percentages of marginal water quality
(77.8%), while CTM2 in the same river had fair water quality more frequently (66.67%) than the
other stations in the rivers across the study area. CTM7 in the Citarum River was the station that
had the highest percentages of poor water quality (41.7%). It was also observed that CLM1 in the
Cilamaya River had the highest percentages of good water quality (33.3%). Meanwhile, CSN7 in
the Cisadane River was recorded as the station had the highest percentages of excellent water
quality (16.7%), compared to other stations across rivers in the study area. The water quality in
Cisadane River is relatively better as all the monitoring stations are located in the stream of this

river (only upper stream of this river located in the West Java was considered as the study area).
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Table 6 Percentage of water quality status as determined by WJWQI for each station in each
river in the study area

River Excellent Good Fair Marginal Poor
Citarum

CTM1 5.6 8.3 41.7 44.4 -
CTM2 2.8 2.8 22.2 69.4 2.8
CTM3 - 33 33 66.7 26.7
CTM4 - - 8.3 58.3 33.3
CTM5 - - 10.0 60.0 30.0
CTM6 - - 2.8 77.8 19.4
CT™M7 - - 2.8 55.6 41.7
CTM8 2.8 8.3 333 55.6 -
CTM9 - 111 47.2 41.7 -
CTM10 - 8.3 19.4 722 -
Ciliwung

CLW1 7.7 15.4 15.4 61.5 -
CLW2 6.5 - 58.1 355 -
CLW3 3.8 3.8 57.7 346 -
CLW4 3.8 7.7 30.8 57.7 -
CLWS5 3.8 3.8 30.8 61.5 -
CLW6 3.2 3.2 38.7 54.8 -
CSP 6.7 6.7 333 53.3 -
BDG 13.3 6.7 46.7 333 -
SEM - 20.0 26.7 53.3 -
Cileungsi

CL1 51 7.7 53.8 333 -
CL1A - - 33.3 66.7 -
CL2 - 13.3 20.0 66.7 -
CL3 - 6.9 44.8 48.3 -
CL4 - 20.0 20.0 60.0 -
CL5 - 7.7 51.3 385 2.6
CL6 - 7.7 25.6 66.7 -
CL7 - 6.7 33.3 46.7 133
CL8 3.4 - 17.2 65.5 13.8
Cimanuk

CMN1 51 7.7 41.0 46.2 -
CMN2 2.6 51 43.6 48.7 -
CMN3 - - 66.7 33.3 -
CMN4 51 - 64.1 30.8 -
CMN5 7.7 2.6 59.0 30.8 -
Cilamaya

CLM1 4.8 333 28.6 333 -
CLM2 - 4.8 429 42.9 9.5
CLM3 - 9.5 23.8 47.6 19.0
CLM4 - 111 111 77.8 -
Citanduy

CTD1 11.5 7.7 50.0 30.8 -
CTD2 7.7 7.7 385 46.1 -
CTD3 115 3.8 34.6 50.0 -
Cisadane

CSN1 5.6 2.8 58.3 33.3 -
CSN2 - - 40.0 60.0 -
CSN3 6.7 13.3 133 66.7 -
CSN4 - 13.3 20.0 66.7 -
CSN5 - 26.7 6.7 66.7 -
CSN6 13.3 - 20.0 66.7 -
CSN7 16.7 - 25.0 58.3 -
CSN8 6.1 - 455 485 -
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Table 6 also shows that Ciliwung, Cimanuk, Citanduy and Cisadane River had better water
quality, showing either excellent or good water quality status more frequently, compared to the
monitoring stations in other rivers. These four rivers, even though are polluted by industrial waste,
they did not receive as much as that of other three rivers (Citarum, Cilamaya, and Cileungsi are
close by most of industries in West Java). For example, all stations in the Ciliwung River had
some level of either excellent or good water quality during the monitoring period, while in the
Cimanuk River, there were 4 out of 5 stations that had excellent or good water quality at least
once during the monitoring period. Moreover, the monitoring stations in these two rivers did not

have poor water quality (0%) during 2001-2011.

Using two criteria, namely the number of stations that experienced poor water gquality and the
percentages of stations that had of poor and marginal water quality more frequently, as can be
seen in Table 6, the Citarum River is the most critical river, when compared to the other main
rivers in West Java. Table 6 shows that there were 6 out of the 10 monitoring stations in the
Citarum River, which had experienced poor water quality at some stage during the monitoring
period. All these stations are located in the middle part of the river, except for CTM2, is located
in the upper stream of the river. The river between CTM3 and CTM?7 is close to densely populated
settlements and industrial zones. Even though there is a centralized sewerage and wastewater
treatment systems in the area, it covers only a small portion of population living this urbanized

area (Prihandrijanti and Firdayati, 2011), and therefore poor water quality in this part of the river.

Even though CTM2 is located in the upstream of the river, it only had slightly better water quality
than CTM3 — CTMY7. This is because FC, COD, DO, and SS often exceeded the permissible limits
based on the measurement data, producing low values of the final index. For example, FC had
been recorded by 11 million MPN/100 mL or 55 thousand times the permissible limit (the highest
in the study area), indicating this station had severe contamination of FC. This could be because
many villagers use livestock farming as their major source of income, and majority of them did
not implement sustainable livestock farming practices, which contributed significantly to the FC

pollution in this part of the river (Sutadian et al., 2015).

5. Uncertainty and sensitivity analysis of WJWQI

In the development of WQIs, uncertainties exist in the following steps: (1) the selection of
parameters, threshold values for obtaining sub-index values and parameter weights, and (2) the
aggregation of sub-indices to produce the final index. The new approach for parameter selection

as described in Section 3.1 was applied through a statistical assessment for parameter redundancy,
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was expected to remove uncertainties in the selection of parameters (Sutadian et al., 2016), and
therefore the uncertainty related to the selection of parameters was not considered in this study.
Although the aggregation method in index development is a source of uncertainty as each method
might result in different final index values (Esty et al., 2005; Juwana et al., 2016b), this
uncertainty was also not considered in this study, since the weighted geometric method was used
to produce the final index in WIJWQI. The reasons for using the weighted geometric method were
discussed in Section 3.4. Therefore, only the other uncertainties in relation to the selection of
threshold values for obtaining sub-index values and parameter weights are addressed through the

uncertainty and sensitivity analysis in this study.

The uncertainty analysis of WJWQI focuses on how the variations in parameter thresholds and
parameter weights propagate into the final index values. This uncertainty propagation was studied
through 10,000 Monte Carlo (MC) simulations, and then calculating the coefficient of variation
(CV) of parameter thresholds, parameter weights, and the final index values. Higher variability
of parameter thresholds, parameter weights, and final index values indicate their higher
uncertainty. The use of CV in the uncertainty analysis had been done by Hakanson (2000) and
Juwana et al. (2016b). The sensitivity analysis of WJWQI evaluates the importance of both
parameter thresholds and parameter weights in determining the final index values. The sensitivity
of the final index values to changes in parameter thresholds and parameter weights was analysed
by comparing those CV values (as obtained in the uncertainty analysis), as had been done by
Weber et al. (2004) and Juwana et al. (2016Db). If the CV of the final index values is less than
those of WJWQI parameter thresholds and parameter weights, then it can be said that the
uncertainty of parameter thresholds and weights have not propagated to the final index. The
sensitivity analysis of the final index values was also analysed by comparing the classification of
10,000 water quality status (of excellent, good, fair, marginal and poor) obtained from the outputs
of the MC simulations with that of the measurement. If there is less than 10% change in water
quality status of the 10,000 MC simulations over that of the measurement, then it indicates the
WJIWQI is insensitive to the uncertainties in the parameter thresholds and parameter weights. This

approach has been used in Esty et al. (2005) and (Juwana et al., 2016b).

As was done Juwana et al. (2016b), those two analysis methods together determine the robustness
of an index. If the uncertainty of parameter thresholds and parameter weights has not propagated
to the final index value as obtained from the uncertainty analysis and if the final index values and
the classification of water quality status are insensitive to changes in the parameter thresholds and

parameter weights, then it can be said that WJWQI is robust. It is worth noting here that when
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the uncertainty and sensitivity analysis was undertaken for parameter thresholds, all parameter
weights were kept at their base values as in Table 3. Similarly, when the uncertainty and
sensitivity analysis was undertaken for parameter weights, all parameter thresholds were kept at
their base values as in Table 2.

The steps for uncertainty and sensitivity analysis for the parameter thresholds and parameter
weighs of WJWQI are presented in Figure 3. As can be seen from Figure 3, the uncertainty and
sensitivity analysis of both parameter thresholds and parameter weights follow the same
procedure, the only difference being when either the uncertainty of parameter thresholds or
parameter weights was considered, the other was kept at their base values as outlined earlier. The
CTM7 monitoring station located in the Citarum River was used for conducting the uncertainty
and sensitivity analysis of WJWQI. This monitoring station was selected because it was the most
critical station in terms of water quality (i.e. the one that has the highest percentage of poor water
quality) among all stations in the study area. Another reason for selecting CTM7 was that most
of the selected parameters at this station had relatively higher variability when compared to the
other stations (Sutadian et al. 2015). All 5 water samples of 2003 (which was the year with the
worst water quality) were used for the uncertainty and sensitivity analysis. The final index values
of each sample with respect to their measurements were 21.86 (in July), 16.90 (in August), 17.13
(in September), 23.06 (in October) and 31.86 (in November) respectively. The first four values
were classified as poor (Table 4), while the fifth value had marginal water quality (Table 4). The
uncertainty and sensitivity analysis was performed using @Risk software of Palisade Corporation
(Clemen and Reilly, 2001).

(3) Compute the final
aggregated index values (a) (4) Calculate the coefficient
(1) Obtain the distribution for parameter thresholds of variation of parameter
functions (DFs) for (2) Undertake the Monte keeping parameter weights thresholds/weights and final
parameter thresholds and Carlo simulations and at their base values, and (b) index values and changes in
parameter weights compute sub-index values for parameter weights water quality status (or
keeping parameter classifications)

thresholds at their base

Figure 3 Steps used for uncertainty and sensitivity analysis of parameter thresholds and
parameter weights of WJWQI

The Step 1 of the uncertainty and sensitivity analysis is to obtain the distribution functions for
parameter thresholds and parameter weights of WIJWQI. As the triangular distribution function
was found to be the most suitable distribution function for use in uncertainty and sensitivity
analysis in the index development compared to other distributions (Juwana et al., 2016b; Kawai
and Teixeira, 2012; Mauelshagen et al., 2014; Sinija and Mishra, 2011; Tait et al., 2012), it was

used in this analysis, defining the distribution through base, lower and upper values for each
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parameter threshold and parameter weight. The most likely value of parameter thresholds was
used the base value of respective parameter thresholds and these values are listed in Table 2.
Similarly for the parameter weights, the base values are listed in Table 3. Then, as was done by
Juwana et al. (2016b) the lower and upper values for the triangular distribution were obtained as
+ 10% of the base value of respective parameter thresholds or weights for each WJWQI

parameter.

An example of obtaining the distribution function (DF) using the triangular distribution for
WJIWQI temperature parameter for both threshold and weight and the related MC simulations are
presented in Figure 4. This figure shows the lower, base and upper values of temperature threshold
as 36, 40 (Table 2), and 44°C respectively. This figure also shows that the statistics of 10,000
samplings from the triangular distribution, which were generated through the MC simulation.
These statistics were 36.02, 40.00 and 43.97°C respectively for 95% lower confidence limit, mean
and 95% upper confidence limit. For parameter weights of temperature, the lower, base and upper
values were 0.030, 0.034 (Table 3), and 0.037, while the lower confidence limit, mean and upper
confidence limit generated through the MC simulation were 0.031, 0.034, and 0.038 respectively.
It should be noted that temperature (considered in Figure 4) has only 2 class categories defined
by one threshold which is 40°C (Table 2). However in the uncertainty and sensitivity analysis, the

thresholds related to all classes (Table 2) were considered, similar to one threshold in temperature.

Treshold of temperature Weight of temperature
36.89 4273 0.03182 0.03717

(@RISK Student Version

RISK Student Versi
@ ent version For Academic Use Only

For Academic Use Only

Probability
e

0.032
0.033
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0.035
0.036
0.037
0.038

@ o = ]
" - - -

Threshold values Weight values

0.031

0 ™ ] =
] o ] B

Figure 4 Distribution function for parameter threshold and parameter weight of temperature

These distribution functions of parameter thresholds and parameter weights were then used in
Step 2 to generate 10,000 sampling points using the MC simulation. This means 10,000 values of
combinations of thresholds with respect to each water quality parameter considering also their

water classes produced 10,000 sub-index values of parameters. Also in Step 2, these sampling
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points of each threshold were used to compute 10,000 sub-index values of each WJWQI

parameter.

In Step 3, the 10,000 sub-index values of each WJWQI parameter based on the MC simulation of
parameter thresholds were aggregated using the geometric method keeping the parameter weights
at their base values (Table 3), which produced 10,000 values of the final index. Similar procedure
was followed for parameter weights, but keeping the parameter thresholds at their base values as
in Table 2.

Finally, Step 4 calculates the CV of the final index values to analyse the uncertainty and sensitivity
of WIJWQI. The calculation of CV of the final index with respect to parameter thresholds and
parameter weights were undertaken separately with their respective 10,000 values. Step 4 also
calculates the percentage of water quality status or classifications (i.e. excellent, good, fair,
marginal and poor water quality) corresponding to 10,000 values of the final index for both

uncertainty and sensitivity analysis of parameter thresholds and parameter weights.

Figure 5 shows the results of uncertainty and sensitivity analysis of WJWQI to parameter
thresholds for the monitoring station CTM7 of the Citarum River for the 2003 monitoring year.
As stated earlier, this analysis was performed for each water sample considering 10,000 MC
samplings for each event. It is important to note that when performing this uncertainty and
sensitivity analysis for parameter thresholds, as discussed earlier, all parameters weights were
kept at their base values as in Table 3. The final index values of the 10,000 MC simulation ranged
21.84 — 22.24 (21.88) in July, 16.64 — 17.29 (16.95) in August, 17.01 — 17.27 (17.13) in
September, 21.99 — 23.83 (23.03) in October, and 31.53 — 32.14 (31.85) in November, where the
numbers within brackets show the final index values of WQWQI corresponding to measurements.
Figure 5 also shows that there was hardly any differences between the mean values of final index
computed based on the 10,000 MC simulations and the final index value computed using the
measurements. As indicated by numbers within brackets of Figure 5, the CV of the final index
values, which were computed using the 10,000 MC simulations for all samples, had low
variability of 0.005 — 0.01. These CV values are very low compared to the CV values of all
thresholds of WJWQI parameters which had low variability of the order of 0.04. This indicates
that the relatively higher variability of parameter thresholds has not propagated to the final index

values and the final index values have low uncertainty.
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Figure 5 Uncertainty and sensitivity analysis of WJWQI to parameter thresholds for the CTM7

monitoring station

Results of the uncertainty and sensitivity with respect to the parameter weights for CTM7, is
presented in Figure 6. Also, in this analysis, all parameter thresholds were kept at their base values
as in Table 2. This figure has similar information to Figure 5 and the information that can be
drawn from this figure are similar to that of Figure 5 in terms of the differences between the mean
values of the final index computed based on the 10,000 MC simulations and the final index value
obtained from the measurements, and the CV values of the parameter weights and the final index
values. The final index values of the 10,000 MC simulations ranged 20.53 — 23.45 (21.87) in July,
16.01 — 18.62 (16.90) in August, 16.15 — 18.58 (17.13) in September, 21.85 — 24.77 (23.07) in
October, and 29.88 — 33.90 (31.87) in November, with the numbers within the brackets showing
the final index values with respect to the measurements. Figure 6 also shows that the CV of the
final index values with respect to the MC simulations as 0.02. This CV is much low compared to
the CV of parameter weights of the MC simulations (each parameter weight having a CV of 0.04).
This indicates similar to the analysis of parameter thresholds, that the relatively higher variability
of parameter weights has not propagated to the final index values and the final index values have

low uncertainty.
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Figure 6 Uncertainty and sensitivity analysis of WJWQI to parameter weights for the CTM7

monitoring station

As discussed earlier, the sensitivity of WJWQI can also be analysed through their water quality
status (or classifications) corresponding to the 10,000 of MC simulations. For each final index
value of 10,000 of the MC simulations, the water quality status was determined as either excellent,
good, fair, marginal or poor, for all 5 events using Table 4. These water quality status (or
classifications) were then compared against that of measurements. Results of this analysis
revealed that there were no changes (0%) in the water quality status. Similar result was obtained
with respect to the analysis of parameter weights. This analysis concludes that the water quality
status determined through the final index are not sensitive to changes in the parameter thresholds

and parameter weights.

The results of the uncertainty and sensitivity analysis through MC simulations indicated that the
uncertainty of both parameters thresholds and parameter weights has not propagated to the final
index, and no changes in water quality status, and therefore it can be concluded that WJWQI is a
robust index. However this analysis was done for considering only one station (CTM7) and data
from 2003. Since CTM7 had relatively higher variability in water quality parameter measurement
values compared to the other stations in the study area and year 2003 which was the year with
worst water quality, there is a high probability that these results are equally valid for all rivers in

the study area and for all years
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6. Summary and Conclusions

A West Java Water Quality Index (WJWQI) was developed in this study to evaluate water quality
in rivers of the West Java Province, Indonesia and presented in this paper. This index aims to
address the limitations of the currently used indices in West Java, namely the inability of making
accurate comparisons of the general status of water quality in West Java rivers, the inability to
make these comparisons in a cost effective manner and the lack of credibility and acceptability of
the currently used indices by relevant authorities in West Java (since the local conditions and local

expert opinion have not been considered in the development of these indices).

The WIWQI was developed using four basic steps, namely (1) the selection of parameters based
on a statistical assessment for parameter redundancy and inclusion of three factors representing
the criticality of cost effective water quality monitoring, (2) Obtaining the sub-index values based
on the permissible limits from the legislated water quality standards, (3) Establishing parameter
weights based on local experts’ opinion, and (4) Aggregation of sub-indices to produce the final
index using the weighted geometric method. This paper also demonstrated the application of
WJIWQI to several rivers in West Java using the monitoring data taken between 2001 and 2011,
to evaluate the general status of water quality in these rivers spatially and temporally. The
application of WJWQI provided a more accurate and valid comparison of water quality among
these rivers. Moreover, this paper also presented an uncertainty and sensitivity analysis to
determine the robustness of WJWQI, considering two sources of uncertainties, namely the

selection of parameter thresholds and parameter weights.

Conclusions drawn from this study are as follows:

e  The parameter selection methodology used in the development of WJWQI, which considered
cost effective monitoring of water quality parameters in West Java rivers and the inclusion
of local experts’ opinion in establishing the parameter weights will increase the credibility
and acceptability of WJWQI among the relevant authorities and the users of WJWQI. Thus,
WJIWQI could be a more reliable alternative to the currently used WQIs in West Java.

e  The parameter selection methodology developed and used for WIJWQI found that 13 water
quality parameters are adequate to monitor water quality of rivers in West Java, as they
collectively are representative of the water quality of these rivers. Those 13 parameters were
temperature, suspended solids, chemical oxygen demand, dissolved oxygen, nitrite, total
phosphate, detergent, phenol, chloride, zinc, lead, mercury, and faecal coliform.

e The results of the application showed that most monitoring stations had marginal water

quality, indicating that the rivers in the West Java Province have been experiencing water
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quality deterioration significantly. Also it was found that Citarum (CTM3 — CTM7),
Cileungsi (CL5, CL7, CL8), and Cilamaya (CLM2 — CLM3) Rivers had poorer water quality,
when compared to the other rivers in West Java. Thus, these rivers should have higher
priority, particularly in implementing comprehensive measures to reduce and treat high
concentration of pollutants, which contributed significantly to the pollution of these three
rivers.

e  Theresults of the uncertainty and sensitivity analysis for parameter thresholds and parameter
weights showed that the variability of the final index values were lower than those of
parameter thresholds and parameter weights of WJWQI. This indicates that the relatively
higher variability of parameter thresholds and parameter weights has not propagated to the
final index values and the final index values have low uncertainty.

e The uncertainty and sensitivity analysis also showed that changes in parameter thresholds
and parameter weights did not result in any changes in the water quality status.

e Finally it can be concluded that WIWQI is a robust water quality index, which had been
applied to the rivers in West Java successfully, and hence the relevant authorities in West
Java and the users of WIJWQI will be able to use it for evaluating the general status of river

water quality confidently.
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Chapter 6
Summary, Conclusions and Recommendations

6.1. Summary

The Water Quality Indices (WQIs) have been proposed as early as in 1965, to express the state of
water quality, by aggregating the measured values of selected parameters. It aims to define the
general status of river water quality in a simple form. Even though there are a few limitations of
the use of the WQIs, considering the easiness of their use and the scientific basis, WQIs have

become one of the most effective ways to communicate information about river water quality.

Several WQIs have been developed by different agencies and researchers with the aim to establish
their own indices or improve the existing indices. However, no single WQI has been globally
accepted. In West Java and other provinces in Indonesia, the use of WQIs were introduced in the
early 1990s. Hence, there is a continuing interest to develop accurate WQIs that suit a local or
regional area. To develop a WQI, a thorough review and comprehensive understanding on
available WQIs is essential, as they will provide a strong basis that underpin the development of

an index for a particular local or regional area.

In Chapter 1 of this thesis, the limitations of the currently used indices for rivers in West Java
were reviewed with the aim of addressing these limitations in a new WQI for use in West Java.
Three specific challenges need to be considered in the study area for developing its WQI, namely
obtaining a uniform set of parameters, reducing the associated costs of monitoring, and the
involvement of local expert’s opinion. With the specific aim of reducing the associated costs of
monitoring in the field significantly by obtaining a uniform set of parameters in a more cost
effective manner, a new methodology for optimal selection of water quality parameters to be used
in the development of a WQI was proposed and developed in this research. Therefore, this
research aimed to develop a new index, which is called the West Java Water Quality Index
(WJIWQI), which not only addresses the limitations of the currently used indices in the study area,
but also provides a more accurate comparison of the general status of water quality for rivers in

West Java.
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In Chapter 2 of this thesis, steps in the development of available WQIs were reviewed. The four
steps to develop a WQI included the selection of parameters, method to obtain sub-index values,
establishing weights and aggregation of sub-indices to produce the final index. The index

developers might consider all the four steps or they could consider some of the steps.

In Chapter 2, seven WQIs (out of thirty reviewed WQIs) were identified as the most important
based on their wider use. These seven WQIs were the Canadian Council of Ministers of the
Environment (CCME) WQI, the National Sanitation Foundation (NSF) WQI, Oregon Index,
Bascardn Index, House’s Index, Scottish Research Development Department Index and Fuzzy-
based indices. Chapter 2 also addressed the three specific challenges of this research (as discussed
in Chapter 1) by reviewing 30 available WQIs and discussed them in light of the four steps that
should be considered in the development of WQIs. Future directions for developing WQIs were
also presented in this chapter.

Chapter 3 demonstrated one of the main tasks for developing WJWQI. To achieve the aim of the
thesis outlined in Section 1.2 of Chapter 1, in the third chapter, a new methodology using an
enhancement of statistical assessment for parameter redundancy and the use of three critical
factors (based on the cost of the laboratory analysis of parameters, and the magnitude and
frequency of the parameters exceeding their permissible limits) was presented. This methodology
was then demonstrated for a case study based on monitoring stations located at rivers across the
West Java Province, Indonesia. This case study was used to answer the first-two specific
challenges for developing WJWQI, which were regarding obtaining a uniform set of parameters
and reducing the associated costs of monitoring. Through application of the proposed
methodology as demonstrated in Chapter 3, a uniform set of parameters for use across the study
area was developed. This uniform set of parameters was then used in the further steps to develop
the WIWQI.

In Chapter 4, weighs of the uniform set of parameters were sought through application of
Analytical Hierarchal Process (AHP). In this study, two different AHPs models were developed.
The first AHP model was based on individual parameters and it involved one level of hierarchy
to describe the goal of this study. On the other hand, the second AHP model was based on
grouping of parameters in structuring its hierarchy and it comprised of two levels of hierarchy in
order to obtain the weights. A pool of respondents from West Java Province with different
backgrounds (grouped into government officials, academics, researchers and consultants) were

surveyed to give their judgements. Only those respondents whose judgements were consistent
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were used for the further analysis to obtain the weights. Chapter 4 was used to address the third
specific challenge in the study area with respect to the involvement of local experts’ opinion in
the development of WIWQI. Therefore, the application of AHP to estimate the parameter weights
was an important step for developing a WQI for rivers in West Java.

Once the uniform set of parameters were identified, thresholds of the parameters were sought
from the legislated water quality standards of Indonesia. If such thresholds were not available,
thresholds that have been widely used globally were adopted. These thresholds were used to
establish the sub-index functions to transform all parameters into a common scale. In Chapter 5,
these thresholds of parameters, along with weights of parameters obtained through application of
AHP (as discussed in Chapter 4), was finalised into the development of WJWQI. The geometric
aggregation method was then applied to aggregate the sub-index values across all monitoring
stations located along the seven main rivers in the study area. The application of WJWQI will
provide more accurate and valuable information regarding the status of water quality in the rivers
of West Java. It will also allow comparison of water quality spatially across rivers and also
temporally, as the same set of parameters were employed to compute the final index values. In

each monitoring station at rivers across the study area, the following information was obtained:

1)  Sub-index values of parameters
2) Aggregated index value

3) Interpretation of the index value

In Chapter 5, the robustness analysis of WJWQI was undertaken by performing uncertainty and
sensitivity analysis of the index based on the measurement at station CTM7. This monitoring
station was selected because it was the most critical station in terms of water quality, and it had
relatively higher variability when compared to the other stations. There were 5 water samples
used for the uncertainty and sensitivity analysis from the year 2003 (which was the year with the
worst water quality). In this study, the uncertainties in relation to the selection of threshold values
for obtaining sub-index values and parameter weights were addressed through the uncertainty and

sensitivity analysis.

6.2.  Conclusions
In conclusion, this thesis has demonstrated the development of a new water quality index, which
is called the West Java Water Quality Index (WJWQI) for rivers in West Java, Indonesia, as per

the research aims stated in Section 1.2 of Chapter 1. The WJWQI considered three specific
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challenges in the study area, namely obtaining a uniform set of parameters, reducing the
associated costs of monitoring, and the involvement of local expert’s opinion. Thus, the index
was expected to not only address limitations of the currently used indices in the study area, but
also provide more accurate comparison on the general status of water quality for rivers in West
Java in a more cost effective manner. This thesis was also able to achieve all specific aims outlined
in Section 1.2.

The following sub-sections present the major conclusions drawn from this study. They are
presented under different headings, namely parameters selection for cost effective monitoring,
the use of AHP for parameter weights, applications of WJWQI, and robustness of the index
performing uncertainty and sensitivity analysis of WJWQI.

6.2.1. Parameters selection for cost effective monitoring

In Chapter 3, a new methodology for parameters selection for parameter redundancy, leading to
a cost effective monitoring of the parameters was developed. To select most significant
parameters for cost effective water quality monitoring, the number of selected parameters should
be kept to a minimum and potentially be representative of a larger list or grouping of parameters.
Thus, the exclusion of redundant parameters without losing important information in representing
the surface water quality is important. In this study, the proposed methodology for parameter

redundancy provided a novel contribution to the previous WQIs studies.

The methodology consisted of three sequential steps, namely screening, the statistical assessment
for parameters redundancy and the inclusion of three critical factors (based on cost of the
laboratory analysis of the parameters and magnitude and frequency of the parameter exceeding
its permissible limits), and identifying a uniform set of common parameters across all stations.
An enhanced performance consolidated index was also developed to identify the best combination

of parameters to be continued and discontinued to be monitored at each monitoring station.

Through the statistical assessment of parameter redundancy and the inclusion of three factors that
represented criticality for cost effective monitoring used in the parameter selection stage for
WJIWQI, it was found that 13 parameters will be adequate to be “basic parameters” needed to
monitor water quality of rivers in West Java, as they collectively are representative of water
quality of these rivers. Those 13 parameters were temperature, suspended solids, chemical oxygen
demand, dissolved oxygen, nitrite, total phosphate, detergent, phenol, chloride, zinc, lead,

mercury, and faecal coliform.
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6.2.2. The use of AHP for parameter weights

As in the previous applications of AHP technique in various fields of study, the AHP used in this
study has provided numerous benefits when it was used to establish weights of a uniform set of
parameters of WJWQI. The main benefit from the use of AHP technique in this study was that
the AHP is easy to use due to the use of pairwise comparisons, and it even enables to quantify
both the experts’ objective and subjective judgments in order to determine relative weight of each
parameter. More importantly, it does not require large amount of time and several rounds of
questionnaires, compared to other participatory based-techniques used to identify parameter
weights. This has resulted in an effective utilisation of time in the overall management of this
study. Hence, the AHP is an attractive tool that can be used to establish weights of different water
quality parameters. In this study, faecal coliform, dissolved oxygen, and chemical oxygen demand
received high weights, when compared to that of the other parameters. Once these weights were
obtained, as demonstrated in Chapter 4, further steps were undertaken towards the development
of the WIWQI.

6.2.3. Applications of WIWQI

Applications of WJWQI using monitoring data provide more accurate and valuable information
about the status of water quality in rivers and also allow valid comparison across stations and
rivers as the same parameters were employed to compute the final index values. The results of
applications of WJWQI showed that most of monitoring stations had marginal water quality (the
final index values were between 25 and 50), indicating that rivers along West Java have been
experiencing water quality deterioration significantly. It was not surprising that the status of water
quality across main rivers in the study area tended towards marginal water quality because of
growing quantities of untreated residential and industrial wastewater being dumped into the

rivers.

It can be also concluded that the comparison of the application of WJWQI to different rivers
undertaken in this study was able to identify that Citarum River (stations CTM3 — CTM?7),
Cileungsi River (stations CL, 5, CL7, CL8), and Cilamaya River (stations CL2 — CL3) had more
critical events of poor water quality as compared to the other rivers. Thus, these three rivers should
have higher priority, particularly in implementing comprehensive measures to reduce pollutants,

which contributed significantly to the pollution of these rivers.
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6.2.4. Uncertainty and Sensitivity of WIJWQI

There is a lot of subjectivity and uncertainty involved in the steps for developing and applying a
WQI. Therefore, minimizing subjectivity and uncertainty should be included as one of the steps
in the development of a WQI. The uncertainty analysis of the index, undertaken in this study, was
able to identify the sources of uncertainty in developing WJWQI. This included how the
uncertainty of parameter thresholds and parameter weights propagated into the final index value.
The uncertainty and sensitivity analysis was based on its application to the most critical station
(which was station CTM7 in Citarum River) and the analysis indicated that all thresholds and
weights of WIWQI parameters had low variability. This indicated lower uncertainties of both
thresholds and weights of WIWQI.

This uncertainty and sensitivity analysis used the Monte Carlo (MC) simulation approach. The
results of the uncertainty and sensitivity analysis for parameter thresholds and parameter weights,
as shown by their coefficient of variation (CV) indicated that the relatively higher variability of
parameter thresholds and parameter weights have not propagated to the final index values and the
final index values have low uncertainty. The uncertainty and sensitivity analysis through the MC
simulation also showed that changes in thresholds and weights did not result in any changes in
the water quality status. Therefore, it can be concluded that the WJWQI is robust, and hence the
relevant authorities in West Java and the users of WIJWQI will be able to use it for evaluating the

general status of river water quality confidently.

6.3.  Recommendations
The following sub-sections present two sets of recommendations drawn from this study, namely
recommendations for further research and recommendations for the practical application of the

knowledge created in this research.

6.3.1. Recommendations for further research

It is worth mentioning that this water quality index, particularly the methodology developed for
parameter selection has the potential for use in other provinces in Indonesia or in other countries.
Therefore, the index users in other provinces or countries might consider developing a uniform
set of parameters as was demonstrated in this study through the case study of main rivers of West
Java. In addition, considering the importance of local experts’ opinion in the steps in the
development of a WQI is also important to ensure that the review on parameter weights is

undertaken through the involvement of relevant water quality-related stakeholders.
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Another area for improvement of the study was identified during the application of parameters
selection for cost effective monitoring. In this study, the proposed methodology was only applied
in monitoring stations which had the required water quality data. As consequence, only stations
and parameters which had a minimum number of consecutive years of monitoring data were
selected in this study. In future applications, screening and identification of the parameters that
are recommended to be continuously monitored and those to be discontinued should be re-
undertaken regularly using longer time series of water quality data. The longer time series of
water quality data will allow the index developers and users to have a more reliable set of

parameters.

In similar studies, additional criteria for critical factors can be included through involvement of
local experts’ opinion. If it is considered in the future, the AHP can be also used to define
additional critical factors. The survey using AHP for obtaining the weights (as was done in this
study) can also include questions on critical factors as part of the questionnaire. Thus, combining
the survey on additional critical factors through local experts’ opinion with that for weights would

result in more effective time management.

With regards to uncertainty and sensitivity analysis, in this study, only two sources of
uncertainties were considered, which were due to the range of possibilities for parameter
thresholds and weights. In similar future studies, the uncertainty and sensitivity analysis due to
other uncertainties, such as selection of different aggregation methods and using different
weighting methods, can be also undertaken. With respect to uncertainty due to parameters
selection, the proposed methodology used in this study to define the WJWQI parameters was
expected to remove uncertainties in the selection of parameters. However, since the criteria
associated with the percentage value used to identify a uniform set of parameters involved in the
development of the WQI was somewhat subjective, the index developers or water authorities can
decide this criteria based on their preferences or their own studies. Therefore, uncertainty and

sensitivity of this criteria can be also undertaken in the future.

6.3.2. Recommendations for practical implementation

The water authorities in West Java can be benefited from the development of WJWQI and the
results of its application since the WJWQI provides a more accurate comparison of the general
status of river water quality in a more cost effective manner (when compared to the currently used
WQIs in West Java). Thus, the comparison of the general status of water quality in monitoring

stations, located along the main rivers can be used by the provincial government of West Java to

A. D. Sutadian: Development of a Cost Effective River Water Quality Index 195



Chapter 6: Summary, Conclusions and Recommendations

improve their water quality management programs. It can also be used as a better starting point
to establish important measures for improving water quality in the rivers of West Java.

Results from the application of WJWQI have provided information on the general status of water
quality, spatially and temporally. The application of WIJWQI in this study can also be used to
identify rivers that need higher priorities, to communicate the water quality in respective rivers
among scientists, decision-makers, and the general public and to propose relevant programs to
the water authorities. Appropriate programmes can then be designed to improve the water quality

of rivers throughout the province.

The applications of WIWQI have also indicated that the final index values for most of the rivers
had either poor or marginal water quality status due to faecal coliform contamination, which in
turn indicates a failure or a less coverage of residential and industrial wastewater treatment.
Therefore, urgent intermediate measures, such providing improved wastewater treatment either
on site or off site, particularly for sources of this pollutant are needed to improve river water

quality across the study area.

Finally, it is important to note that WQIs have also been considered as a pivotal component or
indicators of the wider environmental or natural resource indices. In the study area of West Java,
there is another index, which is the West Java Water Sustainability Index that has been developed
earlier than the WIJWQI. The West Java Water Sustainability Index is used as a tool to improve
the water resources management in West Java in a more wider and general way. One of the
indicators of the West Java Water Sustainability Index is water quality computed through the
calculation of water quality index using the currently used indices. Since the WIJWQI provides
more accurate results in a more cost effective manner (when compared to the currently used
indices for the study area), it is recommended that the WJWQI can be used to replace the currently
used water quality indices in West Java. Accordingly, it can be used as one of the indicators of

the West Java Water Sustainability Index in future applications.
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