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Abstract—Freshwater levels in the Tigris River significantly reduced during the last two decades due to global
warming and geopolitics issues around Iraq. Thus, continuous and regular assessment for water resources
became critically essential and this study was designed to evaluate the water quality of Tigris River and to
develop a novel Water Quality Index (WQI). The raw water (untreated) and drinking water (treated) samples
were collected from twelve stations. Twenty parameters were assessed for each sample based on the standard
methods including physical properties of water such as total dissolved solids, suspended solids, temperature,
turbidity, PH, color, conductivity and also, chemical species such as F−, Cl−, Na+, K+, Ca+2, Mg+2, Fe+3,
Al+3, NH3, , , SiO2, , . Using the above data a novel WQI was created using sparse prin-
cipal component analysis. This sparse principal component WQI successfully identified a small subset of
important variables that contribute to water quality.

Keywords: water quality index, sparse principal component, water quality parameters, tigris river, ion chro-
matography
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INTRODUCTION

Water is an essential natural bio-resource for all life
forms [34]. About 97% of the earth’s water is saline
water in the oceans and 3% is fresh water contained in
the poles (in the form of ice), groundwater, lakes, and
rivers. Nearly, 70% of the world’s fresh water is frozen
in glaciers, permanent snow cover, ice, and permafrost
[24]. The other Thirty percent of all freshwater is
ground, most of it in deep, hard-to-reach aquifers.
Lakes and rivers together contain just a little more
than 0.25% of all freshwater; lakes contain most of it
[10, 19]. There is a fewer number of permanent rivers
with freshwater across the world which has about
0.01% of all water present on the earth [1]. Two of the
major rivers in the world are located in Iraq namely
Tigris and Euphrates. This project is focused on the
Tigris river and it is the main sole source of supplying
freshwater in Baghdad City, Iraq. Tigris River provides
drinking water to 100% of the Baghdad city popula-
tion. The water f low of the Tigris River has been
declining for the last twenty years and is expected to a

further decrease in the future. Thus, will lead to criti-
cal changes to the quality of water.

The water quality of the Tigris River is influenced
by a range of natural variables that lead to change the
physicochemical characteristics such as anthropo-
genic factors [20, 26], hydrological conditions, topog-
raphy, and lithology, climate [12], precipitation inputs
[20, 26], catchment area [12], tectonic and edaphic
factors [20], erosion, weathering of crustal materials
and bedrock geology [26]. But the fundamental factor
is the rate of water f low from Turkey where the river
source. Also, it is well known that water resources that
pass through large cities such as the Tigris River in
Baghdad are more likely to receive a large variety and
quantity of pollutants because of the intensive and
large-scale human and industrial activities [37]. As a
result, large and significant impacts on the environ-
ment and human health due to leaking through the
soil or directly discharging of these pollutants into
water [27]. Most of the developing countries suffer
from water pollution. About 80% of water pollution in
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these countries is a result of domestic waste and ade-
quate sanitation infrastructures, which often results in
the death of about two million infants annually [21,
38]. Thus, determining water quality quantitatively has
been become a great concern [32] and a health priority
for societies and governments [38].

The purpose of this study was to quantitatively
evaluate the water quality status of the Tigris river for
raw water (untreated) and drinking water (treated) in
Baghdad City and to develop a novel Water Quality
Index (WQI). A number of techniques currently exist
for creating water quality indices. Originally, much of
the work focusing on the development of water quality
indices relied on expert opinion in selecting and
weighting relevant parameters [2]. One of the earliest
and most influential of these methods was Horton’s
index [2, 18, 36]. This WQI was based on the selection
of 10 commonly measured variables believed to be
important in water quality. Horton, however, did not
elect to use any toxic chemicals in his WQI which
demonstrates the potentially undesirable influence
individual researchers can have on an index based on
expert opinion. Numerous other WQI models with
similar designs have been established by researchers
throughout the world, and many of these methods
allow for parameter selection based on locally avail-
able variables [36]. Some examples include the
National Sanitation Foundation WQI, the Scottish
Research Development Department WQI, the Cana-
dian Council of Ministers of the Environment
(CCME) WQI, and the Malaysian WQI [36]. In order
to provide an integral, complex assessment of water
quality in Russia, the Russian Federal Service for
Hydrometeorology and Environmental Monitoring
(RosHydroMet) implemented a water quality assess-
ment method, and a comprehensive evaluation of
water quality based on the data was first discussed in
Nikanorov and Yemelyanova [28]. This method
examines hydrodynamic, hydrobiological, and toxico-
logical parameters that are f lexible in allowing for the
inclusion of important local parameters and can assess
changes over time. The method proposed by Nikan-
orov and coworkers entails applying a set of 18 evalua-
tion criteria to analyze and describe the state of the
water body in question from various angles [28]. This
comprehensive method enables users to unambigu-
ously estimate the degree of water contamination
using scalar values for a wide range of pollutants and
water quality parameters. It also classifies the investi-
gated water according to the degree of contamination
and prepares the analytical information in an easy-to-

understand format for regulatory agencies [28]. More
recently, much attention has been given to creating
water quality indices using more advanced statistical
techniques for the analysis of multivariate data [6, 15].
Indices based on more advanced statistical methods
have the benefit of relying on fewer assumptions
rooted in expert opinion. For example, researchers
have proposed methods based on elements from fuzzy
logic [22, 23, 30], non-parametric probability distri-
butions [29], and artificial neural networks [17]. In
addition, several authors have explored the use of
principal component analysis for constructing water
quality indices [11, 31]. Here, we propose a new water
quality index based on the popular machine learning
technique sparse principal component analysis [40].
This method is an extension of traditional principal
component analysis that aids in variable selection. A
comprehensive overview detailing the development of
methods for analyzing water quality can be found in
Abbasi and Abbasi [2], and extensive reviews of recent
advances can be found in Gupta and Gupta [16] and
Uddin et al. [36].

EXPERIMENTAL
Study Areas

This study was carried out in Baghdad which is the
capital city of Iraq with an area of about 1554 km2. It is
situated in the center of Iraq on latitude 34°‒38° north
and longitude 46°‒43° east 600 m above the sea. The
topography is relatively f lat and it is the most densely
populated city in Iraq [8] with a population of approx-
imately 4 million per capita, according to the last resi-
dential census issued by the Ministry of Planning in
2015. This population increase has resulted in a grow-
ing demand for potable water, and thus, raises con-
cerns about increasing potable water production with
low specification control [3]. The city is characterized
by two climatic seasons, namely the rainy seasons and
the dry seasons. The rainy season extends from
December to May while the dry seasons run from June
to November.

This study was designed to carry out a quantitative
assessment of some environmental toxic elements in
the water of the Tigris River within Baghdad city, as a
surface water resource. The data used in this study for
all parameters are monthly averages collected from ten
fixed stations in Baghdad city. These stations are sup-
plied drinking water about 24 h per day for about
8 million residents of Baghdad city. The water supply
system of Baghdad city is using these ten main pump-
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ing stations to supply the system, from the Tigris River
at Baghdad city.

Sampling

Samples were taken from along the banks of the
sampling stations between 2014–2016. Samples were
collected in High-density PVC bottles (1 L capacity)
which had been thoroughly washed and filled with
deionized water and then taken to the sampling site.
Each bottle was washed with deionized water before
the next sample and then rinsed several times with the
water to be collected and filled up to the brim and
immediately sealed to avoid exposure to air [9] and the
temperature was taken [33]. Samples were collected
from surface water in the sampled location in 0.5 m
depth [13]. The physiochemical water quality parame-
ters were analyzed according to the International ana-
lytical standard methods as described by Greenberg
and Clesceri [14]. All types of equipment were duly
calibrated with standards and samples were analyzed
in replicates.

Determination Physico-Chemical Parameters

The parameters such as temperature (Temp; °C),
water pH, electrical conductivity (EC; μS/cm), total
dissolved salts (TS, mg/L), suspended solids (SS,
mg/L), and turbidity (Tur; NTU), were measured in-
situ during sampling. Water pH was measured using a
pH meter (HANNA, HI 9125) and EC, TS using a cal-
ibrated conductivity meter (HANNA, Conductivity
meter). Turbidity measurements were conducted
using a portable turbidity meter (LaMotte 2020E)
[34]. Total alkalinity (TA) and water-soluble anions
fluoride (mg/L F–), chloride (mg/L Cl–), nitrate

(mg/L ), nitrite (mg/L ), sulphate (mg/L

), silica (mg/L SiO2), phosphate (mg/L ),
ammonia (mg/L NH3), were determined using Ion
Chromatography (IC) (Dionex™ ICS 2000). The IC
analytical column and guard column are Dionex™
IonPac™ AS11-HC IC Columns (Thermo Fischer
Scientific Inc). The cationic water-soluble constitu-
ents (Na+, K+, Ca+2, Mg+2, Fe+3, Al+3 in mg/L) were
analyzed with a Dionex™ DX 500 system using a
Dionex™ IonPac™ CS 12A analytical column.
(Thermo Fischer Scientific Inc).
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Water Quality Index (WQI)

A novel WQI was developed using sparse principal
component analysis (SPCA). SPCA is an adaptation
of a traditional principal component analysis (PCA)
designed to ease the difficulty of interpreting the
resulting loadings. With PCA, each independent vari-
able will have a loading value on each principal com-
ponent. This can make interpretation of the principal
components difficult. Many researchers choose to
apply a rotation to the PCA results in order to help
identify the influential variables within each principal
component. However, these rotation methods do not
completely solve the variable selection problem.
SPCA addresses this issue by creating principal com-
ponents with sparse loadings. An SPCA will produce
loadings that are exactly equal to zero for a subset of
the independent variables [40]. This aids in the inter-
pretation of the resulting principal components and
can help perform variable selection. This can be par-
ticularly useful in cases where there are a large number
of variables and it is of interest to identify a small sub-
set of important variables contributing to water quality.

The SPCA-based WQI presented here is a variation
on the WQI proposed in Fathy et al [11]. Here, the
WQI is defined as:

where k is the number of chosen sparse principal com-
ponents, λi is the eigenvalue for the ith chosen sparse
principal component, λ is the sum of all the eigenval-
ues, and PCi is the ith chosen sparse principal compo-
nent score from the SPCA. Many approaches exist for
deciding on the number of principal components to
use. Popular choices include Kaiser’s rule and
inspecting scree plots. Here, we selected the first two
principal components in order to increase the inter-
pretability of the results.

The proposed WQI has several advantages over
similar existing methods. First, as a primarily statisti-
cal method, it relies less on subjective expert opinion.
Next, the aforementioned sparsity of SPCA produces
a smaller set of important variables related to water
quality. This makes the proposed WQI more accessi-
ble and understandable. As described in Abbasi and
Abbasi [2], limiting the number of features to avoid
unnecessary complexity was one of the key character-
istics Horton argued for when developing his early
WQI. Moreover, the proposed WQI is very f lexible
and can be adapted to handle any variables based on
local availability or importance. Finally, Uddin et al.
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[36] describe the structure of a WQI model based on a
breakdown of four components: parameter selection,
sub-indexing, parameter weighting, and aggregation.
The unique mathematical features of SPCA result in a
WQI that implements new approaches to both param-
eter weighting and aggregation since variable loadings
of zero are not seen in other WQI methods that use
traditional PCA.

RESULTS AND DISCUSSION

Among all evaluated water quality parameters, the
pH was used to assess the acidity and alkalinity since
most aquatic species have a restricted pH range of
6‒8. The average annual pH range for this study was
ranged from 7.4 to 8.0. The alkalinity is typical for
Iraqi rivers due to the natural existence of carbonates
and bicarbonates. The water temperature of the Tigris
river ranges from 7‒38°C during the year of study due
to the seasonal variations and slight differences among
the stations observed during the same month. Turbid-
ity measures cloudiness or haziness due to the dis-
solved solid and it decreases the light infiltration it
affects photosynthesis and aquatic life. Also, high
solid levels can increase the water temperature.
Domestic sewage, agricultural waste, soil erosion, fer-
tilizers are major sources of nitrates and phosphates.
The world health organization (WHO) quality stan-
dard for nitrate and phosphate is ≤10 mg/L and
0.2 mg/L respectively. All the nitrates and phosphate
levels are within the water quality standards except the
phosphate level in station 10.

The main purpose of the WQI is to convert com-
plex water quality data into a simple, understandable,
and useable form for the public. The WQI provides a
single number that represents the overall water quality
at a certain location and time based on multiple water
quality parameters. To begin, summary statistics of the
quantitative variables were calculated for each of the
twelve stations under study. These results are pre-
sented in Table 1 for untreated water and in Table 2 for
treated water. Values of SS for Station 4 and values of
aluminum for Station 10 and Station 12 were unable to
be recorded for the untreated water. After treatment,

values of   and NH3 were not able to be measured
for Station 4 from March through September.

The proposed WQI was then calculated for each
station by month. This allowed for the comparison of
water quality amongst the different stations over time.
The sparse principal components were calculated in

−
3NO

the R statistical software using the sparse Eigen pack-
age [7] after scaling the data. For untreated water, the
resulting loadings for the first two sparse principal
components can be found in Table 3. It is apparent
that the SPCA procedure produced principal compo-
nents that contain a small number of variables with
nonzero loadings. In January, for example, the first
sparse principal component had five variables
with nonzero loadings and the second sparse
principal component had three. For this month, the
first principal component is a contrast between turbid-

ity and Cl–, EC, , and TS. The maximum num-
ber of nonzero loadings for any principal component
during any month was seven. In addition, there is
some monthly change in the composition of the subset
of variables that have nonzero loadings on the first two

principal components. , for example, only
appears in either of the principal components in
November and December. The WQI was then recalcu-
lated using measurements from the treated water. Sus-
pended solids had to be removed prior to this analysis
because all of the recorded values were equal to zero
and the lack of variability made SPCA impossible.
The loadings corresponding to the WQI from treated
water are reported in Table 4. These values again show
the sparsity of significant variables used to calculate
water treatment. There is an important difference rel-
ative to the untreated values because many of the spe-
cific variables selected each month have changed.
Also, the loadings change for the variables that are rep-
resented both before and after treatment. Comparing
untreated and treated results can give insight into the
efficacy of the water treatment as one can identify
which variables remain important in calculating the
WQI.

A plot of the first two sparse principal component
scores calculated from untreated water at each station
separated by month can be seen in Fig. 1. The plot
exhibits significant clustering for several of the
months. This could suggest that the resulting WQI val-
ues will display a seasonal variation. The large range of
values taken by the principal component scores from
month-to-month reflects the changing groups of vari-
ables that have nonzero loadings. A second plot of the
principal component scores calculated from water
measured after treatment is in Fig. 2. Again, monthly
clustering can be seen. However, the overall structure
is quite different when compared to values from
treated water. This is expected since the groups of vari-
ables with nonzero loadings changes after treatment.
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Next, the monthly values of the WQI for each sta-
tion were plotted for both the untreated and treated
water. These results are in Figs. 3 and 4. The graphs do
appear to display some variability in water quality
throughout the year. However, it is difficult to deci-
pher a clear, meaningful pattern to the temporal vari-
ation. The plot for untreated water shows a noticeable

difference in water quality between Station 1 and the
other stations. For the majority of the year, the value
of the WQI for Station 1 is discernably higher than the
corresponding values for the eleven other stations. Sta-
tion 1 also shows unique behavior after treatment with
WQI values displaying a much larger variance making
large jumps between months.

Fig. 1. The plot of the first two sparse principal component scores for each station by month for untreated water. The horizontal
axis contains scores from the first sparse principal components while the vertical axis displays scores from the second sparse prin-
cipal components. Colored dots correspond to scores from each month.
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The WQI measurements for each station were also
used to perform hierarchical clustering. This proce-
dure groups stations with similar water qualities. The
“hclust” function in R was used to perform the clus-
tering using complete linkage. The resulting dendro-
grams for untreated and treated water are in Figs. 5 and
6. From the dendrograms, it is clear that Station 1 had
unique water quality characteristics as that station

appears to be isolated from the others both before and
after treatment. The clustering results support the pre-
vious conclusion that the water quality at Station 1
appears to be significantly different than the other sta-
tions. Station 1 standing out different is not surprising
due to higher human activities in that area. Millions of
people visit this area every year due to religious impor-
tance. Also, this area has various industries such as oil

Fig. 2. The plot of the first two sparse principal component scores for each station by month for treated water. The horizontal axis
contains scores from the first sparse principal components while the vertical axis displays scores from the second sparse principal
components. Colored dots correspond to scores from each month.
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refining and plastic manufacturing. Smaller clusters of
similar stations can also be seen for both untreated and
treated WQI values, but these groups are more diffi-
cult to interpret as a set of clustered stations changes
before and after treatment.

Finally, hypothesis tests were performed in order to
determine if the means of variables contributing to
water quality showed significant changes after treat-

ment. Two sample t-tests with a one-sided alternative
hypothesis were conducted for all variables except
temperature assuming unequal variances. The null
hypothesis was the means of values for untreated and
treated water was the same, and the alternative
hypothesis stated that the means were lower for treated
water. All tests were performed using a significance
level of 0.05. Turbidity (p < 0.001), alkalinity (p <
0.001), pH (p < 0.001), suspended solids (p < 0.001),

Fig. 3. Monthly WQI values for each station for untreated water. Each month is represented on the horizontal axis and the WQI
values are shown on the vertical axis. Values for each station are represented by colored lines.

2

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

W
Q

I

Station 1

Month

Station 2
Station 3
Station 4
Station 5
Station 6
Station 7
Station 8
Station 9
Station 10
Station 11
Station 12

1

0

–1



WATER RESOURCES  Vol. 50  No. 1  2023

DEVELOPMENT OF A WATER QUALITY INDEX 163

Fe+3 (p = 0.002), F– (p < 0.001)   (p < 0.001),

  (p = 0.012), and NH3 (p < 0.001) all showed sta-
tistically significant differences in means between
untreated and treated water. P-values for all the tests
can be seen in Table 5. Typical methods for water
treatment in all water treatment stations are suspen-
sions precipitation, sand filtration, and chlorination
0.5 mg/L. The hypothesis testing results show that the

−
2NO

−3
4PO

above parameters are successfully reduced at the water
treatment facilities.

Biological Oxygen Demand (BOD) and Dissolved
Oxygen (DO) are useful parameters in water quality
measurements. The amount of oxygen required by
bacteria and other microorganisms while decompos-
ing organic matter under aerobic (oxygen present)
conditions at a specific temperature is referred to as

Fig. 4. Monthly WQI values for each station for treated water. Each month is represented on the horizontal axis and the WQI
values are shown on the vertical axis. Values for each station are represented by colored lines.
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BOD. The DO is a measurement of the amount of
oxygen dissolved in water and available to living
aquatic organisms. These parameters were not mea-
sured in this study. However, it won’t affect the objec-
tives of this project. The main goal of this study is to
demonstrate the use of SPCA in water quality mea-
surements. Therefore, in the future if BOD, and DO
data are collected with the other parameters, they can
be easily integrated into this SPCA–WQI computa-
tion. In addition, there are several water quality
indexes reported in literature without the BOD and
DO measurements such as in WAWQI used by
Akoteyon et al. [4] and Singh et.al. [35], Bhargava’s
WQI used by Al-Musawi et al. [5] and NSFWQI used
by Misaghi et al. [25].

Every year water quality monitoring stations mea-
sure thousands of chemical, physical, and biological
parameters of water. One cannot predict the overall
condition of a water stream without considering these
data collectively, because these individual parameters
do not give any trends in water quality over time and
across geographical areas. Water quality indices such
as the one proposed in this manuscript provide a strat-
egy to process hundreds of water quality parameter
data into meaningful values that indicate the condition
of water resources. National Sanitation Foundation
Water Quality Index (NSF–WQI) is the well-known
and most widely used index in the world. However,
indices such as the NSF–WQI rely on subjective met-
rics derived from expert opinion rather than an unbi-
ased analysis of the data. In addition, the unified

Fig. 5. Dendrogram for clustering the stations based on WQI calculated from untreated water.

H
ei

gh
t

3

4

5

6

2

7

0

1

St
at

io
n 

1

St
at

io
n 

2

St
at

io
n 

3

St
at

io
n 

4

St
at

io
n 

5St
at

io
n 

6

St
at

io
n 

7

St
at

io
n 

8

St
at

io
n 

9

St
at

io
n 

10

St
at

io
n 

11

St
at

io
n 

12

Cluster Dendrogram



WATER RESOURCES  Vol. 50  No. 1  2023

DEVELOPMENT OF A WATER QUALITY INDEX 165

nature of this NSF–WQI can sometimes cause
regional water quality concerns to be left unnoticed.
The SPCA WQI suggested in this manuscript has sev-
eral potential benefits over methods such as the NSF–
WQI that would make it useful for applications in a
variety of other contexts. For example, it can reflect
regional water quality variations and concerns more
clearly since the variable weights in the principal com-
ponents are determined from the data. Importantly,
SPCA can also identify a small subset of important
variables contributing to water quality from a large
number of variables, and any analysis focused on iden-
tifying a small collection of variables that influence
water quality could benefit from this feature.

CONCLUSIONS
According to the above results, the sparse principal

component analysis successfully identified a small
subset of important variables that contribute to water
quality. This helps improve the interpretability of the
resulting WQI. The calculated WQIs showed differ-
ences in water quality between stations and through
time. The WQI can be effectively used to cluster the
stations based on water quality. The above two points
could help officials when monitoring the water quality
at various sites throughout the year in order to main-
tain safe, drinkable water standards.
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