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The scarce freshwater resources in arid areas are under increasing pressure from population
and economic growth, food demand, expanding irrigated agricultural areas, and climate
change. The water deficit is especially drastic in arid areas characterized by low precipitation
and high evaporation rates. In arid areas, groundwater is usually the only natural water
resources and is endangered by excess agricultural extraction and seawater intrusions to
coastal aquifers. Climate change leads to temperature increase and shifts of precipitation
patterns, and likely increases the frequency of flooding and drought seasons. It is important to
understand the impact of climate changes on irrigation, subsurface hydrology, flood risk,
salinization, as well as mitigation approaches to cope with the above-mentioned challenges.
Desalination of seawater is a popular way to supplement insufficient domestic water supply in
urban areas. In recent years, desalination of brackish water and reuse of treated wastewater are
also becoming popular as a non-conventional source of water for mainly for farming activities
along with other feasible purposes. In addition, economical management and associated policy
reforms are critical to induce water conservation and adoption of water-saving and reuse
technologies.

This book entitled Water Resources in Arid Land: Management and Sustainability aims to
address multiple water issues and challenges in arid land discussed above by selecting
excellent studies presented at the 2nd International Conference on Water Resources in Arid
Areas (WRAA2020) held online during November 9-11, 2020. This book consists of 6 parts
with 31 chapters presenting contributions to a wide range of water sciences in arid regions.
The following themes represent the six parts in the book ordered as:

Hydroinformatics

Water Desalination and Purification Technologies
Climate Change and Water Resources
Economics and Management of Wastewater
Urban Water

Subsurface Hydrology.

Hopefully, the most recent innovation, trends, and concerns, practical challenges encoun-
tered, and the solutions adopted in the field of water sciences presented in this book can
enlighten water researchers and authorities in management of water resources in arid land.

Thanks!

Al-Khod, Oman Ali Al-Maktoumi
Al-Khod, Oman Osman Abdalla
Al-Khod, Oman Anvar Kacimov
Al-Khod, Oman Slim Zekri
Al-Khod, Oman Mingjie Chen
Al-Khod, Oman Talal Al-Hosni

New Haven, USA Kaveh Medani



This book assembles selected papers presented at “the 2nd International Conference on Water
Resources in Arid Areas” during November 9-11, 2020, in Muscat, Oman, jointly organized
by Water Research Center, Sultan Qaboos University (SQU) and Ministry of Agriculture,
Fisheries, and Water Resources in Oman. The highly appreciated generous support provided
by SQU for the conference has paved the ground for this book. The review of papers con-
ducted by a pool of experts in various fields of water science (names of reviewers are listed in
the book) has significantly improved the quality and provided constructive criticism important
for quality assurance. We would like to also express our deepest thanks and gratitude to the
authors of the selected papers for their valuable contribution. We are also indebted to the office
work and support of Ms. Maria Diana Austria, the WRC office coordinator.
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Eman A. Hasan, Marwa M. Aly, and A. M. |. Abd El Hamid

Abstract

Surface water quality is a vital issue worldwide due to
increasing population and development plans. The objec-
tive of this study is to develop a statistical approach for
assessing irrigation water canals through monitoring
pollutant concentrations and a water quality index. Water
samples were collected monthly for the two years
2012/2013 and 2013/2014, from fixed locations along
the studied canals in Eastern Delta as a case study. The
statistical approach used in this work includes weighted
arithmetic water quality index (WAWQI), hierarchical
clustering analysis (HCA) and principal component/factor
analysis (PC/FA). The study revealed that according to
the cluster analysis considering WAWQI, 61.11% of the
monitoring locations were grouped under cluster A which
has the best water quality among the cluster groups.
Furthermore, the results of the principal component
analysis identified five principal components which were
responsible for 81.24% of water quality status in the
studied locations. The results obtained from this study can
assess the decision makers in applying water quality
strategy to control the presence of pollutants from
different sources.

Keywords

Water quality index ¢ Cluster analysis * Principal
component analysis * Factor analysis ¢ Eastern Nile
Delta canals

E. A. Hasan (IX)

Professor Irrigation and Hydraulics Engineering, Drainage
Research Institute, National Water Research Center, Awal Shubra
Al Kheimah, Egypt

M. M. Aly
Faculty of Engineering, Helwan University, Matareya, Egypt

A. M. 1. Abd El Hamid
Hydraulic Research Institute, National Water Research Center,
Awal Shubra Al Kheimah, Egypt

1 Introduction

In developing countries, millions of people die annually
from water-related diseases (WHO, 2017); for this reason,
protection of freshwater resources is an essential aspect. In
Egypt, observing water quality of the Nile system began in
1980 using monitoring network (Abdel-Dayem, 2011). The
purpose of monitoring network is to measure 34 water
quality parameters such as physical, chemical, biological
parameters, heavy metals and nutrients to be compared with
Egyptian standards. Consequently, water quality index
(WQD) is used to reduce the higher number of parameters,
rate the health of a stream with a single number and assist in
the development of water management strategies (Tyagi
et al., 2013; Elshemy, 2016).

Several researchers worldwide assess the water quality of
different canals and rivers using WQI (Goher et al., 2014;
Manju et al., 2014). Meanwhile, Oketola et al. (2013)
reported that hierarchical cluster analysis (HCA), principal
component/factor analysis (PC/FA) and correlation matrix
are used widely worldwide to illustrate the variations in the
water quality as a statistical tool. In Bangladesh, the HCA
and WQI were used to evaluate the water quality of an
industrial area in Dinajpur (Howladar et al., 2017). FA was
used to illustrate the water quality index parameters of the
Nile River in Egypt (Yousry & El Gammal, 2015). In China,
the water quality of the Tiaoxi River was evaluated by HCA
and PCA for physicochemical and microbiological parame-
ters (Vadde et al., 2018).

The research problem is the issue of water quality in the
Eastern Nile Delta to support decision makers in taking the
appropriate action regarding the protection of water resour-
ces. Several researchers assessed water quality of water-
courses using different statistical analyses as mentioned
before, but the objective of this research is to develop a
statistical approach for assessing irrigation water canals
through monitoring pollutant concentrations and water
quality index.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 3
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2 Methodology

2.1 Study Area

The status of water quality for ten canals in the Eastern Delta
region was evaluated. These canals are Tawfiki Rayah,
Mansouria Canal, Sharkawiya Canal, Bahr Mois Canal,
Daffan Canal, Ismailia Canal, Port Said Canal, Suez Canal,
El-Wadi El-Sharky Canal and El-Salam Canal. The research
gets to benefit from the GIS technique; the available data-
base of the canals and drains of Egypt is generating a map
for the study area using the ArcMap software as shown in
Fig. 1. El Salam Canal is the backbone of an agriculture
developing project in Egypt that aims at reclaiming more
than six hundred thousand Feddans in the north-eastern part
of the country. The water sources of El-Salam Canal are
from mixing agricultural drainage water and freshwater from

the River Nile (Damietta Branch) with variable mixing ratio
through the year, up to 1:1.

2.2 Studied Locations and Parameters

Eighteen monitoring locations of water quality along the ten
investigated canals in the Eastern Delta irrigation system are
shown in Table 1. Seventeen water quality parameters were
studied, namely dissolved oxygen (DO), biological oxygen
demand (BOD), chemical oxygen demand (COD), nitrate
(NO3), ammonium (NHy), total phosphorus (TP), total dis-
solved solid (TDS), sulfate (SO,), the power of hydrogen
(pH), boron (B), cadmium (Cd), copper (Cu), iron (Fe),
manganese (Mn), zinc (Zn), lead (Pb) and nickel (Ni).
Monthly water quality parameters for the two years
2012/2013 and 2013/2014 were obtained from the database

Mediterranean Sea

31°N

Monitoring Locations
—— Canal
—— Nile_River

30°N

30°E

Fig. 1 Eastern Delta region and studied locations

Sopimuniy ST

32°E



Statistical Approach for Water Quality Evaluation of Irrigation ...

Table 1 Studied locations in the

No | Location

Canal name

Eastern Delta irrigation system code
1 EIO1 Tawfiki Rayah
2 EI02 Tawfiki Rayah
3 EIO3 Mansouria Canal
4 EIO4 Sharkawiya Canal
5 | EIO5 Sharkawiya Canal
6 EIO6 Bahr Mois Canal
7 EIO7 Bahr Mois Canal
8 EIO8 Bahr Mois Canal
9 EIO9 Daffan Canal
10 | EII0 Ismailia Canal
11 | EIll Ismailia Canal
12 EIlI2 Ismailia Canal
13 | EIl3 Port Said Canal
14 Ell4 Suez Canal
15 | EIl5 El-Wadi El-Sharky

Canal

16 EII8 El-Salam Canal
17 EIl9 El-Salam Canal
18 | EI21 El-Salam Canal

Description

Downstream of the built-up area of Banha city
Downstream of the built-up area of Zifta/Mit Ghamr city
Downstream of the built-up area of Mansoura city
Upstream of the built-up area of Damietta city

Upstream of the drinking water intake of Matariya city
Upstream of the Zagazig drinking water intake

Downstream built-up area of Zagazig city and inflow from East
Wadi Irrigation Canal

Upstream of drainage reuse PS” EHO2

Upstream of drainage reuse PS EH12

Ismailia Canal—at km 15

Downstream of the built-up area of Bilbais city

Upstream the branching and the built-up area of Ismailia city
Upstream the built-up area and the drinking water of Port Said city
Upstream the built-up area and the drinking water intake of Suez
city

Upstream of drainage reuse PS EB03

Upstream of drainage reuse PS ESL02
Upstream of drainage reuse PS ESL04
El-Salam Canal intake from Damietta Branch of the River Nile

“PS pump station

of the Drainage Research Institute and the Central Water
Quality Unit in the Ministry of Water Resources and Irri-
gation (MWRI).

2.3 Statistical Approach

The statistical approach used in this study began with
investigating water quality status using WAWQI and then
applying statistical techniques (HCA and PC/FA).

2.3.1 Investigating Water Quality Status

The objective of this part is to investigate and evaluate the
water quality status of each location along the studied canals
using the WAWQI and taking into consideration the Egyp-
tian guidelines (law 48 for 1982 and ministerial decree in
92/2013).

Over the years, several WQIs have been proposed and
used appropriately by governmental agencies and researcher;
Canadian Council of Ministers of Environment Water
Quality Index—CCMEWQI (CCME, 2001), National San-
itation Foundation Water Quality Index—NSFWQI (Brown
et al., 1972), Oregon Water Quality Index—OWQI

(Dunnette, 1979) and Weighted Arithmetic Water Quality
Index Method—WAWQIM are commonly used (Howladar
et al., 2017).

The average WQI of the studied locations was computed
by weighted arithmetic method, for the above-mentioned
seventeen parameters during the two years. The weighted
arithmetic water quality index (WAWQI) was used as it is
considered a robust method in water quality analysis
(Howladar et al., 2017; Chauhan & Singh, 2010; Chowd-
hury et al., 2012; Rao et al., 2010; Balan et al., 2012). After
Rown et al. (1972), WAWQI was calculated according to
Eq. (1).

wa - 2 O 1)
2ot Wi
where

Qi: the quality rating scale

WI: the unit weight

N: number of parameters.

Equation (2) is used to calculate the quality rating scale
(Rown et al., 1972), while for calculating the unit weight for
each parameter Eq. (3) is used.



Qi = 100[(Vi — Vo) /(Si — Vo)] (2)

where

Vi: actual measured value of ith parameter in the analyzed
water

Vo: the ideal value of the parameter in pure water, Vo = 0
except pH = 7 and

DO = 0.146 kg/m® (Tripathy & Sahu, 2005)

Si: the standard value of its parameter of Egyptian quality
guidelines (MWRI, 2013).

K

Wi=~
T

(3)
K is proportionally constant and is calculated from
Eq. (4).
K= )
> (1/8i)
At the end of this part, the rating (status) of water quality
for the studied locations can be obtained after using Table 2.

2.3.2 Hierarchical Cluster Analysis (HCA)

Cluster analysis (CA) is one of the large families of statis-
tical techniques whose main purpose is to categorize sam-
pling locations into distinct groups or clusters according to
some criteria, such that the within-group similarity is max-
imized and among-group similarity is minimized. CA joins
the most similar observations and successively the next most
similar observations (Oketola et al., 2013).

In this study, CA was applied using the monthly values of
the seventeen water quality parameters measured at eighteen
monitoring locations along Eastern Delta canals for the two
years 2012/2013 and 2013/2014 by means of Ward’s
method using squared Euclidean distance for similarity
measurements (Singh et al., 2004). The data used were
checked first to be normally distributed ensuring its validity
to apply the multivariate statistical techniques (HCA and
PC/FA). Kolmogorov—Smirnov and Shapiro—Wilk tests
were used to examine the normality status.

Table 2 Water quality rating

: WQI value
according to WAWQI (Brown
et al., 1972) 0-25
26-50
51-75
76-100

Above 100

E. A. Hasan et al.

2.3.3 Principal Component/Factor Analysis
(PC/FA)

PCA is a powerful pattern recognition technique that
attempts to explain the variance of a large dataset of inter-
correlated variables with a smaller set independent variable
(principal component) (Simeonov et al., 2003). Factor
analysis (FA) generally helps to reduce and simplify the
outcomes from the PCA.

For the purposes of this paper, PCA has been carried out
upon seventeen parameters for identifying the most signifi-
cant parameters for the assessment of the water quality of the
Eastern Nile Delta canals. Through FA, varimax rotation
was applied to determine the varimax factors (VFs) with
strong positive loading that can account for high variability.

An eigenvalue gives a measure of the significance of
factors with the highest eigenvalues, those are the most
significant. Eigenvalues of 1.0 or greater are considered
significant (Shrestha & Kazama, 2007). Classification of
principal components is thus “strong,” “moderate” and
“weak,” corresponding to absolute loading values of >0.75,
0.75-0.50 and 0.50-0.30, respectively (Liu et al., 2003).

It is worth to mention that the STATISTICA 10 software
program was used to perform the statistical analysis (HCA
and PC/FA) for the water quality parameters.

3 Results and Discussion

3.1 Investigating Water Quality Status

Table 3 shows the descriptive statistics of the measured
parameters at the eighteen studied locations. The basic
statistics are described, namely the mean, median, maxi-
mum, minimum, variance, standard deviation and variance
coefficient of the selected water quality parameters.
Regarding the Egyptian guidelines of law 48/1982 and its
ministerial decree amendment 92/2013, it must be empha-
sized that the mean concentrations of some variables such as
DO, BOD, COD, NO;, NHy, TDS, Cu and Pb are higher

Rating of water quality Grading
Excellent A
Good B
Poor C
Very poor D
Need treatment E
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Table 3 Descriptive statistics for  pyrameters | Mean® | Median

water quality parameters

measured at Eastern Delta

locations DO 6.490 5.990
BOD 9.093 6.583
COD 11.725  8.833
pH 7.858 7.870
NO; 5.284 4.130
NH, 1.777 1.590
TP 0.316 0.230
TDS 535 435
SO, 1.829 1.520
B 0.117 0.124
Cd 0.0004 | 0.000
Cu 0.094 0.054
Fe 0.014 0.016
Mn 0.001 0.000
Zn 0.000 0.000
Ni 0.0001 | 0.000
Pb 0.024 0.000

7

Min Max Variance  Std Var Standard

dev coef values®*
3.240 8.020 2.020 1.420 21.879 6
6.000 17.250  16.180 4.022 44.233 6
7.833 21.500  23.850 4.883 41.647 10
7.770 7.930 0.00 0.041 0.525 6.5-8.5
1.820 12.770  13.300 3.647 69.022 2
0.950 4.770 0.850 0.920 51.791 0.500
0.050 0.640 0.040 0.207 65.484 2
306 1172 751 274 51 500
1.190 3.310 0.50 0.704 38.504 200
0.062 0.171 0.00 0.034 29.475 0.5
0.000%** 1 0.001 0.000 0.001 123.201  0.001
0.000 0.560 0.020 0.128 136.207 | 0.010
0.000 0.029 0.000 0.008 57.967 0.5
0.000 0.006 0.000 0.002 199.018 0.2
0.000 0.001 0.000 0.000 282.290  0.01
0.000 0.001 0.000 0.0002  412.311  0.02
0.000 0.168 0.000 0.054 228.754  0.01

“All the parameters are in milligrams per liter except pH

#*Law 48/1982 amended in 2013

***Number approximately equal to zero

than the standards; therefore, the water resource needs
extensive monitoring process.

3.2 WAwQI

The method of calculation of WQI assigned unit weights for
the considered parameters of the studied locations in the
Eastern Delta. Table 4 shows an example of WAWQI cal-
culation of the monitoring location (EI14) along the Suez
Canal; the WAWQI for EIl4 was 44.8. It is obvious from the
table that the weighted value of copper affected mainly the
calculation of WAWQI at EI14.

The results of WAWQI calculation ranged from 25.73 to
135.9 for all the monitoring locations as shown in Fig. 2. Its
highest value was at location EI18 that represents water
quality of El-Salam Canal after the mixing process of fresh
and drainage water from the Nile River and Farsqur drain,
respectively, resulting in high water salinity according to
Shaban (2017). The lowest WAWQI was at monitoring
location EIl5 along El-Wadi El-Sharky Canal upstream of
drainage reuse PS EBO3. According to the calculated values
of WAWQI, 30% of the considered locations fall under good
quality, poor quality for another 30% and very poor for 20%
and the rest 20% of the monitoring locations need more
investigation and long-term monitoring to control any source
of pollution in the future.

Figure 2 shows also that the three studied locations,
namely E101, E106 and E118, have the extreme values of
the WAWQI. Table 5 shows the percentages of compatible
measurements with the Egyptian water quality guidelines for
these locations. From these percentages for (DO, BOD,
COD), (NO3, NHy, TDS) and (Cu) measured at EIO1, EI06
and EII8, respectively, there was pollution resulted from
domestic, agriculture and industrial activities. Meanwhile, it
is clear that the location E118 has the least percentages of
compatible for the above-mentioned water quality parame-
ters according to its location on El-Salam Canal which is fed
by reused water as previously explained.

33 HCA

Since HCA requires the examined data to be normally dis-
tributed, Kolmogorov—Smirnov and Shapiro—Wilk tests
were used to check the normality status of the seventeen
water quality parameters. The results showed that COD,
BOD, Fe, B, TP and NO;3; were normally distributed while
other studied parameters were transformed to be normally
distributed. Then, all the seventeen water quality parameters
were used for clustering process.

The relationships between the monitoring locations were
resulted from the cluster analyses and were presented in the
dendrogram plot, Fig. 3. It is obvious that the whole studied
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Table 4 Calculation of WAWQI

i - Parameters *Actual measured **Standard Unit Quality Weighted values
at monitoring location EI14 along values (Vi) values (Si) weight rating (Qi) (QiWi)
Suez Canal (Wi)

DO 4.480 6 0.0001 117.674 0.014
BOD 6.000 [§ 0.0001 100.000 0.012
COD 8.000 10 0.0004 80.000 0.006
pH 7.840 6.5-8.5 0.0015 168.000 0.016
NO; 12.770 2 0.0004 638.500 0.234
NH,4 1.530 0.5 0.0000 306.000 0.449
TP 0.540 2 0.0000 27.000 0.010
TDS 946.000 500 0.0015 189.200 0.000
SO, 2.820 200 0.7340 1.410 0.000
B 0.092 0.5 0.0734 18.400 0.027
Cd 0.000 0.001 0.0015 0.000 0.000
Cu 0.060 0.01 0.0037 600.000 44.034
Fe 0.014 0.500 0.073 2.800 0.004
Mn 0.000 0.200 0.037 0.000 0.000
Zn 0.000 0.010 0.073 0.000 0.000
Ni 0.000 0.020 0.0001 0.000 0.000
Pb 0.000 0.010 0.0001 0.000 0.000
WAWQI = 44.88

“All the parameters are in milligrams per liter except pH, multiply all parameters except pH by 107 to
convert and follow S.I units (kg/m3)
**Law 48 for 1982 and ministerial decree in 92/2013

Fig. 2 Weighted arithmetic 150
water quality index for
monitoring locations

125

100 A

(WAWQI)
o

Weighted Arithmetic Water Quality Index

25 A

EIO1 EI02 EI03 EI04 EIOS EI06 EI07 EIO8 EI09 EI10 EI11 EI12 EI13 EI14 EI15 EI18 EI19 EI21
Monitoring locations
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Table 5 Percentages of Parameters *Egyptian water quality guidelines Percentage of compatible
compatible measurements for measurements
water quality parameters
measured at EIO1, EI06 and EI18 EI01 EI06 EII8
DO 0 0 0
BOD 84 75 17
COD 10 67 59 17
pH 6.5-8.5 100 100 100
NO; 2 17 0 0
NH,4 0.50 59 100 0
TP 2 100 100 100
TDS 500 38.89 82 0
SO, 200 100 100 100
B 0.50 100 100 100
Cd 0.001 100 100 100
Cu 0.01 12 17.50 0
Fe 0.50 100 100 100
Mn 0.20 100 100 100
Zn 0.01 100 100 100
Ni 0.02 100 100 100
Pb 0.01 100 100 100
“Law 48 for 1982 and ministerial decree in 92/2013
Fig. 3 Dendrogram shows the ,
relationship between monitoring Tree Diagram for 18 Cases
locations in Eastern Delta Ward's method
Squared Euclidean distances
200 e e o e e e S A
150 1
8 C
jv]
v B
a
> 100 1
o
2
fL-
|
A
50 A2 Al ]
\-//
0 e
EI19 EI18 El2 El03 El14 ElI07 ElI02 El15 EI10
EI09 EI04 EI08 El1 EI05 EI06 El21 EI13 EI01




10

E. A. Hasan et al.

Table 6 Cluster analysis of

=0 ) Group | Location code Cluster Cluster Water quality status
monitoring locations percentage
Al EIO1, EI10, EI13, EI15, EI21 Cluster A 61.11 Poor
A2 EI02, EI06, EI07, EIOS, EI14, EI11
B EI03, EIO8, EI12 Cluster B 16.67 Very poor
C EIO4, EI18, EI09, EI19 Cluster C | 22.22 Very poor
Fig. 4 Weighted arithmetic 100
water quality index of cluster
groups 90
80
B
=
= 70 4
=y
5 6]
E _—
=
%5 50 |
E 40
2
2 30
)
5
T
10 1
0 -

Cluster A

locations formed three main groups of the cluster. Table 6
shows that cluster A groups 61.11% of the studied locations
whereas cluster B represents 16.67% of locations and finally
cluster C includes 22.22% of the total locations.

Figures 4 and 5 show the classifications of different
studied locations according to their WAWQI and cluster
group, and cluster group A has the best water quality among
the cluster groups as it has the lowest value of the WAWQIL.
This result can assess the decision maker in management of
water quality in the Eastern Delta.

3.4 PC/FA

According to PC/FA, five principal factors were detected to
be responsible of 81.24 of the total variances in the water
quality data. Table 7 shows that each of the five factors has
eigenvalue greater than 1, and Factorl (PC 1) is the most
significant variables which explain 37.25% of the total
variance and was strongly loaded with DO, NO;, TP, TDS
and SO, moderately loaded with BOD and COD and

Cluster B

Cluster C
Cluster groups

weakly loaded with B and Cu, while Factor2 (PC 2) contains
18.56% of the total variance which was strongly loaded with
Cd and Cu, moderately loaded with BOD, COD and Pb and
weakly loaded with DO, TP and Ni. Factor3 (PC 3) accounts
11.25% of the total variance and was strongly loaded with
Zn and Ni and moderately loaded with B and Pb. Factor4
(PC 4) possesses 7.95 of the total variances and was strongly
loaded with NH,, moderately loaded with pH and weakly
loaded with Cd, BOD and COD. Finally, Factor5 (PC 5)
represents 6.23% of the total variance, weakly loaded with
Fe, BOD and COD as shown in Table 8. The previous
analysis proves the presence of organic contamination and
wastewater from domestic, agricultural and industrial
sources.

4 Conclusion

In this research, a comprehensive statistical approach was
applied to classify, evaluate and identify the significant
parameters in water quality of irrigation canals in Eastern
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31°N

30°NE

Fig. 5 Water quality clustering in Eastern Delta

Table 7 Eigenvalues and

: Principal Eigenvalue
variance percentage components
1 6.3321
2 3.1555
3 1.9129
4 1.3509
5 1.0592

Delta of Nile River taking into consideration the Egyptian
guidelines of law 48/1982 and ministerial decree in 92/2013.
The study revealed that the calculated WAWQI varied along
the studied canals, according to the effect of each pollutant to
the index calculation. This variation is due to organic pol-
lution, nutrients and sometimes heavy metal concentration.
According to the HCA, 61.11% of the studied locations were

A ClusterA
2 ClusterB
A ClusterC
—— Canal
- Nile_River

% total Cumulative Cumulative
variance eigenvalue percentage
37.2479 6.3321 37.2479
18.5618 9.4876 55.8097
11.2523 11.4005 67.0620
7.9461 12.7514 75.0081
6.2305 13.8106 81.2386

grouped under cluster A which has the best water quality
among the cluster groups. Furthermore, the results of the
PC/FA proved the presence of five principal components
responsible for 81.24% of the variation in water quality. The
results obtained from this study can assess the decision
makers in applying water quality strategy to control the
presence of pollutants from different sources.
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Table 8 Factor loadings after Factorl

varimax rotation
DO -0.717
BOD 0.570
COD 0.547
pH 0.088
NO; 0.955
NH,4 0.066
TP 0.841
TDS 0.933
SO, 0.938
B 0.319
Cd 0.068
Cu 0.455
Fe —0.024
Mn —0.012
Zn 0.272
Ni —0.014
Pb 0.250

E. A. Hasan et al.

Factor2 Factor3 Factor4 Factor5
0.377 —0.295 0.157 —0.100
0.502 0.277 0.385 0.312
0.559 0.265 0.348 0.311
0.174 0.230 0.675 —-0.279
0.214 —0.007 —-0.015 —0.029
0.021 —-0.016 0.849 0.166
0.305 0.228 0.076 0.012

—-0.185 0.075 0.053 —-0.061

—0.085 0.134 0.140 0.036

—-0.170 0.687 —-0.101 —-0.327
0.766 0.197 0.336 0.013

-0.724 —0.005 0.262 —-0.011
0.079 —0.622 —-0.012 0.311

—0.068 —-0.075 —0.001 —-0.933
0.131 0.895 0.157 0.186
0.434 0.846 0.055 0.119
0.638 0.473 —-0.016 0.095

“Significant factor loadings are in bold
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Abstract

Four coastal lakes fringe the north coast of the Nile Delta,
Egypt: Manzala, Maruit, Edku and Burullus. These lakes
receive huge amounts of direct and indirect drainage:
agriculture, industrial and domestic. Eutrophication of
these lakes can have significant negative ecological,
social and economic impacts on human. The objective of
this paper is to quantify and classify the Carlson trophic
state index of the Egyptian northern lakes. Also, control
actions to reduce deterioration of northern lakes will be
recommended. Data of water quality variables of different
lakes are taken from the formal reports of the Egyptian
Environmental Affairs Agency (EEAA) Web site. The
calculation and classification of Carlson trophic state
index (CTSI) are made for the period from 2011 until
2015 according to Carlson method, United States Envi-
ronmental Protection Agency (USEPA) classification and
other variables associated with trophic levels in lakes.
These variables are total phosphorus, total nitrogen,
chlorophyll-a and Secchi depth. The study revealed that
northern lakes suffer from different degrees of eutroph-
ication. Regression analysis results showed that Carlson
trophic state index trend is increasing which indicates
deteriorating water quality in Lake Maruit, Burullus and
Bardawil, declining or improving in Lake Edku and Lake
Manzala.
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1 Introduction

Carlson’s trophic state index (CTSI) is a common method
for characterizing a lake’s trophic state or overall health.
This method uses Secchi’s disk transparency, chlorophyll-a
and phosphorus measurements (Carlson, 1977). The average
values of CTSI of these three parameters will be considered
in determining Carlson’s trophic state index.

Eutrophication was recognized as a pollution problem in
European and North American lakes and reservoirs in the
mid-twentieth century. Since then, it has become more
widespread. Surveys showed that 53% of lakes in Europe,
48% in North America and 41% in South America are found
in eutrophic state (Colin et al., 2007).

The productivity of Kaw Lake, Oklahoma, USA, was
evaluated through the interaction of nutrient concentration,
mainly total phosphorous, chlorophyll-a and Secchi disk
transparency as defined in Carlson trophic state index for the
year 2013-2015. The results showed that the lake is
eutrophic to hyper-eutrophic (Alemayehu & Francine,
2016).

Eutrophication problem in the Egyptian lakes (except
Bardawil Lake) is attributed mainly to the large volumes of
wastewaters discharged through land-based effluents to
coastal lakes that are connected directly or indirectly to the
Mediterranean coastal area. These effluents are loaded by
variable amounts of nutrient salts, which promote intensive
phytoplankton growth.

In this regard, the Egyptian government has taken action
through preparing a comprehensive database for environ-
mental parameters. This was done by implementing the
periodic monitoring program of water quality of Egyptian
lakes, starting with northern lakes (Maruit—Edku—Burullus
—Manzala—Bardawil) with four seasons of field campaigns
during each year (EEAA, 2015).

The research problem studied in this work is the deteri-
oration of Egyptian northern lake's status as a result of
dumping huge amounts of untreated wastewater into lakes
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