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Mass gathering events commonly encounter environmental challenges that necessitate assurance of
water quality and food security. The current outbreak of the coronavirus disease 2019 (COVID-19) call
for maintaining safe drinking water supply and providing assessment tools of drinking water quality
to avoid contamination in water sources or distribution networks. Arid environmental conditions also
add more stress on supplied water to mass gathering events. Herein, we assess the quality of the water
supply (desalinated 95% and groundwater 5%) in Makkah city, Saudi Arabia during a mass gathering event
in 2019 (9.6 million people) for religious purposes. Fifty five samples were randomly collected from nine
different districts of Makkah city, analyzed for TDS, turbidity, pH, EC, free Cl2, Al, Cd, Pb, Cr, F, major ions,
coliform and E.coli bacteria and were finally used to estimate the water quality index (WQI). Major ions,
trace elements and heavy metals analyses show values below permissible limits in most of the samples,
while a few samples show slightly higher values. No bacterial count found in any sample. WQI values of
all fifty-five samples were below 50 and were identified as ‘‘excellent water”. The WQI variations could be
attributed to the distribution network conditions rather than a direct impact of adding groundwater with
uncontrolled chemical composition. The use of WQI to report the quality of water during mass gathering
events to governmental authorities has been proved to be beneficial and should be applied for further
mass gathering events worldwide.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Mass gathering is defined as the gathering of a large group of
people at a specific location for a specific purpose over a defined
period regardless of the gathering size and the number of people
(World Health Organization (WHO), 2017). Managing mass gather-
ing events is a complex process that requires advanced risk assess-
ment to predict and mitigate potential natural and man-induced
risks (Memish et al., 2019). Assurance of the quality of supplied
water is crucial for public health during mass gathering events
(Nalatambi, 2009). During these events, there should be adequate
water supply to meet the demands of high-water usage. Yet, drink-
ing water supply problems have been reported from numerous
mass gathering events either because of the profit mentality of
the organizers (Milsten et al., 2002), which limits the quantity of
supplied water or due to water contamination issues, which
degrade the supplied water quality (Hoang and Gautret, 2018).
Contamination of drinking water could occur in the water sources
(e.g. desalination plants, treatment stations or aquifers) or within
the distribution networks (e.g. pipes, valves, pumps, storage tanks
and reservoirs) (Liu et al., 2017). Currently, the assurance of clean
water supply for drinking and sanitation became more necessary
than ever for protecting human health during infectious disease
outbreaks, particularly coronavirus disease 2019 (COVID-19).

In arid and hyper-arid areas, the efforts to assess the quality and
the quantity of water resources have been considered a priority to
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secure the water supply (Abdelmohsen et al., 2019; Abdelmohsen
et al., 2020; Abdelmalik and Abdelmohsen, 2019; El-Saadawy
et al., 2020; Abotalib et al., 2021). In the Kingdome of Saudi Arabia
(KSA), particularly in Makkah city, numerous religious mass gath-
ering events occur yearly including the Hajj and Umrah events,
especially Umrah events during Ramadan month, the ninth month
in the Hijri calendar. Under the current arid conditions, which pre-
vail the Arabian Peninsula (Othman and Abotalib, 2019; Abotalib
et al., 2019), the average demand for drinking water in mass gath-
ering events in KSA is expected to be higher than that in temperate
areas. Additionally, many of the pilgrim’s buildings (e.g. hotels and
residential premises) may have independent water supplies.
Therefore, it is necessary to examine the water quality during mass
gathering events on frequent systematic and random bases to
assure safe water supply using widely accepted standard charac-
teristics. Water quality control procedures include physiochemical
and biological aspects and are used to define whether the supplied
water meet specific standards (Elkadiri et al., 2016; Attwa et al.,
2021; Khalil et al., 2021). The occurrence of chemical and biological
contaminants in the water above the permissible limit may cause
adverse effects on the human health (World Health Organization
(WHO), 2017). The total coliform bacteria analysis is the most basic
test to examine bacterial contamination of drinking water. Ideally,
drinking water should be clean with regard to fecal bacteria and
with zero concentration of any pathogenic microorganisms
(World Health Organization (WHO), 2017). Therefore, the total col-
iform counts can give a direct indication on the contamination of
water supply from septic tanks, where Escherichia coli (E. coli) bac-
teria is the species of coliform bacteria that indicate fecal pollution
(World Health Organization (WHO), 2017). The physiochemical
quality of water such as turbidity, color, taste, and odor also affect
its acceptability to consumers (Zacheus and Martikainen, 1997).
Moreover, the concentration of heavy metals (e.g. arsenic [As],
boron [B], cadmium [Cd] and lead [Pb]) in drinking water affects
its quality and acceptability for use and hence accurate estimates
of their concentration in drinking water should be monitored (Jia
et al., 2010; Mora et al., 2017). The water quality index (WQI) is
an effective tool, which provides a performance measurement that
enable the interpretation of water quality in a simple format
(Horton, 1965). Different methods of estimating WQI are widely
used to assess the suitability of surface and groundwater for differ-
ent purposes (e.g. drinking, irrigation and industrial activities),
including either conceptual quality units (Liou et al., 2004) or
arithmetical methods. The later include, for example, weighted
averaging methods, weighted geometric means and minimum
operator’s method (Smith, 1990; Pesce and Wunderlin, 2000).

Even though WQI methods are commonly utilized to interpret
water quality in different settings, there is little information about
water quality during mass gathering events under arid conditions.
To address this deficiency, the study aims to systematically assess
the supplied water quality in residential premises during a mass
gathering event in Makkah city during Ramadan month, the ninth
month in the Hijri calendar (i.e. May 5th to June 3rd, 2019) using
physiochemical and bacteriological characteristics of collected
water samples and estimated WQI. The intention is to provide a
random assessment of the quality of supplied water for pilgrims
that benefits the concerned authorities regarding water manage-
ment policies during mass gathering events in KSA and during sim-
ilar events worldwide.

2. Physical setting and mass gathering events in Makkah

Similar to any other arid region, KSA also faces water scarcity
with limited renewable water supplies. The spatiotemporal vari-
ability in precipitation over KSA between 1978 and 2009 indicated
two rainfall trends during the investigated period: (1) moderate
2

increase in rainfall with 13.9 mm per decade during the period
between 1978 and 1995 and (2) major decrease in rainfall of
47.8 mm per decade from 1996 to 2009 (Almazroui et al., 2012).
Conversely, the average air temperature showed a consistent
increasing trend for the similar period of 0.6 �C per decade
(Almazroui et al., 2012). Makkah city (Fig. 1) is the secrete city
for approximately two billion Muslims around the world
(Hodges, 2018) and it hosts millions of visitors throughout the
year, suffers from shortage of natural water resources and only 3
to 5 % of the supplied water are groundwater compared to 95 to
97 % of desalinized water (Al-Omran et al., 2015). With the limited
water resources and constantly increasing temperature (Almazroui
et al., 2012), the water consumption demand for water in Makkah
significantly increased from 600 � 106 m3 to 840 � 106 m3

between 2011 and 2019, respectively (MOWE, 2015; MEWA,
2019). Similarly, the groundwater input to the domestic water sup-
ply system in Makkah region increased from 7 � 106 m3 in 2016 to
29 � 106 m3 in 2019, respectively (MOWE, 2015; MEWA, 2019)
(Fig. 2). Therefore, the amount of uncontrolled addition of minerals
and elements to the domestic water supply system would increase
with increasing the share of the groundwater component to the
system. Groundwater extraction is mainly from alluvium aquifers
within the valleys such as Wadi Rahjan, Wadi Al-Qushashiyah,
Wadi Noman valley and Wadi Bany Omair (Ghulman et al.,
2008), which drain the crystalline basement rocks surrounding
Makkah city. Under such arid conditions and scarcity of water
resources, supplied water to mass gathering events should be
examined for quality control.

Inspection of the monthly numbers of pilgrims and populations
(provided by the Custodian of the Two Holy Mosques Institute for
Hajj and Umrah Research) together with the monthly average air
temperature from 10 meteorological stations (provided by the Cli-
mate and Meteorology Research Unit, Department of Environmen-
tal and Health Research, Umm Al-Qura University) in Makkah city
during the Hijri year 1440 (i.e. September 2018 to August 2019)
(Fig. 3) indicates that the monthly pilgrims and population number
ranged between 2. 08 million during the month of Dhul Qi’dah, the
eleventh month of the Hijri Calendar, to 9.6 million during the
month of Ramadan. Moreover, the annual air temperature ranged
from 24.9 �C during the month of Jumada Al-Akhirah, the fourth
month of the Hijri Calendar, to 37.3 �C during the month of Shaw-
wal, the tenth month of the Hijri Calendar. It is also shown that the
month of Ramadan 2019 witnessed the largest crowed under rela-
tively high temperature � 34.1. One would expect that the highest
stress on water resources would be during this month, which
would consequently endanger the quality of drinking water supply
to the pilgrims. For this reason, we collected water samples from
individual residential premises in areas that accommodate most
of the visitors in Makkah city during Ramadan 2019 to assess the
quality of water supply to pilgrims.

3. Materials and methods

3.1. Water sampling procedures and chemical and bacteriological
analyses

Fifty-five samples (representing 55 residential premises) were
randomly collected from Makkah city, which represent the ninth
residential districts in the city (Fig. 1), during Ramadan, 1440 Hijri
calendar (May to June 2019). The benchmarks of the sample loca-
tions were created on the basis of pilgrims availability in the build-
ings, districts, and distance for center of the city. Municipality
supplied water to Makkah city is desalinated water mixed with
groundwater. Every sampled residential premise has private
underground and overhead water storage units. Sample collection
form was used to get onsite information about samples and sam-



Fig. 1. Location map showing the geospatial location of Makkah city and the distribution of randomly collected water samples.

Fig. 2. Time series of the water consumption in Makkah region showing the significant increase of water consumption and groundwater input to the domestic water supply
system between 2008 and 2019 (data). Source: MOWE, 2015; MEWA, 2019
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Fig. 3. The correlation between monthly numbers of pilgrims and population and average monthly temperature in Makkah city during the month of Ramadan 1440.

Table 1
Relative weight for WQI parameters.

Parameter Weights (wi) Relative weight (Wi)

pH 3 0.045
TDS 4 0.061
Turbidity 3 0.045
Free Cl 4 0.061
Na+ 3 0.045
Ca+ 2 0.030
Mg2+ 2 0.030
K+ 2 0.030
Cl- 4 0.061
SO4

-2 5 0.076
NO3

– 5 0.076
F- 5 0.076
Cd 5 0.076
Cr 5 0.076
Pb 5 0.076
Al 4 0.061
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pling locations. The samples were collected in 500 ml sterile
polypropylene bottles directly from the source. In each sample loca-
tion two sampling bottles were collected for both chemical and bac-
teriological analyses. Polypropylene bottles were washed by
deionized distilled water and then sterilized using autoclave. Before
collection, every sample bottle was twice rinsed by the sample water.
Collected samples were transferred in an icebox to the Microbiology
Laboratory in the Department of Environmental and Health Research,
Umm Al Qura University, where the analyses took place. For chemi-
cal analysis, pH and electrical conductivity were measured by elec-
trochemical bench meter (model: Thermo Scientific- Orion Star).
The samples were acid digested (APHA, 1998) and micro-filtered
for heavy metals and ionic analysis, respectively (AL-Omran et.al.
2015). Heavy metals such as Pb, Cd, Cr, and Al and ions such as F-,
Cl-, NO3

–, SO4
-2, Na+, K+, Mg+2, Ca+2 were conducted using Thermo Sci-

entific iCE 3000 atomic absorption spectrometer (AAS) and 850 pro-
fessional IC-type ion chromatograph produced by Metrohm,
respectively. E. coli and Coliform bacteria count were determined in
the samples using probable number method (MPN) of coliform bac-
teria. The number of total coliforms and E. coli per 100 ml is mainly
based on the number of positive samples counted and it was deter-
mined by using the Colilert test (IDEXX, United States) according to
manufacturer instructions.

3.2. Quality control (QC) and quality assurance (QA).

All glassware was washed with detergents, then rinsed with
10% Nitric acid and in last three time rinsed with deionized dis-
tilled water. Analytical grade chemicals were used throughout
the digestion and analysis. Calibration standards were made by
the dilution of Certified Reference Solution (1000 ppm and
100 ppm) from Merck. Deionized distilled water (resistivity of
18.2 O) was used for dilution and solution preparations. After every
10th sample, working standard were analyzed (Khanoranga and
Khalid. 2019).

3.3. Water quality index (WQI)

The collective influence of various water quality parameters in
drinking water is known as the WQI (Sahu and Sikdar, 2008). The
4

calculation of WQI involves five steps as follows: (1) assigning
weight (wi), (2) relative weight (Wi), (3) quality rating (qi), (4)
sub-index (SI) and (5) summation of sub-index (WQI) (Anwar
et al., 2015; Ewaid and Ali, 2017). To calculate the WQI of drinking
water, each parameter (ion or atom) was allocated by a certain
numeric value, i.e. assigning weights (wi), in a range of 1 (least)
to 5 (highest). The ranking is based on the parameter significance
to the water quality, where the maximum weight of ‘‘500 was des-
ignated to the most significant parameters (Table 1) (Yidana and
Yidana, 2010; Varol and Davraz, 2015). Second, the relative weight
(Wi) of the chemical parameter was computed by using equation
(1):

Wi ¼ wi=
Xn

i¼1

wi ð1Þ

where, Wi = relative weight, wi = weight of parameter, n = num-
ber of parameters. Third, the quality rating (qi) of each parameter
was estimated using equation (2):

qi ¼ Ci
Si
x100 ð2Þ
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where, qi = quality rating, Ci = concentration (mg/L) of respec-
tive parameter in each water sample, Si = drinking water standard
(mg/L), as per international guidelines (World Health Organization
(WHO), 2017). Fourth, sub index of the ith parameter (SIi) was cal-
culated for each parameter using equation (3):

SIi ¼ Wi xqi ð3Þ
Where, SIi = sub-index of ith parameter. Finally, sum of the sub-

index of all analyzed parameters was estimated using equation (4):

WQI ¼
Xn

i¼1

SIi ð4Þ

WQI estimation in the present study was based on 16 different
parameters, which are displayed in Table 1 together with their
assigned and relative weights. Table 2 represents the water quality
classification based on WQI values (Anwar et al., 2015; S�ener et al.,
2017).
4. Results and discussion

4.1. Chemical and bacteriological analyses

Inspection of the physiochemical and bacteriological properties
of the analyzed samples (Suppl.Table. 1) shows that the pH values
of the samples are within the range 4.99 to 8.34, where all samples
fall within the recommended range for drinking water (EPA, 2018).
Similarly, the turbidity, free Cl and total dissolved solids (TDS) con-
centrations are in the permissible levels for drinking waters (World
Health Organization (WHO), 2017; EPA, 2018). Average values of
all ions (Li+, Na+, K+, Mg2+, Ca2+, F-, Cl-, Br– SO4

- , NO3
�) and metals

(AL, Cd, Pb, Cr) show acceptable ranges according to the WHO stan-
dards for drinking water (Suppl.Table. 2). Figs. 4-7 represent the
concentration of analyzed heavy metals and ions. However, sam-
ples that are collected from tanks where desalinated waters are
mixed with groundwater (e.g. 1, 2, 10, 14 and 22) show relatively
higher concentrations compared to those collected from solely
desalinated water sources. Moreover, trace elements such as Li,
Br and F show acceptable ranges below the recommended stan-
dards (i.e. 0.7 mg/l, 0.5 mg/l and 1.5 mg/l for Li, Br and F, respec-
tively (World Health Organization (WHO), 2017; EPA, 2018).
Although, the desalinated portion of supplied water (i.e. � 95 %)
has controlled mineral composition, yet, the groundwater portion
of the supplied water (i.e. usually 5%, which increases during mass
gathering events) has uncontrolled natural minerals. Therefore,
groundwater input could affect the concentration of major ions
and trace elements (e.g. Fluoride (AlMulla et al., 2016), where min-
erals like fluorite, apatite, mica, amphiboles, and villiamite in the
crystalline rocks may affect the fluoride concentration in ground-
water (Raju and Ram, 2009). This was not the case in the analyzed
samples, where all major ions and trace elements fall below the
permissible level for drinking water.

The concentrations of heavy metals (Fig. 4) show that Pb and Cd
concentrations are below the permissible levels defined by WHO
(2017) and EPA (2018) for drinking water quality criteria (i.e.
Table 2
Water quality classification based on WQI values (Anwar et al., 2015; S�ener et al.,
2017).

WQI Range Class Type of water

<50 I Excellent water
50.1–100 II Good water
100.1–200 III Poor Water
200.1–300 IV Very poor water
>300 V Water unsuitable for drinking

5

0.05 and 0.03 mg/l, respectively) in all samples. Al (Fig. 5) and Cr
(Fig. 4) concentrations are also below the permissible levels
defined by WHO (2017) and EPA (2018) for drinking water quality
criteria (i.e. 0.2 and 0.05 mg/l, respectively) for the majority of the
samples (i.e. 24 samples for Al and 26 samples for Cr), while a few
samples (i.e. three samples for Al and one sample for Cr) show
slightly higher concentrations.

All sample show zero count of E. coli and fecal coliform.
4.2. Correlation of water quality parameters

Linear relationship between the parameters of water quality
has been estimated using the correlation coefficient (r), which
defines the connection between all these variables. Coefficient val-
ues close to + 1 or �1 show the perfect linear correlation within the
variables (Al-Omran et al., 2015). The correlation coefficient
between all variables (Suppl.Table. 3) indicates that the TDS values
show positive correlation with Cl-, SO4

-2, Na+, K+, Mg+2, and Ca+2. Al
shows positive correlation with SO4

-2, K+ and Mg+2. Cl- shows posi-
tive correlation with Na+, K+ and Mg+2. SO4

-2 shows positive corre-
lation with K+, Mg+2 and Ca+2 and Mg+2 shows correlation with
Ca+2. Given the controlled portions of salts and minerals that usu-
ally being added during the desalination process, correlation
between these variables is highly expected. This high correlation
suggests that adding groundwater sources does not alter the over-
all composition of the supplied water.
4.3. Water quality index (WQI)

The WQI calculation (Fig. 8) is based on 16 different parameters
in the 55 samples (pH, TDS, Free Cl2, turbidity, F-, Cl-, NO3

�, SO4
-2,

Na+, K+, Mg+2, Ca+2, Al, Cd, Cr and Pb). WQI in all analyzed samples
attain WQI < 50 and are located in Class I category with excellent
quality. Variation in WQI values between 15.158 and 49.472
(28.186 mean) can be attributed to water storage and piping con-
ditions rather than due to addition of groundwater. Samples with
significant groundwater addition do not show significantly higher
WQI compare to other samples where the water is totally supplied
from desalination plants.

The study has demonstrated that there is an accepted quality of
water supply at the examined localities during the Umrah event of
2019. (Apparently, the quality of the supplied water to the mass
gathering has not been affected by the strength or the duration
of the event and satisfied the drinking water standards.
5. Conclusion

Assessment of the WQI during a mass gathering event and sever
climatic aridity in Makkah city during the summer of 2019 indi-
cates that the supplied water for domestic purposes is in a good
quality. The majority of the analyzed samples show values below
permissible limits for drinking water quality, while a few samples
showed slightly higher values that do not affect the overall quality
of the samples. All Fifty-five samples show excellent WQI values.
Slight variations in the WQI values are likely related to water stor-
age and pipeline conditions rather than an impact of adding
groundwater with uncontrolled mineral content to the system.
Our study recommends that regular cleaning of water storage
tanks and taps and periodical inspection of water quality is suffi-
cient to maintain the high quality of available water supply for
the residents of Makkah city or during mass gathering events.



Fig. 4. Concentration (ppm) of analyzed heavy metals (Cd, Cr, Pb).

Fig. 5. Concentration (ppm) of analyzed heavy metal (Al).

Fig. 6. Concentration (ppm) of analyzed anions.
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Fig. 7. Concentration (ppm) of analyzed cations.

Fig. 8. Water quality index (WQI) values of water samples.
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