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Abstract: In this paper, atmospheric water-soluble cation and anion contents of PM;g are analysed
in Makkah, Saudi Arabia. PMjy samples were collected at five sites for a whole year. PM;j; con-
centrations (jtg/m?) ranged from 82.11 to 739.61 at Aziziyah, 65.37 to 421.71 at Sanaiyah, 25.20 to
466.60 at Misfalah, 52.56 to 507.23 at Abdeyah, and 40.91 to 471.99 at Askan. Both daily and annual
averaged PMjy concentrations exceeded WHO and Saudi Arabia national air quality limits. Daily
averaged PM concentration exceeded the national air quality limits of 340 ug/m?3, 32% of the time
at Aziziyah, 8% of the time at Sanaiyah, and 6% of the time at the other three sites. On average, the
cations and anions made a 37.81% contribution to the PM;j( concentrations. SO42~, NO3~, CaZ*,
Na*, and CI~ contributed 50.25%, 16.43%, 12.11%, 11.12%, and 8.70% to the total ion concentrations,
respectively. The minor ions (F~, Br—, Mg?*, NO,~, and PO,%") contributed just over 1% to the
ion mass. Four principal components explained 89% variations in PMy( concentrations. Four major
emission sources were identified: (a) Road traffic, including emission from the exhaust, wear-and-tear,
and the resuspension of dust particles (F~, 50,42~,NO3~, Ca2*, Na*, Mg*, Br—,Cl7,NO,~, PO437);
(b) Mineral dust (C1~, F~, Na*, Ca2*, Mg2+, PO437); (c) Industries and construction—demolition work
(F~, 80427, Ca®*, Mg?*); and (d) Seaspray and marine aerosols (C1~, Br~, Mg?*, Na*). Future work
would include an analysis of the metal contents of PM;( and their spatiotemporal variability in Makkah.

Keywords: cations; anions; particulate matter (PMyp); air pollution; Makkah; source apportion-
ment; PCA

1. Introduction

In recent decades, air pollution has been one of the most important health concerns
for humans. Both human health and the ecosystem are facing considerable damage due to
the high levels of air pollution in urban areas [1]. As per the World Health Organisation
(WHO) evaluation, ambient air pollution was responsible for 4.2 million deaths worldwide
in 2016. Globally, 91% of humans are living in areas where air pollutants exceed WHO
air quality limits. According to the WHO [2], mortality due to poor air quality could be
reduced by 12.7% if the average PM; 5 and PM; levels were decreased from 35 nug/ m3
to 10 pg/m? and 70 pg/m3 to 20 pug/m3, respectively. According to the World Bank, air
pollution is the fourth largest reason for human mortality globally [3]. Criteria pollutants,
viz., CO, O3, particulate matter (PM;o and PM; 5), NO,, and SO5, are responsible for serious
cardiovascular and respiratory diseases [4].

Air pollution is the cost of rapid industrialisation and urbanisation in the world [5],
including in Middle Eastern countries such as Saudi Arabia. Investors are attracted by
allocating more land for industries, refineries, and shopping centres, which are the cause of
an increase in stationary and mobile sources of air pollution. Government guidelines and
regulations are implemented for cutting emissions and improving air quality in Makkah;
however, further work is required to fully understand emission sources [6]. Makkah city
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has unique characteristics in terms of geographical location, meteorological conditions,
and religious importance in the Muslim world. It is the holiest city for Muslims, and
millions of pilgrims visit the city every year during the month of Hajj and Ramadan.
Approximately 2.5 million pilgrims performed Hajj in 2019 [7]. Visitors come to Makkah
not only from inside Saudi Arabia but also from other countries throughout the world.
The mass movement of humans through vehicles, the usage of air conditioners, cooking,
and consumption of other resources put an extra burden on the city system and negatively
affect the city’s natural environment and air quality [8,9]. The situation is made worst by
the dry and hot climatic conditions and frequent dust storms, which increase background
PM concentrations in the atmosphere [10,11].

A study on the source apportionment and elemental composition of atmospheric
total suspended particles (TSP) along the Red Sea coast in Saudi Arabia revealed that the
concentrations of TSP at a stationary air quality monitoring site and an off-shore mobile
site were 125 pug/m3 and 108 pg/m?, respectively [12], which is much lower compared to
the present study and compared to Habeebullah [13]. Crustal materials and oil combustion
were identified as the major sources of TSP [12]. A 12-months study [11] in Makkah on
the concentrations and source apportionment of PM; 5 reported that PM, 5 demonstrated
significant seasonal variability in the city. The levels of PM, 5 (ug/ m?) were 113 in spring,
88.3 in summer, 67.8 in fall, and 67.6 in winter [7]. Employing positive matrix Factorisation
(PMF), four major sources were identified, namely, vehicular emission, industrial mixed
dust, soil/earth crust, and fossil fuel combustion [11]. Several other studies were carried out
in Western Saudi Arabia on source apportionment and elemental composition of PM; 5 and
PM; [6,11-13], which revealed that water-soluble ions were also present in a significant
amount along with metal and non—-metal elements. Ionic components of PM have their
own importance and are related to acid rain, acidity, and the harmfulness of pollutants. The
literature [13-16] shows that water-soluble ions in PM act differently in different pollution
sources and in different climatic conditions. Ionic analysis not only characterises the nature
and composition of PM but also reveals the scientific explanation of the formation and
transmission mechanisms of PM [15-19].

Limited air quality studies are carried out in this region due to data limitations, partic-
ularly for particulate matter (e.g., PMyg) and its constituents. There is a need for further
studies to characterise PM;g and analyse its chemical composition. PM;y samples were
collected, analysed for ion contents in the laboratory, and statistically analysed employing
various statistical techniques. The main focus is on the quantitative analysis of water-
soluble ionic species in PMjg in Makkah city, Saudi Arabia. The aim is to quantify the
percentage contribution of various cations and anions to the PM;g concentrations. The
study also aims to identify the major sources of PM;( emissions in Makkah by perform-
ing principal component analysis (PCA). The study will help understand the causes of
PM; pollution in Makkah, which will be helpful in preparing a strategy for air quality
management and control in Makkah.

2. Materials and Methods
2.1. Description of the Monitoring Sites

The sites for PM;y samples collection were selected to represent the major activities in
Makkah (Figure 1). The Holy City of Makkah is one of the most densely populated cities in
Saudi Arabia, and according to the general authority for statistics of the Kingdom of Saudi
Arabia [20], its population is more than 8.5 million, with a growth rate of 1.8%. In addition,
every year, millions of Muslims from all over the world visit Makkah to perform Hajj and
Umrah. Due to its hot arid nature, the annual mean temperature in Makkah is 31.42 °C, and
the maximum temperature reaches over 55 °C in hot months of the year [21]. Its climate
is dry, receiving very little rain every year. The city is expanding rapidly, and different
towns around Makkah share its characteristics of multistorey buildings, fewer or no trees
except date palms, and being busy all year round in terms of national and international
visitors. However, in terms of road traffic, the central region of Makkah is busier than the
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surrounding outskirts. For example, Misfalah and Aziziyah are considered the busiest,
whereas Abdeyah and Sanaiyah are relatively quieter. Samples were collected at residential,
central urban, industrial, traffic, and background areas. PM;j, samples were collected at
five monitoring sites, namely, Aziziyah (urban traffic area), Misfalah (central urban area),
Sanaiyah (industrial area), Askan (residential area), and Abdeyah (background area).

39°48'0"E 39°52'0"E
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Figure 1. Location map of the sampling stations of PM1p—HVS in Makkah.

Aziziyah is considered an urban traffic site, which means the pollutant emissions
predominantly come from road traffic. However, Aziziyah district is also famous for
commercial activities such as shopping centres and public services such as restaurants,
libraries, and pharmacies. Misfalah is one of the historical districts of Makkah and is so
named due to its geographical level descending from the Grand Mosque. Major traffic
roads in Misfalah district are the second ring road and Umm Al-Qura Road in the north, the
third ring road in the south, Prince Mutaib bin Abdulaziz Road in the east, and the third
ring road in the west. Similar to Aziziyah, the major emission source here is road traffic.
Sanaiyah (Al-Taneem) is one of the industrial districts of Makkah. Al-Tanaeem district,
in addition, to other industrial activities, has the electrical power station of Makkah. In
Sanaiyah, the major anthropogenic emission sources are industrial units and road traffic.
Askan is one of the residential districts of Makkah, belonging to the municipality of Al-
Shawqiyyah. In terms of road traffic, it is quieter than Aziziyah and Misfalah and probably
busier than Abdeyah. It is considered one of the poor areas in Makkah. Abdeyah is one of
the new districts of Makkah and is in the southeast of the city of Makkah. The new campus
of Umm al Qura University is the major landmark. It is situated outside the main city of
Makkah and therefore is not as congested as Aziziyah and Misfalah. Its busiest day of the
year is the day of Arafah (9th Zulhijjah) when pilgrims spend the whole day in Arafat and
then return to Muzdalifah after the sun sets.

2.2. Sample Collection

PM; samples were collected on hi-volume glass fibre filters (8 x 10 inches, Grade
G 653, Whatman), using a high-volume air sampler (Staplex), with inlet collection effi-



Atmosphere 2022, 13, 87

4 0f 20

ciency of a cut-point of 9.7 microns over a wind speed of 0 to 36 km/hr and flow rate of
1.13 m3/min. A sampling calendar was prepared to cover all days of the week throughout
the year to focus on all activities in Makkah by a period interval of six days. Filters were
changed strictly from 9:00 to 10:00 a.m. Sample collection time was from 8 March 2020 to
9 March 2021. However, due to the strict COVID-19 lockdown in Makkah, the collection
of samples was suspended at every sampling site during the period from 7 April 2020 to
31 May 2020. Therefore, data are missing for April and May 2020. The glass fibre filters
were put into an oven (LDO-060E, Lab Tech) at 300 °C for 5 h to remove moisture and
organic contaminants. Then, the filters were kept in a desiccator at room temperature
for the next 24 h and weighed by an analytical balance (ABT 120-5DM, Kern) until the
constant mass was observed. Finally, the filters were sealed in polyethene bags until
their analysis [22].

2.3. Analysis of PM1 Samples
2.3.1. Gravimetric Analysis

After a 24 h sampling period, the filters were transported to the laboratory in polyethene
bags, where the filters were again weighed (until constant weighed observed) in the same
analytical balance for the determination of exact deposited mass. After post weighing, filters
were cut into four equal pieces for further chemical analysis and stored in the refrigerator
at4 °C[23].

PM; concentrations were calculated by the gravimetric method. Pre and post weights
of the filter paper along with the total volume of air passed were used in calculations. The
following equation (Equation (1)) was used for the calculation [24]:

(WFf — Wi) x 10°

PMyy = v

M

where,
PMjg = concentrations of PMy particles on sample filters in pg/m3.
Wf = post-weight of PM filters in g.
Wi = pre-weight of PM filters in g.
V = total volume of air passing through PMyj filters in m3.

2.3.2. Analysis of Water-Soluble Ions

After the gravimetric analysis of PM1y, the sample filter papers were cut into four equal
parts. One-fourth of every filter was reserved for ionic analysis, which were fluoride (F7),
chloride (CI™), nitrite (NO, ™), bromide (Br~), nitrate (NO3; ™), sulphate (S0427), phosphate
(PO437), sodium (Na*), calcium (Ca?*), and magnesium (Mg?*). A quarter (%) of each filter
was shredded into a 50 mL conical flask, already containing 25 mL of deionised distilled
water with a resistivity of 18 Q0cm. In order to extract the ions from sample filter paper
into deionised distilled water, a conical flask was ultrasonicated for 1 h in an ultrasonic
bath (ATM40-28LCD, Ovan). After sonication, the sample was filtered through a 0.45 pm
pore size membrane filter (CHROMAFIL, CA-45/25 (S), Macherey-Nagel), to remove the
undissolved particles, and the extract was stored in a refrigerator at 4 °C [18].

The sample extract was analysed for the determination of ion concentrations in PM;
samples using Ion Chromatography (850 Professional, Metrohm). Nitric acid (3.2 mM) and
sodium carbonate (1.8 mM) were used as cationic and anionic solvents, respectively. The
flow rate was maintained at 0.7 mL/min, whereas the injection volume of both cationic and
anionic solvents was 10 pL [23]. All required measures were adopted for quality assurance,
including triplicate samples and blank calibrations. Samples were analysed in triplicate,
and their mean values were reported. The detection limit (ppm) was 0.001 for fluoride
and phosphate, 0.002 for sodium and magnesium, and 0.005 for chloride, nitrite, bromide,
nitrate, and calcium.
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2.4. Statistical Analysis

The cation and anion data were analysed using the R programming language [25] and
two of its packages, ‘openair’ [26] and ‘ggplot2’ [27]. Correlation analysis was performed to
investigate the linear relationship between different ions. A correlation plot was developed
in the openair package [26] using its function ‘corPlot’. Principal component analysis (PCA)
was performed using data of all ions from all sites. Furthermore, PCA was also performed
for each site. PCA enables us to identify groups of ions that are similar and group them into
different principal components (PC). PCA is an exploratory data analysis technique that
reduces the dimensionality of a dataset with a large number of variables. PCA increases
interpretability and minimises information loss of the dataset by producing uncorrelated
PC. The Eigenvalue is the standard deviation of each PC, which describes the variance of
the PC. The Eigenvector with the highest Eigenvalue is the first PC. Each PC explains a
certain percentage of the total variance in the dataset. For more information on PCA and
its uses, readers are referred to Park and Dam [28], Zuska et al. [29], and Cesari et al. [30].

3. Results and Discussion

The concentrations of cations, anions and PM;g (ng/ m?) at the five monitoring sites in
Makkah are depicted in Figure 2. Mean PMj( concentrations (nug/m3) was 303.18 (ranging
from 82.11 to 739.61) at the Aziziyah site, which was the highest among the five sites.
Mean PM;( concentrations (ug/ m?) were 154.97 (ranging from 65.37 to 421.71) at Sanaiyah,
219.41 (ranging from 25.20 to 466.60) at Misfalah, 177.99 (ranging from 52.56 to 507.23) at
Abdeyah, and 164.53 (ranging from 40.91 to 471.99) at Askan. The air quality standard
set by the Presidency of Meteorology and Environment (PME) of Saudi Arabia for PM;
is 340 (ug/m?) for 24 h average and 80 (g/m?) for an annual average [31]. The PMyj
data presented in Figure 2 is based on 24 h sampling periods, which shows that maximum
concentrations at all five sites are above the 24 h air quality limit. The 24 h averaged PM;g
concentrations exceeded the PME limits 32% of the time at Aziziyah, 8% of the time at
Sanaiyah, and 6% of the time at each Misfalah, Askan, and Abdeyah site (Figure 2d). The
annual average of PM; exceeded the annual air quality limit of 80 ug/m? at all sites. This
probably shows that PM; levels are a cause of concern in Makkah. Such high levels of PM;g
have been previously reported by several researchers in Saudi Arabia. Researchers who
used data from continuous reference air quality monitoring stations have also reported such
high PM; levels in Makkah. For example, Mohammed et al. [32] reported that during the
Hajj (Pilgrimage) period from 8th to 12th Zulhijjah (the 12th month of the Islamic calendar)
in 2011, PMyy levels ranged from 405 to 527 ug/ m3. Furthermore, Habeebullah [13]
reported that average levels of TSP, PM;g and PM; 5 were 366.38, 233.38 and 143.49 pg/ m3,
respectively, during 2013 in Makkah. Several other researchers have also reported such
high levels of PM in Makkah [8,9,33,34]. Therefore, it is expected to observe such high
levels of PM;, in Makkah, Saudi Arabia. High levels of PM;y in Makkah are attributed to
the geographical and meteorological conditions of the regions. Makkah experiences dry
and hot climatic conditions and is surrounded by large sandy deserts [10,11]. Sand and
dust storms are frequent in Saudi Arabia. These geographical and climatic conditions add
positively to the levels of particulate pollution in Makkah [10,11]. Furthermore, the city
is expanding rapidly, where large-scale construction-and-demolition projects are taking
place that add to the atmospheric PM load [9]. Aziziyah is famous for heavy road traffic,
and therefore, frequent traffic congestion during the busy hours of the day is common,
which causes pollution episodes by emissions from the tailpipes, wears-and-tears, and
resuspension of dust on roadsides. This makes Aziziyah one of the most polluted sites in
Makkah (Figure 2).

Levels of PMjj and cations and anions are depicted in Figure 2, which shows that
not only the levels of PM;( but also the levels of cations and anions are higher at the
Aziziyah site. Cations and anions are divided into two subgroups based on their levels
(Figure 2). These subgroups are referred to as major and minor ions in this study. The
major ions are chloride (C17), sodium (Na*), calcium (Ca%"), nitrate (NO3 ), and sulphate
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(SO4%"), in ascending order of their levels in PMjy. Among the major ions, C1~ has
the lowest levels ranging from 4.73 to 10.21 (ug/m?), and SO4%~ has the highest levels
ranging from 30.75 to 52.32 (ug/ m3). The minor ions are nitrite (NO, ), bromide (Br™),
phosphate (PO437), fluoride (F7), and magnesium (Mg2+). NO, ™ has the lowest levels
ranging from 0.01 to 0.02 (ug/m3), whereas Mg?* has the highest level ranging from 0.36 to
0.59 (ug/m3). Minor ions are all in fractions and are presented in a separate panel of
Figure 2. Mohammed et al. [33] analysed various cations and anions in PM; (along with
PM, 5 and total suspended particulates) in Makkah and reported that NO3; ™ and SO,2~
were the most dominant anions in PMyg. In the current study, the average concentrations of
SO42~ and NO3 ~ in PMjg were 40.35 and 17.26 (ug/m?), respectively, whereas according
to Mohammed et al. [33], SO42~ and NO; ™~ levels were 21.8 and 5.5 ng/ m3, respectively.
Both studies show that SO,42~ levels are higher in PM;( than the NO; ™ levels. The levels
of both NO;~ and SO4%~ reported in the current study are higher than those reported by
Mohammed et al. [33]. Changes in the levels and proportion of ions in PMy are expected
as pollutant levels, and emission sources may change both in time and space. It should be
noted that Mohammed et al. [32] had collected PM;g samples at a single rural site in Mina
during the Hajj period, whereas in this study, samples were collected from five sites, mostly
urban, which explain why the levels are higher in this study. Furthermore, in the present
study, we used data for a whole year, whereas Mohammed et al. [32] collected samples for
just a single week.
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Figure 2. Comparing the levels of different ions using bar plots (a,b), PMj( concentrations using box
plots (c), and time series of PMyg (d) at different sites in Makkah. The lower end of the box shows 1st
quartile, the upper end of the box shows 3rd quartile, and the horizontal line in the middle of the box
shows the median of the data. The top and lower ends of the vertical orange line show maximum
and minimum values, respectively, whereas the dots above the vertical line shows outliers.

Habeebullah [13] analysed PM;, samples collected from August 2012 to September
2013 at four sites in Makkah and studied the composition of PMj, focusing on heavy metals,
and cations and anions. Habeebullah [13], in addition to heavy metals, namely Lead (Pb),
Nickel (Ni), Cadmium (Cd), Chromium (Cr), Vanadium (V), Arsenic (As), Mercury (Hg),
and Aluminium (Al), quantified the levels of cations and anions which were C1=, Br—, F~,
NH,*, PO43~, SO42~ NO;~, and NO, . According to Habeebullah [13] NO3 ™ and SO,2
were the most abundant ions in PM;y. NO3 ™~ content was 39.79% and SO4%~ content was
17.02% in PM;,. Habeebullah [13] found that NO3; ™~ levels were higher than SO4%~ levels,
in contrast to the current study and Mohammed et al. [32]. This could be due to temporal
variations or spatial variations, or both, as these studies did not use simultaneously collected
data from the same sites. Nayebare et al. [11] analysed PM; 5 concentration and its chemical
composition in Makkah from February 2014 to January 2015. They found that 24 h averaged
PM; 5 concentrations exceeded WHO and Saudi Arabia national air quality guidelines, and
according to the air quality index, air quality was classified as ‘unhealthy to hazardous’.
They also reported that PM; 5 levels demonstrated significant temporal variations, and its
levels varied from season to season. PM; 5 concentrations (p1g/ m?3) were 113.0, 88.3, 67.8,
and 67.6 in spring, summer, fall, and winter, respectively. They analysed the composition
of PM; 5 but mainly focused on trace elements and did not consider the levels of NO3;~,
SO4%2~, NHs*, PO43~, and other ion species. Therefore, no comparison could be made
between the levels of cations and anions analysed in Nayebare et al. [11] and the current
study. Similarly, Khodeir et al. [14] collected PM;y and PM; 5 samples for several weeks
between June and September 2011 at seven sites in Jeddah. According to their analysis, the
averaged PM;jy and PM; 5 concentrations (ug/ m3) were 87.3 and 28.4, respectively, with
significant spatiotemporal variability. Concentrations of both PM;g and PM; 5 exceeded
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the daily air quality guidelines of the WHO and the European Union. Khodeir et al. [14]
analysed PM samples for 33 elements; however, the cations and anions considered in the
current study were mostly not considered. Therefore, a comparison between the levels of
cations and anions was not possible.

The percentage contribution of cations and anions to the PM;j, concentration was
calculated (Table 1) for each site. To do so, the concentrations of all ions were summed up
and converted to percent contribution using the formula given below (Equation (2)):

Percent contribution = (Sum of ion conc./PMj( conc.) x 100 2)

Table 1. Sum of ion concentrations (ug/ m?) and their percent contribution to PM;g concentrations
(ng/m?3) at different monitoring sites.

Site PMjj Conc. Ions Conc. % Contribution
Aziziyah 303.18 4+ 169.00 110.03 £ 31.61 36.29 £+ 5.39
Sanaiyah 155.55 £ 24.57 6242 £+ 6.49 40.13 + 8.81
Misfalah 219.7 £ 7.89 70.28 + 7.69 31.99 + 341
Abdeyah 177.99 + 21.67 73.69 £+ 6.03 41.40 +4.31

Askan 164.53 + 81.53 64.60 £ 17.60 39.26 +4.07
average 204.19 + 60.93 76.20 £+ 13.89 37.81 +5.20

On average, the cations and anions analysed in this study made a 37.81% contribution
to the PM;g concentrations. The percentage proportion of ions to PM;, varied from site
to site and ranged from 31.99% (Misfalah) to 41.40% (Abdeyah) (Table 1). This meant
that approximately 58% to 68% of PM; consisted of other components, including organic
chemicals, metals, and soil or dust particles. On average S0,4%2~,NO;~, Ca%*,Na*, and Cl~
contributed 50.25%, 16.43%, 12.11%, 11.12%, and 8.70%, respectively, to the total ion mass.
The percent contribution of individual ions to the total mass of ions varied from site to site;
however, the order was the same, which was SO,2~ > NO3~ > Ca?* > Na* > Cl~ (Table 2).
The minor ions contributed just over 1% to the ion mass.

Table 2. Percent contribution of each ion to the total ion mass at different monitoring sites.

Ions Aziziyah Sanaiyah Misfalah Abdeyah Askan Average
F~ 0.63 £ 0.47 0.40 £ 0.01 0.41 £0.20 0.37 £ 0.07 0.29 £ 0.02 042 £0.15
Cl- 9.28 + 8.26 1051 £0.54  6.73+0.93 7.46 +£0.26 9.52 +1.58 8.70 +2.31
NO,™ 0.02 £0.01 0.02 £ 0.01 0.01 £0.01 0.01 £0.01 0.01 £0.01 0.01 £0.01
Br~ 0.05 £ 0.03 0.06 £ 0.01 0.06 £ 0.04 0.04 £0.01 0.05 £ 0.01 0.05 £ 0.02
NO;~ 18.13 £ 5.11 17.67 £ 640 15034091 16.75+1.49 14.60 £ 2.59 16.43 £ 3.30
PO, 0.46 +0.19 0.18 +0.03 0.36 4 0.04 0.35 4+ 0.05 0.23 £0.01 0.32 £0.06
S042- 4755 +1023 4926 +030 52734+219 5013+1.54 5156 +£10.72  50.25 4 5.00
Na* 11.12 £ 3.02 1078 £040 1128 £5.62  12.16 +4.55 10.28 £ 0.16 1112 £2.75
Ca?* 1222 +4.21 1046 £035 12.734+1.79 1224+ 1.64 12.88 £2.79 1211 £ 2.16
Mg?* 0.54 & 0.09 0.66 & 0.05 0.67 & 0.06 0.49 & 0.03 0.59 £ 0.07 0.59 £ 0.06

To show how the levels of various ions have changed in both space and time, monthly
average concentrations of PMj( (top—panel), major ions (middle panel) and minor ions
(lower panel) are depicted in Figure 3, which shows significant spatiotemporal variabil-
ity in PMjo and its constituents within Makkah caused by changes in emission sources
and microlevel meteorological conditions. It should be noted that due to the COVID-
19 lockdown in Saudi Arabia, it was not possible to collect the samples from 7 April to
31 May 2020; therefore, data are not shown in Figure 3 for these months. It is also important
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to mention that in 2020 Hajj was cancelled in 2020. It was supposed to occur in August,
otherwise, pollutant concentrations would have been much higher in August 2020. The
highest monthly concentrations of PMjg and ions were observed in September in Aziziyah
(Figure 3). However, the temporal pattern was not the same at different monitoring sites.
The COVID-19 lockdown not only affected air pollutant emissions from road traffic but also
affected the resuspension of dust particles on roadsides, emissions from factories, and dust
generated by construction and demolition activities. Changes in the emission activities
resulted in significant effects on air pollution levels. Morsy et al. [35] analysed air quality
data from six monitoring sites and assessed the effect of the COVID-19 lockdown on the
levels of different air pollutants, including PM;g in Makkah. They reported that during
the lockdown period, the levels of PMjg decreased by 30% compared to the pre-lockdown
period. This contributed to a reduction in the levels of road traffic in Makkah; however, the
lockdown also affected other activities, including the operation of factories, international
travel, the closure of markets, and the closure of Al-Haram (the Holy Grand Mosque in
Makkah). Morsy et al. [35] showed that the levels of PM;y and other gaseous pollutants
decreased during the lockdown period; however, it should not affect the results of this
because samples were not analysed in April and May.

A histogram (Figure 4, upper panel) of wind speed during 2020 shows that most of
the time wind speed (m/s) was 0.5-1.0 and 1.0-1.5, which had a frequency of 1695 and
1816, respectively. The maximum wind speed was 6 m/s; however, the frequency of
wind speed greater 3 m/s was very low. Wind speed (m/s) from 3.0-3.5, 3.5-4.0, and
4.0-6.0 had a frequency of 29, 20, and 7, respectively. Figure 4 (middle panel), showing the
polar frequency plot, demonstrates the highest frequency in the northwest direction (north-
westerly wind). The effect of wind speed and wind direction depends on the distance and
direction of the emission source from the receptor point (the monitoring site). Generally,
high wind speed disperses locally emitted pollutants but also brings along pollutants from
the upwind areas.

The polar plot (Figure 4, lower panel) shows that high PMjo concentrations (>150 pg/m?)
are positively associated with the southwesterly wind with 1-3 m/s speed. This is probably
due to the fact that southwesterly wind brings emissions from Taif road and the sandy
deserts in this direction. Northeasterly winds with a high wind speed (roughly 3-5 m/s) are
also associated with relatively high PM;( concentrations (approximately 100-150 pg/m?).

PM,,
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Figure 3. Cont.
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Figure 3. Annual cycles of PMjy (upper panel), major ions, namely Ca, Cl, Na, SOy, and NO3
(middle panel), and minor ions, namely F, NO;, Br, POy4, and Mg (lower panel) concentrations at
Aziziyah site during the study period. In April, data were available only for one week and in May, no
data was available, therefore for April, only mean concentration is shown without confident interval
and for May, the concentration is not shown at all.
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Figure 4. Histogram of wind speed (upper panel), polar frequency plot (middle panel), and polar
plot (lower panel) of wind speed and wind direction and PMy, using data from Aziziyah monitoring
sites for 2020.

3.1. Correlation Analysis

Correlation analysis was performed to see how different ions correlate with each
other and with PMy (Figure 5). Firstly, the data from all sites were pooled into a single
table, and then correlation analysis was performed (Figure 5). In addition, correlation
analysis was performed for each site separately to see how the correlation varies spatially
at different monitoring sites (Figure 5). In pooling the data, this study followed the criteria
of Khodeir et al. [14], who also pooled data of particulate matter and its constituents
collected at several sites in Jeddah, Saudi Arabia. The purpose of pooling data from several
sites is to increase the number of samples in the dataset, which enhance the statistical
power of the analysis. Pooling can also help determine the common emission sources of
all sites in a city. Correlation plots of individual sites have different shapes and colours
probably caused by variations in local emission sources, land-use, geographical conditions,
and microclimatic characteristics. The values of correlation coefficients slightly varied at
different sites. For example, Abdeyah showed a slightly stronger correlation, whereas
Misfalah showed weaker correlations compared to the other sites (Figure 5). Misfalah is
located inside Makkah city and continuously remains busy in terms of road traffic, shops,
and hotels. In contrast, Abdeyah is located outside Makkah city in the southeast direction
in a suburban location. Misfalah is walking distance (about 2 km) from Al-Haram (the Holy
Mosque), whereas Abdeyah is situated approximately 16 km from Al-Haram. Therefore,
these two sites have totally different emission and dispersion characteristics, which control
the levels and composition of air pollution.
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Figure 5. Correlation plots of different ions with each other and with PM;g at each sampling site in
Makkah. The top panel “all sites” shows correlation plots of the pooled data from all sites, while the
other panels are named according to the name of the sites.

In this study, we followed the methodology of Schober et al. [36], who suggested
considering absolute values of the correlation coefficient (r) between 0.00 and 0.09 as
negligible, between 0.10 and 0.39 as weak, between 0.40 and 0.69 as moderate, between
0.70 and 0.89 as strong, and values 0.90 or greater as a very strong correlation [36]. Figure 5
show that there is no negligible correlation, but there are some weak correlations between
different ions. However, most of the correlation coefficients are either moderate, strong,
or very strong. When data from all sites were pooled (Figure 5), PMjy had a moderate
correlation with Br~, CI~ and Na*, strong correlation with NO3 ™, Ca?*, 5042, P03, F~
and NO, ~, and a very strong correlation with Mg?*. PMjg showed a very strong correlation
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with Mg?* at all sites. Br~ and C1~ showed either weak or moderate correlation with all
other ions and PMyg. A very strong correlation was also found between SO4%~ vs. Ca?",
SO4%2~ vs. Na*, SO42 vs. PO4%~, PO4%~ vs. Ca%t, PO,3~ vs. Na*, and Na* vs. CaZ*. A
strong correlation was found between NO; ™~ vs. Ca%", NO3;~ vs. Na*, NO3;~ vs. PO43~,
NO3 ™~ vs. SO427, Ca?* vs. Mg?*, Ca?* vs. F~, Ca?* vs. NO,~, PO,%~ vs. NO,~, Mg?* vs.
F~, and F~ vs. NO, . The correlation coefficient between C1~ and Na* was 0.51 for all
sites, 0.49 for Aziziyah, 0.85 for Sanaiyah, 0.31 for Misfalah, 0.67 for Abdeyah, and 0.38 for
Askan. Misfalah and Askan have weak, all sites, Aziziyah and Abdeyah have moderate,
and Sanaiyah has a strong correlation. This shows that different emission sources contribute
to the emission of Na* and Cl~, affecting their correlation at different sites. Researchers
have reported that not only the levels of PM;j( and its constituents but also the correlation
between them vary within a city. Kumar et al. [37] reported that levels of F~, C17, NO;~,
SO42~, Na*, NH*, K*, Mg?*, and Ca?* ranged between 0.30-0.37, 4.62-5.30, 0.97-2.12,
11.44-12.23, 3.15-5.67, 3.78-5.84, 2.85-4.44, 0.97-1.08, and 2.73-3.66 pg/m?, respectively in
Mumbai City, India. They also reported that the correlation between various ions varied
at different sites within the same city. Non-sea salt sources (e.g., anthropogenic emission,
soil particles and biomass burning) are responsible for different correlations between ions
within a city [38,39].

3.2. Principal Component Analysis (PCA)

Results of PCA are shown in Table 3. Here, we selected the first four principal
components (PCs) as they explained most of the variance in the data ranging from 84%
to 98%. When data were pooled for all sites, PC1 explained the most variations (70%),
followed by PC2 (8%), PC3 (7%), and PC4 (4%). The first four PCs explained 89% variations
for all sites. It should be noted that PCA analysis was performed on the ionic component of
PM only, which ranged from 31.99% to 41.40% of the PMy mass. At Aziziyah, the four PCs
explained 91% variance, at Sanaiyah 93%, at Misfalah 84%, at Abdeyah 98%, and at Askan
94%. PC1 explains over 70% variance in the data, except at Misfalah, where PC 1 explains
57% variance. Misfalah site has different data structure compared to the other sites. This
is also shown in the correlation plots, where Misfalah demonstrated a weaker correlation
between different species than the other sites. Variance and correlation among different
species are dependent on the emission sources and factors responsible for the dispersion of
the pollutants. Misfalah is located near Al-Haram and continuously remains busy in terms
of road traffic and visitors all year round.

Table 3. Principal components and relevant metrics (Eigenvalue, % variance, and % cumulative
variance) of each PC.

Aziziyah Sanaiyah
Metrics PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 2.82 097 0.79 0.68 2.83 0.99 0.94 0.59
% Variance 0.72 0.09 0.06 0.04 0.73 0.09 0.08 0.03
%o Cumulative 0.72 0.81 0.87 0.91 0.73 0.82 0.90 0.93
variance
Misfalah Abdeyah
Metrics PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 2.51 1.06 0.94 0.93 3.03 0.99 0.58 0.52
% Variance 0.57 0.10 0.08 0.08 0.84 0.09 0.03 0.02
% Cumulative 0.57 0.68 0.76 0.84 0.84 0.93 0.96 0.98
variance
Askan All Sites
Metrics PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 2.87 1.06 0.84 0.50 278 0.94 0.86 0.69
% Variance 0.75 0.10 0.06 0.02 0.70 0.08 0.07 0.04
% Cumulative 0.75 0.85 0.92 0.94 0.70 0.78 0.85 0.89

variance
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PMjg loadings in each PC are shown in Table 4 for the data pooled for all sites, which
help us identify the variables (ions) that contribute to each PC. Table 5 show the factor
loading of each ion species on the four identified PCs. The four PCs are identified as four
major emission sources in the study area, which are:

1.  Emissions from road traffic, including exhaust emission, wear-and-tear emissions and
resuspension of dust particles on roadsides (F~, S042~,NO;~, Ca?*, Na™, Mg2+, Br—,
Cl~,NO,~, PO437) [40,41].

2. Mineral dust (C1-, F~, Na*, Ca?*, Mg?*, PO,>") [41-43].

3. Industrial and construction-demolition emissions (F~, SO42~, Ca%*, Mg2+) [42].

4. Seaspray and marine aerosols (C1~, Br—, Mg?*, Na*) [40].

Table 4. Factor loadings for PM; in different principal components using the pooled data from all sites.

PC1 PC2 PC3 PC4
F~,Cl~,NO;,
Variables contributing ~ Br—,NO3;~, PO,3~, Cl,F,Na*Ca%*, F,S0,27,Ca%*, Cl,Br, Mgz“',
positively to each PC 5042, Na*, Mgz*, PO43~ Mg2+ Na*
Ca2+, Mg2+
Eigenvalue 2.78 0.94 0.86 0.69
% Variance 0.70 0.08 0.07 0.04
% Cumulative variance 0.70 0.78 0.85 0.89

Table 5. Factor loadings of each ion specie on the identified four principal components.

Tons PC1 PC2 PC3 PC4
F~ —-0.31 0.42 —-0.13 0.16
Cl- —-0.30 0.40 0.20 —0.63

NO, ™~ —0.28 0.50 0.00 0.58
Br- —0.23 -0.17 0.90 0.21

NO;~ —0.34 —-0.20 0.03 —0.10

PO,3~ —-0.33 —-0.29 —0.08 —0.24

SO42~ —0.34 —0.02 —0.28 —0.02
Na* —0.29 —0.50 —0.21 0.33

Ca?* —0.36 —0.09 —0.05 —-0.03

Mg? —0.36 —0.01 -0.10 -0.10

SO4?~ and NO3 ™~ are the two major ions, which on average contribute 50.25% and
16.43% to the ion concentrations in Makkah (Table 2. NO3~ and SO4?~ are secondary
aerosols that are formed in the atmosphere through homogenous gas-phase oxidation of
the SO, and NOx, which are emitted by combustion sources, mainly road traffic in urban
areas. The contribution of NO3 ~ and SO4%~ varied slightly at different monitoring sites.
The highest contribution of NO3; ™~ was observed at Aziziyah (18.13%), whereas the highest
contribution of SO4 2 was observed at the Misfalah site (52.73%). These are both urban
traffic sites, and road traffic are the major emission source of traffic-related air pollutants
(e.g., NOx and SO5,). Ca?Z-, Mg2+, PO43~,Cl, and Na* mainly come from mineral dust.
Makkah has high levels of background PM;g concentrations, which is blown to the city
from the surrounding deserts. These ions also have high loading in the dust on the roadside,
which is resuspended to the atmosphere as vehicles pass by. C1~, Br—, F~, and Na™* are
found in seaspray but at the same time are found in the soil dust. Sander et al. [40] reported
that sea salt is the major source of atmospheric C1~, Br~ and Na*; however, in arid and
semi-arid regions, a strong wind can inject a large amount of soil dust into the atmosphere,
which contains a significant amount of these ions. These ions from both sea spray and
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soil dust travel long distances and are identified to contribute to the concentrations of the
observed ions in Makkah. F~, B7, and Cl~ enter the atmosphere from both natural and
anthropogenic sources. Natural sources include soil dust, marine aerosols, and volcanic
eruptions, whereas the main anthropogenic source is biomass burning [42]. Seawater
has Na and Cl in a ratio of 0.56, approximately [44,45], whereas the average ratio of Na
and Cl in PM;y samples analysed in this study in Makkah was 1.47. This showed that
other natural and anthropogenic sources added both Na and Cl disproportionately [38].
Alternatively, we can say that Cl loss has occurred in the atmosphere, which could have
been caused by the reaction of acids, such as HNO3 and H,SO4 with NaCl [38]. On a global
scale, 82% PO,4>~ comes from mineral sources, 12% from biogenic particles, and 5% from
combustion sources [46]. However, the proportions vary spatially from region to region,
and in urban areas, the contribution of combustion source might be much larger. Ca?~ and
Mg?~ are good markers for crustal dust and can be found in mineral dust, windblown
dust, construction and demolition dust, and the resuspension of dust particles [23,47].
Zhang et al. [42] collected PM;( samples from soil dust, urban dust, construction dust, coal-
fired power plants dust, and steel plant dust were sampled. The characteristic components
in their samples were Fe and Ca in urban dust and soil dust, Ca and Mg in construction
dust, Fe, Ca%* and SO42~ in steel dust, and SO4%~ and Ca in power plants dust.

PM; in Makkah is generated by natural sources (e.g., dust storms) as well as an-
thropogenic sources (e.g., road traffic, power plants, and emission from construction and
demolition activities). Therefore, actions are required to cut emissions and manage air
quality effectively. Air quality improvement measures may include:

1. Improving the quality of vehicle fleets (e.g., banning old polluting vehicles and
retrofitting old vehicles with new technology) [10];

2. Growing more trees in the city, especially on roadsides, which not only control pollu-
tion but help moderate temperature [48,49];

3. Implementing an effective water spray programme during construction and demoli-

tion activities to reduce the amount of dust [50];

Electrifying vehicle fleets and providing charging facilities [51];

Discouraging idling [10];

Further improving and encouraging public transport [10];

Taking action to encourage active mobility, including cycling and walking [52].

N U

4. Conclusions

In this paper, water-soluble cations and anions are analysed in Makkah, Saudi Arabia.
PM;y samples were collected at five sites from March 2020 to March 2021 and analysed
in the laboratory for cations and anions contents. PM;y samples were analysed for F~,
Cl—,NO,~, Br—,NO3;~, PO,3~,S0O4%~, Na*, Ca?*, and Mg2+. PM;( concentrations were
quantified at all five sites. PM1y concentrations (ug/ m?) at the Aziziyah site ranged from
82.11 to 739.61, which was the highest for the five sites. At Sanaiyah, the range of PM
concentrations (1g/m?3) was 65.37 to 421.71, at Misfalah, the range was 25.20 to 466.60,
at Abdeyah, the range was 52.56 to 507.23, and at Askan, the range was 40.91 to 471.99.
Air quality standards set by the Presidency of Meteorology and Environment (PME) of
Saudi Arabia for PMyg is 340 (ug/ m?) for 24 h average and 80 (ng/ m?) for an annual
average. PMjg levels exceeded the air quality objectives, which show the seriousness of
particle pollution in Makkah. On average, the cations and anions analysed in this study
made a 37.81% contribution to the PMjy concentrations. The percentage proportion of
ions to PMyg varied from site to site and ranged from 31.99% (ions—70.28 ng/m?> and
PM;0—219.7 ug/m?) at Misfalah to 41.40% (ions—73.69 ng/m?3 and PM1p—177.99 pug/m?)
at Abdeyah, which were used the determine the emission sources. This means about 58 to
68% of PMjq consist of other components, including organic chemicals, metals, and soil or
dust particles. On average S042~,NO3~, Ca?*, Na*, and Cl~ contributed 50.25%, 16.43%,
12.11%, 11.12%, and 8.70%, respectively. The percent contribution of individual ions to the
total mass of ions varies from site to site; however, the order is the same for all sites, which
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is SO42~ > NO;~ > Ca®* > Na* > Cl~. Principal component analysis was used to identify
the main emission sources of PM;g in Makkah. Four PCs were identified that explained
89% variations in the data. PC1 explained 70% variability in the data, whereas PC2 to
PC4 explained 8%, 7% and 4% variations, respectively. From the PCA results, four major
emission sources are identified based on ions concentrations (up to 42% of the PM;o mass),
which are: (1) Emissions from road traffic, including exhaust emission, wear—and-tear
emissions and resuspension of dust particles on roadsides (F~, S04%~,NO;~, Ca?*, Na*,
Mg?*, Br—, CI~,NO,~, PO4*"); (2) Mineral dust (C1~, F~, Na*, K*, Ca?*, Mg?*, PO,%");
(3) Industrial and construction-demolition emissions (F~, SO42~, Ca2*, Mg2+) ; and (4) sea
spray and marine aerosols (C1~, Br—, Mg?*, Na*).

Several compounds, which are part of the PM;, have been reported e.g., [53-55] to
be adsorbed on quartz or glass fibre filters including PAH, formaldehydes, and n-butanes,
which might affect the levels of PM;g and its ionic constituents. The work is still ongoing,
and we aim to further analyse the metal contents of the PM1y, which will provide a greater
insight into the emission sources of PMyj.
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