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Abstract: Urban air pollution is rapidly becoming a major environmental problem of public concern
in several developing countries of the world. Jeddah, the second-largest city in Saudi Arabia, is
subject to high air pollution that has severe implications for the health of the exposed population.
Fine particulate matter (PM2.5) samples were collected for 24 h daily, during a 1-year campaign from
2013 to 2014. This study presents a detailed investigation of PM2.5 mass, chemical composition, and
sources covering all four seasons of the year. Samples were analyzed for black carbon (BC), trace
elements (TEs), and water-soluble ionic species (IS). The chemical compositions were statistically
examined, and the temporal and seasonal patterns were characterized using descriptive analysis, cor-
relation matrices, and elemental enrichment factor (EF). Source apportionment and source locations
were performed on PM2.5 samples using the positive matrix factorization (PMF) model, elemental
enrichment factor, and air-mass back trajectory analysis. The 24-h mean PM2.5 and BC concentrations
ranged from 33.9 ± 9.1–58.8 ± 25 µg/m3 and 1.8 ± 0.4–2.4 ± 0.6 µg/m3, respectively. Atmospheric
PM2.5 concentrations were well above the 24-h WHO guideline of 15 µg/m3, with overall results
showing significant temporal and seasonal variability. EF defined two broad categories of TEs:
anthropogenic (Ni, V, Cu, Zn, Cl, Pb, S, Lu, and Br), and earth-crust derived (Al, Si, Mg, K, Ca, Ti, Cr,
Mn, Fe, and Sr). The five identified factors resulting from PMF were (1) fossil-fuels/oil combustion
(45.3%), (2) vehicular emissions (19.1%), (3) soil/dust resuspension (15.6%), (4) industrial mixed dust
(13.5%), and (5) sea-spray (6.5%). This study highlights the importance of focusing control strategies,
not only on reducing PM concentration but also on the reduction of components of the PM as well, to
effectively protect human health and the environment.

Keywords: PM2.5; black carbon; enrichment factor; PMF; mass reconstruction; Jeddah

1. Introduction

Fine particulate (PM2.5) air pollution remains a major issue in Saudi Arabia, attributed
largely to heavy industrialization and urbanization [1,2], with no proper policy implemen-
tation in place. This has progressively led to poor urban air quality. Over time, the number
of both stationary (oil refineries, petrochemical industries, desalinization plants, power
generation, etc.), and mobile sources (heavy trucks, buses, cars, etc.) of air pollution have
increased tremendously. There was an estimated >1.4 million cars in Jeddah in 2012 [3].This
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number has most likely increased over the years. Fine particulate (PM2.5) emissions from
these sources significantly affect air quality.

Indeed, a few studies [1–4] assessing PM2.5 air pollution in Saudi Arabia’s major cities
reported poor air quality, mainly linked to industrial and vehicular emissions. Overall, there
is a major consensus that anthropogenic sources contribute significantly to the observed air
pollution in Saudi Arabia. The World Health Organization (WHO) recommends annual,
and 24-h mean PM2.5 at 5 and 15 µg/m3, respectively [5]; and the Presidency of Meteorology
and Environment (PME) of Saudi Arabia regulates PM2.5 at 15 and 35 µg/m3 annual and
24-h mean, respectively [6]. Most of the studies done in Saudi Arabia’s major cities [1,2,7,8]
showed evidence of PM2.5 levels exceeding both the PME and WHO guidelines, as well as
the levels recorded in Europe [9–12] and North America [13–16].

In addition, mounting evidence from several epidemiologic studies has shown that
exposure to fine particulate air pollution, at much lower levels than reported in this
study, significantly increases the risk of morbidity and mortality from cardiopulmonary
diseases [17–20], and exacerbates pre-existing medical conditions such as asthma, coronary
obstructive pulmonary disease [21,22], and other illnesses, notably among children and
the elderly. Given the extent of the adverse health outcomes reported at much lower PM2.5
levels, this further accentuates the need for more studies assessing air quality in Saudi
Arabia and the rest of the Middle East. This study becomes one of the pioneer studies to
fully characterize the state of air quality in Jeddah, providing a breakdown on the major
emission sources.

The chemical and physical characterization of PM2.5 is key to understanding its toxicity,
as well as elucidating more on the possible emission sources. This is critical to the design
and implementation of more effective policies, and ultimately, the preservation of human
health and the environment. For Jeddah, being one of the major industrialized cities in
Saudi Arabia, results from this study will be fundamental to the improvement of existing
local and regional policies on air pollution, mainly targeting the major anthropogenic
sources. This study addresses four main objectives: (1) providing a detailed assessment
of the levels of ambient PM2.5, black carbon (BC), trace elements, and water-soluble ionic
species; (2) discussion of the temporal and seasonal variabilities in air pollution levels
and composition; (3) source apportionment using factor analysis approaches (elemental
enrichment factor and positive matric factorization); and (4) discussion of some of the
suggested recommendations for current and future air pollution control in Jeddah and
other cities in the region.

2. Materials and Methods
2.1. Study Area

Jeddah city (Figure 1) is the second-largest city in Saudi Arabia, located in the Hijaz
Tihamah region (Lat. 21.3◦ North and Lon. 39.2◦ East), midway eastern shore of the Red
Sea. The city has a municipality area of 5460 km2 and population of 3.98 million people [23].
Jeddah features a semi-arid to arid climate [24]. Rainfall only occurs around November
to January, with an annual mean of 44.6 mm (http://www.holiday-weather.com/jeddah/
averages/ accessed on 4 May 2021). The city is characterized by heavily industrialized
areas with different types of industries (such as oil refineries, desalination, iron smelting,
etc.), heavy vehicular traffic, and sandstorms.

Due to its location, Jeddah’s prevailing winds are frequently northwesterly. During
winter, spring, and fall, blustery winds also blow from the south, causing sandstorms,
sometimes accompanied by thunderstorms and heavy rains [24]. Winters are warm, from
15–18 ◦C at dawn to ≥28 ◦C in the afternoon. Summers are hot and humid (≥40 ◦C in the
afternoon and ≥31 ◦C in the evening). These weather conditions directly influence the
levels of PM2.5. More climate information on Jeddah can be found at: http://www.jeddah.
climatemps.com/ (accessed on 4 May 2021).

http://www.holiday-weather.com/jeddah/averages/
http://www.holiday-weather.com/jeddah/averages/
http://www.jeddah.climatemps.com/
http://www.jeddah.climatemps.com/
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Figure 1. Map of Jeddah showing the sampling sites (King Abdul-Aziz Hospital (KAH), King Fahad
Hospital (KFH), King Abdul-Aziz University (Al-Rehab/KAU)), industrial areas, major roads, and
hospitals. Al-Rawda sampling site not depicted.

2.2. PM2.5 Sampling and Analysis

PM2.5 samplers were installed at three fixed sampling sites (Figure 1). Sampling was
done for six weeks in each quarter of the year starting from 8 April 2013–18 February 2014.
Each quarter represented a sampling cycle. The first and second cycles were sampled at
King Abdul-Aziz Hospital (KAH) and King Fahad Hospital (KFH), while the third and
fourth were at KAH and Al-Rehab/or KAU (King Abdul-Aziz University) sites. The first
10 days of cycle 1 were sampled at Al-Rawda, and the rest at the KFH site. These sampling
sites were selected in such a way as to represent a relatively uniform blend of residential
and industrial areas. Residential sites were densely populated areas, while the heavy
traffic and industrial areas represented industrial sites. This resulted in a representative
mix for both the residential and industrial areas, and thus, a more accurate estimation
of the actual pollution levels in real time. Meteorology data were obtained online from
https://www.wunderground.com (accessed on 4 May 2021).

The 24-h PM2.5 samples were collected on pre-weighed, sequentially labeled What-
man 46.2 mm diameter 2.0 µm pore polytetrafluoroethylene (PTFE) filters (Whatman
plc, Florham Park, NJ, USA) using a low volume air sampling pump (VS23 series pump,
HI-Q Environmental Products Company, Inc., San Diego, CA, USA). The PM2.5 sampler
(Figure S1) was equipped with a cyclone separator with a cut size of 2.5 µm operated at
a flow rate 16.7 ± 0.84 L/min, optimum for sampling the PM2.5 size range. The sampler

https://www.wunderground.com
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inlets were fixed at about 5 m above the ground for a good representation of ambient PM2.5
and to avoid influence of ground dust. The sampled filters were stored in labeled clean
polypropylene petri-dishes and immediately refrigerated at 4 ◦C to minimize further loss
of temperature sensitive ammonium, nitrate, and oxalate. At the end of the sampling cycle,
all the samples were shipped to the Wadsworth Center, New York State Department of
Health, Albany, NY, USA, to be analyzed for PM2.5 levels, black carbon (BC), trace elements
(TEs), and water-soluble ionic species. The samples were refrigerated until analysis. Given
the large number of samples corrected, analysis for the different pollutants was completed
within 3–4 months of receiving the samples.

The 24-h PM2.5 levels were determined gravimetrically as the difference of the PTFE
filter weight before and after sampling. BC loading (µg/m3) on the filters was determined
using a dual-wavelength Optical Transmissometer (Model OT-21, 2007), Magee Scien-
tific, Francisco St, Berkeley, CA, USA. The OT-21 collects absorbance data at 370 nm and
880 nm wavelengths. To correct for the loading effects, we applied attenuation coefficients
K880nm = 16.6 m2 g−1 and K370nm = 39.5 m2 g−1 [25] at respective channels. The difference
between BC370nm and BC880nm estimates delta–C (Equation (1)), a marker for organic matter
combustion [26,27].

Delta-C = BC370nm − BC880nm (1)

TEs were analyzed by an energy dispersive X-ray fluorescence (ED–XRF) spectrometer
(Thermo Scientific™, Waltham, MA, USA) using six secondary fluorescers (Si, Ti, Fe,
Cd, Se, and Pb). ED–XRF has been extensively used for TEs analysis in air particulate
samples [28–30] because it is fast and does not require chemical digestion of samples prior
to analysis [31], which minimizes contamination. This technique works on a principle that
distinct atoms, when excited by an external high energy, will emit X-ray photons with
characteristic energy and wavelengths. So, TEs in a sample can be identified and quantified
by measuring the intensity of photons of each energy emitted from the sample [32,33]. The
intensity of radiation signal from each TE in the sample, which is also proportional to its
concentration, is then computed from a set of internal calibration curves.

The water-soluble ionic species were analyzed using ion-exchange chromatography
(IC) (Dionex, Sunnyvale, CA, USA). A summary of the optimized conditions used for
the analysis of water-soluble ionic species by IC, has been included in the Supplemental
Materials (Table S1). Strict quality control and quality assurance measures were taken
throughout the study. Typical detection limits of trace elements measured in this study
are provided in Supplemental Materials (Table S2, based on [34]). More details of the
sampling and analyses for PM2.5 levels, BC, TEs, and ionic species have been previously
provided [1,7].

2.3. PM2.5 Mass-Reconstruction

We performed PM2.5 mass-reconstruction by re-grouping the chemical species mea-
sured in PM2.5 aerosol into six major categories [1]: (1) crustal/geological materials;
(2) anthropogenic trace elements (TEs); (3) secondary inorganic ions (IS) (SO4

2−, NO3
−,

NH4
+, and C2O4

2−); (4) sea salt/sea sprays; (5) black carbon (BC)/soot; and (6) particu-
late organic matter (POM). These categories makeup the proportion of the overall PM2.5
explained by the measured pollutant species in our analyses [35]. Additional details on the
frequently applied mass-reconstruction equations and the backgrounds and assumptions
related to each pollutant category can be found in several previous studies [35,36]. The
reconstructed PM2.5 mass was calculated as shown in Equation (2):

Reconstructed PM2.5 = Crustal Material [CM] + Trace Elements [TE] + Sea Spray [SS]
+Secondary Ions [SI] + Elemental Carbon [EC/ or BC] + Organic Matter [OM]

(2)

where:

[CM] = 1.89[Al] + 1.21[K] + 1.43[Fe] + 1.4[Ca] + 1.66[Mg] + 1.67[Ti] + 2.14[Si] (3)
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[TE] = 1.31[V] + 1.46[Cr] + 1.29[Mn] + 1.27[Ni] + 1.13[Cu] + 1.24[Zn] + 1.32[As] +
1.41[Se] + 1.40[Br] + 1.37[Sr] + 1.14[Er] + 1.12[Ba] + 1.14[Lu] + 1.08[Pb]

(4) [7,37,38]

[SS] = [Cl−] + ss [Na+] + ss [Mg2+] + ss [K+] + ss [Ca2+] + ss [SO4
2−] (5)

where ss [Na+] = 0.556 [Cl−]; ss [Mg2+] = 0.12 ss [Na+]; ss [K+] = 0.036 ss [Na+];
ss [Ca2+] = 0.038 ss [Na+]; and ss [SO4

2−] = 0.252 ss [Na+] [39].

[SI] = nss [SO4
2−] + [NO3

−] + [NH4
−] + [C2O4

2−] (6)

where nss [SO4
2−] = [SO4

2−] − ss [SO4
2−]; ss and nss denote sea spray and non-sea spray,

respectively.
The oxide factors used in Equations (3) and (4) were estimated bases on the most stable

oxides (Al2O3, K2O, Fe2O3, CaO, MgO, TiO2, SiO2, VO, Cr2O3, MnO, NiO, Cu2O, ZnO,
As2O3, SeO2, BrO2, SrO2, Er2O3, BaO, Lu2O3, and PbO) of these elements [7,37,38].

2.4. PM2.5 Source Apportionment

We performed source apportionment for PM2.5 using three approaches; PM2.5 mass-
reconstruction, elemental enrichment factor (EF), and positive matrix factorization (PMF).
Results were carefully studied from the three approaches to accurately define the sources
of PM2.5 in Jeddah.

Enrichment factors (EFs) were calculated using Al as a reference element (Equation (7))
to assess the extent of anthropogenic contributions to the measured PM2.5 levels, as ex-
plained in previous studies and some of our past work [26,27].

EF =
(Cx/CAl)PM2.5

(Cx/CAl)Earth−crust
(7)

Cx and CAl denote the levels of the element “x” and “Al”, respectively, in the ambient
PM2.5 sample and the earth-crust. The relative abundances of trace elements in the earth-
crust were obtained from Taylor (1964). EF values greater than 10 suggest a significant
anthropogenic contribution, while EF values less than 10 are indicative of major contri-
butions from the earth-crust. Generally, the EF values between 10 to 50 are indicative of
mixture of anthropogenic and earth-crust derived emissions, while EF values greater than
50 are indicative of purely anthropogenic emissions.

To delineate various sources of PM2.5, we used the latest the United States Environ-
mental Protection Agency (U.S.EPA) positive matrix factorization (PMF) receptor model
(version 5.0.14). This is a mathematical receptor model that utilizes a multivariate factor
analysis to breakdown a complex matrix of well speciated sample data (containing both
concentration and uncertainty estimates) into two simpler matrices as factor profiles and
factor contributions. Based on the species within each profile, we drew interpretations for
the source types using the measured chemical species in the samples as markers for specific
sources. More details on PMF analysis and the resolution, interpretation of factors, and the
QA/QC measures have been provided in several previous studies [40–42].

We utilized the backward-in-time hybrid single-particle Lagrangian integrated tra-
jectories (HYSPLIT) set at an altitude of 500 m above sea level, to determine the direction
of air-mass flow. The atmospheric boundary layer (ABL), which is the lowest part of the
atmosphere, is about 50 to 3000 m above sea-level [43]. This is the space where most
of the anthropogenic activities and meteorological trends occur. Obtaining an accurate
estimate of the ABL for a given study area is of a critical importance in air pollution studies.
Previously reported data show that the depth of the mixed layer over the Arabian Sea
ranges from 400 to 900 m, but with high variability near the shores due to the intricate
nature of the interactions between the land and sea breezes [44]. In another study, Jeddah’s
ABL was estimated around 900 m, but with some variability [45]. Given the range of ABL
estimates around the Arabian Sean and Jeddah, we ran our HYSPLIT models set at 500 m
above the sea level because this height provides a representative regional ABL where most
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anthropogenic activities take place. However, most importantly, the significance of this
ABL height is that; (1) it is optimum for long-range atmospheric transport of pollutants, and
(2) it has a direct influence on human exposure risk. Pollutants dispersed over 500 m above
sea-level will be transported over a much longer distance, but the possibility of human
exposure is significantly diminished to almost zero. So, as we assessed the wind trajectories,
our focus remained centered around the question of how this influences human exposure.
Trajectories covering a period of up to 72 h prior to sampling date were computed to
determine the direction of air mass flow into the study area. The plots for backward-in-time
trajectories with their respective data files were downloaded from the National Oceanic
and Atmospheric Administration (NOAA) website [46,47]. When interpreted correctly,
wind trajectories can provide insightful information about the contribution of the regional
and local emissions towards the observed levels of PM2.5.

3. Results and Discussion
3.1. PM2.5 Mass and Chemical Composition

The mean daily (24-h) PM2.5 and its components (BC, TEs, and IS), and meteorology,
are summarized in Table 1. The mean daily temperature was relatively stable (25.0–29.6 ◦C),
while relative humidity (RH) and wind speed (WS) varied significantly throughout the
study period (Figure 2). Additionally, the 24-h PM2.5 displayed significant temporal
variability with the mean PM levels per cycle, far exceeding the 24-h WHO guideline
(25 µg/m3), 91% of the study period (Figure 2). Overall, PM2.5 levels gradually increased
around January and February (cycle 4) and was highest in April and May (cycle 1). This
seasonal trend may partly be linked to meteorology. Jeddah experiences strong winds and
sandstorms during winter and spring [48]. This may account for a significant portion of
the high PM2.5 levels recorded during cycles 1 and 4. Moreover, the ambient temperature
inversion during winter lowers the atmospheric boundary layer, which in turn limits the
dispersion of airborne pollutants. Ultimately, this leads to increased concentration of
ambient PM2.5 as observed in this study.

Black carbon (BC) had a significant daily variability but with no major seasonal vari-
ability observed (Figure 2). This was linked to BC being mostly associated with vehicular
and industrial emissions. Emissions from these sources may fluctuate significantly by
the day of the week (weekday–weekend trends), but not by season. BC, as represented
by a signal at infra-red λ (BCIR), explained only 3.6–7.2% of the total PM2.5. In addition,
the mean delta–C levels per cycle were below zero (Table 1). Only two (2) days in cy-
cle 1 had delta–C > 0 (0.01 and 0.14 µg/m3). Delta–C, computed as the difference in BC
measurements at ultraviolet λ (BCUV) and BCIR, is a strong marker for organic matter com-
bustion [26,27]. Thus, the observed results in this study point to a minor or no contribution
from biomass burning to the overall recorded PM2.5 levels in Jeddah.

Up to twenty-four (24) trace elements (TEs) were detected at levels above their respec-
tive limits of quantification (LOQ), as per the analytical method used (Table 1). Crustal
elements (Si, Ca, Fe, Al, and Mg) recorded the highest concentrations, signaling a signifi-
cant influence from the earth crust/soil. Sulfur (S), Cl, and Na also constituted the most
abundant elements. Several anthropogenic TEs (S, Ni, V, Cu, Y, Zn, Cl, S, Pb, Br, Lu, and
Ce) were detected. These TEs are intricately linked to vehicular emissions (Pb, Ni, Cu, Br,
and Ce), fossil-fuels/oil combustion (S, V, and Lu), and other industrial processes [49,50].

The water-soluble ionic species (IS) were mostly sulfate (SO4
2−), nitrate (NO3

−),
and ammonium (NH4

+), as shown in Table 1. High concentrations of SO4
2− and NO3

−

species in the ambient air can be indicative of significant anthropogenic emissions from
fossil-fuels/oil combustion (SO4

2−) and vehicular emissions (NO3
−).
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Table 1. Summarized 24-h PM2.5, BC, TEs, IS, and meteorology (mean daily temperature, relative humidity (RH) and wind speed (WS)) per sampling cycle in Jeddah.

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Parameter Mean ± S.D Min Max Mean ± S.D Min Max Mean ± S.D Min Max Mean ± S.D Min Max

PM2.5 (µg/m3) 58.8 ± 25 22.3 118 36.2 ± 12.3 21.3 80 33.9 ± 9.1 18.5 63 38 ± 17.7 12.4 90.8
BCIR (µg/m3) 1.9 ± 0.6 0.8 2.9 1.8 ± 0.4 0.8 2.7 2.4 ± 0.6 1.4 4.0 2.3 ± 0.8 0.9 4.6
BCUV (µg/m3) 1.6 ± 0.5 0.7 2.6 1.2 ± 0.3 0.6 1.8 1.6 ± 0.3 0.1 2.3 1.6 ± 0.5 0.7 3.3
Delta–C (µg/m3) −0.3 ± 0.2 −0.9 0.1 −0.6 ± 0.2 −1.02 −0.2 −0.8 ± 0.3 −1.7 −0.3 −0.6 ± 0.3 −1.3 −0.2
RH (%) 53.6 ± 8.1 38.0 71 56.2 ± 8.0 30.0 71 63.8 ± 6.8 47 78 51.9 ± 12 26 71.0
Temp. (◦C) 29.6 ± 2.6 24.4 34.4 27.2 ± 0.8 31.1 35.6 29.6 ± 1.2 27.8 31.7 25 ± 1.8 20 27.8
WS (m/s) 6.5 ± 2.1 3.0 11 6.6 ± 1.5 4.0 10 5.4 ± 1.6 3.0 10 7.5 ± 3.0 3.0 15

Trace Elements, TEs (ng/m3)

Sulfur (S) 4972 ± 2577 1323 10,935 4434 ± 1301 1271 7973 6838 ± 2714 2629 15,224 4348 ± 2216 1214 9549
Silicon (Si) 3427 ± 2076 727 12,733 2727 ± 3783 397 16,469 2255 ± 931 578 4197 3748 ± 2739 723 14,151
Calcium (Ca) 1780 ± 1404 660 10,015 1049 ± 565 455 2730 1216 ± 367 628 2037 1863 ± 1342 500 7380
Iron (Fe) 1367 ± 772 354 4760 1252 ± 1622 283 7295 945 ± 340 318 1665 1565 ± 1117 347 5549
Aluminum (Al) 1227 ± 832 177 5116 1052 ± 1662 53.1 7191 830 ± 361 152 1568 1193 ± 988 96.8 4812
Sodium (Na) 1065 ± 516 434 2919 1151 ± 721 172 2552 953 ± 456 480 2090 735 ± 388 237 1723
Chlorine (Cl) 547 ± 997 <DL 5621 261 ± 477 <DL 1674 108 ± 364 <DL 2150 219 ± 389 <DL 1882
Magnesium (Mg) 516 ± 232 227 1688 397 ± 234 169 1181 454 ± 121 241 767 439 ± 305 108 1663
Potassium (K) 490 ± 287 259 2160 412 ± 234 208 1236 412 ± 76.8 286 558 460 ± 292 153 1622
Lead (Pb) 318 ± 401 2.73 1783 89.2 ± 190 <DL 1157 294 ± 304 4.71 1142 361 ± 441 16.1 2298
Titanium (Ti) 126 ± 77.9 28.8 498 112 ± 146 25 628 85.3 ± 30 26.9 152 141 ± 94 30.2 458
Zinc (Zn) 90.5 ± 149 11.6 696 60.9 ± 94.6 9.7 494 52.1 ± 44.5 12.1 206 53.3 ± 49.9 12.1 224
Bromine (Br) 50.2 ± 14.8 24.5 92.5 64 ± 22.9 21.2 114 68.2 ± 18.4 36.5 130 51.4 ± 20.3 25.7 136
Vanadium (V) 36.5 ± 19.8 <DL 80.9 41.6 ± 14.2 22.1 74.7 32.8 ± 14.4 8.5 67.9 15.1 ± 13.1 <DL 50.4
Manganese (Mn) 31.3 ± 16.9 9.5 77.7 26.2 ± 32.4 3.4 144 22.6 ± 8.7 6.1 41.5 35.3 ± 28.9 7.7 148
Lutetium (Lu) 21.4 ± 15.5 5.0 71.5 16.7 ± 11.4 6.2 56.6 15.8 ± 7.4 3.5 35 18.5 ± 9.9 6.2 46
Nickel (Ni) 17.3 ± 8.8 3.9 40.3 17.1 ± 5.7 9.0 37.1 15.0 ± 5.6 5.1 28.1 11.3 ± 6.2 2.8 31.4
Copper (Cu) 17 ± 13.8 3.2 59.9 10.4 ± 5.8 3.6 26.2 13.6 ± 13.3 5.2 89.3 17.4 ± 12.9 3.6 70.5
Erbium (Er) 16.1 ± 12.7 4.3 65.8 12.1 ± 12 3.9 55.8 10.9 ± 5.7 <DL 28.2 14.6 ± 8.8 2.2 43.5
Strontium (Sr) 12.2 ± 7.3 3.4 52.0 8.0 ± 5.1 2.8 25.9 7.6 ± 2.6 4.2 14 12.9 ± 9.9 1.4 49.3
Yttrium (Y) 11.3 ± 13 <DL 58.3 5.0 ± 7.3 <DL 39.6 10.2 ± 10.2 <DL 37.3 12.2 ± 14.4 <DL 75
Cerium (Ce) 6.2 ± 5.8 <DL 27.8 9.4 ± 7.9 <DL 40.4 8.5 ± 3.9 <DL 14.1 3.4 ± 3.0 <DL 12.7
Chromium (Cr) 5.2 ± 2.6 1.1 14.1 3.9 ± 3.7 1.1 19.1 3.6 ± 1.8 <DL 9.3 6.4 ± 3.2 2.1 19.5

Water-soluble ions IS (µg/m3)

Sulfate (SO4
2−) 17.8 ± 17 2.9 85.9 8.5 ± 3.2 1.9 22.9 12.1 ± 4.9 4.6 29.3 8.6 ± 4.7 2.1 20.2

Ammonium (NH4
+) 2.5 ± 1.9 0.2 8.3 2.4 ± 0.9 0.6 4.9 3.2 ± 1.3 1.2 6.5 3.2 ± 1.7 0.44 7.3

Nitrate (NO3
−) 1.5 ± 0.9 0.1 4.1 1.1 ± 0.8 0.2 3.9 0.9 ± 0.6 0.1 2.3 1.2 ± 0.6 0.4 2.6

Oxalate (C2O4
2−) 0.3 ± 0.1 <DL 0.5 0.1 ± 0.1 0.04 0.2 0.1 ± 0.1 0.04 0.3 0.4 ± 0.5 0.02 1.9

Cycle 1 (Spring): 8 April–28 May 2013 (KAH, KFH and Al-Rawda—only the first 10 days were sampled at this site), Cycle 2 (Summer): 11 July–24 August 2013 (KAH and KFH),
Cycle 3 (Fall): 2 October–16 November 2013 (KAH and Al-Rehab/or KAU), Cycle 4 (Winter): 7 January 2014–18 February 2014 (KAH and Al-Rehab/or KAU), DL: detection limit;
S.D: standard deviation; BC: black carbon; TEs: trace elements/metals; IS: water-soluble ionic species.
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Figure 2. Time-series plots for the 24-h PM2.5, BC, and meteorology during the study period in Jeddah—averaged sampling sites.



Atmosphere 2022, 13, 711 9 of 20

3.2. Air Quality Index (AQI) in Jeddah and Comparison with Other Studies

The AQI was calculated [51] based on the observed daily PM2.5 levels (Figure 3). The
calculated AQI for any given pollutant is always proportional to its levels in the air. Thus,
the high AQI values, as seen in this study, simply imply elevated levels of ambient PM2.5 in
Jeddah. This also translates to a great deal of severe health risk for the exposed population.
With exception of cycle 1 that recorded unhealthy to very unhealthy AQI, the general air
quality for the rest of the study period was mostly at a moderate level (Figure 3). Notably,
we did not observe a single day with good air quality throughout the study period. This
further stressed the severity of particulate air pollution in Jeddah and the rest of the Middle
East region. Moreover, the AQI in this study was calculated using only the overall PM2.5
levels. Thus, we may have potentially underestimated the severity of the observed air
pollution levels. Results could possibly show more severe health effects, if additional AQI
values based on the gaseous pollutants, such as ozone (O3) and sulfur dioxide (SO2), were
available. It is also noteworthy that, though the AQI provides a simplified interpretation
of the health hazard level associated with an exposure to a given air pollutant, it is not
an air quality guideline. Nevertheless, the AQI results can inform the process of policy
formulation and implementation.

Figure 3. Bar graphs showing the Air Quality Index for PM2.5 measured in Jeddah. AQI computations
are based on the provisions of the United Sates Environmental Protection Agency (U.S. EPA).
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Furthermore, we compared the recorded daily PM2.5 levels with both the WHO and
Saudi Arabia’s PME guidelines, and the levels recorded in other cities worldwide. The
observed mean 24-h PM2.5 did not only exceed the 24-h WHO (15 µg/m3) and PME
(35 µg/m3) guidelines but were also markedly higher than levels reported for most urban
centers of developed countries globally (Figure S2, based on [1,11,12,16,52–65]). Only
the major cities in developing countries such as India, China, Pakistan, Bangladesh, and
Mongolia, that have historically high levels of air pollution, had PM2.5 levels that were either
comparable or higher than the levels recorded in this study (Figure S2). This further stressed
the extent of particulate air pollution in Jeddah and the rest of the Middle Eastern region.

3.3. PM2.5 Mass-Reconstruction

The PM-mass reconstruction tool was utilized to explain the variations between the
observed and the expected PM2.5 levels. Daily PM2.5 was decomposed into five (5) broad
pollutants categories as: crustal materials (CMs), secondary ions (SI), sea-sprays (SS), black
carbon (BC), and anthropogenic TEs, which we used to explain the variations in daily
PM2.5, as presented in Figure 4. Overall, the largest portion (38.7–48.1%) was attributed
to SI (SO4

2−, NO3
−, and NH4

+). The precursors of p-SO4
2− (SO2) and p-NO3

− (NOX) are
typically linked to fossil-fuel combustion and vehicular emissions. The second largest
portion (28.7–42%) was attributed to CMs, especially during cycle 4 (January–February)
where CMs comprised the largest proportion (42%) of the overall PM2.5. Jeddah experiences
strong winds accompanied by sandstorms during winter and spring seasons [48]. These
drastically increase the ambient enrichment of CMs. BC and the anthropogenic TEs also
constituted a significant portion of the measured PM2.5, further highlighting the influence
of anthropogenic PM emissions in Jeddah. In general, BC, TEs, and SI combined explained
73.6–89.5% of the observed PM2.5 (Figure 4).

The estimates of particulate organic matter (POM) were not available for this study.
In addition, converting the total S from ED-XRF to SO4

2− (expected) and comparing it
with the soluble SO4

2− from IC analysis (observed), showed significant differences per
cycle (Table S3). While cycle 1 over-estimated SO4

2−, cycles 2–4 showed significant under-
estimates of observed SO4

2−. This may partially be due to some S-containing compounds
not being completely water-soluble [36]. The observed SO4

2− represents only the water-
soluble portion. The PM mass closure on SI used the observed SO4

2−. The remaining
water-insoluble portion and POM account for the unexplained portion of PM2.5 during
cycles 2–4. Despite the significant over-estimates in SO4

2−, cycle 1 still had the largest
portion of unexplained PM2.5 (26.4%). This may partially be attributed to the missing POM
and some measurement errors. Besides being a useful tool for delineation of sources, PM
mass-reconstruction can be utilized for assessing the data integrity where significant over-
and under-estimates may be revealed by comparing the observed and re-constructed levels
of target pollutants, as shown in Figure 4.
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Figure 4. Variations in the observed and reconstructed PM2.5 per cycle averaged sampling sites: cycle
1—(a), cycle 2—(b), cycle 3—(c), cycle 4—(d) The relative proportions of daily PM2.5 explained by
crustal material (CM), trace elements (TE), sea sprays (SS), secondary ions (SI), and black carbon (BC)
per cycle are also provided.

3.4. Correlation between Air Pollutants and Meteorology

Correlations (r) between various pollutants are summarized in Table S4. Pearson’s
correlation was favored because we wanted to assess the linear relationships between
individual pollutant species and meteorology. This is critical to understanding the links
between the pollutants measured in PM2.5 aerosol, and ultimately, the accurate delineation
of their emission sources. Mean daily PM2.5 had a weak negative correlation with wind
speed (WS) (r = −0.24), and temperature (r = −0.13), p-value < 0.0001. WS increases
the ambient dispersion of PM2.5, while elevated ambient temperatures cause unstable
atmospheres and strong convective winds, leading to quick dispersion of PM2.5; thus, the
observed negative correlations.

Daily PM2.5 was moderately correlated (p-value < 0.0001) with crustal TEs; Mg
(r = 0.67), Si (r = 0.66), Al (r = 0.63), K (r = 0.57), Ti (r = 0.43), Fe (r = 0.39), and Ca (r = 0.33),
indicating a major contribution from the earth crust, as highlighted by the proportion of
PM2.5 attributed to CM (Figure 4). In addition, PM2.5 was moderately correlated with
anthropogenic TEs; Ni (r = 0.53), Cu (r = 0.48), Lu (r = 0.42), Zn (r = 0.32), and Pb (r = 0.20),
p-value < 0.0001. Though these TEs accounted for a small portion (1.2–1.9%) of PM2.5
(Figure 4), they are good makers for specific anthropogenic sources.
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Daily PM2.5 had a moderate correlation with p-SO4
2− (r = 0.50, p-value < 0.0001) and

not correlated with p-NO3
−, indicating a major industrial contribution. Jeddah is heavily

industrialized, and thus the high emissions of SO2 are a precursor for the observed high
levels of p-SO4

2− in this study. p-SO4
2− constituted a major portion of the secondary

aerosols (SI).
The daily PM2.5 was moderately correlated with p-NH4

+ (r = 0.30), but p-NH4
+

was highly correlated with p-SO4
2− (r = 0.73), p-value < 0.0001. This high correlation

between p-NH4
+ and p-SO4

2− is more linked to the fact that both species are mostly
formed as fine aerosols, through similar gas-phase reactions, as opposed to having a
common source. Moreover, p-NH4

+ was evidently less than p-SO4
2− (Table 1) with a

molar ratio (NH4
+:SO4

2−) of 0.24 (<2), implying an incomplete neutralization of ambient
H2SO4. Thus, the available NH4

+ salts consisted of a mixture of (NH4)2SO4 and NH4HSO4
(Equations (8) and (9)). In addition to the high emission sources, the observed high p-SO4

2−

levels may also be attributed to elevated ambient temperatures, favorable for the photo-
chemical activity and atmospheric oxidation processes; hence, the increased oxidation of
SO2 to p-SO4

2−. Besides, there was barely enough NH4
+ to neutralize one quarter of the

observed p-SO4
2−. Thus, most of the p-SO4

2− was likely from ionization of atmospheric
H2SO4, as shown in Equation (10).

2NH3 (g) + H2SO4 (aq)→ (NH4)2SO4 (aq) − likely (8)

NH3 (g) + H2SO4 (aq)→ (NH4)HSO4 (aq) − likely (9)

H2SO4 (aq)↔ H+ (aq) + SO4
2− (aq) − largest proportion of p-SO4

2− (10)

In addition, p-SO4
2− was moderately correlated with Ni (r = 0.56), Cu (r = 0.38), Zn

(r = 0.35), Lu (r = 0.30), V (r = 0.26), and Pb (r = 0.24), p-value < 0.0001, suggesting both a
common source and a portion of the observed p-SO4

2− existing in the form of sulfates of
these anthropogenic TEs.

p-NO3
− had a moderate negative correlation with p-NH4

+ (r =−0.50), SO4
2− (r = −0.27),

and a positive correlation with Cl− (r = 0.39). p-NH4
+ and Cl− were also negatively corre-

lated (r = −0.32), p-value < 0.0001. These negative correlations are indicative of different
temporal variabilities. Additionally, this shows that there was no p-NH4

+ attributable to
neutralization of atmospheric HNO3 and HCl. Thus, the p-NH4

+ salts did not comprise
any NH4NO3 and NH4Cl. Positive correlations between p-NH4

+, p-SO4
2−, p-NO3

−, and
Cl− would imply uniform mixing and/or similar gas-phase formation processes.

The p-NO3
− is formed either as a coarse or fine aerosol depending on the geographical

location and meteorology [66,67]. In marine coastal areas such as Jeddah, there is a high
ambient enrichment of Na, K and Mg from the soil and sea-sprays. Indeed, p-NO3

− had a
moderate correlation with Na (r = 0.57), K (r = 0.32), and Mg (r = 0.24), p-value < 0.0001.
Thus, a portion of p-NO3

− was in the form of NaNO3, KNO3 and Mg(NO3)2. These nitrates
typically form as coarse aerosols [68]. The fine aerosol mode p-NO3

− (NH4NO3) only forms
in regions with high levels of ambient NH3 and HNO3 and low p-SO4

2− [69]. Once formed,
NH4NO3 is thermally unstable and exists in a dynamic equilibrium with its precursors
(NH3 and HNO3). It can only be in aerosol phase at low temperatures [69,70]. Given
the high ambient temperatures in this study, NH4NO3 would quickly be lost through
evaporation and photolytic decomposition upon formation [70]. p-NO3

− loss has been
reported in several studies [71,72]. We did not explore the dissociation of atmospheric
HNO3, but it is likely that some of the observed p-NO3

− was generated from this process.
Black carbon (BC) was moderately correlated with PM2.5 (r = 0.31), p-SO4

2− (r = 0.33),
Ni (r = 0.47), Cu (r = 0.34), V (r = 0.27), and Pb (r = 0.27), p-value < 0.0001, suggesting a
common emission source with these pollutants and further stressing a major influence from
vehicular and industrial emissions.
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3.5. Elemental Enrichment Factor (EF)

The distribution of natural and anthropogenic TEs per cycle is presented in Figure 5
and Supplemental Materials (Table S5). Anthropogenic sources as indicated by EF > 10,
contributed significantly to Ni, V, Cu, Y, Zn, Cl, S, Pb, Br, and Lu; while the earth-crust
derived TEs (EF ≤ 10) included Si, Ti, Fe, Mg, K, Mn, Sr, Ca, Cr, Na, Ce, and Al. Whereas a
TE may be classified as earth-crust derived based on the EF value, it is important to note
that there could be some proportions coming from the anthropogenic sources. Notably,
EF, when combined with other analyses such as PMF, principal component analysis, and
chemical mass balance, can be key to defining the overall extent of anthropogenic influence
in air pollution research.

Figure 5. The log transformed enrichment factors (EFs) of trace elements measured from PM2.5 per
cycle—averaged sampling sites: cycle 1—(a), cycle 2—(b), cycle 3—(c), cycle 4—(d). Elements with
EF values exceeding 10 (as indicated by the dotted line), have significant proportions coming from
anthropogenic emission sources.

Apart from sulfur (S), anthropogenic TEs contributed a small portion (~1.6%) of the
overall PM2.5. Though Cl was classified as anthropogenic by EF, Cl is typically associated
with marine input as sea-sprays. With Jeddah’s location, the contribution of sea-sprays
during the study was likely substantial. Vanadium (V) and S are typically associated
with oil combustion processes as seen in petrol-chemical industries. V occurs naturally in
fossil-fuels, natural oil deposits, and in about 65 different minerals [73], while S is typically
emitted as SO2 from fossil-fuel/oil combustion processes. Copper (Cu), Zn, Ni, Br, and Pb
can originate from vehicular emissions [73,74] and several industrial processes (especially
Ni and Br). Notably, Cu and Zn have antioxidant properties that attract their use in engine
oil. Notably, though Saudi Arabia phased out the use of leaded gasoline in January 2001,
as of 2011, the allowable Pb content in gasoline remained at 13 mg/L, which meant that
in high traffic density cities the EF of Pb would still be elevated. It was estimated that
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total Pb in consumed fuel in Jeddah was about 83.6 tons per year [3,74]. Over the years,
with continued implementation of the ban on Pb-gasoline, the current Pb emissions from
automobiles are considerably lower. However, the environmental Pb contamination is still
an issue and may be attributable to several sources. In addition, the ban on Pb-gasoline
implied the phasing out of the use of Br as an essential component of engine anti-knock
fluid. However, Br compounds are still being used in batteries of electric cars designed
to produce zero BC and NOX emissions, and several other applications (such as, water
treatment, pesticides, and drugs).

Rare earth TEs (Lu, Ce, and Y) were also quantified above their respective limits
of quantification (LOQs). Being rare, these elements in PM2.5 are typically indicative of
anthropogenic applications. For example, the stable isotopes of Lu (175Lu and 176Lu) are
used as catalysts in petroleum industry for cracking hydrocarbons in oil refineries [1,75],
while Ce is used as a fuel additive to cut automobile emissions. The oxides of Ce are also
used to catalyze petroleum cracking in petroleum refineries (CeO) [76,77], and as a catalytic
converter in automobiles (Ce2O3), for oxidation of CO and NOX emissions [78].

3.6. Positive Matrix Factorization (PMF)

PMF (version 5.0.14) was applied to resolve the emission sources of PM2.5 in Jeddah.
To improve the study statistical power, we performed the PMF analysis utilizing data
from combined cycles. The results are presented in Table 2 and Figures 6 and S3. Due
to substantial seasonal variations in pollutant concentrations, we performed additional
analyses per cycle, to evaluate seasonal variations in emission sources. Results are presented
in Supplemental Materials (Tables S6 and S7 and Figures S4–S7). Sulfur (S) and SO4

2−

are basically related since SO4
2− is formed as a secondary aerosol from oxidation of SO2.

However, S from ED–XRF represents the total S, while SO4
2− represents only the water–

soluble portion of S. Since there were significant over– and under–estimates in SO4
2−

per cycle (Table S3), total S from ED–XRF became more favorable for the PMF analysis.
Moreover, though S and SO4

2− were highly correlated (R2 = 0.79–0.98), these correlations
varied significantly by cycle (Figure S8), making S a better option for the PMF analysis.
Oxalate (C2O4

2−) was excluded from PMF analysis due to its low levels in all the samples.

Table 2. Signal-to-noise ratios (S/N), categories, and distribution of residuals for the pollutant species
used for positive matrix factorization (PMF) analysis.

Pollutant Species Category R2 Normal
Residuals S/N Modeled

Samples (%)

PM2.5 Weak 0.39 Yes 10 100
Black carbon (BC) Strong 0.62 Yes 10 100

Sodium (Na) Strong 0.83 Yes 10 100
Magnesium (Mg) Strong 0.95 Yes 10 100
Aluminum (Al) Strong 1.00 Yes 10 100

Silicon (Si) Strong 1.00 No 10 100
Sulfur (S) Strong 0.98 No 10 100

Chlorine (Cl) Strong 1.00 No 6.4 100
Potassium (K) Strong 0.97 Yes 10 100
Calcium (Ca) Strong 1.00 Yes 10 100
Titanium (Ti) Strong 0.99 Yes 10 100
Vanadium (V) Strong 0.74 No 9.5 100

Chromium (Cr) Strong 0.71 Yes 8.8 100
Manganese (Mn) Strong 0.87 Yes 10 100

Iron (Fe) Strong 0.99 Yes 10 100
Nickel (Ni) Strong 0.76 Yes 10 100

Copper (Cu) Strong 0.32 Yes 10 100
Zinc (Zn) Strong 0.24 No 10 100

Bromine (Br) Strong 0.03 Yes 9.3 100
Strontium (Sr) Strong 0.98 Yes 10 100

Yttrium (Y) Strong 0.08 Yes 7.8 100
Cerium (Ce) Weak 0.19 Yes 3.0 100
Erbium (Er) Strong 0.51 No 7.3 100

Lutetium (Lu) Strong 0.49 No 9.9 100
Lead (Pb) Strong 0.08 Yes 9.3 100

Ammonium (NH4
+) Strong 0.89 No 9.8 100

Nitrate (NO3
−) Strong 1.00 Yes 10 100
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Figure 6. Base factor profiles and contributions to the overall PM2.5—all cycles combined.

A rotational tool (bootstrap analysis) was used to estimate the factor-related uncer-
tainties and assess the rotational uncertainty of our PMF models. We compared the factors
between each bootstrap run with the initial PMF output. The PMF solutions that did not
attain optimal factor separation (as shown by the residual analyses) were not considered
for further analyses. We then used the retained solutions to further test the robustness
of our PMF models output(s). Finally, we resolved the PMF base models at 20 runs with
five (5) factors. As a quality control and robustness test, we ran/applied the selected base
models 5–10 times each, to test the consistency of the results (PMF outputs). Typically, PMF
outputs are always consistent and attain a 100% convergence on all the runs when the PMF
models are resolved with the correct number of factors.

Overall, the Q-values (Q-robust and Q-true) for all the models were consistent and
within a close range, following multiple runs. Given that the Q-robust values are based on
the model with controlled outliers, while the Q-true values include outliers, the observed
slight differences in the Q-values implied a perfect fit for the data within each model.
Additionally, all the models attained a 100% convergence rate on all the runs, and thus
alluding more to the accuracy of the number of factors used. The presented PMF results
are based on the run with the lowest Q-robust value. However, given the minor differences
in the Q-values, results were similar for all the runs.

From the diagnostics data (residual analyses), most of the pollutant species had nor-
mally distributed residuals and relatively high signal-to-noise ratios (S/N), except Ce
(Table 2). Thus, Ce was classified as “weak”, to limit its influence on the results. Addi-
tionally, since we were delineating the PM2.5 emission sources, PM2.5 as a parameter was
categorized as “weak” to restrict it from strongly influencing the model results. Pollutant
species with S/N > 5 were all classified as “strong” (Tables 2 and S7).

The interpretation of factors to determine the PM2.5 emission sources was done by
comparing the factor loadings in the profiles of each pollutant specie, as presented in
Figures 6 and S3. The chemical components of PM2.5 originate from specific sources as
discussed in previous sections, and thus can be used as markers for source identification.

Overall, the five delineated PM2.5 sources in Jeddah were: (1) fossil-fuels/oil combustion
(45.3%)—S, V, Pb, Ni, Lu, Zn, Br, Y, and BC; (2) vehicular emissions (19.1%)—NO3

−, Br, Cu,
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Zn, Ni, V, S, Mg, Na, and BC; (3) soil/dust resuspension (15.6%)—Mg, Al, Si, K, Ca, Ti, Cr, Mn,
Fe, Zn, Sr, Er and Pb; (4) industrial mixed dust (13.5%)—Mg, Al, Si, S, K, Ti, V, Cr, Mn, Fe, Ni,
Cu, Zn, Sr, Y, Er, Lu, Pb and BC. Jeddah has several industries and heavy vehicular traffic.
The industrial dust contained a mixture of pollutants emitted from several anthropogenic
activities; and (5) sea-spray (6.5%)—Cl, Na, Mg, K, and Ca. Jeddah’s location at the coast of
the Red Sea, makes the contribution from sea-sprays to the overall air pollution significant.

3.7. Backward-In-Time Trajectories

Plots of wind trajectories 72 h prior to sampling for the two days with the highest and
lowest PM2.5 levels per cycle are presented under Supplemental Materials (Figures S9–S12).
The days with wind flowing over the Red Sea into Jeddah had the lowest PM2.5. Ideally, the
air above the sea has lower PM levels, which introduces a dilution effect. Conversely, wind
flowing over inland areas into Jeddah had higher PM2.5. Jeddah and the neighboring cities
of Makkah, Medina, and Rabigh are heavily industrialized. This presented an opportunity
to pick up pollutants from these neighboring cities into Jeddah. This also further highlights
the significance of local and regional emissions to the PM2.5 levels in Jeddah.

Notably, during cycle 4 (Figure S12), one of the days with high PM2.5 (27 January 2014)
had wind trajectories passing over the Red Sea. On this day, the southeasterly gusty winds
originating from the Gulf of Eden were associated with a dust-storm event from 12:00 pm
to 19:00 pm which contributed to the high PM2.5 levels observed on that day.

Overall, across the study period, the wind trajectories indicated that local and regional
emissions, as well as the long-distance transport, may have contributed significantly to the
observed PM2.5.

4. Conclusions

This is a comprehensive assessment of PM2.5 air pollution, providing a thorough
delineation of the major emission sources in Jeddah. The observed PM2.5 levels exceeded
the WHO (15 µg/m3) and Saudi Arabia’s PME (35 µg/m3) guidelines, stressing a major
pollution issue. Results highlight a significant anthropogenic influence on air pollution
levels in Jeddah and thus, will be key to refining the local policies on air pollution. From
delta–C estimates, results indicated little to no PM2.5 emissions from biomass combustion.
Conversely, the estimates of p-SO4

2−, p-NO3
−, and p-NH4

+ were significantly high, indi-
cating major PM2.5 emissions from industrial and automobile sources. Furthermore, EF
defined several anthropogenic TEs (Ni, V, Cu, Zn, Pb, S, Lu, and Br) that were intricately
linked to industrial and automobile emissions. Further analyses from PMF resolved five
(5) major sources including: fossil-fuels/oil combustion (45.3%), vehicular emissions (19.1%),
soil/dust resuspension (15.6%), industrial mixed dust (13.5%) and sea-spray (6.5%).

Anthropogenic sources contributed ~78% of the measured PM2.5 with the largest
proportions coming from industrial and vehicular emissions. Thus, future policies on
particulate air pollution may need to target these two sources. Furthermore, given the
existing body of evidence of adverse health outcomes at much lower exposure levels than
reported in this study, the current PME guideline on PM2.5 needs to be revised to lower the
acceptable levels as well as enforce strict compliance. Introduction of go-green policies in
mass transit systems may be a great idea. Go-green policies may involve the electrification
and hybridization of the existing transport modes, to reduce the overdependency on
petroleum, and thus lower the BC and NOX emissions.

Notably, the wind trajectories highlighted a possible major pollution contribution from
regional and long-distance transport. Thus, a regional approach to air pollution control
will be more beneficial and effective, given the long-distance transport. In addition, as
per the suggestion from the reviewers, future studies utilizing wind trajectories may need
to incorporate additional receptor analyses based on hybrid receptor models (such as the
potential source contribution function (PSCF) model, CWT, etc.) to analyze the spatial
distribution and ultimately quantify the contribution from regional/long-distance transport.
These models are applicable on both the PM2.5 and PMF reconstructed sources that are
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potentially influenced by wind transport. This is a key feature for further assessment of the
potential contribution of long-distance transport to the observed PM2.5 levels.

Overall, our results supplement the previously published data, and further highlight
the need for more research to fully appreciate the major air pollution related issues in Saudi
Arabia. This is key to both the formulation and enactment of sustainable policies on air
pollution for the entire Middle East region.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13050711/s1, Figure S1: An assembled PM2.5 sampler
showing the major components—Photo by author(s); Figure S2: Comparison of mean PM2.5 levels
measured in Jeddah with other cities worldwide; Figure S3: Factor fingerprints and contributions
to the overall PM2.5 in Jeddah—combined cycles; Figure S4: Base factor profiles and contributions
to the overall PM2.5—Jeddah cycle 1; Figure S5: Base factor profiles and contributions to the overall
PM2.5—Jeddah cycle 2; Figure S6: Base factor profiles and contributions to the overall PM2.5—Jeddah
cycle 3; Figure S7: Base factor profiles and contributions to the overall PM2.5—Jeddah cycle 4;
Figure S8: Plots of water-soluble SO4

2− from IC analysis versus total S from ED-XRF analysis;
Figure S9: Plots of backward-in-time wind trajectories showing wind direction and its influence on
daily PM2.5 measured in Jeddah (cycle 1); Figure S10: Plots of backward-in-time wind trajectories
showing wind direction and its influence on daily PM2.5 measured in Jeddah (cycle 2); Figure S11:
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