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a b s t r a c t

Air pollution remains a major global public health and environmental issue. We assessed the levels of
PM2.5 and delineated the major sources in Makkah, Saudi Arabia. Fine particulate matter (PM2.5) sam-
pling was performed from February 26, 2014eJanuary 27, 2015 in four cycles/seasons. Samples were
analyzed for black carbon (BC) and trace elements (TEs). PM2.5 source apportionment was performed by
computing enrichment factors (EFs) and positive matrix factorization (PMF). Backward-in time trajec-
tories were used to assess the long-range transport. Significant seasonal variations in PM2.5 were
observed, Spring: 113± 67.1, Summer: 88.3 ± 36.4, Fall: 67.8± 24, and Winter: 67.6± 36.9 mgm�3. The 24-
h PM2.5 exceeded the WHO (25 mgm�3) and Saudi Arabia's (35 mgm�3) guidelines, with an air quality
index (AQI) of “unhealthy to hazardous” to human health. Most deltaeC computations were below zero,
indicating minor contributions from bio-mass burning. TEs were primarily Si, Ca, Fe, Al, S, K and Mg,
suggesting major contributions from soil (Si, Ca, Fe, Al, Mg), and industrial and vehicular emissions (S, Ca,
Al, Fe, K). EF defined two broad categories of TEs as: anthropogenic (Cu, Zn, Eu, Cl, Pb, S, Br and Lu), and
earth-crust derived (Al, Si, Na, Mg, Rb, K, Zr, Ti, Fe, Mn, Sr, Y, Cr, Ga, Ca, Ni and Ce). Notably, all the
anthropogenic TEs can be linked to industrial and vehicular emissions. PMF analysis defined four major
sources as: vehicular emissions, 30.1%; industrial-mixed dust, 28.9%; soil/earth-crust, 24.7%; and fossil-
fuels/oil combustion, 16.3%. Plots of wind trajectories indicated wind direction and regional transport
as major influences on air pollution levels in Makkah. In collusion, anthropogenic emissions contributed
>75% of the observed air pollution in Makkah. Developing strategies for reducing anthropogenic emis-
sions are paramount to controlling particulate air pollution in this region.

© 2018 Published by Elsevier Ltd.
1. Introduction

Air pollution remains a critical problem in cities of developing
nations, including Saudi Arabia and the rest of the Middle East. The
Saudi economy is booming with significant industrialization, ur-
banization, and motor vehicle use. Thus, the number of both
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stationary (refineries, industries, etc.) and mobile (trucks, cars,
buses, etc.) sources of air pollution have increased greatly. How-
ever, the implementation of regulations on emissions of particulate
air pollutants is still insufficient, thus poor urban air quality con-
tinues to be an issue in Saudi Arabia's major cities (Nayebare et al.,
2016; Alharbi et al., 2015; Al-Jeelani, 2009a). Saudi Arabia's climate
is characteristically semi-arid to arid, as a result, air pollutants
remain airborne longer. Though sand storms contribute a sub-
stantial proportion of air pollution in Saudi Arabia, several studies
have shown a significant input from anthropogenic emissions
mostly related to fossil-fuel combustion and vehicular emissions
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(Nayebare et al., 2016; Alharbi et al., 2015; Munir et al., 2013;
Khodeir et al., 2012; Nasrallah and Seroji, 2008). Thus, there is a
need for more air quality assessments in Saudi Arabia's major urban
areas.

The holy city of Makkah is unique. During the Holy Pilgrimage of
Islam (Ramadhan and Hajj seasons), the city receives more than 4
million Muslim pilgrims from all over the world, every year (Al-
Jeelani, 2009a; Al-Jeelani, 2009b; Nasrallah and Seroji, 2008). This
means increased use of public transportation (buses, trucks, cars) to
transport pilgrims and thus, increased consumption of gasoline and
higher levels of dust resuspension. During the study period, Ram-
adhanwas from June 29, 2014 to July 28, 2014 while Hajj week was
from October 1e6, 2014. Air pollution emissions from vehicles can
be significant. Indeed, previous studies have reported road traffic
emissions from heavy trucks and buses, windblown dust/sand,
gasoline evaporation, liquefied petroleum and air conditioners, as
being the major sources of air pollution in Makkah (Simpson et al.,
2014; Habeebullah, 2013; Al-Jeelani, 2009b). These studies re-
ported elevated levels of several pollutants such as nitrogen dioxide
(NO2), carbon-monoxide (CO), sulfur dioxide (SO2), ozone (O3),
methane (CH4), volatile organic compounds (VOCs) and total hy-
drocarbons (HCs) especially during the Hajj. These air pollutants
are primarily associated with vehicular emissions from heavy ve-
hicles with some input from industrial processes (Nayebare et al.,
2016).

Makkah city itself is not heavily industrialized; however, the
neighboring cities of Jeddah, Rabigh and Yanbu are. The industrial
emissions from these cities can be dispersed by wind into Makkah
and all the surrounding areas. Makkah City is located 70 km
southeast of Jeddah, 178 km southeast of Rabigh, and 351 km
southeast of Yanbu. All three cities are Saudi Arabia's major in-
dustrial centers, and have several oil-fueled power plants, oil re-
fineries, heavy petrochemical industries, large cement factories,
desalination plants, mineral and metal industries, and several other
small industries and workshops. Also, Makkah is about 1391 km
southeast of Haifa's extensive industrial zone. This places Makkah
City at possible crossroads of PM2.5 convergence from different
sources. Additionally, Makkah is a developing city, and had
considerable ongoing construction work during the study period.
Added to the heavy vehicle traffic, this significantly increased the
air pollution levels.

In the current study, we provide a detailed assessment and
delineation of various emission sources of fine particulate (PM2.5)
air pollution in the holy city of Makkah, based on the mass con-
centrations of PM2.5 and its chemical constituents including black
carbon (BC) and trace elements (TEs). Results from this study are
crucial for informing the improvement and implementation of the
existing policies on air pollution control in Makkah and the rest of
Saudi Arabia.

2. Methods and materials

2.1. Study area

Makkah city is in the Makkah Province of Saudi Arabia (Fig. 1) at
Latitude 21.4� N and Longitude 39.8� E, South of the Tropic of
Cancer. The city is about 45miles east of Jeddah, the Red Sea's major
sea port, and is surrounded by the Sirat Mountains. Like the rest of
Saudi Arabia, the temperatures are very warm to hot year-round.
Winter temperatures are about 19 �C at night to approximately
29 �C in the afternoons, while summer temperatures are usually
extremely hot (often exceeding 38 �C in the afternoons and dipping
to about 32 �C in the evenings). Makkah receives very little rainfall,
with an average annual total precipitation of 3.5 in (89.4mm) that
is mostly from September to January. Humidity is also highest
during the same period and lowest (around 30%) from May to
August (https://www.wunderground.com). Makkah has a perma-
nent total population estimated at 1.3 million people (SADP, 2014)
but the city is one of the busiest in Saudi Arabia especially during
the holy months of Ramadan and Hajj as noted earlier.
2.2. PM2.5 sampling and analysis

The 24-h PM2.5 sampling was done from February 26, 2014 to
January 27, 2015 at five sampling sites (Al-Haram, Rusaifa, Shokiya,
Al-Hajj and Taneem) in Makkah City (Fig. 1). A blend of residential
and urban/semi-industrial sampling sites was used for a balanced
estimate of air pollution levels.

Al-Haram site represented the central area of Makkah. This area
was central to all the religious activities. Presence of pilgrims and
consequent transportation activities remained active day and night
throughout the study period. The pilgrims' activities were highest
during the months of Ramadan (fasting month) and Hajj (annual
pilgrimage). This sampling site was also characterized by heavy
constructionwork especially during cycles one and two (Spring and
Summer seasons). Rusaifa site in Al-Rusaifa district, was located
near to the intersection of Jeddah-Mecca highway and Al-Siteen
Road. This area represented a combination of residential and
commercial areas with local and pilgrims' activities. Shokiya site
was in a residential area and represented emissions from the local
permanent residences. Al-Hajj site (Shara-e-Hajj) was located at the
intersection of Al-Hajj and Madina Roads. This was a commercial
cum residential area characterized by busy local and pilgrims’ ac-
tivities. Taneem site was located near Al-Noor Hospital in the Tan-
seem district and it represented mainly the pilgrimage movement
with some commercial activities. This sampling site was at the
entrance of Makkah City, about 8 Km from the central area.

Sampling was done for approximately 7 weeks (50 days) in
cycle_1 (Spring), 9 weeks (61 days) in cycle _2 (Summer), and 6
weeks (42e44 days) in cycles_3 (Fall) and 4 (Winter). Cycle_1 was
from February 26, 2104 to April 16, 2014 at Al-Haram and Rusaifa;
cycle_2 from June 5, 2014 to August 4, 2014 at Al-Haram, Shokiya
and Al-Hajj; cycle_3 from September 16, 2014 to October 29,
2014 at Al-Haram, Shokiya and Al-Hajj; and cycle_4 fromDecember
15, 2014 to January 27, 2015 at Al-Haram and Taneem. Th extended
sampling during Spring and Summer seasons was intended to
monitor pollution levels during the days with pilgrim activities
(Ramadan and Hajj seasons). We missed a few days of sampling
during Fall and Winter seasons due to electricity outages. Together,
the 4 cycles make up the study period, with each cycle representing
one season of the year. The average of the 24-h PM2.5 levels from
various sampling sites was used as the overall 24-h PM2.5. This was
thought to be a more representative estimate of the daily ambient
PM2.5 and its chemical components. More details of the PM2.5
sample preparation, collection, processing (storage, conditioning,
inspection, weighing), and analysis for PM2.5 mass concentrations,
have been provided previously (Nayebare et al., 2016; Nayebare,
2016).

We performed a PM2.5 mass-reconstruction (data not pre-
sented) using the analyzed pollutant species (BC and TEs), as shown
in our previous work (Nayebare et al., 2016). The followingwere the
proportions of explained variation in PM2.5 by cycle (season): cy-
cle_1 (Spring), 64.3%; cycle_2 (Summer), 59.3%; cycle_3 (Fall), 40.4%
and cycle_4 (Winter), 44.8%. The unexplained variation can be
attributed to other pollutant species such as the water-soluble ionic
species, particulate organic carbon, PAHs, and secondary aerosols,
not analyzed in this study. The source apportionment and any
derived conclusions in this study were based only on the explained
proportion of the observed PM2.5.

https://www.wunderground.com


Fig. 1. Map of Makkah showing the PM2.5 sampling sites (Al-Haram, Rusaifa, Shokiya, Al-Hajj and Taneem).
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2.3. Analysis of black carbon (BC)

BC was analyzed from PM2.5 filters by dual-wavelength Optical
Transmissometer [Model OT-21, 2007], as previously described by
Nayebare et al. (2016). BC concentration (mgm�3) at ultraviolet (UV,
l¼ 370 nm) and infrared (IR, l¼ 880 nm) wavelengths, was
calculated based on sampled air volume (m3) and exposed filter
area (16.8 cm2). BC at l¼ 880 nm, represents the actual BC (soot),
while BC at l¼ 370 nm represents the non-black components of BC
such as PAHs. Attenuation coefficients K880 nm¼ 16.6m2 g�1 and
K370 nm¼ 39.5m2 g�1 (Ahmed et al., 2009) were applied at
respective channels to correct for filter loading effects. The differ-
ence between BC370 nm and BC880 nm estimates deltaeC (Eq. (1)), a
good marker for organic matter combustion (Rattigan et al., 2013;
Wang et al., 2012).

DeltaeC ¼ BC l¼370 nm e BC l¼880 nm (1)
2.4. Analysis of TEs

TEs in PM2.5 samples were analyzed by an ARL QUANT’X Energy
Dispersive X-ray Fluorescence (EDeXRF) spectrometer (model
AN41903eE 06/07C, Ecublens Switzerland). The instrument was
energy (eV) calibrated for every sample sequence. As a quality
control (QC) measure, a QC sample was analyzed before and after
every sequence, and sample holders thoroughly cleaned with
deionized water and a micro® liquid soap per sequence to prevent
cross contamination. EDeXRF has been applied in several studies
for TEs analysis in PM samples (Shaltout et al., 2013; Yatkin et al.,
2012; Xu et al., 2012), because it is fast and does not require
chemical digestion of samples prior to analysis (Korzhova et al.,
2011). This greatly minimizes sample contamination.

The technique works on a principle that, distinct atoms in a
sample, emit x-ray photons with characteristic energy and wave-
length when excited by an external high energy. Thus, by
measuring the intensity of photons per emitted energy, TEs in a
sample are identified and quantified (Margui and Van Grieken,
2013; Buhrke et al., 1998). Typically, the intensity of radiation
signal from each TE in the sample, is proportional to its concen-
tration. TE concentrations are computed from a set of internal
calibration curves and displayed in ng cm�2, which we then con-
verted to ng m�3 based on the exposed filter area and sampled air
volume.

EDeXRF technique can perform multi-elemental analysis (Na to
U in concentration range of 100% down to sub-ppm level) while
simultaneously providing concentration and uncertainty data, with
high precision and reliability. Major limitations relate to low
sensitivity for lighter TEs (z< 11) due to their inherent low
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fluorescent yield (Margui and Van Grieken, 2013); and absorption
of low energy x-rays by the filter material and particle deposits
(Ozturk et al., 2011). In the current study, membrane filters with
surface depositionwere used and thusminimizing x-ray absorption
by the filter material. We verified the validity of TEs data by
comparing the concentration and uncertainty of each TE. Only
those TEs with concentrations above the detection limit (DL) and at
least 3 times the uncertainty, were reported in this study. The
typical DLs of TEs were reported in our previous work (Nayebare
et al., 2016).

2.5. Source apportionment

The delineation of PM2.5 sources was done using computations
of elemental enrichment factors (EFs), and a factor analysis/positive
matrix factorization (PMF). Additionally, plots of 72-h backward-in-
time wind trajectories were used to assess any possible contribu-
tions from long-distance transport of PM2.5 aerosols.

2.5.1. Enrichment factors (EFs)
The extent of anthropogenic contribution of TEs was calculated

based on their degree of enrichment in PM2.5 compared to the
earth-crust (Reimann and Caritat, 2000) as shown in Eq. (2). EFs
have been used in several studies to study the sources of air
pollution (Fabretti et al., 2009; Aprile and Bouvy, 2008). Aluminum
was used as reference element due to its high relative abundancies
in the earth-crust.

EF ¼ ðCX=CAlÞPM2:5

ðCX=CAlÞearth crust
(2)

where, CX¼ concentration of trace metal/element X; and
CAl¼ concentration of Al.

We used TEs relative abundances in the earth-crust reported by
Taylor (1964). An EF of 10 was used as a baseline to account for any
background levels. EF� 10 indicates significant contributions from
earth-crust, while EF> 10 is indicative of significant anthropogenic
contributions (Kłos et al., 2011). EFs provide a meaningful source
apportionment, especially when used in conjunction with other
analyses such as PMF.

2.5.2. Positive matrix factorization (PMF)
We applied PMF (version 5.0.14) to delineate the various sources

of PM2.5 in Makkah. There we some variations in pollutant species
per cycle, reflecting seasonal variations as shown in Table 1. The
relative source contributions presented in this study were based on
the data from combined cycles/seasons. However, the emission
sources of PM vary significantly by season. Thus, we performed
additional PMF analyses by cycle (season) to assess any seasonal
variations in sources of particulate air pollution. The results for
individual cycles are presented in the supplemental materials
(Tables S5 to S6 and Figures S3 to S6). Only the results from PMF
model with combined cycles, are emphasized throughout this
study. Following several analytical runs, the PMF base models for
both combined and individual cycles were finally set at 20 runs
with four factors. Each model was run more than five times to
ensure consistency in the obtained results (as a QA/QC measure).
Given the right number of factors, the base model results are
consistent following multiple analyses and attain 100% conver-
gence for all the analytical runs. We used this criterion to select the
number of factors used in the base models.

The observed Q-robust and Q-true values remained constant
and were within the same range following multiple model runs.
Additionally, the models attained a 100% convergence rate for all
the analytical runs. This confirmed the accuracy of the number of
factors used for analysis. Though all the Q-values were close to each
other (Table S3), the model by default selects and displays results
for the run with the lowest Q-robust value. The PMF results based
on model run number 10 are highlighted in Table S3. No major
differences between the runs were found. The Q-robust values are
based on the model with controlled outliers, while the Q-true
values are for a model that includes the outliers. Thus, the observed
slight differences between the two Q-values imply that the models
attained a good fit for the data and the outliers.

Residual analyses indicated that most of the pollutant species
had normally distributed residuals and relatively high signal-to-
noise ratios (S/N) except for V, Ga, Zr, Ce, Pr, Eu and Er (Table S4),
all of which had S/N< 5.0 and were all classified as “weak” to limit
their influence on the model results. These pollutants (TEs) were
mostly below their detection limits in PM2.5 for a major part of the
study period. Also, PM2.5 as an input parameter, was restricted from
strongly influencing the model results since we delineated the
sources of PM2.5 in this analysis. All the species with S/N> 5 were
classified as “strong” in the PMF base model. Additional summaries
of the S/N, pollutant categories, and residual distributions of the
pollutants used for PMF analysis are presented in Table S4. More
discussions of PMF analysis, resolution and data interpretation for
source identification can be found in the literature (Fabretti et al.,
2009; Sofowote et al., 2008; Hopke, 2000).

3. Results and discussion

3.1. PM2.5 mass and chemical composition

The average 24-h PM2.5, its chemical constituents (BC and TEs),
and meteorology indicators including temperature, relative hu-
midity (RH), and wind speed (WS) during the study are shown in
Table 1. The 24-h PM2.5 levels showed significant temporal vari-
ability, and far exceeded the WHO guideline (25.0 mgm�3). More
than 99.9% of the study period had daily PM2.5 levels that exceeded
this guideline (Table 1 and Fig. 2). Average levels during cycle_1
were 113± 67.1 (31e372); cycle_2, 88.3± 36.4 (40.1e262); cycle_3,
67.8± 24 (24e151); and cycle_4, 67.6± 36.9 (27.9e196) mg m�3. As
shown in Fig. 2, the PM2.5 levels were lowest from September to
January. Given that Makkah's climate is predominantly dry for most
part of the year, the little rain fall received during the months of
November to January (http://us.worldwideweatheronline.com/
mecca-weather-averages/makkah/sa.aspx) may play little to no
role in moderating air pollution levels. The variations in the at-
mospheric boundary layer across different seasons may have a
major influence in the observed PM2.5 levels. Thus, the observed
high levels of air pollution during Spring and Summer seasons may
be linked to a lower atmospheric boundary layer and thus reduced
dispersion of air pollutants. PM2.5 levels also spiked up to more
than 260 mgm�3 during the holy month of Ramadhan (June 29,
2014 to July 28, 2014) and the Hajj week (October 1e6, 2014) up to
140 mgm�3, indicating an increase in heavy automobile use for
transportation and the associated dust resuspension.

Similarly, BC at both IR and UV wavelengths displayed signifi-
cant temporal variability (Fig. 2). Average BCIR and BCUV per cycle
were 3.1± 1.0 and 2.6± 0.8 mgm�3 in cycle_1, 1.8± 0.8 and 1.6± 0.6
in cycle_2, 1.6± 0.7 and 1.4± 0.5 in cycle_3 and 2.2± 0.9 and
1.6± 0.6 mgm�3 in cycle_4 (Table 1). These relatively elevated levels
of BC are indicative of significant contribution from local vehicular
emissions and long-distance transport. There were no clear distinct
trends for weekend/weekday variations in either PM2.5 or BC.
Overall BC, as represented by a signal at BCIR, explained 2.6%, 2.1%,
2.4%, and 3.6% of the total variation in PM2.5 during cycles 1 to 4,
respectively. The average deltaeC estimates per cycle, as computed
from the difference of BCUV and BCIR (Nayebare et al., 2016), were in
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Table 1
Summary of the overall levels of 24-h PM2.5, black carbon (BC), trace elements (TEs), and meteorology (temperature, relative humidity e RH and wind speed eWS) during the
study in Makkah, Saudi Arabia.

Component Cycle_1 (Spring): 2014-2 Cycle_2 (Summer): 2014-3 Cycle_3 (Fall): 2014-4 Cycle_4 (Winter): 2015-1 DR (%)

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

PM2.5 (mg m�3) 113± 67.1 31 372 88.3± 36.4 40.1 262 67.8± 24 24 151 67.6± 36.9 27.9 196 NA
BCIR (mg m�3) 3.1± 1.0 1.2 5.2 1.8± 0.8 0.5 4.1 1.6± 0.7 0.6 3.6 2.2± 0.9 1.0 5.1 100
BCUV (mg m�3) 2.6± 0.8 1.1 4.6 1.6± 0.6 0.5 3.4 1.4± 0.5 0.5 2.8 1.6± 0.6 0.8 4.1 100
Delta-C (mg m�3) �0.5± 0.2 �0.9 0.1 �0.2± 0.3 �0.8 0.6 �0.2± 0.2 �0.9 0.1 �0.6± 0.3 �1.4 0.1 NA
RH (%) 45 ± 6.9 31 58 30.2± 6.8 21 51 46.7± 7.9 30 62 59.6± 9.9 34 74 NA
Temperature (�F) 30.2± 2.45 23.3 34.4 37.3± 1.46 34.4 41.1 34.5± 1.58 31.1 37.8 26.1± 2.47 20.0 30.0 NA
Wind Speed (m s�1) 6.5± 4.2 2.0 22 5.0± 2.3 2.0 14 5.6± 2.6 2.0 17 4.5± 2.1 2.0 9.0 NA
Trace Elements (ng m�3)
Silicon (Si) 14235± 7863 3362 36296 10143± 4489 3138 30380 4869± 3036 1160 13883 5559± 4350 1861 23661 100
Calcium (Ca) 10707± 6792 2167 27102 7441± 3539 2114 17194 3625± 3120 1027 15407 4535± 3595 1153 19209 100
Iron (Fe) 6712± 4867 1382 26652 5334± 2953 1726 21621 2302± 1557 531 8366 2536± 1938 823 10420 100
Aluminum (Al) 4826± 2678 1072 12418 3698± 1677 1323 11323 2735± 1229 1019 7276 2212± 1560 676 8429 100
Sulfur (S) 4624± 1635 1629 8481 3273± 1697 1217 9450 5533± 1818 2801 10920 3915± 1684 1628 9546 100
Potassium (K) 1525± 930 423 4865 1056± 405 446 2692 614± 324 301 1708 679 ± 420 256 2342 100
Magnesium (Mg) 1475± 833 408 3962 946± 389 310 2361 507± 309 168 1336 580 ± 439 168 2670 100
Sodium (Na) 1018± 243 583 1470 706± 267 295 1383 881± 369 308 1887 681 ± 209 345 1231 100
Chlorine (Cl) 644± 492 <1.68 1962 685± 382 <1.68 1541 492± 643 <1.68 2087 488 ± 487 <1.68 1742 81.9
Titanium (Ti) 569± 387 122.1 2078 453± 256 142 1875 198± 142 43.0 736 241 ± 184 78.0 921 100
Manganese (Mn) 145± 102 32.4 563.3 112± 58.1 35.9 406 50.6± 30.4 20.7 160 54.5± 36.8 19.3 205 100
Zinc (Zn) 105± 41.9 38.9 261.4 81.4± 42.8 27.3 268 53.9± 23.6 21.0 117 58.9± 30.7 21.8 152 100
Lead (Pb) 82.7± 115 1.38 743.2 97.7± 258 4.70 1290 65.3± 60.2 6.10 245 26.1± 45.5 <1.09 239 99.5
Bromine (Br) 73.5± 24.6 41.7 168.3 61.2± 17.6 20.1 105 63.4± 17.9 28.5 102 57.6± 23.7 34.0 136 100
Strontium (Sr) 65.6± 45.8 12.1 206.9 44.7± 21.9 12.2 120 21.7± 17.5 5.30 93.0 24.4± 18.1 8.00 98.0 100
Erbium (Er) 50.3± 27.2 14.7 129.8 39.4± 18.3 12.2 109 20.0± 11.5 5.90 60.3 22.3± 14.9 6.20 78.0 100
Lutetium (Lu) 43.2± 21.2 14.7 103.9 34.8± 15.6 13.7 92.3 20.8± 9.55 6.60 52.7 21.2± 11.5 8.90 65.8 100
Copper (Cu) 30.5± 15.4 9.71 68.0 32.4± 12.4 15.4 76.3 26.4± 10.9 9.80 56.0 18.0± 11.4 5.10 52.7 100
Nickel (Ni) 23.6± 13.6 7.22 75.0 18.9± 8.32 7.78 54.9 12.6± 5.56 4.85 29.2 11.1± 5.56 3.94 34.3 100
Cerium (Ce) 21.5± 12.4 <1.98 57.0 21.3± 9.13 8.17 57.6 12.5± 9.19 <1.98 38.8 11.6± 9.23 <1.98 43.3 95.0
Chromium (Cr) 21.4± 14.6 4.62 78.3 18.0± 8.83 5.70 59.0 11.0± 5.76 4.34 36.0 9.82± 6.41 3.21 35.7 100
Zirconium (Zr) 17.0± 17.9 <1.09 68.7 22.4± 13.3 <1.09 56.1 e e e e e e 41.2
Praseodymium (Pr) 16.5± 10.7 <1.98 53.0 16.3± 7.89 <1.98 51.8 8.87± 7.52 <1.98 25.4 7.39± 5.20 <1.98 24.3 89.4
Rubidium (Rb) 7.06± 5.68 <0.59 32.3 5.80± 2.46 2.81 18.0 2.31± 2.12 <0.59 9.1 3.02± 2.36 <0.59 12.5 87.4
Yttrium (Y) 5.79± 4.96 <0.98 29.5 6.13± 8.44 <0.98 44.0 3.31± 2.25 <0.98 10.0 4.19± 2.42 <0.98 10.3 84.9
Gallium (Ga) 3.55± 3.73 <0.59 18.7 4.06± 2.97 <0.59 13.6 e e e e e e 38.2
Vanadium (V) e e e 7.08± 10.5 <0.98 43.8 14.1± 8.17 <0.98 31.0 5.22± 7.03 <0.98 21.4 38.7
Europium (Eu) e e e 5.60± 7.06 <1.98 27.1 e e e e e e 11.1

Cycle_1 (Spring): Feb 26the Apr 16th, 2014 (Al-Haram& Rusaifa), Cycle_2 (Summer): Jun 5the Aug 4th, 2014 (Ale Haram, Shokiya& Al-Hajj), Cycle_3 (Fall): Sep 16the Oct
29th, 2014 (Al-Haram, Shokiya & Al-Hajj), Cycle_4 (Winter): Dec 15th, 2014eJan 27th, 2015 (Al-Haram & Taneem). DR (%): Overall detection rate of various pollutants
measured from PM2.5.
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negative values as shown in Table 1. Positive deltaeC estimates are
indicative of bio-mass combustion as a source of PM2.5 (Rattigan
et al., 2013; Wang et al., 2012; Wang et al., 2011). Thus, combus-
tion of bio-mass was not a major PM2.5 emission source in Makkah.

Also, comparing the PM2.5 levels by site and season indicated a
consistently higher pollution levels at Al-Haram sampling site
compared to any other site (Fig. 3A). The high levels of PM2.5 at Al-
Haram sampling site during cycle_1 (Spring) were mostly attrib-
uted to heavy construction work while during cycle_2 (Summer),
the high PM2.5 levels coincided with Ramadhan period (June to
August). Similarly, the BC levels were highest at Al-Haram as shown
in Fig. 3B. This highlighted the major anthropogenic contribution
related to vehicular and constructionworks, to the overall pollution
levels in Makkah city. Additionally, the observed pollution levels
exceeded the Saudi Arabia's presidency for meteorology, PME
(35 mgm�3) and WHO (35 mgm�3) guidelines, even at residential
sampling sites, further underscoring the poor air quality in Makkah
City.

More than 25 trace elements (TEs) were detected from PM2.5
samples (Table 1). TEs, including Si, Ca, Fe, Al, K, Mg, and Na,
consistently had the highest concentrations suggesting a significant
contribution from the soil to the observed PM2.5. The elevated
levels of sulfur (S) are indicative of industrial emissions occurring
locally as well as those due to long-distance transport from the
neighboring cities of Jeddah and Rabigh, as shown by the wind
trajectories (Figures S8 to S11). Also, a portion of Na and Cl levels
may be attributed to long-range transport of marine aerosols from
the Red Sea. Makkah is only 45 kmwest of the Red Sea, making the
transport of sea-salt by wind possible as shown by the backward-
in-time wind trajectories in Figures S8 to S11.

Several anthropogenic TEs, including Pb, Lu, Br, V, Cu, Ti, Zn, Ni,
Sr, Ce, Er, and Cr were also detected in PM2.5 samples (Table 1).
These TEs are primarily due to the vehicular emissions (Pb, Ni, Cu,
Br, Sr, Zn, Ti, Ce), fossil fuels combustion (V, Lu, Er, Pb), and other
industrial processes (Nayebare et al., 2016).

3.2. Air quality index (AQI)

AQI was computed based on the average daily PM2.5 levels.
During most days of the study period we recorded an AQI rated on
the scale of unhealthy to hazardous. There were no days with good
air quality. At Al-Haram (cycle_1) 39.3% (20 days) had an unhealthy
AQI; 36.7% (18 days) had a very unhealthy AQI, 17.9% (9 days) had
hazardous air quality; and 6.1% (3 days) had AQI levels that were
unhealthy for sensitive sub-groups (Figure S1). The poor air quality
in Makkah is attributable to several factors. Notably, much ongoing
construction works occurred during the study period, which
greatly increased dust resuspension, resulting in elevated PM2.5
levels. Additionally, other PM2.5 sources, such as local vehicular and
regional industrial emissions, also contributed significantly to the



Fig. 2. Time-series plots of the average 24-h PM2.5, BC and Meteorology during the study in Makkah, Saudi Arabia.
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ambient PM2.5. Overall, the computed AQI indicates that air pollu-
tion in Makkah is a major issue. PM2.5 emissions, particularly from
automobiles and industries, are common to developing countries
worldwide. Our observations emphasize the need for improved
control measures to reduce human exposure.

The PM2.5 levels recorded inMakkahweremarkedly higher than
PM2.5 levels reported for most cities in developed countries (Fig. 4).
Only the Asian cities in China, Bangladesh, Mongolia, and India had
PM2.5 levels comparable with levels measured in Makkah. Also, the
observed PM2.5 levels exceeded theWHO (25 mgm�3) and the Saudi
Arabia Presidency of Meteorology and Environment (PME)
(35 mgm�3) guidelines for 24-h PM2.5. This finding is likely to reflect
the inadequate application of the existing policies. Thus, strategies
for improving the implementation of the existing PME regulation
are needed.

3.3. Pearson correlations between pollutant species and with
meteorology

Intercorrelations between PM2.5, its constituents (BC, TEs), and
meteorology indicators are summarized in Table S1. PM2.5 was
weakly correlated with temperature (r¼ 0.17, p-value <.0001) and
RH (r¼e 0.21, p-value .0038), but was not correlated with wind
speed. The mean daily temperature showed a very slight seasonal
variability (Table 1) but no significant daily variability over the
entire study period (Fig. 2). However, relative humidity (RH)
showed a significant temporal variability as shown in Table 1 and
Fig. 2. One would expect that an increase in RH to strengthens the
hygroscopic growth of ambient PM, leading to an increase in PM
levels. The observed inverse correlation between PM2.5 and RHmay
be linked to the high ambient temperatures. Elevated ambient
temperatures can lead to unstable atmospheric conditions char-
acterized by intense convective air currents. Thus, any increase in
RH may not significantly influence PM2.5 levels due to rapid
dispersion.

PM2.5 was strongly correlated (r� 0.90, p-value <.0001) with
crustal elements (Mg, Al, Si, K, Ca, Ti, Cr, Mn, Fe, Ni, Sr, Rb, Pr, Ce, Zr
and Ga), suggesting a significant contribution from the soil/earth-
crust. The semi-arid to arid climatic conditions, plus the heavy
construction work during the study significantly contributed to
elevated PM2.5 levels. PM2.5 also had moderate to high correlations
with some anthropogenic TEs; Er (r¼ 0.90), Lu (r¼ 0.90), Cu
(r¼ 0.79), Zn (r¼ 0.66), Br (r¼ 0.46), p-value <.0001 and weak
correlations with Pb (r¼ 0.18, p-value¼ .01) and S (r¼ 0.15, p-
value¼ .03). These TEs are primarily associated with vehicular and
industrial emissions from fossil-fuels/oil combustion (Nayebare
et al., 2016), which further highlights the contribution of vehicles
and industries to the overall air pollution in Makkah, Saudi Arabia.

PM2.5 was also moderately correlated (p-value <.0001) with Cl
(r¼ 0.39) and Na (r¼ 0.33), suggesting some contributions from
marine aerosols. Cl was moderately correlated with Na (r¼ 0.52),
Ca (r¼ 0.51), K (r¼ 0.47) and Mg (r¼ 0.46), p-value <.0001. These
TEs are components of sea-salt. Long-distance transport of marine
aerosols from the Red Sea may be a significant source, as shown by
the plots of backward-in-time trajectories (Figures S8 e S11).

Sulfur (S) was moderately correlated with V (r¼ 0.54), Pb
(r¼ 0.39) and BC (r¼ 0.29), p-value <.0001, suggesting some
contribution from industrial emissions. Long-distance transport of



Fig. 3. Bar graphs showing the average PM2.5 and BC levels by sampling site and cycle (season).
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industrial emissions, as shown by the backward-in-time wind
trajectories, may be a major influence on air pollution in Makkah.

BCwas strongly correlatedwith PM2.5 (r¼ 0.70), Ni (r¼ 0.71), Cu
(r¼ 0.60), Zn (r¼ 0.77), Br (r¼ 0.58), Sr (r¼ 0.72), Ce (r¼ 0.57), Er
(r¼ 0.77), and Lu (r¼ 0.78), p-value <.0001, indicating major con-
tributions from the key sources of BC (vehicular and industrial
emissions).
3.4. Sources of PM2.5 d elemental enrichment factor (EF) analysis

TEs in PM2.5 are of both natural and anthropogenic origins. We
broadly defined these two sources using EF values as shown in
Fig. 5 and supplemental materials (Table S2 and Figure S2).
Anthropogenic TEs were defined with EF values greater than 10
while the earth-crust derived TEs, had EFs less than 10 (Nayebare
et al., 2016). Though classified as anthropogenic, high Cl levels are
typically indicative of marine input. Al, Si, Na, Mg, Rb, K, Zr, Ti, Fe,
Mn, Sr, Y, Cr, and Ca had EFs <5 (Table S2), suggesting a major input
from the earth-crust. Most of these elements are naturally highly
enriched in the soil. The classification of any TE as earth-crust
derived simply implies that a major proportion of the given TE in
air was enriched from the soil. Thus, there is a possibility of
anthropogenic contribution, but in minor proportions. This can be
further clarified by factor analysis with PMF to show all the
contributing sources, as discussed in Section 3.5.

Cu, Zn, Eu, Pb, S, Br, and Lu consistently had EF values above 10,
suggesting significant contributions from anthropogenic activities.
Emissions of S are usually associated with fossil-fuels/oil combus-
tion. In addition to local emissions, long-distance transport of in-
dustrial emissions from the neighboring industrialized cities of
Jeddah and Rabigh may have contributed significantly to S levels in
Makkah. Cu, Zn, Br and Pb may originate from both industrial and
vehicular emissions. Leaded gasoline was phased-out more than a
decade ago, but Pb is still ubiquitous in the environment as seen in
this study. Br was also used in leaded gasoline as an essential
component of “engine anti-knock fluid”. The phase-out of leaded
gasoline implies a decline in the use of Br for this purpose. How-
ever, Br compounds are currently used in batteries of electric
storage devices, electric cars designed to produce zero air pollution
emissions, and several other applications (water treatment, pesti-
cides, drugs). This explains the continued high levels of Br in the
environment seen in this study.

Rare-earth elements (Ce, Lu, Er, Y) were also detected in PM2.5.
Detectable levels of these TEs in PM2.5 may be indicative of
anthropogenic applications. The stable Lutetium isotopes (175Lu,
176Lu) are used primarily as catalysts in the petroleum industry for



Fig. 4. A bar graph showing the comparison of 24-h PM2.5 levels measured in Makkah and other cities worldwide, and with the WHO and the Saudi Arabia's Presidency of
Meteorology and Environment (PME) guidelines (Akyuz and Cabuk, 2009; Amarsaikhan et al., 2014; Anderson et al., 2001; Begum et al., 2012; Bell et al., 2007; Brown et al., 2008;
Degobbi et al., 2011; Hamad et al., 2015; Hueglin et al., 2005; Kermani et al., 2015; Khan et al., 2010; Kulshrestha et al., 2009; Nakhle et al., 2015; Pateraki et al., 2013; Sillanp€a€a et al.,
2005; Yatkin and Bayram, 2008; Zhao et al., 2009).

Fig. 5. Graphs (aed) show the log transformed enrichment factors (EFs) for the trace elements (TEs) measured from PM2.5 per cycle e averaged sampling sites.
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cracking hydrocarbons in oil refineries, alkylation, hydrogenation
and polymerization processes (RSC, 2016; Nayebare et al., 2016).
Thus, Lu in air may be due to petrochemical-related industrial
emissions.

Though classified as earth-crust derived in this study, the oxides
of Ce have several commercial applications such as catalysts or
additives to fuel to reduce emissions from automobiles (Bleiwas,
2013; Zeng et al., 2012). Cerium (II) oxide (CeO) is used as a hy-
drocarbon catalyst in self-cleaning ovens (Zeng et al., 2012) and
petroleum cracking (Steinbach, 2011; Trovarelli, 2002), while
cerium (III) oxide (Ce2O3) is used as a catalytic converter for the
oxidation of CO and NOX emissions from automobiles (Bleiwas,
2013), and cerium (IV) oxide (CeO2) is used in glass polishing
powders and phosphors in screens and fluorescent lamps. Thus, a
sizable portion of Ce in air may originate from industrial and
vehicular emissions.
3.5. Sources of PM2.5 d positive matrix factorization (PMF) analysis

The relative source contributions are presented in Fig. 6 and in
supplemental materials (Tables S3 e S4 and Figure S3). These were
based on the data from combined cycles. Additional PMF results by
cycle (season), are also presented in supplemental materials
(Tables S5 e S6 and Figures S4 e S7).

The interpretation and identification of the model factors to
determine the emission sources of PM2.5 was done using compar-
isons of factor loadings in the profiles of pollutant species. Gener-
ally, the chemical pollutants measured in air originate from specific
sources and thus can be used as markers for those sources.

The first factor explaining the largest proportion (30.1%) of PM2.5
was identified as vehicular/automobile emissions due to their high
contributions to the profiles of Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn,
Ga, Rb, Sr, Ce, and BC. The TEs and other pollutants emitted from
automobiles may come from combustion of fuel (gasoline or
diesel), the engine oils (Cu, Zn, Ni), tires or brake pads (Pant and
Harrison, 2013). Some of the major and common elements from
Fig. 6. Base factor profiles and the relative factor contribution
car tires include Fe, Mn, Ca, Mg, Na, K, Al, Zn and Sb. A preliminary
examination report on TEs in tires, brake pads and road bitumen in
New Zealand (Jennifer and Paul, 2003) reported heavy metals
including Pb and Cd in car tires. The same study identified several
elements in brake pads that are classified as major TEs (Ca, Mg, Na,
K, Al, Fe, Mn, Ti), priority pollutants (Cu, Zn, Ni, Cr, Pb), non-
essential TEs (Ce, Sr, Rb, Ga) and metal sulfides (Cu2S, PbS, Sb2S3).
While the majority of these TEs were classified as earth-crust
derived in the EF analysis, some proportion originated from
vehicular emissions as shown by the PMF analysis. Makkah City has
heavy automobile traffic, which is reflected in the contribution of
vehicular emissions to the overall PM2.5.

The second factor was identified as industrial mixed dust and
explained 28.9% of the total variation in PM2.5, due to the contri-
butions to the profiles of Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni,
Cu, Zn, Br, Rb, Sr, Er, Lu and BC. Central Makkah City is not indus-
trialized. However, dust from industries within the region (such as
oil refineries, desalination plants, steel processing, cement and
concrete, chemical industries), contributed significant proportions
to the overall PM2.5 observed in this study. Notably, during the
study there was major infrastructural development occurring in
Makkah involving the extension of grand mosque and first ring
road restructuring. This involved extensive construction and de-
molition activities. Thus, the elements associated with cement and
concrete industries, such as Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe,
Zn, and Sr (Zhang et al., 2018; Vollpracht and Brameshuber, 2016),
were highly enriched in the air. Also, the backward-in-time wind
trajectories Also, the backward-in-time wind trajectories
(Figures S8 e S11) indicated that the regional transport of industrial
dust may be amajor contributor to air pollution inMakkah. Na, Cl, K
and Mg may also be attributed to regional transport of marine
aerosols from Red Sea. However, Sea Spray was not a clearly
resolved factor in our PMF model. Future studies with more
chemical species analyzed from PM2.5, may be able to resolve this
factor with PMF analysis.

The third factor was soil/earth-crust, which explained 24.7% of
s to the overall PM2.5 e Makkah cycles_1 e 4 combined.
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the overall PM2.5. This factor contributed significantly to the pro-
files of Na, Mg, Al, Si, K, Ti, Cr, Mn, Fe, Ca, and Pb. The arid climate,
which is characterized with occasional sand storms, already serves
as a significant source of resuspended sand/dust. Combined with
the ongoing construction work, plus heavy automobile traffic dur-
ing Makkah dust re-suspension significantly contributed to the
elevated PM2.5 in this study. The crustal elements (Si, Ca, Fe, Al, K,
Mg) consistently had the highest concentrations across all the 4
cycles (Table 1). Some rare earth elements (Lu, Er, Rb, Ce) were also
observed in this factor. The soil enrichment of these elements may
be linked to contamination from anthropogenic activities mostly
related to regional industrial and local vehicular emissions.

The fourth factor (fossil-fuels/oil combustion) explained 16.3%
of the total variation in PM2.5. This factor contributed significantly
to the profiles of S, Pb, V, Zn, Br, Cu, Ni, Y, Lu, Na and BC. Black carbon
is emitted as a by-product of incomplete combustion processes. S is
emitted as SO2, and V exists naturally as an impurity in the fossil-
fuel deposits. Lu isotopes are used as catalysts in the petrochem-
ical industries and Br compounds have several applications as
earlier noted.

3.6. Backward-in-time trajectories

Plots of backward-in-time wind trajectories were used to
determine the influence of local and regional sources to the PM2.5

measured in Makkah. Figures S8 to S11 show the wind trajectories
72-h prior to sampling for the 2 days with the highest and 2 days
with lowest PM2.5 measurements per sampling cycle (season) in
Makkah.

Across all the four sampling cycles, the days with the lowest
PM2.5 levels hadwind trajectories blowing over the Red Sea into the
sampling sites. The air above the sea has significantly lower PM
levels, which introduces a dilution effect to the ambient PM con-
centrations. In contrast, for those days with the highest PM2.5
levels, the wind trajectories were passing over heavily industrial-
ized areas and other inland areas. The ambient PM2.5 levels over
these areas were much higher than those over the Red Sea, which
significantly supplemented the local emissions in Makkah. Also,
severe weather with dust storms resulted in elevated PM2.5. The
two days in cycle_1 (April 11 to 12, 2014) with the highest PM2.5
levels were days with wide-spread sand-storms that significantly
spiked the ambient PM2.5 levels.

Backward-in-time wind trajectories can also be used to assess
the regional distribution of air pollutants by simply tracing the path
of the wind current. The chemical constituents of PM2.5 vary
significantly based on the path of the wind currents. For example,
elevated levels of crustal TEs (Al, Mg, Si, Ca, Fe, etc.) were measured
when thewind trajectories blew across the inland areas, and higher
levels of anthropogenic TEs (S, V, Cr, Lu, Pb, Ce, Br, etc.) were
characteristic of trajectories passing over heavily industrialized
cities.

4. Summary and conclusions

Particulate air pollution remains a significant issue in Makkah.
There were significant temporal variabilities in PM levels with
average PM2.5 per cycle far exceeding both the 24-h PME
(35 mgm�3) and WHO (25 mgm�3) air quality guidelines. Compu-
tations of AQI indicated an unhealthy to hazardous air quality index
during most of the study period, further highlighting the poor state
of ambient air quality in Makkah.

Anthropogenic contributions to air pollution in Makkah were
primarily related to construction, local vehicular, and regional in-
dustrial emissions. More than 75% of the total PM2.5 emissions in
this study were attributed to anthropogenic sources (vehicular
emissions, fossil-fuels/oil combustion, and industrial mixed dust)
as shown by the PMF analysis. Also, the backward-in-time wind
trajectories showed that long-distance/regional transport of PM2.5
may be a major source of air pollution in Makkah.

A minor limitation of this study relates to the number of
pollutant species analyzed from PM2.5. This may have influenced
the PMF resolution on the number of factors. However, the overall
results from this study are consistent with findings from previous
studies and further document the serious problem of air pollution
in urban areas of Saudi Arabia.While air pollution from sand storms
cannot be easily controlled, most air pollution was related to
anthropogenic activities. Establishing and enforcing regulations on
the anthropogenic sources of air pollution is essential for the pro-
tection of the health of the public in Saudi Arabia and the rest of the
Middle East region. There is a need for regional rather than just
local action, given the evidence for long-distance/regional trans-
port of air pollutants.
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