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Particles captured during dust episodes in Beirut originated from both the African and Arabian deserts. This par-
ticular airmixture showed an increase, over non-dust episodes, in particle volumedistributionwhichwasmostly
noticed for particles ranging in sizes between 2.25 and 5 μm. It also resulted in an increase in average mass con-
centration by 48.5% and 14.6%, for the coarse and fine fractions, respectively. Chemical analysis of major aerosol
components accounted for 93% of fine PM and 71% of coarse PM. Crustal material (CM) dominated the coarse PM
fraction, contributing to 39 ± 15% of the total mass. Sea salt (SS) (11 ± 10%) and secondary ions (SI) (11 ± 7%)
were the second most abundant elements. In the fine fraction, SI (36 ± 14%) were the most abundant PM con-
stituent, followed by organic matter (OM) (33± 7%) and CM (13± 2%). Enrichment factors (EF) and correlation
coefficients show that biogenic and anthropogenic sources contribute to the elemental composition of particles
during dust episodes. This study emphasizes on the role played by the long-range transport of aerosols in chang-
ing the chemical composition of the organic and inorganic constituents of urban coarse and fine PM. The chemical
reactions between aged urban and dust aerosols are enhanced during transport, leading to the formation of
organo-nitrogenated and -sulfonated compounds. Their oligomeric morphologies are further confirmed by
SEM–EDX measurements.
x: +961 1 365217.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dust episodes have been shown to affect particulate matter (PM) by
increasing their mass loading to values above urban levels, and altering
their chemical composition (i.e. (Bozlaker et al., 2013; Goudie and
Middleton, 2001; Massoud et al., 2011; Rodrı ́guez et al., 2001; Saliba
et al., 2010; Saliba et al., 2007; Xie et al., 2005). Furthermore, dust has
been known to be transported thousands of kilometers reaching places
as far as Northern Europe (Franzén et al., 1994) and Amazonia (Swap
et al., 1992). Even though dust storm episodes can vary in strength
and duration (Gobbi et al., 2000), their remnants can remain in the at-
mosphere for a certain time after the storm ends (EU, 2011). This is
also evident for African dust storms, where increases in PM10 levels re-
mains up to one to three days after the dust episode ends ((EU, 2011)
and references therein). Indeed African air mass intrusions develop ver-
tically (Alpert et al., 2004; Balis et al., 2004; De Tomasi et al., 2003;
Pérez, 2005) and considering the speed and size of particles, they will
need around 2–3 days to deposit (Zender et al., 2003).

The EasternMediterranean region is one of the top dust storm gener-
ation regions in theworld (Idso, 1976),with studies showing an increase
in the number of dusty days (Alpert et al., 2004; Goudie and Middleton,
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2001). Ganor et al. (2010) show that between 1958 and 2006, the num-
ber of dust episodes increased from 15 to 27, with a linear regression of
2.7 days per decade. This is of concern due to the association of morbid-
ity with dust exposure, as documented by numerous epidemiological
and biological studies (i.e. (Cheung et al., 2011; Perez et al., 2012;
Tobías et al., 2011).

Despite this, the number of reported studies in this region is still
scarce (i.e. (Dada et al., 2013; Daher et al., 2013; Ganor et al., 2010;
Goudie and Middleton, 2006; Herut et al., 2001; Marconi et al., 2013;
Massoud et al., 2011; Saliba et al., 2007), and an extrapolation from
dust episode (of Saharan origin) studies in the Western Mediterranean
would not be an accurate representation, mainly because the reported
changes in PM composition remain specific to the local environmental
and meteorological conditions (i.e. (Dayan et al., 1991; Ganor and
Mamane, 1982; Griffin et al., 2007; Querol et al., 2009). This study focus-
es on the chemical and physical effect of dust episodes on urban PM in
Beirut, a city that lies on the eastern coast of the Mediterranean Sea,
surrounded by semi-arid regions and periodically subjected to dust
storms originating from North Africa and the Arabian Peninsula. In this
study, coarse (PM10–2.5), particles with diameter between 2.5 and
10 μm, accumulation (PM2.5–0.25), particles with diameter between 2.5
and 0.25 μm, and quasi-ultrafine (PM0.25), particles with diameter less
than 0.25 μm PM samples are collected during dust and non-dust epi-
sodes in Beirut. The four dust episodes identified in this study vary
between dust and dust remnant. Gravimetric analysis and several ana-
lytical methods were used to determine the mass, particle distribution,
the chemical composition, and the morphology during these particular
episodes. It is also important to note that the results highlight the reac-
tion of urban and long-range transport of dust aerosols to produce
organo-sulfates and organo-nitrates.
2. Methods

2.1. Sample collection

Size-segregated PM samples were collected at the rooftop of the
Chemistry department at the American University of Beirut (AUB), an
urban background site located at 33°90′N, 35°50′E at an elevation of
20 m above ground level. From the south this site is surrounded by a
green area with the nearest street located about 150 m away. From
the north, it overlooks the Mediterranean Sea, separated by a two-lane
road which is congested during morning and afternoon rush hours.
From the Eastern side resides the Beirut harbor within a distance of
2.5 km. Particle levels at this site are commonly influenced by sea and
land breeze circulation (Baalbaki et al., 2013).

The sampling campaign was conducted on dust and non-dust
episodes during summer and fall of 2012. Dust episodeswere identified
based on forecasting air mass trajectories using daily forecast-
trajectories calculated by theHybrid Single Particle Lagrangian Integrat-
ed Trajectory Model (HYSPLIT) model (Draxler and Rolph, 2013) and
relying on visual visibility limits and sky color. Those episodeswere fur-
ther confirmed using BSC-/DREAM dust maps (http://www.bsc.es/
projects/earthscience/DREAM/) (Fig. S1). However, the residence
time of transported dust particles is dependent upon the removal
mechanisms, with residence times varying from few hours to 10 days
(Goudie and Middleton, 2006; Kubilay et al., 2000; Papayannis et al.,
2008). Moreover, if dust air masses are transported at high altitudes,
theymay affect ground level PMconcentrations up to 2 days after an ep-
isode ends (EU, 2011). Therefore, in this study, dust episodes include
days during which air mass trajectories were coming from the desert,
and subsequent dayswhere transported dust remnants possibly remain
airborne. Moreover, the identity of these episodes was further con-
firmed using the Al data from the chemical analysis as a geo-chemical
tracer. An average increase of 74% and 189% over non-dust episodes in
the coarse and fine fractions, respectively, is reported. During the
campaign, four dust episodes were identified, for which six samples
were collected (Table S1, Fig. S1).

Coarse (PM10–2.5), accumulation (PM2.5–0.25) and quasi-ultrafine
(PM0.25) size-fractionated particles were collected using three parallel
Sioutas Personal Cascade Impactor Samplers (Sioutas PCIS, SKC Inc.,
Eighty Four, PA, USA, (Misra et al., 2002)) preceded by PM10 inlets
(ChemcombModel 3500 Speciation Sampling Cartridge) and operating
at a flow rate of 9 L.min−1. Two PCISs were loaded with Teflon filters
(Pall Life Sciences, Ann Arbor, MI) and were used for the analysis of:
gravimetric mass, inorganic ions and total metals. The third PCIS was
loaded with quartz filters (Whatman International Ltd.) and used for
the analysis of water-soluble organic carbon (WSOC) as well as organic
and elemental carbon (OC and EC, respectively).

Concurrently, 24 h PM samples were collected during dust episodes
(November and December 2012) using a six stage cascade impactor
(MPS — 6 Microanalysis Particle Sampler) of cut point sizes: 10, 5, 2.5,
1.0, 0.5 and 0.1 μm. Samples were collected either on 12mm aluminum
stubs coated with carbon adhesive tape or on ZnSe windows and used
for SEM (Scanning Electron Microscope) imaging.

2.2. Sampling analysis

To determine PM mass concentration, prior to sectioning, Teflon
filters were pre- and post-weighed using a UMX2 microbalance
(Mettler Toledo GmbH, CH-8606 Greifensee, Switzerland), following
24 h equilibration under controlled temperature and relative humidity
conditions (22–24 °C and 40–50%, respectively). The first set of Teflon
filters was cut into 3 equal sections. The first section was analyzed for
total elemental mass by means of a high resolution magnetic sector
Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS Thermo-
Finnigan Element 2). For the extraction, a microwave-aided Teflon
bomb digestion protocol using a mixture of 1 mL of 16 M nitric acid,
0.25 mL of 12 M hydrochloric acid, and 0.10 mL of hydrofluoric
acid was used (Herner et al., 2006). The digestion protocol was com-
prised of a 9 min ramp to 180 °C followed by a 10 min hold at 180 °C
and 1 h of ventilation/cooling. Following cooling, digestates were dilut-
ed to 15mLwith high puritywater then analyzed byHR-ICP-MS (Lough
et al., 2005). The second section was extracted with high purity
water and used to quantify PM concentrations of water-soluble inor-
ganic ions using ion chromatography (Model 2020i, Dionex Corp.) The
third section and second set of Teflon filters were used for a separate
study.

Quartz filters, analyzed for Elemental Carbon, Organic Carbon and
Water-Soluble Organic Carbon (EC, OC and WSOC, respectively), were
prebaked at 550 °C for 12 h and stored in baked aluminum foil prior
to sampling. Elemental and organic carbon contents of the filters were
determined using the NIOSH Thermal Optical Transmission method
(Birch and Cary, 1996). Water-soluble organic carbon content was
quantified using a Sievers 900 Total Organic Carbon Analyzer, following
water-extraction and filtration of the samples (Sullivan et al., 2004).

2.3. Chemical mass closure

For the purpose of chemical speciation, chemical components were
classified into six categories: organic matter (OM), elemental carbon
(EC), sea salt (SS), crustal material (CM), trace elements (TE) and sec-
ondary ions (SI). Organic matter was calculated by multiplying organic
carbon (OC) by a factor of 2.1 in order to account for aged particles as
recommended by several earlier studies (Gnauk et al., 2005; Sciare
et al., 2005; Takahashi et al., 2008; Terzi et al., 2010). Sea salt was esti-
mated as the sum of Na+ concentration and sea-salt fractions of Cl−,
Mg2+, K+, Ca2+, and SO4

2− concentrations, assuming standard sea-
water composition (Seinfeld and Pandis, 2006). Crustal material in-
cludes typical crustal material elements (Al, K, Fe, Ca, Mg, Ti and Si)
and was determined by summing the oxides of these metals using
Eq. (1) with Ca and Mg representing their non-sea-salt fractions
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(Chowet al., 1994; Hueglin et al., 2005;Marcazzan et al., 2001). Calcium
was multiplied by a factor of 1.95 to account for both CaO and CaCO3

(Remoundaki et al., 2013). Silicon, which was not measured in this
study, was calculated by multiplying Al by a factor of 3.41 (Hueglin
et al., 2005). Trace Elements containing other measured elements such
as Cu, Zn, V, Mn, Cr, Sb… were determined by multiplying the
Fig. 1. Coarse and fine particlemass concentration (A) during dust episodes (upper left). Associ
allel Teflonfilters. Average particlemass concentration duringdust episodes compared to non-d
geometric diameter ranging between 0.265 and 15 μm during dust and non-dust episodes (bo
concentrations of these elements by appropriate factors to convert
them to their mineral oxides.

CM ¼ 1:89Alþ 1:4K þ 1:43Feþ 1:95 Caþ 1:66Mg þ 1:67Tiþ 2:14Si :

ð1Þ
ated error bars represent the standard deviation of the gravimetric analysis of the two par-
ust episodes (upper right). Number and volume size distribution (B) of particleswithmean
ttom).
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2.4. Particle size distribution

Particle number concentrations were measured using the
Grimm EDM 365 system (GRIMM Aerosol Technik GmbH & Co. KG)
deployed at the same site but at ground level. The system operates
based on laser light scattering in 31 size channels ranging between
0.265 and 34 μm. Measurements are made every 6 s at a diode
laser wavelength of 655 nm and particle count data were logged every
1 min.
Table 1
Coarse and fine PM composition during dust and non-dust episodes.

Dust coarse Dust fine

OC (μg/m3) 0.68 (0.20) 4.37 (
EC (μg/m3) 0.06 (0.04) 1.95 (
Ions (μg/m3) 3.29 (1.88) 11.75 (
Cl− 0.52 (0.42) 0.03 (
NO3

− 1.72 (0.92) 1.27 (
PO4

− 0.00 (0.00) 0.08 (
SO4

2− 0.39 (0.27) 5.72 (
Na+ 0.62 (0.44) 0.12 (
NH4

+ 0.00 (0.00) 4.37 (
K+ 0.05 (0.03) 0.16 (
Total metals (ng/m3) 3387.81 (1373.88) 3269.50 (
Li 0.22 (0.10) 0.13 (
B 1.17 (4.00) 5.68 (
Na 640.89 (527.19) 142.90 (
Mg 225.09 (101.87) 85.35 (
Al 365.60 (159.37) 190.37 (
P 8.59 (5.80) 16.51 (
S 154.20 (1165.23) 2022.08 (
K 119.62 (39.51) 167.50 (
Ca 1419.42 (711.00) 268.91 (
Sc 0.09 (0.07) 0.05 (
Ti 31.55 (11.65) 16.12 (
V 2.27 (3.89) 16.20 (
Cr 1.12 (0.50) 0.31 (
Mn 5.40 (1.33) 4.66 (
Fe 374.52 (129.33) 215.37 (
Co 0.15 (0.07) 0.50 (
Ni 0.67 (1.68) 4.85 (
Cu 4.37 (4.78) 16.98 (
Zn 14.06 (8.61) 60.44 (
As 0.09 (0.23) 0.38 (
Rb 0.50 (0.26) 0.41 (
Sr 3.83 (1.59) 1.56 (
Y 0.23 (0.21) 1.21 (
Nb 0.10 (0.03) 0.06 (
Mo 0.29 (0.26) 0.71 (
Rh 0.00 (0.00) 0.00 (
Pd 1.37 (1.02) 1.42 (
Ag 0.24 (0.24) 0.04 (
Cd 0.03 (0.08) 0.22 (
Sn 0.00 (0.16) 1.20 (
Sb 0.66 (0.18) 1.60 (
Cs 0.02 (0.01) 0.03 (
Ba 8.78 (2.66) 4.20 (
La 0.24 (0.08) 0.13 (
Ce 0.40 (0.15) 0.25 (
Pr 0.05 (0.02) 0.03 (
Nd 0.18 (0.07) 0.09 (
Sm 0.04 (0.01) 0.02 (
Eu 0.01 (0.00) 0.01 (
Dy 0.03 (0.01) 0.01 (
Ho 0.01 (0.00) 0.00 (
Yb 0.02 (0.01) 0.01 (
Lu 0.00 (0.00) 0.00 (
W 0.02 (0.02) 0.02 (
Pt 0.00 (0.02) 0.00 (
Tl 0.01 (0.02) 0.04 (
Pb 1.60 (4.08) 20.89 (
Th 0.05 (0.02) 0.03 (
U 0.03 (0.01) 0.01 (
2.5. Scanning electron microscope imaging

As described by Dada et al. (2013), the Scanning Electron Microsco-
py (SEM) (Tescan Model 51-XMX0010) operated along with an Energy
Dispersive X-ray system (EDX)was used for elemental analysis. Voltage
set at 20–30KeVwith 60 μAbeam current allowed the detection of good
quality images without damaging the sample. Several points on the
same particle were analyzed by EDX in order to ensure homogeneity
of particle composition. The spectra were then averaged.
Non-dust coarse Non-dust fine

0.78) 0.58 (0.05) 3.62 (1.24)
0.73) 0.03 (0.02) 1.76 (0.36)
11.75) 3.62 (0.78) 16.34 (3.70)
0.02) 0.46 (0.07) 0.02 (0.01)
1.03) 2.09 (0.78) 1.43 (0.97)
0.15) 0.00 (0.00) 0.00 (0.00)
3.60) 0.35 (0.06) 9.73 (4.01)
0.10) 0.71 (0.28) 0.29 (0.31)
1.22) 0.00 (0.00) 4.73 (3.68)
0.08) 0.02 (0.01) 0.14 (0.07)
888.70) 3777.95 (1870.51) 3855.17 (1908.75)
0.06) 0.12 (0.09) 0.03 (0.02)
2.62) 2.28 (2.13) 9.58 (4.81)
184.75) 932.58 (1087.26) 315.30 (156.17)
35.87) 208.95 (166.68) 58.75 (39.87)
89.23) 209.76 (148.32) 65.79 (52.82)
6.69) 2.30 (−) 8.47 (5.71)
619.43) 110.25 (70.20) 2758.63 (1273.31)
78.49) 89.90 (53.28) 161.16 (67.65)
104.47) 1084.25 (638.68) 257.37 (204.64)
0.02) 0.05 (0.03) 0.23 (0.13)
5.94) 18.51 (9.22) 8.54 (5.02)
9.46) 0.79 (0.44) 10.85 (7.49)
0.27) 0.57 (0.46) 0.03 (0.05)
1.17) 3.11 (1.84) 4.03 (1.89)
64.33) 199.85 (106.78) 121.90 (83.37)
0.39) 0.11 (0.08) 0.31 (0.25)
3.13) 3.23 (4.57) 4.30 (3.16)
15.93) 530.46 (1020.83) 14.96 (9.24)
42.35) 312.34 (564.71) 31.98 (18.77)
0.17) 0.11 (0.09) 0.60 (0.17)
0.09) 0.24 (0.09) 0.55 (0.29)
0.49) 2.84 (1.66) 1.21 (0.81)
1.00) 1.47 (1.82) 0.69 (0.51)
0.02) 0.05 (0.03) 0.06 (0.01)
0.32) 0.14 (0.09) 0.86 (0.62)
0.00) 0.05 (0.09) 0.00 (0.00)
0.45) 0.34 (0.34) 2.76 (1.82)
0.04) 0.11 (0.10) 0.13 (0.06)
0.12) 0.06 (0.09) 0.20 (0.12)
1.52) 17.46 (−) 0.36 (0.19)
1.01) 0.38 (0.30) 0.93 (0.52)
0.01) 0.02 (0.01) 0.04 (0.02)
1.56) 4.56 (2.50) 3.33 (2.73)
0.06) 0.15 (0.09) 0.09 (0.07)
0.09) 0.23 (0.12) 0.12 (0.01)
0.01) 0.02 (0.01) 0.02 (0.02)
0.03) 0.10 (0.05) 0.05 (0.04)
0.01) 0.02 (0.01) 0.01 (0.00)
0.00) 0.01 (0.00) 0.01 (0.00)
0.01) 0.01 (0.01) 0.01 (0.00)
0.00) 0.00 (0.00) 0.00 (0.00)
0.00) 0.01 (0.00) 0.00 (0.00)
0.00) 0.00 (0.00) 0.00 (0.00)
0.01) 0.01 (0.01) 0.07 (0.03)
0.00) 0.01 (0.00) 0.03 (0.01)
0.03) 0.01 (0.01) 0.05 (0.02)
11.98) 40.11 (70.08) 10.71 (4.58)
0.01) 0.03 (0.02) 0.08 (0.04)
0.00) 0.02 (0.01) 0.01 (0.01)



Fig. 2. Average chemical composition of coarse and fine PM in comparison to the total
gravimetric mass represented by * (upper graph), and % contribution of the different
chemical components to the total mass of coarse and fine PM (lower graph) during dust
and non-dust events. Please note that Oct. 22–24 dust coarse PM filter was not included
in the chemical analysis because it was overloaded.
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3. Results and discussion

Coarse and fine (accumulation and quasi-ultrafine filters) size frac-
tions were considered for the mass and chemical composition analysis
of dust samples. The accumulation and quasi-ultrafine filters were
composited together for the fine fraction due to the low PM mass
collected, which would limit the number of chemical analyses that can
be done.

Results were compared to those of non-dust episodes sampled
during July and August 2012 (Daher et al., 2013). Because the fine frac-
tion consisted of the sum of the accumulation and quasi-ultrafinefilters,
only the filters of non-dust episodes that were composited during anal-
ysis were considered.

3.1. Particle mass and size distribution

PM mass concentrations for the dust episodes ranged between 10
and 53 μg·m−3 for the coarse mode and between 21 and 39 μg·m−3

for the fine fraction. In comparison to the non-dust episodes, the coarse
PM mass concentration increased by 48.5% while that of the fine in-
creased by 14.6%, on average (Fig. 1-A). This is in agreement with
other studies showing that desert dust intrusion has a larger effect on
the increase of the mass concentration of the coarse PM (Lazaridis
et al., 2008; Pérez et al., 2008).

Particle number and volume distributions for both dust and non-
dust episodes are shown in Fig. 1-B. Similar particle number distribution
patternswere observed during both dust and non-dust episodes. Never-
theless, particle number concentrations for dust episodes display an in-
crease over non-dust episodes for all particle size bins averaging at a
146% increase in total particle counts. Similarly, particle volume distri-
bution showed an increase ranging between 91 and 316% in all particle
size bins between dust and non-dust episodes. This increase was most
noticeable for particles ranging in sizes between 2.25 and 5 μm.

3.2. Chemical mass closure

The quantification of the different chemical components is summa-
rized in Table 1 whereas the chemical mass reconstitution is shown in
Fig. 2. In this study, almost full chemical mass closure was attained for
fine PM of both dust and non-dust episodes, with the agreement be-
tween the reconstructed and gravimetric mass averaging 93% and
103%, respectively. On the other hand, identified coarse aerosol compo-
nents accounted for 71 and 72% of the mass during dust and non-dust
episodes, respectively. Unidentified PM mass is usually attributed to
PM water content, where water is reported to constitute up to 35% of
PM10mass (Tsyro, 2005). Another possible explanation could be uncer-
tainties associated with the factor used for the conversion of OC to OM.
In fact, coarse PM contains high amounts of hygroscopic nitrates re-
sponsible for enhancing the hydrophilicity of coarse dust particles (Shi
et al., 2008).

CMdominated the dust and non-dust coarse PM fractionswith a 47%
increase in CM contribution to PM during dust episodes (39 ± 15% and
26 ± 16% contribution to the total mass, respectively). Sea salt and sec-
ondary ions were the second most abundant elements. Sea salt
accounted for 11 ± 10% of the dust coarse fraction and 15 ± 6% of the
non-dust coarse fraction, while SI accounted for 11 ± 7% and 14 ± 4%
of the dust and non-dust coarse fractions, respectively. The coarse PM
composition of OM was similar during both dust (8 ± 1%) and non-
dust (8±1%) episodes. Notably, the difference between TE composition
during dust and non-dust episodes was substantial, with a 1 ± 1%
contribution in coarse dust versus 10 ± 18% in the non-dust samples.
Finally, EC was the least abundant element in both dust and non-dust
coarse samples, accounting for 0.3 ± 0.2 and 0.2 ± 0.1% of the mass,
respectively.

In thefine PM fraction, SI contribution to the totalmasswas substan-
tially higher during non-dust episodes (53 ± 14%) when compared to
the dust episodes (36 ± 14%) calculating a 33% decrease in SI contribu-
tion to fine PM mass. Nevertheless, SI was the most abundant PM
constituent during both episodes. The second most abundant species
is OM, contributing to 33 ± 7% and 31 ± 12% of PM mass in the dust
and non-dust fine mode, respectively. These results are in good agree-
ment with other studies showing SI and OM as the main components
of fine PM (Remoundaki et al., 2013). Crustal material constituted
13 ±2% and 6±4% of finePMmass duringdust and non-dust episodes,
respectively, implying a 107% increase in CM contribution to fine PM
mass during dust episodes. Elemental carbon had similar percentages
during both episodes (7 ± 2%). TE constituted around 1% of the fine
PM mass during both events, while SS constituted 5 and 4% of the dust
and non-dust fine PM, respectively (Table 1). Overall, the six categories
were assessed for their statistical significance. In comparison to non-
dust data, all six categories were found to be statistically different
with p N 0.05.
3.3. Enrichment factors and correlations

In order to assess the contribution of anthropogenic and natural
sources to the PM chemical composition in both fractions, enrichment
factors (EFs) for certain elements were calculated for the dust episodes.
For each element, the EFs were estimated as the ratio of the abundance
of the element in questionwith respect to Al to its average abundance in
the upper continental crust with respect to Al as well (Fig. 3). The com-
position of the upper continental crust was obtained from Taylor and
McLennan (1995). Usually, elements with EF close to 1 are considered
of crustal origin, whereas those greater than 10 are of anthropogenic
sources (Birmili et al., 2006; Chester et al., 1999; Pitts and Pitts, 2000;

image of Fig.�2


Fig. 3. Average enrichment factors in coarse and fine PM during dust episodes. Error bars represent standard deviation.
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Torfs and Van Grieken, 1997). In addition, correlation between different
components was calculated for better source apportionment (Table S2).

Elements like Ca, Cr, Sr,Mn,Mg, Fe, Ce, La and Ti display EFs close to 1
in both fractions, confirming their crustal origin, with Cr, Mn, Ce and La,
being attributed to African dust (Finger and Helmy, 1998; Manoli et al.,
2002; Remoundaki et al., 2013; Zhang et al., 2013). Although Ca had a
relatively higher EF (EF ~10), it is considered to be of crustal origin
due to its high correlation, in both fractions, with other crustal elements
(Table S2). This high value is attributed to the abundance of calcite
and limestone rocks in Lebanon (Abdel-Rahman and Nader, 2002;
Kouyoumdjian and Saliba, 2006; Saliba et al., 2007), which is not well
represented using the upper continental crustal composition values.
Ba also showed EF close to 10, with high correlation with Sb (r = 0.66
and 0.77 in coarse and fine PM, respectively), which is a brake-wear
tracer, suggesting that it is emitted mainly by anthropogenic sources
(Daher et al., 2014; Sternbeck et al., 2002). However, it is also correlated
with some crustal material (Cr, Fe, Ce, La) indicating that it also has
some crustal origin (Engelbrecht et al., 2009). It is important to note
that although Ba and Ca have similar EFs, their anti-correlation suggests
that they do not originate from similar sources. Similarly, both Cu and
Zn show EFs N10, and correlate with Sb, indicating their tire or brake
wear origin (Lin et al., 2005). Ni and Mo, which were more enriched
in the fine PM mode, are attributed to tracers of fuel and lube oil com-
bustion, respectively (Isakson et al., 2001; Lu et al., 2006; Ntziachristos
et al., 2007). Vanadium also shows a similar trend to Ni andMo. Studies
show that it might be derived from coal-powered plant emissions
(Mamane et al., 1986; Ondov et al., 1989). Yet, its correlation with cer-
tain crustal elements, in the finemode, suggests it is of biogenic sources
as well (Dada et al., 2013; Engelbrecht et al., 2009).
Table 2
Spearman correlation coefficients (R) between fine nitrates, sulfates and sulfur and selected sp
values higher than 0.50 are bolded.

PM components Non-dusty

Na+ NH4
+ K+

NO3
− 0.87 (0.32) 0.16 (0.95) 0.37 (0.31)

SO4
2− 0.99 (0.05) 0.63 (0.18) 0.77 (0.05)

S 0.97 (0.03) 0.77 (0.23) 0.89 (0.02)

PM components Dusty

Na+ NH4
+ K+

NO3
− 0.08 (0.04) 0.46 (0.00) 0.16 (0.04)

SO4
2− 0.17 (0.01) 0.36 (0.42) −0.33 (0.01)

S 0.09 (0.00) 0.60 (0.02) 0.26 (0.00)
3.4. Organosulfate and organonitrate in dust particles

Compared to dust episodes, the water-soluble nitrates and sulfates
were more abundant in non-dust PM (Fig. 2). As shown in Table 2,
high correlation coefficients of fine mode nitrates and sulfate ions
with cations like Na+, NH4

+ and K+ and elements likeMg and Ca during
non-dust episodes indicate a strong association between these ele-
ments. Furthermore, higher soluble fractions of sulfur during non-dust
episodes reflected by the Sulfate/Sulfur ratios (SO4/total S = 2.5 in
dust and 3.1 in non-dust coarse PM samples, and 2.8 and 3.5 in dust
and non-dust fine PM samples, respectively) confirm the association
of sulfates with soluble cations in particles.

However, during dust episodes, SEM–EDX analysis indicated the
presence of oligomers of organo-sulfates and organo-nitrates as shown
in Fig. 4. Fig. 4D was used as a reference to show particles of the same
size during non-dust events. The morphology and EDX analysis indicat-
ed the presence of nitrogen, sulfur and oxygen, as principle components
in the accumulation mode (0.5–0.1 μm) of particles collected on carbon
tapes during dust episodes of November 2012 (Fig. 4, A–C). However,
when the carbon contribution to the elemental composition of the
observed structures could not be determined due to carbon interfer-
ences from the substrate; sampling on ZnSe windows was adopted dur-
ing the dusty episode of December 29, 2012 (Fig. 4, E–I). Similar
composition and morphology suggest that organosulfates and
organonitrates form oligomeric patterns in aerosols. The fact that these
species are larger than the impactor cut-off diameter is explained by
Denkenberger et al. (2007), where a higher degree of oligomerization
is detected in smaller particlemode (140–200 nm). Additionally, it is re-
ported that oligomeric species exhibit an increase in the particle mass
ecies during dust and non-dusty episodes. Values in Parentheses represent the p-value. R

Mg Ca OM WSOM

0.90 (0.31) 0.95 (0.32) 0.53 (0.55) 0.98 (0.80)
0.99 (0.05) 0.97 (0.05) 0.05 (0.07) 0.77 (0.29)
0.96 (0.02) 0.91 (0.02) −0.16 (0.30) 0.62 (0.06)

Mg Ca OM WSOM

−0.23 (0.04) 0.10 (0.06) 0.74 (0.00) 0.80 (0.00)
−0.21 (0.01) 0.16 (0.01) 0.33 (0.07) 0.32 (0.96)

0.13 (0.00) 0.22 (0.00) 0.79 (0.00) 0.60 (0.00)
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Fig. 4. SEM images and EDX atomic percentages for fine particulate matter on carbon tape and ZnSe windows sampled on November and December 2012.
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spectral intensity and constitute an important component of secondary
organic aerosol (SOA) mass that can reach up to 80% of the total organic
mass (Blando et al., 1998; Fuzzi et al., 2001; Romero and Oehme, 2005;
Surratt et al., 2006). The presence of these organo-sulfates and organo-
nitrates was further confirmed by the correlation of nitrates and total
sulfur with organic matter (OM andWSOM) in fine particles (Table 2).

In brief, it is deduced that the formation of urban organo-sulfates
and organo-nitrates is enhanced in aged urban aerosols during dust ep-
isodes and their remnants.

4. Summary and conclusions

The physical and chemical characteristics of aerosols originating
from a mixture of African and Arabian dust episodes in the Eastern
Mediterranean region were investigated in the city of Beirut. Results
of this study show that dust episodes are accompanied with an overall
increase in particle volume distribution in all particle size ranges but
mostly noticed for particles ranging in sizes between 2.25 and 5 μm.
This corresponds to an average increase in PM mass by approximately
1.5 and 1.2 times for the coarse and fine fractions, respectively. Because
samples were collected during dust and remnant dust episodes, com-
pared to non-dust episodes, the average contribution of crustal mate-
rials to PM mass was found to be 2.07 times higher in fine aerosols
and only 1.34 times higher in coarse PM fractions. It is conceivable
that remnant dust episodes may be rich in suspended aerosols mostly
in the fine and ultrafine sizes. The elemental analysis clearly showed
the contribution of anthropogenic (Cu, Zn, Sb, Mo, Ni) and biogenic
(Ca, Cr, Sr, Mn, Mg, Mn, Fe, Ce, La, Ti) sources during both dust and

image of Fig.�4
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non-dust episodes, with elements, like Ba and V, being influenced
by both. Enrichment of fine and ultrafine particles with organo-
nitrogenated and sulfonated compounds was particularly pronounced
during dust episodes. These chemical components are the result of
chemical transformations of dust with urban aerosols originating from
local and long-range transport.
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