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Abstract. In this paper particle categorization and absorp-
tion properties were discussed to understand transport mech-
anisms at different geographic locations and possible radia-
tive impacts on climate. The long-term Aerosol Robotic Net-
work (AERONET) data set (1999–2015) is used to estimate
aerosol optical depth (AOD), single scattering albedo (SSA),
and the absorption Ångström exponent (αabs) at eight loca-
tions in North Africa and the Middle East. Average varia-
tion in SSA is calculated at four wavelengths (440, 675, 870,
and 1020 nm), and the relationship between aerosol absorp-
tion and physical properties is used to infer dominant aerosol
types at different locations. It was found that seasonality and
geographic location play a major role in identifying domi-
nant aerosol types at each location. Analyzing aerosol char-
acteristics among different sites using AERONET Version 2,
Level 2.0 data retrievals and the Hybrid Single Particle La-
grangian Integrated Trajectory model (HYSPLIT) backward
trajectories shows possible aerosol particle transport among
different locations indicating the importance of understand-
ing transport mechanisms in identifying aerosol sources.

Keywords. Atmospheric composition and struc-
ture (aerosols and particles; pollution – urban and regional)

1 Introduction

Natural and anthropogenic aerosols suspended in the at-
mosphere are characterized by their diverse sources, vary-
ing particle dynamics, lifetimes, interactive mechanisms, and
surface and column distributions. Identifying mixtures con-
taining multiple aerosol types like dust, carbon, sea salt, sul-
fate, or nitrogen is challenging for spaceborne and in situ ob-
servations (Chin et al., 2002; Farahat, 2016). Optical tech-
niques are used to estimate particle sizes; however, deter-
mining particle types requires more information regarding
aerosol sources, trajectories, regional topography, and atmo-
spheric conditions. As for radiative impacts, aerosol charac-
terization and types are major input parameters for obtain-
ing precise climate predictions (Ramanathan et al., 1989;
Satheesh and Moorthy, 2005; Farahat et al., 2015). For in-
stance, particle absorption characteristics are used in assess-
ing aerosol emission sources, types, and interaction phases
(El-Askary et al., 2015). Aerosol categorization also helps
identify dominant aerosol types over a certain geographic
location, while climatology effects due to aerosols’ spatial
and temporal distribution is carried out by examining aerosol
sizes along with their absorption characteristics using model-
ing, satellites, and ground-based measurements (El-Askary,
2006; Kaskaoutis et al., 2012; Aboel Fetouh et al., 2013;
Vukovic et al., 2014; Sprigg et al., 2014). It is noteworthy that
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Figure 1. Location map of the AERONET stations used in this study with numbers on the map representing stations’ locations: 1 – Solar
Village; 2 – Bahrain; 3 – Mezaira; 4 – Cairo; 5 – Sedé Boqer; 6 – Ben Salem, 7 – Tamanrasset; and 8 – Saada.

aerosol optical and microphysical properties can provide sig-
nificant information to categorize aerosol types. For example,
parameters like aerosol optical depth (AOD), the Ångström
exponent (AE), aerosol loading, and particle effective ra-
dius and different viewing angles are used to depict infor-
mation regarding aerosol dominant types, emission sources,
dust layers, and trajectories (Reid et al., 1999; Kaskaoutis
and Kambezidis, 2006; Agarwal et al., 2007; Gobbi et al.,
2007; Kalapureddy and Devara, 2008; Russell et al., 2010).
Analyzing the derivatives of the AE and particle effective ra-
dius is also used to attain information regarding aerosol sizes
and types since the particle types are directly correlated with
sizes and optical properties (Gerasopoulos et al., 2003, 2011;
Alados-Arboledas et al., 2003). The Aerosol Robotic Net-
work (AERONET) data retrievals have been used widely to
determine dominant aerosol types and categorization within
mixing scenarios through investigating particle size distri-
bution and optical and microphysical properties (Kaufman
et al., 1994; Holben et al., 1998; Omar et al., 2005; Qin
and Mitchell, 2009; Russell et al., 2010). These studies
helped partition major aerosol types including dust, anthro-
pogenic industrial pollution, and mixed and biomass burning
aerosols. The absorption Ångström exponent (AAE), defined
as the dependence of aerosol optical depth on wavelength as
well as single scattering albedo (SSA), defined, as the ratio of
scattering to extinction efficiency of aerosol particles, is used
to categorize aerosol types. For instance, SSA for dust parti-
cles containing hematite and clay results in small absorption

over the visible to near-infrared band and strong absorption
around 440 nm (Sokolik and Toon, 1999). On the other hand,
for organic carbon (OC), the SSA increases with increasing
wavelength where the OC exhibits strong absorption in the
visible and ultraviolet range, while for aerosols composed
of black carbon (BC) particles, the SSA is inversely pro-
portional to the wavelength. Sulfate and other hygroscopic
aerosols do not show significant SSA spectral dependence
(Dubovik et al., 2002). Therefore, mixed aerosol contain-
ing sulfates, BC, and OC could produce an indistinct SSA–
wavelength dependence due to the varying spectral effects of
aerosol mixtures in the atmosphere (Dubovik et al., 2002).

In this study we investigate aerosol characteristics over
North Africa and the Middle East using eight AERONET
sites in the region, namely, Solar Village (24◦ N, 46◦ E),
Bahrain (26◦ N, 50◦ E), Mezaira (23◦ N, 53◦ E), Cairo
(30◦ N, 31◦ E), Sedé Boqer (30◦ N, 34◦ E), Tamanrasset
(22◦ N, 5◦ E), Saada (31◦ N, 8◦W), and Ben Salem (35◦ N,
9◦ E) (Fig. 1). The analysis was based on data availability
(at least 4 years of successive data measurements from 1999
to 2015) except for the Ben Salem site where the analysis
was based on 2013–2015 data only. Previous studies (Ta-
ble 1) classified dominant aerosol types at some of these
sites based on their geographic locations into clear, dust,
pollution, and mixed; however, the effect of seasonality and
aerosol transport was not fully investigated for those sites.
Dust and biomass particles could be dominating over some
sites; however, other aerosol types could also exist over the

Ann. Geophys., 34, 1031–1044, 2016 www.ann-geophys.net/34/1031/2016/



A. Farahat et al.: Analysis of aerosol transport and properties 1033

Table 1. Previous studies categorizing aerosol types over some of the AERONET sites presented in this work.

Aerosol type – region(s) AERONET sites References

Biomass – North Africa Cairo El-Askary and Kafatos (2008);
Marey et al. (2010, 2011);
El-Metwally et al. (2008)

Mixed – Middle East Sedé Boqer Derimian et al. (2006);
Eck el. (2010)

Dust – Middle East Solar Village, Bahrain,
Mezaira

Dubovik and King (2000);
Dubovik et al. (2002)

Different aerosol types All Sites Holben et al. (2001)

Mixed – North Africa Saada, Tamanrasset,
Ben Salem

Basart et al. (2009);
Abdi Vishkaee et al. (2012)

site during the analysis period (Takemura et al., 2000; El-
Askary and Kafatos, 2008). Although previous studies cat-
egorized sites based on their most dominant aerosol parti-
cles, they did not explicitly explore the variability in aerosol
types over each site. As seasonal changes, major dust events,
and human activities could largely affect dominant aerosol
types (El-Metwally et al., 2008). Each location could have
more than one dominating particle category during the year.
In this work, we analyze aerosol volume size parameters and
compare them with single scattering albedo at each site. The
absorption parameters are calculated at various wavelengths.
Last, aerosol variability and possible transport from one site
to another is investigated. This study highlights this variabil-
ity in aerosol categorization over each site based on these fac-
tors. It also shows possible aerosol transport between sites.
The following criteria are used to categorize aerosol par-
ticles based on AOD (τa675) and the Ångström exponent
(α675/440) (El-Askary et al., 2009). Cases with τa675≥ 0.3
and α675/440≤ 0.4 are classified as dust; τa675 < 0.3 and
α675/440 > 0.8 are classified as pollution; τa675 ≥ 0.3 and
α675/440 > 0.4 are classified as mixed; τa675 < 0.3 are clas-
sified as clean.

2 Instrumentation, data, and methodology

AERONET is an array of sun photometers globally dis-
tributed to measure columnar spectral AOD and water va-
por in a wavelength range of 340 to 1640 nm and temporal
resolution of 600 to 900 s. The network also retrieves colum-
nar optical aerosol properties (e.g., aerosol size distribution,
volume mean radius, volume concentration, and multi wave-
length single scattering albedo at 440, 675, 870, and 1020 nm
(Holben et al., 1998)). This takes place by fitting measure-
ments of the spectral AOD and sky radiances to radiative
transfer calculations (Dubovik and King, 2000). AERONET
data retrievals comprise 1–2 % estimated uncertainty (Eck et
al., 1999) with the highest uncertainty near UV wavelengths

(Holben et at., 1998). We used the AERONET Version 2,
Level 2.0 products that contain retrievals for 116 different
aerosol parameters including, aerosol volume size distribu-
tion (AVSD; dV (r) / dlnr (µm3/ µm2)) retrieved in 22 loga-
rithmically equidistant radial bins spanning the range of par-
ticle radii 0.05 µm≤ r ≤ 15 µm, the real and imaginary parts
of the refractive index (CRI-R(λ), CRI-I(λ)), and the optical
parameters (AOD (λ) and SSA) centered at four wavelengths
(440, 675, 870, and 1020 nm; Taylor et al., 2014). Version
2 inversion products also provide the mean geometric radii
of the fine and coarse modes, their standard deviation, and
their volume concentrations. This is of particular importance
for our analysis owing to the mixing scenarios observed over
North Africa and the Gulf region.

The AERONET inversion code provides aerosol optical
properties by measuring spectral direct beam and diffuse so-
lar radiation. Water vapor and columnar spectral AOD char-
acteristics can be retrieved from the AERONET direct-sun
measurements with a temporal resolution of ∼ 600–900 s
and 1–2 % typical AOD uncertainty (Holben et al., 1998;
Eck et al., 1999). Depending on the site, the data are typi-
cally provided at a wavelength range of 340 to 1640 nm, to-
gether with Ångström exponent α over certain wavelength
ranges. AERONET pre-version 1 (pre-release of Version 1,
2003) data have been applied to categorize aerosols based
on their optical characteristics (Dubovic et al., 2002, and
Russell et al., 2010). The AERONET Version 2 data, 2006,
provided more precise calculations of reflectance over bright
surfaces compared to Version 1. For example, in Saudi Ara-
bia, Bahrain, and the United Arab Emirates, Version 2 pro-
vided more consistent SSA over small islands vs. vast bright
desert, with an SSA difference of less than 0.01 compared to
0.03 for Version 1.

AERONET data retrievals Version 2, Level 2.0 (Smirnov
et al., 2000, 2002) are used to derive the extinction Ångström
exponent (αext) using the measured aerosol optical proper-
ties and AOD spectral dependence (τext) with wavelength (λ)
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Figure 2. Characteristics of the single scattering albedo (SSA) at (a) Solar Village, Bahrain, and Mezaira; (b) Tamanrasset, Saada, Ben
Salem, and Sedé Boqer; (c) Cairo. Volume size distribution at the eight sites: (d) Solar Village, Bahrain, and Mezaira; (e) Tamanrasset,
Saada, Ben Salem, and Sedé Boqer; (f) Cairo.

(Ångström, 1964):

αext = −dln[τext(λ)]/dln(λ) . (1)

Fine- and coarse-mode particles can be identified by calcu-
lating the linear regression of ln (τext) vs. ln (λ), where values
close to 2 indicate fine mode and 0 represents coarse mode
(Nakajima et al., 1989). The absorption Ångström exponent
(αabs) can also be calculated using

αabs = −dln[τabs(λ)]/dln(λ) . (2)

Aerosol particle physical characteristics affect αabs, for ex-
ample αabs varies from less than 1.0 and up to 1.6 for large
black carbon particles (r > 0.1 µm) based on their core size
and coating structure (Kondo et al., 2009). Black carbon par-
ticles are characterized by their small radius and spherical
shapes, which results in αabs values of ∼ 1.0 (Petzold et al.,
1997). Dubovik et al. (2002) also showed that αabs varies be-
tween 1.2 and 3.0 for dust, 1.2 and 2.0 for pollution (biomass
only), and 0.75 and 1.3 for mixed aerosols.

3 Results

3.1 Aerosol categorization using SSA

Aerosol absorption properties over the eight locations under
investigation are represented in Fig. 2 and Table 2. The SSA
spectral behavior agrees with Giles et al. (2012) and Dubovik
et al. (2002) but with an average decrease of 0.02 at the Solar
Village and Bahrain sites. The averaged optical properties,
with aerosol data listed and volume size distribution at each
site (Table 2), shows there is a lower SSA variability at Solar
Village, Mezaira, and Bahrain compared to the other sites.
The small SSA variability at those three sites is attributed to
physical (size and shape) similarities between particle grains
produced by the vast sand area surrounding the sites. The
SSA standard deviations calculated for this study are 0.004
lower and 0.008 greater than Dubovik et al. (2002) for the
Solar Village and Bahrain sites, respectively. The difference
between Table 2 and Dubovik et al. (2002) for these two sites
is due to applying improved Level 2.0 AERONET data re-
trievals and utilizing a larger data set. Pure dust could be dis-
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Table 2. Aerosols absorption and physical properties categorized by aerosol types, for sample stations, using AERONET Version 2, Level
2.0 data retrievals. Some locations may experience other aerosol types during different seasons (Cairo, for instance). The spectral single
scattering albedo (SSA) is listed first followed by the standard deviations based on monthly values. EMA: Egyptian Meteorology Authority.

Site Data range SSA 440/675/870/1020 αabs αext N

Dust

Solar Village 1999–2015 0.9/0.94/0.95/0.95
0.0225/0.0261/0.0269/0.0276

1.5± 0.54 0.35± 0.13 4080

Bahrain 1996–2006 0.92/0.94/0.94/0.94
0.0296/0.0265/0.0280/0.0297

1.3± 0.47 0.58± 0.22 1320

Mezaira 2004–2015 0.93/0.95/0.95/0.95
0.0178/0.0181/0.0223/0.0243

1.2± 0.18 0.49± 0.44 1500

Biomass

Cairo EMA 2005–2007 0.89/0.90/0.90/0.90
0.0203/0.0234/0.0275/0.0306

1.2± 0.32 0.88± 0.44 360

Cairo Univ. 2004–2005 0.89/0.90/0.88/0.87
0.0140/0.0268/0.0357/0.0435

0.94± 0.31 0.83± 0.35 210

Mixed

Sedé Boqer 2010–2015 0.92/0.94/0.94/0.94
0.0240/0.0273/0.0345/0.0373

1.2± 0.27 0.72± 0.45 3180

Saada 2003–2015 0.92/0.95/0.95/0.95
0.0226/0.0206/0.0249/0.0279

1.3± 0.21 0.57± 0.48 1560

Ben Salem 2013–2015 0.93/0.96/0.97/0.98
0.0211/0.0129/0.0126/0.0129

1.9± 0.23 0.62± 0.71 420

Tamanrasset 2000–2015 0.91/0.97/0.98/0.98
0.0139/0.0072/0.0054/0.0049

2.1± 0.09 0.25± 0.76 540

tinguished for values of αext less than 0.2 (Kim et al., 2011).
Solar Village, Bahrain, and Mezaira have αext≥ 0.3, indicat-
ing a possible incursion by other aerosols. This is more rec-
ognized at the Bahrain site due to the presence of fine parti-
cles produced from industrial activities similar to other loca-
tions (Gathman, 1983; Gras, 1995; Kalapureddy and Devara,
2008; Park et al., 2015).

Cairo is known for its widespread biomass burning activi-
ties observed during fall when episodes of ash burning from
agriculture waste take place (El-Askary and Kafatos, 2008;
Marey et al., 2010, 2011); however, other factors could also
contribute to pollution, such as traffic and industry. Com-
pared to other particle types, the biomass particles are known
to have the largest SSA variability due to various combus-
tion phases and fuel types (Eck et al., 2003); however, only
a small SSA difference (∼ 0.013) is observed between Cairo
and the Solar Village, Bahrain, and Mezaira site. This is an
indication of a possible mixing pattern between biomass and
dust over Cairo (El-Askary and Kafatos, 2008; El-Metwally
et al., 2008).

The similarity in the SSA characteristics between the
Saada, Tamanrasset, and Ben Salem sites, on the one hand,
and Solar Village, Bahrain, and Mezaira (Fig. 2) with a
strong absorption at 440 nm, on the other hand, is an indica-
tion of the dust dominance contribution to the Saada, Taman-

rasset, and Ben Salem sites. The increased absorption at these
three sites could also be due to increased hematite percent-
age in the dust that could lead to an increased absorption in
the blue to near-infrared wavelength band (Sokolik and Toon.
1999). The average SSA values for all locations are ∼ 0.91
(440 nm), 0.94 (675 nm), 0.95 (870 nm), and 0.95 (1020 nm)
and reveal insignificant changes with respect to the SSA for
all sites (Fig. 2, and Table 2). This is a sign of possible mix-
ing scenarios through transporting aerosols between different
sites.

Figure 2d–f show that both small and large particles ex-
ist with large particles dominating , as is shown by the two
peaks at∼ 0.1 and∼ 4 µm with high dust domination over the
Solar Village, Bahrain, and Mezaira locations. The high con-
centration of small size particles with ∼ 0.1 µm over Cairo is
an indication of high pollution over this location.

3.2 Aerosol (pollution/dust) discrimination using
Ångström exponent

The AERONET Lev 2, Ver 2.0 data retrievals are used along
with Eq. 2 to calculate average absorption aerosol optical
depth (τabs) and the absorption Ångström exponent (αabs) for
aerosol particles at the Solar Village, Bahrain, and Mezaira
(Fig. 3, Table 2). A comparison with Giles et al. (2012)
shows a large difference in αabs (+0.47), and with Dubovik
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Figure 3. Absorption aerosol optical depth (τabs) average grouped
by the dominant aerosol type at the eight sites using AERONET
Version 2, Level 2.0 data retrievals: (a) Solar Village, Bahrain, and
Mezaira; (b) Tamanrasset, Saada, Ben Salem, and Sedé Boqer; (c)
Cairo.

et al. (2002), Giles et al. (2012), and Russell et al. (2010),
the difference in αabs over Solar Village is (+0.3). For the
Tamanrasset, Saada, Ben Salem, Sedé Boqer, and Cairo sites,
the average αabs is comparable to Russell et al. (2010) and
Giles et al. (2012).

The above results can give a general indication regard-
ing aerosol categorizations at different locations and possible
particle transport mechanism; however, they do not show the
seasonality effect on particle dominance over a certain loca-
tion. Long-range frequency of occurrence of clean, mixed,
dust, and pollution aerosol categories along with their AOD
and Ångström exponent measurements over the Solar Vil-
lage, Bahrain, Mezaira, Sedé Boqer, Cairo, Saada, Taman-
rasset, and Ben Salem stations can provide detailed infor-
mation of the aerosol categorization and transport patterns

Table 3. Seasonal dust domination over study locations. EMA:
Egyptian Meteorology Authority.

Dust

Date τa675 α675/440

Solar Village Jun 2000 0.334636 0.123701
Jul 2000 0.554335 0.209781
May 2003 0.647241 0.089842
Jun 2003 0.427258 0.259769
May 2004 0.478263 0.135207
May 2006 0.675854 0.136249
Apr 2007 0.565676 0.216993
May 2007 0.525404 0.229953
Jun 2007 0.512271 0.222469
May 2008 0.603597 0.219008
Jun 2008 0.581412 0.136546
Apr 2009 0.525053 0.160235
May 2009 0.683702 0.154192
Jun 2009 0.841581 0.180778
Mar 2010 0.427101 0.230243
May 2011 0.635264 0.156087
May 2012 0.580928 0.220351
Jun 2012 0.549905 0.34144

Bahrain May 2006 0.451065 0.300185

Mezaira May 2010 0.40083 0.363177
Jun 2010 0.487617 0.372444
Mar 2012 0.591211 0.306378

Cairo EMA Apr 2005 0.440351 0.609703

Saada Jul 2007 0.421629 0.392435
Jul 2010 0.503962 0.312905
Aug 2011 0.399346 0.387933

among sites. Tables 3–6 and Fig. 4a–c show the effect of
seasonality in determining the dominant aerosol particles at
each location. Table 3 shows that natural dust particles dom-
inate over the Solar Village, Bahrain, and Mezaira sites dur-
ing March–June where dust storms events are active dur-
ing these months. Anthropogenic aerosols dominate over the
sites mostly during September–December (Table 4) due to
common windstorms (Said and Kadry, 1994) blowing during
these months, which help in transporting pollutants and other
anthropogenic aerosols. A mixed aerosol pattern is observed
all year around over the three sites but mostly during July and
August (Table 5), and the air is mostly clean during Novem-
ber and December (Table 6). AOD values and Ångström ex-
ponents played a major role in defining the abovementioned
four aerosol categories represented in Tables 3–6.

Data showed that high pollution over Cairo during the au-
tumn months (Table 4, Fig. 4e) as a result of yearly events
where farmers burn their leftover rice straw, causing severe
pollution and 2 to 3 months of potential complications for
respiratory and heart disease patients (Marey et al., 2010).
It is interesting to observe similar pollution patterns over
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Table 4. Seasonal pollution domination over study locations.

Pollution

Solar Village Sep 1999 0.244095 0.867438
Oct 2002 0.183753 0.926034
Oct 2004 0.167256 0.906812
Nov 2005 0.191312 0.86848
Dec 2006 0.196497 1.019745
Oct 2007 0.175421 1.057346
Nov 2007 0.129448 0.904911
Dec 2007 0.176361 0.899631
Dec 2009 0.172281 0.825395
Dec 2010 0.13846 1.046825
Oct 2012 0.202834 1.166223
Dec 2012 0.217803 0.858837

Bahrain Oct 2004 0.291991 1.081508
Nov 2004 0.271147 1.07103
Dec 2004 0.181128 1.298788
Jan 2005 0.251857 0.984849
Feb 2005 0.246111 0.881871
Sep 2005 0.255824 0.852505
Oct 2005 0.251038 1.219987
Nov 2005 0.236496 1.125288
Dec 2005 0.214268 1.20609
Jan 2006 0.245147 1.04383
Sep 2006 0.288577 0.890148

Mezaira Sep 2007 0.254272 0.888841
Oct 2007 0.202455 1.132523
Dec 2007 0.13286 1.12398
Oct 2008 0.238893 0.825587
Nov 2008 0.145263 1.247883
Nov 2009 0.162022 1.004461
Dec 2009 0.168218 1.153539
Jan 2010 0.122813 1.353932
Nov 2010 0.176654 1.398123
Sep 2011 0.294382 0.932607
Oct 2011 0.219481 0.943015
Nov 2013 0.154019 1.215744
Dec 2013 0.119431 1.156596
Jan 2014 0.147758 1.236338

Sedé Boqer Aug 1998 0.174121 1.288291
Sep 1998 0.166246 1.11584
Jul 1999 0.132953 1.250256
Aug 1999 0.136223 1.21218
Sep 1999 0.147045 1.031709
Aug 2000 0.158882 1.082329
Jul 2001 0.137293 1.095682
Aug 2001 0.177398 1.23571

Sedé Boqer (Fig. 4c) during the same time of the year in-
dicating a possible aerosol transport between different sites.
Data show that dust particles dominate over Cairo during the
spring season with the yearly khamsin sandstorm blowing
over the country during this time. These results agree with a
high fine-particle concentration found over Cairo (Fig. 2f).

Table 4. Continued.

Pollution

Sedé Boqer Jul 2003 0.107682 1.340217
Nov 2003 0.128659 1.037325
Jun 2004 0.112256 1.090375
Jul 2004 0.124242 1.091038
Aug 2004 0.107275 1.238889
Sep 2004 0.129063 1.170213
Oct 2004 0.188042 1.002594
May 2005 0.160178 1.013421
Jun 2005 0.162945 1.061923
Jul 2005 0.117386 1.30013
Aug 2005 0.141749 1.235765
Sep 2005 0.135074 1.098233
Oct 2005 0.130501 1.167848
Nov 2005 0.095973 1.33766
Jul 2006 0.130309 1.324776
Aug 2006 0.137575 1.143954
Sep 2006 0.147521 1.107143
Oct 2006 0.126813 1.211563
Nov 2006 0.091998 1.324415
Jan 2007 0.090471 1.242201
Jul 2007 0.124851 1.234827
Aug 2007 0.124037 1.25921
Dec 2007 0.069032 1.245291
Jul 2008 0.099229 1.211103
Aug 2008 0.177886 1.259835
Oct 2008 0.1479 1.201744
Nov 2008 0.085567 1.351784
Dec 2008 0.069011 1.247196
Jun 2009 0.109275 1.033012
Jul 2009 0.118304 1.176056
Aug 2009 0.113501 1.401656
Sep 2009 0.120057 1.335245
Oct 2009 0.194083 1.044277
Nov 2009 0.094559 1.457584
Dec 2009 0.101495 1.294266
Jan 2010 0.090991 1.131905
Jul 2010 0.17596 1.051998
Aug 2010 0.191311 1.034425
Nov 2010 0.12169 1.095045
Mar 2011 0.118081 1.0387
Jun 2011 0.116627 1.305029
Jul 2011 0.158914 1.298425
Aug 2011 0.121009 1.387253
Sep 2011 0.131061 1.463028
Oct 2011 0.141843 1.098022
Nov 2011 0.096901 1.433644

Dust particles dominate over the Saada site (Table 3,
Fig. 4f) during July and August, which is not the usual sand
storm season (February–April) over Morocco (Goudie and
Middleton, 2001). However, this could be attributed to the ef-
fect of single dust events sweeping off the coast of Morocco,
like the ones on 15 August 2005 and on 7 August 2015.
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Table 4. Continued.

Pollution

Sedé Boqer Jun 2012 0.137811 1.050994
Jul 2012 0.123867 1.300216
Aug 2012 0.104786 1.323267
Sep 2012 0.14309 1.177
Oct 2012 0.143002 1.305639
Nov 2012 0.111837 1.22663
Dec 2012 0.075735 1.083349
Jun 2013 0.140469 1.004892
Jul 2013 0.097441 1.305687
Aug 2013 0.094034 1.352441
Jul 2014 0.10121 1.384998
Aug 2014 0.096176 1.409582
Sep 2014 0.122792 1.139754
Oct 2014 0.1075 1.349438
Nov 2014 0.078158 1.212458

Cairo Univ. Nov 2004 0.214229 1.175515
Dec 2004 0.202082 1.291856
Jan 2005 0.228575 1.118635
Mar 2005 0.219945 1.223339

Cairo EMA May 2005 0.247344 1.063784
Jun 2005 0.288959 1.109003
Jul 2005 0.255777 1.319079
Aug 2005 0.261915 1.294556
Sep 2005 0.26998 1.118464
Nov 2005 0.234297 1.300921
Dec 2005 0.251722 1.23849
Jan 2006 0.231234 1.349487

Tamanrasset Jan 2013 0.022714 1.100667

Saada May 2007 0.129623 1.039977
Nov 2007 0.118411 1.024152
Dec 2007 0.072318 1.45022
Jan 2008 0.062712 1.449272
May 2008 0.132574 1.080527
Dec 2011 0.082039 1.267306
Feb 2012 0.10336 1.119926

Ben Salem Aug 2013 0.177932 1.042051
Apr 2014 0.114515 1.000073

Tamanrasset site data indicate that dust dominates
(Fig. 4g) during March–April, which falls within the yearly
dust storm events over Algeria and in October–November
where individual dust events blow through the Sahara. Clear
weather conditions are also found all year around. The Ben
Salem (Fig. 4h) station does not provide enough data during
the study period but most of the data collected point to a mix-
ing aerosol particle pattern during May–July. Time series of
the AOD and Ångström exponent show a data gap over the
Mezaira, Cairo, Saada, and Ben Salem stations where the sun
photometers were not operating for an extended period.

Table 5. Seasonal mixing particle domination over study locations.

Mixed

Solar Village May 1999 0.341644 0.426579
Aug 2000 0.398135 0.634875
Jul 2003 0.317711 0.510211
Aug 2003 0.359311 0.60482
Jul 2005 0.359354 0.441735
Aug 2005 0.303309 0.559758
Jul 2006 0.31427 0.411585
Aug 2006 0.420226 0.519463
Sep 2007 0.304047 0.745258
Aug 2009 0.504137 0.400734
Sep 2009 0.353579 0.482951
Feb 2011 0.390127 0.418135
Jun 2011 0.607849 0.409912
Jul 2011 0.49618 0.573132
Aug 2011 0.37496 0.639556
Jul 2012 0.383708 0.739601
Aug 2012 0.328888 0.81767

Bahrain Mar 2005 0.309838 0.642457
Apr 2005 0.409481 0.472898
May 2005 0.510207 0.479964
Jun 2005 0.379552 0.40134
Jul 2005 0.50564 0.543538
Aug 2005 0.396494 0.794101
Feb 2006 0.316549 0.725944
Mar 2006 0.339703 0.452933
Apr 2006 0.441408 0.494285
Jun 2006 0.345064 0.728788
Jul 2006 0.380813 0.702739
Aug 2006 0.51552 0.860817

Mezaira Jul 2004 0.36782 0.536964
Aug 2004 0.38091 0.617358
Sep 2004 0.328915 0.526263
Mar 2010 0.314758 0.453755
May 2014 0.367042 0.634481

Sedé Boqer May 2003 0.331628 0.454896

Cairo EMA Apr 2005 0.440351 0.609703

Saada Jul 2004 0.348132 0.455605
Aug 2005 0.312071 0.566701
May 2006 0.327604 0.669969
Aug 2007 0.335435 0.66549
Jul 2011 0.321371 0.599259

Ben Salem May 2013 0.176807 0.776106
Jun 2013 0.155888 0.796066
Sep 2013 0.210805 0.755659
May 2014 0.193105 0.761131
Jul 2014 0.249383 0.701042

Over the Solar Village, large dust events were recorded
during March–July with peak AOD observed in June 2009
(0.84), May 2009 (0.68), May 2006 (0.67), May 2003 (0.65),
May 2011 (0,63), and March 2012 (0.59). It is clear that
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Table 6. Seasonal clear events over study locations.

Clean

Solar Village Nov 1999 0.149764 0.550323
Jan 2003 0.096228 0.62666
Oct 2003 0.178413 0.733404
Mar 2004 0.191491 0.655569
Oct 2005 0.18837 0.779462
Nov 2005 0.191312 0.86848
Oct 2006 0.180977 0.694947
Dec 2007 0.176361 0.899631
Dec 2009 0.172281 0.825395
Jan 2010 0.124348 0.712725

Mezaira Sep 2013 0.281399 0.792686

Sedé Boqer May 2000 0.159897 0.605992
Mar 2006 0.184774 0.75678
Jun 2006 0.173092 0.765389
Oct 2010 0.183684 0.67544
Mar 2013 0.182458 0.506042
Apr 2014 0.149829 0.625146
May 2014 0.162358 0.72418
Jun 2014 0.188386 0.799814

Tamanrasset Oct 2006 0.150022 0.312346
Nov 2006 0.058332 0.711289
Feb 2007 0.07994 0.543037
Mar 2007 0.277462 0.350458
Apr 2007 0.26391 0.250456
Sep 2007 0.256329 0.490798
Oct 2007 0.123111 0.613251
Aug 2008 0.262444 0.5155
Oct 2008 0.259001 0.270847
Nov 2008 0.090616 0.532111
Dec 2008 0.058681 0.712297
Jan 2009 0.061793 0.572664
Dec 2012 0.055298 0.74645
Feb 2013 0.055164 0.714122
Mar 2013 0.110328 0.509167
Jul 2013 0.284419 0.319017
Sep 2013 0.234119 0.209053
Oct 2013 0.073054 0.571297
Nov 2013 0.051243 0.623209

March is the month with the most frequent dust activity as
major dust storms frequently blow during this time of the
year. This would also indicate a higher probability of dust
transportation within Saudi Arabia and the Arabian Penin-
sula during March. The major dust event that took place in
March 2009 over Saudi Arabia could have contributed to the
high AOD observed during this period, with a widespread
heavy atmospheric dust load which was reported in Alharbi
et al. (2013) and Farahat et al. (2016), who also suggested
that the major plume of the March 2009 dust outbreak orig-
inated from several dust source areas extending across two
regions – the Qası̄m region lying some 500 km northwest of

Riyadh within an active dust source region (Alharbi, 2009)
and the Ad Dibdibah and Aş Şummān Plateau region, which
is a major source of frequent dust storms in Saudi Ara-
bia. Parts of it are in Iraq, and the south of Kuwait cov-
ers the northeastern part of the Ad Dahnā Desert. Alharbi
et al. (2013) and Farahat et al. (2016) also reported that this
storm was associated with an increase in AOD, wind speed,
and a reduction in temperature and visibility, for few days
following the storm. Similar AOD pattern was observed over
the Bahrain and Mezaira stations with peak AOD observed
in March 2012 (0.59) and June 2010 (0.49) over Mezaira and
in May 2006 (0.45) over Bahrain. It is important to mention
that the Bahrain station did not produce any data after Octo-
ber 2006.

Based on the available data, dust dominates over Cairo
during March and April, which is coincident with khamsin
storms, in which major dust plumes are transported from the
Sahara to eastern Europe. It is clear that most of the year
pollution episodes took place over Cairo with peak pollu-
tion during November–January with another peak (αext) ob-
served in January 2006 (1.35), November 2005 (1.30), and
December 2004 (1.29). This could be attributed to the activ-
ity of Egyptian farmers burning rice straw and other agricul-
tural waste during this time of the year. As a result pollu-
tion events during these months could be contributing to di-
rect and indirect radiative forcing by anthropogenic aerosols.
These results agree with El-Askary et al. (2009) where peaks
of biomass burning were found to occur in September (2001
and 2002) and in October (2003 and 2004) over the greater
Nile Delta region as observed from the MODIS Terra satel-
lite. El-Askary et al. (2009) also indicated that the long-range
pollution observed over Cairo could be attributed to transport
from southeast Europe.

Pollution dominates over the Solar Village, Bahrain, and
Mezaira sites from October to December with αext dur-
ing October 2012 (1.12), October 2007 (1.06), December
2010 (1.04), and December 2006 (1.02) over the Solar Vil-
lage; December 2004 (1.29), October 2005 (1.22), Decem-
ber (1.21), and November 2005 over Bahrain; and November
2010 (1.39), January 2010 (1.35), November 2008 (1.25),
and January 2014 (1.24) over Mezaira. Pollution over the
three sites is in general attributed to a boom in the oil in-
dustry accompanied by large infrastructure requirements, the
establishment of major cement industry in the area, an un-
precedented high economic growth rate, low energy costs
subsidized by the government, and a population increase.
These all contribute to Saudi Arabia, Bahrain, and UAE envi-
ronmental pollution (Farahat, 2016). Winter pollution domi-
nates from October to December due to a reduction in dust
blowing events over these months, which is an indicator of
less pollution transport during that period. Clean scenarios
are observed over the Solar Village, Bahrain, and Mezaira
mostly during the summer season; this is probably due to
less traffic pollution as schools are off and many locals travel
to cooler places to escape high summer temperatures in this
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Figure 4. Measurements and occurrence for different aerosol particle categories and their corresponding absorption Ångström exponents
(monthly average) over (a) Solar Village; (b) Bahrain; (c) Mezaira; (d) Sedé Boqer; (e) Cairo; (f) Saada; (g) Tamanrasset; (h) Ben Salem.
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Figure 5. (a) HYSPLIT backward trajectory on 14 November 2011
at Sedé Boqer site showing aerosol possible transport from Cairo
site; (b) volume size distribution at Sedé Boqer site during 13 and
14 November 2011; (c) volume size distribution at Cairo_EMA site
during 13 and 15 November 2011.

area. However, clean weather is also observed during other
months based on weather conditions and aerosol transport.

Compared to the Solar Village, Bahrain, and Mezaira sites,
lower AOD values are recorded at the Tamanrasset and Saada
sites during the dust season, but higher pollution is ob-
served during November–February with αext January 2013
(1.10) over Tamanrasset; December 2007 (1.45), January

2008 (1.45), and December 2011 (1.26) over Saada; and Au-
gust 2013 (1.04) over Ben Salem. Microparticle transport
plays a major factor in changing aerosol types at different
AERONET sites. In this article, we try to shed light on a pos-
sible aerosol transport between two AERONET sites, namely
Cairo and Sedé Boqer. The two sites are chosen based on
their geographic locations to demonstrate aerosol transport
from North Africa to the Middle East. Aerosols volume size
distribution on 13 November 2011 over the Cairo site and
on 14 November 2011 over the Sedé Boqer site (24 h later)
clearly shows aerosol transport between the two sites (Fig. 5).
The Hybrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) back trajectory model confirms the possible
aerosol transport from Cairo to Sedé Boqer. Gridded meteo-
rological data, at regular time intervals, are used in the calcu-
lation of air mass trajectories. For the back-trajectories, data
are obtained from existing archives. A complete description
of input data, methodology, equations involved, and sources
of error for the calculation of the air mass trajectory is pre-
sented by Draxler and Hess (1997). Figure 5a shows the air
mass back trajectory at Sedé Boqer during the black cloud lo-
cal pollution episode over the Delta Region at different verti-
cal elevations to highlight the vertical extent of local trans-
portation (Aboel Fetouh et al., 2013; Prasad et al., 2010).
El-Askary and Kafatos (2008) found that an inversion layer
contributes to the trapping of aerosols and pollutants, result-
ing in an increase of their concentration and, hence, creat-
ing a permanent haze that can develop into a health hazard.
Figure 5b and c show the SSA characteristics over both lo-
cations, implying the transport from Cairo location to Sedé
Boqer. SSA values at the finer radius size were high on the
13th over Cairo and low over Sedé Boqer; then SSA values
increased on the 14th over Sedé Boqer while showing a drop
on the 15th over Cairo. This behavior suggests aerosol trans-
port from Cairo to Sedé Boqer during the period under inves-
tigation. The preliminary results here demonstrate a possible
aerosol transport between different sites; however, a com-
plete spatial and temporal analysis is needed to understand
the effect of this transport on aerosol types.

4 Conclusions

A combination of ground-based aerosol-related parameters
was used in this analysis to study different sources of aerosol
loadings over eight different cities in North Africa and the
Gulf region. Our analysis involved a study of the AOD and
SSA, as well as other derived parameters and trajectory mod-
els. Natural vs. anthropogenic aerosols are well distinguished
using our derived Ångström exponent. We also identified
possible mixed and clean atmospheric conditions using the
calculated α675/440 values. It is clear that dust episodes
dominate the spring season, as reflected by the high values of
AOD associated with sharp drops in the Ångström exponent.
Back trajectory analysis shows agreement with these find-
ings, thereby confirming that the Sahara is the major source
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of such aerosols during the spring season. Furthermore, the
sharp peaks in the Ångström exponent at the Cairo station
suggests a possible long-range transport of pollutants from
Europe during the summer season as previously discussed
by El-Askary et al. (2009). Local pollution is most promi-
nent during the fall and winter seasons, as confirmed by the
data presented in the tables and associated figures. In sum-
mary, it is clear that the region under investigation is exposed
to the impacts of aerosols from various sources throughout
the year. This is becoming a serious health hazard because of
the persistence of high pollution throughout the year or for
prolonged time periods.

5 Data availability

All data used in this study are publicly available at the
Aerosol Robotic Network (AERONET, 2016) homepage:
http://aeronet.gsfc.nasa.gov/.
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