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In this study, Particulate Matter (PM) samples, collected during 2 summer and 2 winter

months over a long-term period (1984–2012) at a suburban site in Athens (Greece),

were used in order to examine the connection between Sahara dust long range transport

events and mass concentrations of the aerosol mineral component, as well as the relative

abundance of specific crustal components. As a result, the average deposition flux

of dust to the Aegean Sea around the Attica Region, during days with Sahara dust

transport events, was calculated. The elemental concentration of aerosol samples was

determined by means of ET-AAS, ED-XRF. Mineral dust was chemically reconstructed

by using the elemental concentrations of the crustal species based on their common

oxides. Two different air mass transport models (HYSPLIT and FLEXTRA) were used for

the identification of the days with dust transport events. The dust deposition velocity

of the particles was calculated by using Stokes drag law, while the dust deposition

flux was calculated taking into account the mean particle size of the aerosol coarse

size fraction, which is dominated by the transported crustal component during Sahara

dust intrusions. The mineral dust contribution was higher in summer, when dry weather

conditions prevail. The Ca/Fe ratio was examined for all years, since this ratio is often

used for the identification of Saharan dust events. For the years 1996 and 1998 the

Ca/Fe ratio indicates an influence by local urban generated dust. The dust deposition

flux per day of a Sahara intrusion event varied from 61 to 199 µg/m2 with an average

value of 131 ± 41 µg/m2. The total dust deposition over the 4 month measuring period

ranged from 237 to 2935 µg/m2.

Keywords: surface flux, Sahara dust, elemental composition, deposition, mineral fraction

INTRODUCTION

Dust is primary aerosol arising from mechanical processes and may be generated either naturally
or by anthropogenic activities. Natural dust occurs when wind blows over land surfaces, either
producing or re-suspending particles, it is mainly coarse in size and dominated by mineral
species (silicon, calcium, potassium, magnesium etc.). On the other hand, anthropogenic dust may
contain large quantities of carbon and several metals (copper, zinc, iron, magnesium, calcium etc.)
contributing to ambient aerosol in both coarse and fine aerosol sizes (Athanasopoulou et al., 2010).
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The atmosphere of the Mediterranean region is often affected
by long range transport events and aerosol formation through
intense photochemical activity (Lazaridis et al., 2005). The
aerosols that reach the area originate from areas with different
characteristics such as Sahara desert and the industrialized areas
of N/NE Europe (Bardouki et al., 2003). Sahara dust transport
events frequently occur during spring and autumn, contributing
up to 25% of the prevailing air masses which covers Central
and Eastern Europe as well as part of the western Turkey
(Remoundaki et al., 2011). Annually, 1–3 billion tons of mineral
dust is emitted into the atmosphere from arid-semiarid areas
and the most important source regions are situated in Northern
Africa. Saharan and Sahel sources are responsible for 50–70%
of the global dust emission (Escudero et al., 2010; Varga et al.,
2014). The increased dust concentrations during heavy dust
outbreaks often result in exceedances of the daily PM10 limit
values set by EU (2008/EC/50) in many countries such as Spain,
Italy, and Greece and raise the overall concentration levels of
particulate matter (PM) in ambient air (Varga et al., 2014).
Dust transport events have been identified as a major type of
intense aerosol episodes in the greater Mediterranean basin,
accounting for 71.5% of all extreme episodes in the area (Gkikas
et al., 2016). Pey et al. (2013) have studied the occurrence of
African dust outbreaks in the Mediterranean basin over a 11
year period (2001–2011) and concluded that African dust may
be considered the largest PM10 source in regional background
sites (35–50% of PM10), with peak contributions reaching up
to 80% of the PM10 mass. According to Querol et al. (2009),
African dust contribution to PM10 concentrations recorded at
regional background sites is higher in the eastern in comparison
to the western Mediterranean basin, reaching up to 9–10 µg m−3

on a yearly basis. Similarly, Diapouli et al. (2016) report mean
annual African dust contribution to PM10 concentrations at
urban sites in Southern Europe ranging from 21% (in Athens)
to around 2% in the western Mediterranean (Milan, Barcelona,
and Porto).

The input of Saharan dust has important effects on the
chemistry of the Mediterranean aerosols (Kallos et al., 2006).
Depending on the path followed by the air masses, aerosol
composition in the different Mediterranean receptor sites may
vary (Lazaridis et al., 2006; Semb et al., 2007; Samoli et al., 2011)
and have different constituents such as sulfate (Levin et al., 1996)
and metals, e.g., Zn, As, and Pb (Sun et al., 2005). For instance,
desert dust particles transferred to Barcelona will be probably
enriched with elements originating from anthropogenic sources
during their path over the Spanish peninsula, compared to dust
particles reaching Athens that usually follow a route over the
Mediterranean Sea (Samoli et al., 2011).

The Athens Metropolitan area is a large urban center
and an important source of anthropogenic pollutants.
Athens is located in a climatic sensitive region such as the
Mediterranean Sea, where the prevailing air masses may be
characterized by diverse aerosol properties such as desert
dust from the Sahara and the aged polluted plumes from
Western and Eastern Europe (Eleftheriadis et al., 1998,
2014). However, Attica is a peninsula extending into the
Aegean Sea and the strong events of dust intrusions observed

there, are also characteristic of the surrounding marine
area.

The aim of this study was to calculate the average deposition
flux of dust to the Aegean Sea around the Attica Region
in Greece, during days with Sahara dust transport events.
Elemental concentration data from PM samples collected at
a suburban site in Athens were used in order to quantify
the aerosol mineral component and subsequently the dust
deposition flux in the area, during dust transport events. In
addition, the relationship between Sahara dust phenomena and
the atmospheric concentration of elements such as Calcium and
Iron was investigated.

MATERIALS AND METHODS

Sampling
The measurement campaign took place at Demokritos
monitoring station which is located at NCSR “Demokritos”
campus in Athens, Greece (Figure 1). The sampling station
is located at the North East corner of the Greater Athens
Metropolitan Area in a suburban area on the hillside of
Hymettus mountain (270m a.s.l.) and can be considered as an
urban background site (Triantafyllou et al., 2016). The station is
away from direct emission sources in a vegetated area (mainly
pine trees), partially influenced by the Athens metropolitan area
and partially by the incoming air from the North East, which is
representative of Regional atmospheric aerosol conditions.

Two long range transport models (HYSPLIT and FLEXTRA)
were used to identify the sampling days with Sahara dust events.
Only the samples from days with Sahara dust events were used in
the current study.

Total Suspended Particles (TSP, Particulate Matter sampled
from the ambient air with no threshold in size, except
limitations in aspiration efficiency of the sampling head, usually
aerodynamic diameters up to 50 µm) samples were collected for
many years of the period 1984–2006 (1984, 1986, 1988, 1990,
1992, 1994, 1996, 1998, 2000, 2002, 2006) and specifically during
the months January–February for the winter season and June–
July for the summer one (4 month sampling period for each
year). We consider the measurements for 2011–2012 as 1 year
measurements (measurements for the summer period of 2011
and for winter period of 2012). The samples were collected on
Whatman 41 cellulose filters, with 47 mm diameter, and by using
a low volume sampler with a flow rate of 2.1 m3/h. In addition,
PM10 (airborne particles with diameter up 10 µm) samples were
collected on PTFE Whatman filters, 47 mm diameter with 1 µm
pore size, during summer (June–July) and winter period of 2012
(January–February). The sampler was operating at 23.8 l/min.

All filters were loaded into clean polystyrene Petri dishes after
sampling and were stored for subsequent analysis (Manousakas
et al., 2013).

Chemical Analyses
Two analytical techniques were used for the elemental analysis
of the collected samples, ET-AAS (for the years 1984–1996) and
ED-XRF (for the years 1998–2012).
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FIGURE 1 | Map of Demokritos station.

Electrothermal Atomic Absorption Spectrometer

(ET-AAS)
ET-AAS was used for the determination of the concentration
of three elements, Ca, Mg, and Fe (for the years 1984–1996).
The instrument used was a Varian 220 spectrometer equipped
with a GTA 110 graphite furnace and flame atomic absorption
spectrometry. The metal Fe was analyzed using the graphite
furnace technique while Mg and Ca were analyzed using flame
technique. These metals have been selected because they can
be tracers for Saharan dust transport as well as anthropogenic
atmospheric pollution. Filter blanks and blank field samples
were also prepared and analyzed together with the samples,
and the concentrations measured were subtracted from sample
measurements (Karanasiou et al., 2005).

Extraction of total metal content was accomplished through
microwave assisted digestion of the samples by the use of 2 ml of
concentrated HNO3 65% and 1 ml of HF 40%. All reagents used
for the digestion procedures were of analytical grade quality or
better (HNO3 suprapure 65% Merck, HF suprapure 40%Merck;
Karanasiou et al., 2005). HNO3 is usually the first choice for the
digestion, because of its strong oxidizing potential. On the other
hand, HF has the ability to digest silicon containing compounds
(Manousakas et al., 2014). All digestions were performed on a
domestic microwave oven. The microwave digestion program
settings are presented in Table 1. The calibration standards were
obtained from Merck and Carlo Erba. Ultrapure water from a
Millipore Milli-Q System was used for the preparation of the
solutions. Palladium was used as modifier for Pb (as Pd, 10 g/l)
and Mg for V [as Mg(NO3)2, 10 g/l]. For Ca and Mg solutions,
La2O3 (10% w/v) was added to eliminate interferences, while
Caesium Chloride (0.5% w/v) was added to the K solutions.
All modifiers were of suprapure grade and were obtained from

Merck. Hollow cathode lamps were used as radiation sources for
all elements. ET-AAS conditions were carefully optimized for the
compensation or elimination of interferences (Karanasiou et al.,
2009).

Energy Dispersive X-Ray Fluorescence Spectroscopy

(ED-XRF)
The samples of the years 1998–2012 were analyzed for eight
elements (Mg, Al, Si, Ca, K, Ti, Fe, Na) by ED-XRF.A secondary
target-XRF spectrometer was used (Epsilon 5 by PANanalytical,
the Netherlands), which consists of a side-window low power X-
ray tube with a W/Sc anode (spot size 1.8–2.1 cm, 100 kV max
voltage, 6 mA current, 600 W maximum power consumption).
The characteristic X-rays emitted from the sample are detected
by a Ge X-ray detector (PAN-32, with 140 eV FWHM at MnKα,
30 mm2 and 5 mm thick Ge crystal with 8 µm Be window).

For the calibration of the system, both elemental and multi
elemental standards were used. In particular, 7µm thin standards
on 6.3 µM (MgF2, SiO, KCl, CaF2, Fe, Al, and Zn), and 1 custom
made thin target on Kapton (Ti) were used. The calibration was
tested using the SRM 2783 by NIST. Each sample was analyzed
for 120 min, while laboratory filter blanks were also analyzed to
evaluate analytical bias.

Air Mass Trajectories
Two models were used to investigate the transport path of
the air masses reaching the sampling site and to identify the
sampling days which can be characterized as Sahara dust events:
Hybrid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT; Stein et al., 2015) and FLEXTRA (Stohl et al., 2005).
These models simulate the long-range andmesoscale transport of
tracers from point or area sources, using interpolated measured
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or modeledmeteorological fields and accounting for atmospheric
processes such as diffusion and dry and wet deposition. Theymay
be used forward in time to simulate the dispersion of tracers from
their sources, or backward in time to determine potential source
contributions for a given receptor site (Stohl et al., 2005). In
the present study, both models were used to gather information
about the origin of the observed aerosols. Three dimensional
trajectories were computed for the coordinates 38 N, 23.8 E
(Demokritos station), at 8:00 and 19:00 UTC by HYSPLIT, and
at 0:00, 6:00, 12:00, and 18:00 by FLEXTRA. The calculations
by HYSPLIT were made for 300, 700, and 1000m a.g.l. (above
ground level) height and for 180 h backwards, while FLEXTRA
model produced 7 day backward air masses trajectories, and at
three heights [500, 1000, and 1500m a.s.l. (above sea level)].
FLEXTRA model can provide information from 1996 onwards.
Only African dust transport events verified by both models were
identified as such and were used in this study.

Dust Deposition Flux Calculation
Dry deposition refers to the removal of dust particles from
the atmosphere in the absence of precipitation. Dry deposition
of ambient aerosol particles includes gravitational settling,
Brownian diffusion, impaction, and turbulent transfer to the
surface (Li et al., 2008; Perez et al., 2011). However, dust
particles are in the size range where gravitational settling can be
considered as the controlling factor for their deposition velocity
(Gao et al., 1997; Schepanski et al., 2009). Gravitational settling is
one of the main and most efficient processes of particle removal
from the atmospheric environment (Perez et al., 2011). In this
study, the dust deposition velocity of the particles was calculated
by using Stokes drag law. According to Stokes drag law, the
settling of particles is attributed to gravity and the drag forces
can be considered as proportional to the relative velocity between
particle and fluid, under the assumption that the particles are in
spherical shape. The dust deposition velocity (vd) was defined as:

vd = vg =
(ρp − ρa)gd

2
pCc

18v
(1)

Where, vg is the gravitational settling velocity, dp is the particle
aerodynamic diameter, ρa is the air density (g/cm3), ρp is the
particle density (g/cm3), g the gravitational constant (m3 kg−1

s−2), v the air viscosity, and Cc the Cunningham slip correction
factor.

As it is presented in Equation (1), the particle density and
size are the two key parameters in determining the deposition
velocity. When the size distribution of the dust is known, it
can be often simulated by a lognormal Gaussian distribution
(Eleftheriadis and Colbeck, 2001). The median mass size
diameter of the lognormal distribution can be considered as the
characteristic parameter to define the mean size of dust particles.
In this study, the coarse fraction was approximated as having one
mean size, the Mass Median Aerodynamic Diameter (MMAD).
As far as for the density of the coarse particles (i.e., dust particles),
it can be considered equal to 2.6 g/cm3 (Schepanski et al., 2009;
Chen et al., 2011). However, when the equivalent aerodynamic

diameter is used to define the particle size, the density of the
particles can be considered equal to 1 g/cm3.

Then, the dust deposition flux Fd is calculated by multiplying
the particle mass concentration Cm by their deposition velocity
vd, as follows (Lin et al., 1994):

Fd = Cm ∗ Vd (2)

where Cm, is the dust mass concentration in µg/m3, vd is the
deposition velocity in m/s, and Fd is the flux in µg/m2/s.

RESULTS AND DISCUSSION

Calculation of Mineral Component
In Figure 2, the percentage of the Sahara dust event days (number
of event days to total number of sampling days) for the sampling
period is presented. According to Figure 2, Sahara dust events are
more frequent during winter period than during summer period,
except for the years 1992 and 2000.

Mineral dust was chemically reconstructed by using the
elemental concentrations of the crustal species Al, Si, Ti, and Fe
plus non sea salt fraction of Na, Mg, Ca, and K, all multiplied by
factors to convert them to their common oxides. More specific
soil dust was calculated as: 1.35∗Na + 1.66∗Mg + 1.89∗Al +
2.14∗Si + 1.21∗K + 1.4 Ca + 1.67∗Ti + 1.43∗Fe (Nava et al.,
2012). Because Al, Si, and Ti concentrations were not determined
by ET-AAS, they were estimated from the remaining known
mineral components, based on the typical ratios for the site,
calculated from XRF measurements. The mean mineral dust
contribution during the studied 4 month period ranged from 2
to 13 µg/m3, with an average value of 8 µg/m3. The year with
the highest mineral dust concentration is 1988 while the lowest
is recorded on 1992. Mineral contribution was higher during the
summer season, as expected due to drier conditions. The seasonal
variability for the different years is presented in Figure 3. The
intensity of the dust events might also be higher during summer.
This is in agreement with other studies (Morales-Baquero et al.,
2013).

The Ca/Fe ratio was examined for all years, since this ratio
is often used for the identification of Saharan dust events. The
typical value of this ratio for Sahara dust identification ranges
from 2 to 5 (Guieu et al., 2002; Remoundaki et al., 2011).
The average value of the Ca/Fe ratio for all years was 8.5,

FIGURE 2 | Percentage of Sahara dust event for the two season of the

measurement period (1984–2012).
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although for most of the years the ratio ranged from 1.5 to 5
(Figure 4). Mineral dust concentration is always the product of
two different dust sources, transported dust and locally produced
or/and resuspended dust. Even though all the samples used in the
current study corresponded to days with Sahara dust events, local
dust contribution is not always negligible, depending also on the
intensity of the dust transport event. The high value of the Ca/Fe
ratio for the years 1994 and 1996 indicates higher impact from
local soil, which is rich in calcite, as well as from city dust, which
often includes Ca-rich dust produced from construction activities
(Athanasopoulou et al., 2010). This observation highlights that
during days with transport events the contribution from local
dust may be equally or even more significant than transported
dust, especially during periods with intense construction activity.
In these cases, the Ca/Fe ratio may allow us to exclude these
data from the long-term impact of the deposited flux to the
marine environment. They rather represent the influence of local
conditions and dust generation mechanisms.

Total Deposition of Sahara Dust
To calculate the total deposition during the days with Sahara
dust events, a mean mass size distribution of ambient aerosol
was used, based on size distribution measurements performed
in previous studies (Smolık et al., 2003; Athanasopoulou et al.,
2010). The measurements for the study of Athanasopoulou
et al. (2010) were conducted at the same sampling site, in Ag.

FIGURE 3 | Mineral dust contribution in µg/m3, for the years 1984–2012

for winter (gray) and summer period (red).

FIGURE 4 | Average Ca/Fe ratio for the years 1984–2012. Red line

indicates the mean Ca/Fe ratio.

Paraskevi, Attica. The measurement campaign in Smolık et al.
(2003) took place at the Mediterranean marine background
site of Finokalia, Crete. Measurements of size distributions
are sparse but the characteristics of dust transport in these
cases is very similar. In order to improve the statistics of the
most representative size distribution for these dust events, a
mean size distribution was calculated from all measurements.
The mean distribution was fitted by the sum of log-normal
distributions, applying the procedure described by Hussein et al.
(2005), also applied in Zwozdziak et al. (2017). The average mass
size distribution, normalized by the total mass is presented in
Figure 5. The size distribution appeared to have two peaks: one in
the fine size fraction with Mass Median Aerodynamic Diameter
(MMAD) equal to 0.41 µm and standard deviation of 1.47, and
one in the coarse size fraction with MMAD equal to 5.00 µm and
standard deviation of 2.45. According to the literature in the area
(Smolık et al., 2003; Gerasopoulos et al., 2007), the dust mostly
contributes to the coarse size fraction, whereas anthropogenic
sources mostly contribute to the fine size fraction. Thus, the
modal characteristics of the coarse mode were used for the
calculation of the dry deposition velocity (dp = MMAD) and dust
deposition flux.

The deposition flux was calculated using Equation (2) based
on the concentration of the mineral fraction of PM. The dust
deposition flux per Sahara day varied from 61 to 199 µg/m2

with an average value of 131 ± 41 µg/m2. For most of the
years the deposition flux was higher in dry (summer) than in
wet period (winter; Figure 6). The flux varied from 48 to 1654
µg/m2/event day in the winter period and from 95 to 364
µg/m2/event day in summer period. The higher values in the
summer period may be expected due to the lack of wet removal
process during the long-range transport in the dry period and
the additional dust injected locally by resuspension during dry
conditions.

Table 2 summarizes the total dust deposition for the winter
and summer measuring periods, for every year. The deposition
for the 4 months studied period ranged from 237 to 2935 µg/m2

FIGURE 5 | Average mass size distribution of ambient aerosol during

Sahara dust events. The mass distribution was normalized by total mass

concentration. The red line displays the inverted size distribution assuming a

sum of lognormal modes. Black broken line displays these two modes (coarse

and fine).
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FIGURE 6 | Twenty-four hours dust deposition flux in µg/m2 for the years 1984–2012 for winter (gray) and summer period (yellow).

TABLE 1 | Program settings of microwave digestion of airborne

particulate matter (Karanasiou et al., 2005).

Stage Power (Watt) Time (min)

1 300 4

2 450 2

3 600 2

with an average value of 1148 µg/m2. It is known than in Eastern
Mediterranean the maximum of occurrence of Sahara dust event
is during spring time (Pey et al., 2013). Therefore, the periods
we examine in winter and summer may include only part of
the Sahara dust deposition affecting the marine environment
annually. From intensive studies where the whole year was
examined, we can have a measure of the deposition occurring
during the rest of the year. For example for 2013 (Diapouli et al.,
2016), the events recorded during January–February and June–
July were 30 with a mean 24 h net Saharan dust concentration
of 1.8 µg/m3 while, during the remaining months, 86 events
were recorded with a 6.1 µg/m3 mean net Saharan dust 24 h
concentration.

For the years 1996 and 1998 where the Ca/Fe ratio
indicates an influence by local urban generated dust, results
may not be representative for the deposition in the marine
environment.

CONCLUSIONS

In this study, the mineral dust contribution and deposition
rate were calculated for Sahara dust event days for a number
of years. PM samples were collected during 2 winter and 2
summer months, oven a long-term period (1984–2012). The
samples were analyzed for major elements and mineral dust was
chemically reconstructed by using the elemental concentrations
of the common oxides of the crustal species Al, Si, Ti, and Fe plus
non sea salt fraction of Na, Mg, Ca, and K.

TABLE 2 | Total deposition flux of dust in µg/m2 for the studied winter and

summer period of each year.

Year Season Deposition (µg/m2)

1984 Winter 123

Summer 696

1986 Winter 165

Summer 219

1988 Winter 1457

Summer 891

1990 Winter 417

Summer 417

1992 Winter 118

Summer 0

1994 Winter 95

Summer 681

1996 Winter 0

Summer 989

1998 Winter 423

Summer 242

2000 Winter 957

Summer 65

2002 Winter 182

Summer 608

2004 Winter 716

Summer 562

2006 Winter 0

Summer 246

2012 Winter 1070

Summer 1559

Sahara dust events in the winter period (January–February)
are more frequent than in the summer period (June–July) for
most of the years of the period under study. However, themineral
dust contribution is higher in summer period because of dry
weather conditions which favor the accumulation of dust due to
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decreased wet deposition and high resuspension rate. This is an
indication that the deposition flux calculated here may be quite
representative for themarine environment during winter, while it
may be somewhat overestimated for the Saharan dust flux in the
marine environment during summer. In addition, the intensity
of the dust events might be higher during summer.

The examination of Ca/Fe ratio revealed that occasionally
the contribution of local dust may be significant. For instance,
the high value of the Ca/Fe ratio for the years 1994 and 1996
indicates higher impact from local soil than from Sahara dust.
Local soil is rich in calcite. City dust also, often includes Ca-rich
dust produced from construction activities. The flux varied from
48 to 165 µg/m2/event day in the winter period and from 95
to 364 µg/m2/event day in the summer period. The total dust
deposition over the 4 month measuring period ranged from 237
to 2935 µg/m2. The year with the highest total dust deposition
was 1996 during which the contribution of local dust to the total
dust inventory was significant.

According to the results, no clear trend in the annual
changes of the number of dust transport events or the dust
flux and deposition during the studied period is observed. That

fact is another indication that dust transport events are very
complex phenomena that are affected by many different factors
such as meteorology, which can vary quite significantly every
year.
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