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a b s t r a c t

Springtime constitutes the most favorable period for Sahara dust outbreaks and transport
over Eastern Mediterranean. This study investigates the aerosol properties during April
2005 using remote-sensing and ground-based measurements. Three dust events with
high aerosol optical depth (AOD) values have been observed during the measuring period,
with duration of two days, i.e. 11–12, 16–17 and 25–26 April 2005. In this paper we mainly
focus on the intense dust event of 16–17 April 2005, when a thick dust layer transported
from Libya affected the whole Greek territory. Very high AOD values obtained from Aqua-
MODIS sensor were observed over Greece (mean 2.42� 1.25) on 17 April, while the respec-
tive mean April value was 0.31� 0.09. The AOD at 550 nm (AOD550) values over Crete were
even larger, reaching w4.0. As a consequence, the PM10 concentrations over Athens
dramatically increased reaching up to 200 mg m�3. On the other hand, the fine-mode
fraction values obtained from Terra-MODIS showed a substantial decrease in the whole
Greek area on 17 April with values below 0.2 in the Southern regions. The intense dust
layer showed a complex behavior concerning its spatial and temporal evolution and
allowed us to study the changes in the optical properties of the desert dust particles along
their transport routes due to the mixing processes with other aerosol types. The results
from different measurements (ground-based and remote-sensing) did not contradict
each other and, therefore, are adequate for monitoring of dust load over the Eastern
Mediterranean.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

According to the Earth Observatory (website http://
earthobservatory.nasa.gov/intense) dust outbreaks are
considered natural hazards, which affect the global and
regional radiative balance (Satheesh and Krishna Moorthy,
2005 and references therein), cloud microphysical proper-
ties (Levin and Ganor, 1996), atmospheric heating and
stability (Alpert et al., 2004), tropical cyclone activity
(Dunion and Velden, 2004), ecosystems, marine environ-
ments and phytoplankton (Donaghay et al.,1991), photolysis
rates and ozone chemistry (Zerefos et al., 2002), and human
x: þ30 210 3490113.
ezidis).

. All rights reserved.
health (Rodriguez et al., 2001). Desert aerosols are probably
the most abundant and massive type of aerosol particles that
are present in the atmosphere worldwide. Therefore, dust,
which is a common aerosol type over deserts (Ogunjobi
et al., 2008), is considered to be one of the major sources of
tropospheric aerosol loading, and constitutes an important
key parameter in climate aerosol forcing studies (Kaufman
et al., 2002). Mineral and desert dust play important roles
in the radiative forcing, with an estimated Top of Atmo-
sphere (TOA) radiative forcing in the range –0.6 to
0.4 W m�2 (IPCC, 2007). However, the radiative forcing
caused by dust particles is very uncertain in both magnitude
and sign, mainly triggered by the chemical composition of
mineral particles (Claquin et al., 1998), the wavelength
dependence of their optical properties (like single-
scattering albedo or SSA in brevity, asymmetry factor) as
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well as by the albedo of the underlying surface and also the
relative height between the dust layer and the clouds (Kinne
and Pueschel, 2001). Desert dust can be transported over
long distances from the source regions (Prospero et al.,
2002), with the larger particles to be deposited near the
source, while the smaller ones to be suspended in the air
for a few days or weeks, thus traveling over large distances.

The Sahara desert is the most important dust source in
the world. Exports of dust plumes to the North Atlantic
and Mediterranean Sea occur throughout the year (Moulin
et al., 1998). While most (about 60%) of the Saharan dust is
transported westward, a significant amount reaches Europe.
On a regular annual basis, about 80–120 Tg of dust are trans-
ported to the Mediterranean (d’ Almeida, 1986). The resi-
dence time of dust particles depends on the
meteorological conditions, wind speed and precipitation
that favor the dry and wet deposition, respectively. The
occurrence of Sahara dust (SD) events above Mediterranean
has a marked seasonal cycle, mainly driven by the intense
cyclones called Sharav, south of the Atlas Mountains
(Morocco). These cyclones are generated by the thermal
contrast between cold Atlantic air and warm continental
air that both cross North Africa during spring and summer
(Moulin et al., 1998; Rodriguez et al., 2001). In spring the
Sharav cyclones carry desert dust towards Eastern Mediter-
ranean, while in summer the most intense activity occurs in
the central part; by the end of the summer a low-pressure
system over the Balearic Islands drives the dust plumes
towards the Western Mediterranean (Meloni et al., 2007).

Therefore, there is a growing interest in examining the
spatio-temporal aerosol dust distribution over Eastern
Mediterranean and coastal Greece due to their proximity
to the North African arid regions. The dust climatology
over Mediterranean is mainly investigated via satellite
sensors (Moulin et al., 1998; Israelevich et al., 2002;
Antoine and Nobileau, 2006) due to their large spatial
coverage. Moreover, extensive analysis about dust optical
properties has been conducted over coastal Greece via sun-
photometers (Fotiadi et al., 2006), lidar (Balis et al., 2004;
Papayannis et al., 2005), and particle samplers (Gerasopou-
los et al., 2006). The dust events over Greece occur either in
an upper atmospheric level or in the whole atmospheric
column, with the latter to be more intense, directly influ-
encing the PM concentrations at the surface (Kalivitis
et al., 2007).

The transport of SD to the Mediterranean and coastal
Europe has been investigated, either as a climatological
analysis or as ‘‘case studies’’ employing ground-based
instrumentation, sunphotometers, particle samplers, lidar
and satellite observations. In this paper, a combination of
column-integrated aerosol optical and physical properties
obtained from Terra- and Aqua-MODIS as well as by
TOMS and OMI satellite sensors, and AERONET sunphotom-
eter measurements were used to investigate the aerosol
properties over Greece in April 2005, and more specifically,
to study an intense dust event occurred on 16–17 April
2005. MODIS data were used over areas with different
proximity to the North African coast in order to study the
South-to-North gradient of the dust optical properties
and the mixing processes with anthropogenic aerosols
from the Balkan countries. The main goal of this study is
the investigation of the more intense SD event occurred
over Greece in recent years (Gerasopoulos et al., 2006)
and the analysis of the spatial distribution of the dust
optical properties along its way to and over Greece. This
is accomplished by analyzing AOD550, fine-mode fraction
(FMF), aerosol index (AI), PM10 and AERONET data over
different locations in Greece and investigating the agree-
ment between columnar and surface measurements
focusing mainly on dust event. In Section 2 the instrumen-
tation and the data set are described, while in Section 3 the
meteorological and atmospheric conditions are given for
April 2005. The intense dust event of 16–17 April 2005 is
examined in Section 4 analyzing both satellite and
ground-based measurements.

2. Instrumentation and methods

2.1. MODIS sensor

MODIS has been acquiring daily global data in 36 spec-
tral bands from visible to thermal infrared (29 spectral
bands with 1-km resolution, five spectral bands with
500-m resolution, and two with 250-m resolution, nadir
pixel dimensions). The MODIS sensor is onboard the polar
orbiting NASA-EOS Terra and Aqua spacecrafts with
equator crossing times of 10:30 and 13:30 Local Solar
Time, respectively (Levy et al., 2007). The data used in
this study include both Terra and Aqua-MODIS-derived
AOD550 and FMF aerosol products, calculated using sepa-
rate algorithms over land and ocean. Derived directly
from the MODIS-observed spectral reflectance, the so-
called Level 2 retrieval is calculated at a 10 km� 10 km
resolution (at nadir), representative of a 20� 20 box of
500-m resolution data. Whether the box is over ocean or
over land, specific logic is applied to screen clouds, ice/
snow, and select which pixels should be considered to
represent the 10 km� 10 km area (Remer et al., 2005).
Because of the sophisticated selection process, the MODIS
retrieval can be performed near clouds, and may be valid
even when the 10 km� 10 km is 90% cloudy. At conclusion
of the retrieval (either ocean or land), the products are
assigned a ‘quality assurance’ (QA) value that indicates
expected confidence or stability. As the Level 2 data are
irregular in both space and time, a process for aggregation
and averaging is required to make MODIS data efficient for
comparing with other datasets. The resulting Level 3
MODIS products are available on daily and monthly
intervals, globally, on a 1� �1� grid. It should be noted
that depending on the MODIS-derived product, different
weighting logic may be used to derive the Level 3 data
products. In our case, we used the ‘QA-weighted’ daily
Level 3 products, that are available from the Giovanni web-
site (http://giovanni.gsfc.nasa.gov/).

While total AOD over ocean or land are defined the same
way, FMF is different whether over ocean or over land. Over
the ocean, the algorithm combines a single coarse mode
(out of five choices) and single fine mode (out of four
choices) to best match the MODIS-observed spectral reflec-
tance. Over land, however, the algorithm matches a ‘fine-
dominated’ aerosol (composed of fine and coarse modes),
and a ‘coarse-dominated’ aerosol (also two modes) to

http://giovanni.gsfc.nasa.gov
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match the observed reflectance. Essentially, the FMF is the
‘fine-dominated model fraction’ indicating the relative
importance of different aerosol regimes. Over the Eastern
Mediterranean, in most seasons, the fine-dominated aero-
sol is assumed to have properties of a moderately absorbing
aerosol (SSA w 0.9), while the coarse-dominated model is
assumed to represent transported dust. As discussed in
validation studies (e.g. Chu et al., 2002; 2003; Levy et al.,
2003; Remer et al., 2002) a different expected uncertainty
is applied to over ocean (�0.03� 0.05 AOD) and over land
(�0.05� 0.2 AOD) retrievals. The application of sediment
masks over ocean and NDVI masks over land reduces the
errors traditionally associated with coastal regions (e.g.
Remer et al., 2005). From tests on Mediterranean sites,
Remer et al. (2002) indicated that particle-size properties
may be retrievable over the ocean (e.g. effective radius to
within 25%), but the FMF products cannot be considered
‘validated’ in the same way as AOD. In our study, we used
both ocean and land Level 3 products from Collection 5
(Levy et al., 2007). The MODIS aerosol standard products
(AOD550 and FMF) are provided in a spatial resolution of
1� �1� above the Eastern Mediterranean basin and corre-
spond to Collection 5 (C005) Level 3 QA-weighted products
data (Levy et al., 2007).

2.2. Aerosol Index

The Aerosol Index (AI) observed from the TOMS instru-
ment is continued by the Ozone Monitoring Instrument
(OMI) flown on the Finnish–Dutch EOS Aura spacecraft
launched in July 2004 (Veihelmann et al., 2007). AI values
from both sensors (TOMS on board Earth Probe and OMI
on board Aura) were obtained in April 2005 over Eastern
Mediterranean. However, there are mixed results with
TOMS when dust and cloud are intermingled, even in theory,
and it is very difficult to validate. The AI detects absorbing
aerosols over all terrestrial surfaces including deserts and
snow-ice covered surfaces. These aerosol types are also
detected intermingled with clouds and above cloud decks.
TOMS and OMI measure backscattered radiances in the UV
region of the spectrum; from these measurements, the
version 8 algorithm computes an absorbing AI, which is
a qualitative measure of the presence of UV absorbing aero-
sols, such as mineral dust and smoke against non-absorbing
aerosols, such as sea salt and sulfate particles (Torres et al.,
1998). The AI indicates the presence of elevated absorbing
aerosols in the troposphere. Because of this, the sensitivity
of AI to aerosols increases more or less proportionally with
the aerosol layer height, while any aerosol below about
1000 m is unlikely to be detected (Hsu et al., 1999). The
absorbing AI is defined as the difference between the
measured (including aerosol effects) spectral contrast at
the 360- and 331-nm wavelength radiances; the contrast
is calculated from the radiative transfer theory for a pure
molecular (Rayleigh) atmosphere (Badarinath et al., 2007).
From TOMS sensor the AI is available on a daily basis, on
a 1� (latitude) by 1.25� (longitude) resolution. The TOMS
Level 3 global gridded data set (new version 8 algorithm)
on the 1.0� �1.25� grids used here are produced by the
NASA TOMS Science Team (http://toms.gsfc.nasa.gov/). The
new Aura-OMI level 2G daily gridded data products are
generated by the NASA OMI science team by binning the
original pixels from the Level 2 data products (15 orbits
per day; 13-km� 24-km spatial resolution at nadir) into
0.25� � 0.25� global grids. Therefore, the OMI-AI values
have a greater spatial resolution than the TOMS-AI ones.

2.3. AERONET measurements

The AERONET measurements reported in this work were
made with the CIMEL sunphotometer (CE-318), which is an
automatic sun-sky scanning spectral radiometer. This
instrument is installed at the FORTH-CRETE AERONET
station, which is located at the Northern coast of Crete
(35�190N, 25�160E), approximately 15 km East from Hera-
klion the largest city in Crete (Fotiadi et al., 2006). The CIMEL
sunphotometer takes measurements of the direct sun and
diffuse sky radiances every 15 min within the spectral range
340–1020 nm and 440–1020 nm, respectively. The direct-
sun measurements are performed in eight spectral chan-
nels: 340, 380, 440, 500, 675, 870, 940 and 1020 nm. Seven
of the eight bands are used to acquire AOD, while that at
940 nm is used to estimate the total precipitable water
content. The Ångström parameter is computed from AODs
at 440 and 870 nm. The filters utilized in these instruments
are ion-assisted deposition interference filters with an
FWHM of 10 nm except for the 340-nm and 380-nm filters
having an FWHM of 2 and 4 nm, respectively. The instru-
mentation, data acquisition, retrieval algorithms and cali-
bration procedure conform with the standards of the
AERONET and are described in detail in numerous studies
(e.g., Holben et al., 2001; Dubovik et al., 2000). Typically,
the total uncertainty in AOD for a field instrument under
cloud-free conditions, is �0.01 for l> 440 nm, and �0.02
for shorter wavelengths. In this study, the daily-averaged
Level 2 products, which are cloud-screened and quality
assured (Smirnov et al., 2000), were used for April 2005.

2.4. PM10 measurements

The PM10 measurements over Greater Athens Area
(GAA) are performed by the Ministry of Environment
(MINENV) network. MINENV operates an organized moni-
toring network covering GAA with 18 stations, eight of
which monitor aerosol concentrations, in terms of PM10,
on hourly basis. The examined data refer to hourly concen-
tration measurements in April 2005, from which the daily-
averaged values were obtained. PM10 filter samples are
collected using low-volume samplers (US EPA-approved
Partisol Model 2000). The sampling flow rate is
16.71 l min�1. The particles are collected on 47-mm Pallflex
TX40 l m�1 filters (Teflon-coated glass fiber filters), which
are mounted in plastic filter holders. Each filter is inspected
for its integrity prior to use. Particle concentrations are
determined gravimetrically using an electronic microbal-
ance (Metter Toledo AT201) with 0.01-mg resolution.

3. Summary of the aerosol fields over Greece in
April 2005

Before focusing on the intense dust event of 16–17 April
2005, the AOD550 and FMF monthly variation obtained

http://toms.gsfc.nasa.gov
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from both Terra- and Aqua-MODIS sensors is analyzed. In
Fig. 1 the daily values of AOD550 are given for April 2005
averaged over the area 32.0�–41.0� N and 20.0�–27.0� E,
including continental Greece, Aegean Sea and Libyan Sea.
The AOD550 varies widely from 0.175 to 1.94 for Terra-
MODIS. The respective Aqua-MODIS values range from
0.21 to 2.42. The AOD550 values higher than 0.5 over the
study area are mainly related to some SD events as revealed
from HYSPLIT and DREAM models (not shown here) but are
depicted with arrows in the figure. The dramatical increase
in AOD550 values on 16–17 April clearly reveals the inten-
sity of this dust event. Despite the difference in orbiting
time and the fact that the data pixels from the two satellites
are not always the same (due to differences in cloud cover),
the Terra- and Aqua-MODIS sensors give similar AOD550

values, while a strong linear relation holds.
The three SD events occurring on 11–12, 16–17 and 25–

26 April over the study region are clearly identified from
the low FMF values from both sensors (Fig. 2). In April
2005 the FMF took values from relatively low (0.25–0.28),
during the dust event on 17 April, to high (0.9–0.92) on
4 April, for Terra- and Aqua-MODIS, respectively. Above
the whole Greek territory the FMF values show simulta-
neous presence of fine- and coarse-mode particles, with
the fine mode to be dominant (mean values of 0.68 and
0.67 for Terra and Aqua, respectively). The large variability
in FMF values is attributed to the variety of aerosol types
and characteristics. It was found (not presented) that
a strong North-to-South gradient in FMF values occurs. In
contrast to AOD550, the FMF values obtained from the two
sensors are not correlated with great accuracy (R2¼ 0.63).
However, no systematic overestimation or underestimation
of any sensor is apparent. Nevertheless, in general, both
sensors exhibit a similar day-to-day variation with concur-
rent maxima and minima.

In April, the aerosols are characterized by large differ-
ences in both their physicochemical and optical properties.
Sea-spray and sulfate particles are the most common non-
absorbing aerosols, while smoke particles with significant
amount of black or organic carbon can have both absorbing
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Fig. 1. AOD550 values obtained from Terra- and Aqua-MODIS sensors in April
2005 averaged over the area 32.0�–41.0� N, 20.0�–27.0� E.
and non-absorbing characteristics (Torres et al., 1998).
Finally, mineral or dust aerosols represent the clearest
possible absorbing signature (Israelevich et al., 2002). The
detected high AOD550 from the satellites (Fig. 1) can be
produced by the presence of either absorbing or non-
absorbing particles and, therefore, additional information
is necessary in order to assess both the detailed nature
and the optical characteristics of this complex aerosol
load over the region. For this reason the AI values derived
by TOMS and averaged over the same area are given in
Fig. 3 (lower panel) for April 2005. The daily values of the
AI range from 0.01 to 1.58. These values correspond to the
mixture of absorbing aerosols (dust or soot particles),
which are expected to affect the whole area. The highest
values are observed during dust events, which are shown
with arrows. Significant positive correlations between AI
with PM10 and AOD550 from both Terra and Aqua are
observed for April 2005 over Athens, which are analyzed
in detail in Section 5. On the other hand, the AI presents
negative correlations with FMF values for the same period
above the Greek territory, while the linear relations are
statistically significant at the 95% confidence level. Thus,
the linear regressions of the forms AI¼�1.89FMFþ 1.73
(R2¼ 0.48), and AI¼�1.76FMFþ 1.64 (R2¼ 0.41) for Terra
and Aqua, respectively, hold. These negative correlations
are expected, since the AI takes higher values in the dust
events when the FMF values are minimum. On the other
hand, on days with local pollution from anthropogenic
fine-mode aerosols (large FMF values), the AI values are
relatively low since the AI cannot detect urban aerosols
within the boundary layer (Torres et al., 1998).

The analysis of the measured UV radiation via remote
sensors has become a pivotal point in extracting informa-
tion about aerosols in recent years (Koukouli et al., 2006).
Thus, the local noon UV erythemal (UVery) irradiance
derived by TOMS above the same area is also given in
Fig. 3. As expected, an increasing trend in UVery occurs
mainly due to a change in solar zenith angle. The UVery is
also strongly affected by the columnar ozone amount and,
for this reason, the ozone variation is also given in the



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.4

0.5
0.6

0.7

0.8

0.9

1.0

F
M

F
 (

A
pr

il 
20

05
)

AOD550 (April 2005)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.0

0.2

0.4

0.6

0.8

1.0

F
M

F
 (

17
/4

/2
00

5)

AOD550 (17/4/2005)

Fig. 4. Correlation between AOD550 and FMF values derived by Aqua-MODIS
over the area 32�–41� N, 20�–27� E. Upper panel for 17/4/2005, lower panel
for April 2005 (mean values).

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Date in April 2005

A
er

os
ol

 I
nd

ex
Dust events

0.448±0.377

60
80

100
120
140
160
180
200
220
240
260 165.78±25.35

E
ry

th
em

al
 U

V
 (

m
W

 m
-2

)

300

320

340

360

380

400

420 345.44±22.98

O
zo

ne
 a

m
ou

nt
 (

D
U

)

Fig. 3. Same as in Fig. 1, but for the total-ozone columnar amount, UVery and
AI values derived by TOMS on board the Earth Probe satellite.

D.G. Kaskaoutis et al. / Atmospheric Environment 42 (2008) 6884–68966888
figure. However, the relation between UVery and ozone
column is out of scope of the present study and also pres-
ents high scatter (R2¼ 0.12). Nevertheless, we can focus
on the dust events, when the ozone amount exhibits its
lowest values. Under normal conditions, one would expect
that the quite low ozone value on 17 April (intense dust
event) would cause an increase in the UVery. In contrast,
the UVery on that day exhibits low values directly influ-
enced by the intense Sahara dust load. This fact highlights
the strong attenuation of the UV irradiance by dust. This
feature was also underlined by di Sarra et al. (2002) and
Balis et al. (2004) and is mainly attributed to the highest
absorbing efficiency of dust particles in the UV due to their
chemical composition. Because of the large decrease in UV,
and in general in global radiation reaching the ground, the
dust plumes exhibit a great potential in the radiative trans-
fer in the atmosphere. Nevertheless, the correlations
between UVery with AOD550, AI and FMF in April 2005 are
very low (R2< 0.10), since the UVery also depends on ozone
amount and solar zenith angle.

The scatterplot of AOD550 against FMF is shown in Fig. 4
for April (lower panel) and for 17 April (upper panel). Such
relations between AOD and FMF allow inferences to be
made on the aerosol types (Kaskaoutis et al., 2007a). The
data correspond to mean monthly values (April 2005) at
each pixel covering the area 32�–41� N, 20�–27� E. For
whole April, 73 pixel values are correlated, which are fewer
(49) on 17 April due to cloud presence (see Figs. 5 and 7).
On monthly basis there is a wide range of FMF values
(w0.5 to 1.0) for AOD550< 0.4, associated with low-to-
moderate turbidity conditions, involving various types of
particles, such as natural sulfate maritime aerosols, mineral
or desert dust, soot, anthropogenic particles or photo-
chemical pollution. The scatterplot on 17 April is character-
istic for the presence of coarse-mode aerosols, since for
high AOD550 values (>1.6) the FMF values are quite low
(below 0.4).
4. Focus on the SD event of 16–17 April 2005

4.1. Spatial distribution of the dust plume

In this section the analysis is focused on the dust event
on 16–17 April 2005, which was one of the most intense
above Greece in the last decades (Gerasopoulos et al.,
2006). Remotely-sensed aerosols via satellite images give
general picture and can provide information of the spatial
distribution of the aerosol properties. In Fig. 5 the Aqua-
MODIS true-color image on 17 April 2005 (11:40 UTC) is
given. The thick dust plume (as a yellow veil) is well
depicted, being transported from Libya over the Eastern
Mediterranean and specifically Greece, covering an
extended area. The dust layer also traveled over the Balkan
countries (not shown in the figure). This yellow veil is
evident in between the North African coast and Crete;
then it becomes more vague as being diluted by the
removal processes (mainly dry deposition). The residence
time of the SD particles varies significantly; their distribu-
tion is highly variable in space and time. This is the reason
why remote sensing of aerosols has made great progress, as
is the best technique to catch individual events (of Saharan
outbreaks in this case) and to integrate them into
regional or global images of aerosol transport. Neverthe-
less, polar-orbiting satellite monitoring is limited in



Fig. 5. True-color image obtained from Aqua-MODIS sensor on 17 April 2005 (11:40 UTC).
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describing the evolution of aerosol transport and only
provides instantaneous images with sparse time resolution.
Significant cloud cover is also obvious on 17 April; as
a consequence, the elevated dust plume may interact
with cloud microphysical properties (cloud condensation
nuclei, cloud albedo, water-vapor content) altering them.
It is well known that dust interacts with clouds, after
absorbing hygroscopic material (Levin et al., 1996), and
affects photolysis rates and ozone chemistry by modifying
the spectrum of UV radiation (Zerefos et al., 2002). Dust
over Greece comes mostly from Southwest as several
studies show (Papayannis et al., 2005; Fotiadi et al.,
2006). In contrast, the present SD event comes directly
from South as being transported from Libya. This fact, in
conjunction with the dust intensity and its long-distance
transport, makes its analysis very interesting.

The Aqua-MODIS AOD550 and FMF values as well as the
OMI and TOMS-AI ones obtained via Giovanni website are
shown in Fig. 6a, b, c, and d, respectively. This figure covers
the whole Eastern Mediterranean in order to reveal the
spatial distribution of the aerosol properties during the SD
event. The white gaps in MODIS figures correspond to lack
of data due to cloud contamination. In Fig. 6a, the high
AOD550 values clearly indicate the dust plume, which covers
Eastern Mediterranean and Greece and extends to the Bal-
kan counties. Especially over Athens the AOD550 values on
17 April are around 2.0, causing reduction in visibility, degra-
dation of the air quality and adverse effects on human
health. In Central Mediterranean the aerosol load is rather
low, practically unaffected by the dust storm. The low FMF
values (Fig. 6b) indicate the presence of coarse-mode parti-
cles along the dust pathway. These low FMF values are also
present in Central Balkans further indicating the intensity
and the long-range transport of the dust event. In relation
with the MODIS data, the OMI-AI values (Fig. 6c) show the
presence of highly absorbing aerosols in the UV over the



Fig. 6. Aqua-MODIS values on 17 April 2005 above Eastern Mediterranean, (a) AOD550, (b) FMF, (c) OMI-AI and (d) TOMS-AI.
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region. Such high AI values correspond to thick dust layers
(Torres et al., 1998; Koukouli et al., 2006). The respective
TOMS image (Fig. 6d) shows significantly lower AI values
over Eastern Mediterranean and Greece. On 17 April 2005
no forest fires were detected from MODIS and, therefore,
the high AI values over Eastern Mediterranean and Greece
are attributed to the dust presence.

4.2. Regional meteorology

In general, the wind fields are found to be particularly
useful in evaluating the transport of Sahara dust over
Eastern Mediterranean and Greece. The synoptic meteoro-
logical conditions on 17 April 2005 appear in Fig. 7. More
specifically, in the lower troposphere, the spatial distribu-
tion of Geopotential Height at 850 hPa (Fig. 7a) shows the
presence of a low located in Central Europe. As a conse-
quence, the established circulation brings air masses from
Libya (which is at the South periphery of the low) to Greece
with gale winds (16–19 m s�1) as depicted in Fig. 7b. Sahara
desert dust is transported to the North, covering a wider
area from Libya to Northern Greece. This situation is ampli-
fied in the middle troposphere, where an extended trough
at 500 hPa Geopotential Height (Fig. 7c) centered in
Northern Italy, resulted in Southwestern circulation over
Greece. The wind field at 500 hPa Geopotential Height
appeared in Fig. 7d, reveals that violent stormy winds (29–
30 m s�1) blow from Southwestern direction, strengthening



Fig. 7. Spatial distribution of the 850 hPa Geopotential Height in m, (a), wind vectors (m s�1) at 850 hPa (b), 500 hPa Geopotential Height in m (c) and wind
vectors (m s�1) at 500 hPa (d), on 17 April 2005, from NCEP/NCAR reanalysis.
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the SD transportation at the middle troposphere, towards
Greece. In addition, the back-trajectory pattern (not shown)
suggests a prevalent Southern flow in the whole atmo-
spheric column (500, 1500 and 4000 m), since transport
of dust occurs vertically. This atmospheric structure is
more common in spring, carrying heavily dust-loaded air
masses over Greece (Kalivitis et al., 2007). The warm region
in Sahara indicates the occurrence of surface heating and
uplift of warm air, which is associated with a strong
convection and consequent uplift of dust particles driven
by the surface heating. The uplift of air masses from the
Sahara desert through convection towards Southern
Europe and Greece can be verified from the 4000-m trajec-
tory (not shown). Furthermore, this is a typical synoptic
configuration allowing for the transport of Saharan dust
to Central Mediterranean and Southern Italy (Barkan
et al., 2005; Meloni et al., 2008). Barkan et al. (2005) iden-
tified a low-pressure system over the Iberian Peninsula and
West African coast and a subtropical high-pressure system
as the two main features that influence the transport of
dust from Africa to Europe. Moreover, Escudero et al.
(2007) identified a similar pattern as the most frequent
and effective in case of dust outbreaks over the Western
Mediterranean and Iberia. Meloni et al. (2008) found that
the above-described meteorological situation produced
the most favorable conditions for intense SD outbreaks at
Lampedusa.

4.3. Optical properties of the dust plume transport

In this Section the dust plume optical properties are
further investigated along the dust pathway from the
Libyan coast to the Balkan countries. The MODIS data
(AOD550 and FMF) are analyzed (as longitudinal averages
over the dust-plume area 22–25� E) with respect to the lati-
tude. Therefore, Fig. 8 allows one to observe the changes in
the dust-plume characteristics and the coating with other
aerosol types along its pathway. Even though the
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uncertainties in satellite sensors can be high under specific
areas and circumstances (e.g., highly reflecting surfaces,
land-ocean sub-pixel contamination, presence of clouds,
non-spherical dust particles) the retrieval algorithm of
the Collection 5 (C005) has been significantly validated
and developed nowadays (Levy et al., 2007). Thus, the
values given in Fig. 8 can be assumed quite accurate.

A clear South-to-North gradient is obvious regarding the
AOD550 values (lower panel), thus underlining the attenua-
tion of dust load along its path towards Greece and Balkan
countries. After its exposure from Libya coast the intense
dust plume is continuously attenuated since heavier parti-
cles gradually being scavenged inside the boundary layer,
while only the smaller ones can reach Northern Greece
and Bulgaria (42� N). The residence time of the dust aero-
sols depends on the meteorological conditions, mainly
wind speed and precipitation that effect dry and wet aero-
sol deposition, respectively (Papayannis et al., 2005).
Nevertheless, the remaining high AOD550 values (>1.0) at
the Northern latitudes clearly indicate the intensity of
this SD event.

The Eastern Mediterranean and Aegean Sea is a cross-
road of aerosols from different sources and types (maritime
aerosols, desert dust particles, urban pollution and seasonal
biomass burning). As a consequence, the dust optical and
physical characteristics can easily be misquoted after
coating with other aerosol types (e.g., sulfate) over coastal
and continental Europe (Levin et al., 1996). To the contrary,
the dust optical properties after intense Asian outflows can
be detected over large distances above the Pacific Ocean
reaching the western USA (Fairlie et al., 2007). Also, the
dry deposition of the most heavy desert particles and their
contamination by other aerosol types (like biomass burning
at the coasts of Algeria in the summer months) may play
a crucial role in modifying the dust aerosol properties
and their vertical distribution (Meloni et al., 2007). The
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presence of urban/industrial anthropogenic aerosols, either
from local sources or transported via polluted air masses
from Europe, are identified by the higher FMF values at
the Northern latitudes. Kaskaoutis et al. (2007b) showed
that such cases occur mainly in spring and are associated
with Northern-sector winds, carrying polluted air masses
from Central, Eastern Europe and Balkan countries or local
stagnant air masses enriched with industrial emissions.
More particularly, for latitudes higher than Thessaloniki
the identification of a dust plume according to the criteria
set by Kaskaoutis et al. (2007b) is problematic. The pres-
ence of dust over Greece is mainly related to long-range
transport extended vertically up to 4 km (Papayannis
et al., 2005) and thus it can be identified by satellites. Israel-
evich et al. (2002) examined the occurrence of desert dusts
in the Mediterranean using TOMS data. To this respect, the
AI values obtained by TOMS and OMI sensors are analyzed
for 17 April 2005 (Fig. 9). Both values are averaged over the
longitudes 22�–25.5� E. The main conclusion of this figure
is that the sensors give significantly different AI values
over the area, as well as high spatial inhomogeneity. The
OMI gives higher mean AI values (2.30� 0.78) compared
to the mean of 1.43� 0.59 given by TOMS. Kalivitis et al.
(2007) presented high TOMS-AI values (>2.0) under
Saharan dust events over Crete. Furthermore, the AI values
from both sensors do not seem to decrease along the dust
pathway, since high AI values can be depicted over
Northern latitudes, especially from OMI. In contrast,
TOMS gives slightly lower values for latitudes above 40�.
However, high AI values can also be detected by the pres-
ence of highly absorbing urban aerosols (Koukouli et al.,
2006) and a significant fraction (w35%) of dust outbreaks
over Eastern Mediterranean has no signal on AI values
(Kalivitis et al., 2007).

The significant spatial inhomogeneity of the dust plume
can further be seen in Fig. 10a–c, where the Engström expo-
nent in the 550–865 nm band, the aerosol effective radius (Reff)
and the mass concentration are presented, respectively. These
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figures refer to aerosol optical properties above ocean using
the ocean MODIS algorithm, which is more accurate than
the land algorithm (Levy et al., 2007). All the aforemen-
tioned remarks regarding the spatial inhomogeity, the
strong South-to-North gradient in dust aerosol characteris-
tics, the deposition of large and heavy particles along the
dust-plume trajectory and possible mixing with other aero-
sol types are verified in Fig. 10. Thus, the Engström expo-
nent (Fig. 10a) shows very low (near to zero), or even
negative a550–865 values South of Crete, where the dust
layer is very thick (see Fig. 1). This fact verifies the presence
of large dust particles, since their Reff is above 2.0 in this
area (Fig. 10b). North of Crete, where the heaviest dust
particles were deposited, thus the thinner dust layer in
Fig. 1, the Angstrom exponent is higher. It is worth noticing
the larger values close to Athens probably caused by the
local anthropogenic emissions. In accordance with the
Fig. 10. Spatial distribution of (a) Angstrom exponent in the 550–865 nm band, (b)
The figures were derived from Aqua-MODIS sensor and refer to retrievals over oce
Engström exponent, the Reff continues to decrease towards
Northern Greece. In addition, due to the removal mecha-
nisms, the aerosol composition and concentration are
highly variable, since the spatial distribution of the aerosol
mass concentration (Fig. 10c) is very pronounced, with very
high values South of Crete and significant lower in the
Northern latitudes. It should be noticed The great agree-
ment in the spatial distribution between the mass concen-
tration retrievals (Fig. 10c) and the satellite image (Fig. 1)
should be noticed. The high difference in the above param-
eters for areas North or South of Crete can be attributed to
the dry deposition of aerosols since the PM10 measure-
ments reached w2500 mg m�3 on 17 April in Crete,
compared to those of w250 mg m�3 in Athens.

The daily mean AOD data at selected wavelengths (380,
500, 675 and 870 nm) derived from the FORTH-CRETE
AERONET station in April 2005 are given in Fig. 11. In
aerosol effective radius and (c) aerosol mass concentration on 17 April 2005.
an according to the MODIS ocean algorithm.
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the same figure the a-Ångström values in the range
440–870 nm are also shown for the same period. In
general, the AOD temporal pattern is in close agreement
with the respective from MODIS (Fig. 1). On the first days
of April the high AOD values are associated with local or
transported pollution (high a440–870 values). On 11 April
the AODs start to increase with concurrent decrease of
the a values (first dust event). Very high AOD increase is
depicted on 16 April, when the intense dust event influ-
ences the area. The third dust event on 25–26 April is
also apparent from the AERONET data of the FORTH-CRETE
station. Unfortunately, the cloud presence over the station
on 17 April did not permit AERONET measurements. It
would be very interesting to have information of the
AODs on that day, in order to compare them with the cor-
responding satellite values. The high AOD values as well
as the dust events in this period are reported by Geraso-
poulos et al. (2006), who also analyzed the dust-particle
chemical composition.

In Fig. 12 the daily mean PM10 concentrations averaged
for the eight monitoring stations in GAA are presented for
April 2005. The main anthropogenic sources of PM10 within
GAA are vehicular traffic, central heating, industrial and
construction activities. Along with Saharan dust, a natural
contribution to the total PM10 concentration is expected
from Aeolian and traffic-driven resuspension, biogenic
and marine aerosols, as reported by Gobbi et al. (2007)
for Rome. The significant variability in PM10 concentrations
within GAA is attributed to the local characteristics of each
sampling station (e.g., urban, suburban, traffic, etc.). The
current Greek and European Union (EU) legislations
employ PM10 records as one of the reference parameters
to assess urban air quality (Gobbi et al., 2007). Furthermore,
health effects due to elevated concentrations of the total
suspended particles are harmful and have been estimated
in several studies (Rodriguez et al., 2001; Prospero et al.,
2002). According to the EU standards, from 1 January
2005, the exceedance of the daily-average threshold of
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Fig. 11. Spectral AOD and Engström exponent values in the range
440–870 nm from the FORTH-CRETE AERONET station in April 2005.
50 mg m�3 at any station is allowed for a maximum of 35
times per year, while the PM10 annual average should not
exceed 40 mg m�3. These are rather ambitious goals consid-
ering the current levels of PM10 observed in Athens, not to
mention the dramatic increase of the PM10 levels in the
presence of dust.

The average 24-h PM10 concentrations regarding all
stations within GAA during April 2005 is 56.2�
41.3 mg m�3, which is considerably higher than the EU
2001 air quality annual PM10 standard of 40 mg m�3. A
previous study by Chaloulakou et al. (2003) showed that
the monthly mean PM10 concentrations in GAA ranged
from 63.6 mg m�3 (January) to 88.9 mg m�3 (December)
with an annual mean value of 75.5 mg m�3. Daily mean
PM10 concentrations exceeded the daily EU limit of
50 mg m�3 for 9 days in April 2005. It was found that on 6
of those the air masses came from Africa carrying signifi-
cant amounts of dust. On 11–12 April the SD advection
over Athens led to a PM10 increase of w100 mg m�3

compared to the April mean value, while on 17 April this
increase was about 150 mg m�3, thus exceeding the
50 mg m�3 EU limit. This fact shows that the dust trans-
ported over Greece in the vertical atmospheric column
has a direct impact on the boundary layer aerosol load.
Unfortunately, there are no lidar observations on 17 April
due to thick dust layer near the ground, which obscured
the measurements. However, lidar signals in Athens on 18
April show significant amount of aerosols in the whole
atmospheric column and especially near the ground, con-
firming the high PM10 concentrations.

In Heraklion, Crete, the PM10 concentrations were very
high reaching 250 mg m�3 (hourly values) as a result of
South–Southeast winds on 11–12 April (Gerasopoulos
et al., 2006). On 16–17 April, the intense dust event directly
influenced the PM10 concentrations on the ground. As
reported by Gerasopoulos et al. (2006) the maximum
PM10 values at Finokalia, Crete, reached 2500 mg m�3, while
at Heraklion the upper limit of the measuring instrument
(1000 mg m�3) was approached. Despite the fact that
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long-range advection takes place mainly above the
boundary layer, subsidence, fumigation and sedimentation
cause a large deal of the dust to diffuse into it (Gobbi et al.,
2007). Therefore, mineral dust, not only originating from
Sahara, is expected to play an important role on the total
mass of suspended particulate matter measured at surface
in coastal Mediterranean areas (Chaloulakou et al., 2003;
Gerasopoulos et al., 2006).

5. Conclusions

This study analyzed an intense SD event occurred over
Eastern Mediterranean and Greece on 16–17 April 2005
using satellite observations and ground-based measure-
ments. In April 2005 three dust events were identified above
the area, strongly influencing the aerosol load and the PM10

concentrations on the surface. Both Terra- and Aqua-MODIS
sensors indicated the dust outflows. In addition, during the
dusty days the AI values derived from TOMS and OMI
sensors exhibited higher values. Especially on 17 April the
AOD550 values reached or even surpassed the value of 2.0
above Eastern Mediterranean. In close agreement, the FMF
on that day exhibited its lowest values (0.25–0.28). The SD
event on 17 April was clearly evident via satellite true-color
images as an intense dust plume originating from Libya,
traversing the Mediterranean and arriving over Greece and
the Balkan countries. The dust characteristics along its
pathway from the African coast to continental Europe
showed significant spatial inhomogeneity, since the larger
particles were deposited near the source and the smaller
transported to long distances. As a consequence, the
AOD550 continuously decreased along the dust pathway.
On the other hand, the mixing of the dust particles with
anthropogenic aerosols over continental Europe had a clear
effect on the increase of the FMF values. The AERONET data
from Crete clearly indicated the dust transport on certain
days in April 2005. Athens had quite high average PM10

levels and, therefore, the presence of mineral dust contrib-
uted to exceeding the EU thresholds. As a consequence, on
the dusty days of April 2005, the daily mean PM10 concen-
trations in Athens reached 150 mg m�3 on 11–12 April and
over 200 mg m�3 on 17 April. The ground-based measure-
ments were found to be in close agreement with the satellite
ones. This fact indicates how efficiently the satellite sensors
can monitor specific events. The combined use of satellite
with sunphotometer measurements, regional dust models,
particle samplers and lidar systems, sounds very appro-
priate for the dust transport investigation.
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