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Abstract. The regime of intense desert dust (DD) episodes
over the broader Mediterranean Basin is studied for the pe-
riod 2000–2007 at a complete spatial coverage. An objec-
tive and dynamic algorithm has been set up which uses
daily measurements of various aerosol optical properties
taken by different satellite databases, enabling the identifi-
cation of DD episodes and their classification into strong
and extreme ones. The algorithm’s performance was tested
against surface-based (in situ) particulate matter (PM) and
(columnar) sun-photometric AERONET (AErosol RObotic
NETwork) measurements from stations distributed across the
Mediterranean. The comparisons have shown the reasonable
ability of the algorithm to detect the DD episodes taking
place within the study region. The largest disagreements with
PM data were found in the western Mediterranean in sum-
mer, when African dust transport has a great vertical extent
that cannot be satisfactorily captured by surface measure-
ments.

According to our results, DD episodes in the Mediter-
ranean Basin are quite frequent (up to 11.4 episodes yr−1),
while there is a significant spatial and temporal variability
in their frequency of occurrence and their intensity. Strong
episodes occur more frequently in the western Mediterranean
Basin, whilst extreme ones appear more frequently over cen-
tral Mediterranean Sea areas. Apart from this longitudinal

variation, there is a predominant latitudinal variability in both
frequency and intensity, with decreasing values from south
to north. A significant seasonal variation was also found for
the frequency of DD episodes, with both strong and extreme
episodes being more frequent during summer in the west-
ern Mediterranean Basin, but during spring in its central and
eastern parts. In most cases (> 85%) the Mediterranean dust
episodes last a bit longer than a day on average, although
their duration can reach six days for strong episodes and
four days for extreme episodes. A noticeable year-to-year
variability was also found, especially for the frequency of
the episodes.

1 Introduction

Desert dust aerosols are coarse particles with size distribution
showing a dominant coarse mode at 1–5µm and a secondary
fine mode around 0.5µm (Tanré et al., 2001) being mainly
produced by natural processes and only to a small extent
(< 10 %) by agricultural activities (Tegen et al., 2004). They
affect climate since they perturb the radiation budget of the
Earth–atmosphere system interacting (through scattering and
absorption) mainly with solar (shortwave – SW) but also with
terrestrial (longwave – LW) radiation, respectively producing
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cooling and warming of the Earth-Atmosphere system, ei-
ther as planetary cooling (e.g. Christopher and Jones, 2007;
Xia and Zong, 2009) or warming (e.g. Hatzianastassiou et
al., 2004; Papadimas et al., 2012), and depending also on the
surface albedo (Osborne et al., 2011; Yang et al., 2009).

Because of their high loadings and large radiative impacts,
dust should be considered in climate and weather studies.
More specifically, it has been shown in the literature that dust
can affect components of the hydrological cycle (Lau et al.,
2006; Mallet et al., 2009), cloud properties (e.g. Huang et
al., 2006a, b) and precipitation (e.g. Rosenfeld et al., 2001;
Hui et al., 2008). Moreover, it has been documented that dust
modifies sea surface temperature (e.g. Foltz and McPhaden,
2008) and ocean productivity (e.g. Neff et al., 2008) while
having adverse health effects (e.g. Perez et al., 2008; Karana-
siou et al., 2012 and references therein). All these impacts of
dust along with those on radiation become maximum under
conditions of extreme loadings in the atmosphere, namely
in the case of dust episodes (or events, Gkikas et al., 2010,
2011; Benas et al., 2011).

The main sources of dust particles are located in the arid
and semi-arid regions of the planet, especially in the North-
ern Hemisphere (Sahara, Arabian Peninsula, Gobi and Tak-
lamakan deserts) and less in the Southern Hemisphere. The
deserts of the Sahara and Arabian Peninsula have been iden-
tified, based on satellite measurements, as the major dust
sources areas over the globe (Prospero et al., 2002; Wash-
ington et al., 2003) with the most intense production of dust
particles being recorded in Chad, the western Sahara and
southern Algeria (Middleton and Goudie, 2001; Barkan et
al., 2004).

Aerosol optical depth (AOD) is a realistic measure of
columnar aerosol loading and can appropriately describe
its spatial and temporal distribution and variability. Since
the 1980s and 1990s many researchers (e.g. Jankowiak and
Tanré, 1992; Moulin et al., 1997; Remer et al., 2008; Zhang
and Reid, 2010) have used satellite observations, taking ad-
vantage of their geographically wide view in order to de-
scribe globally the spatial distribution of AOD. According to
their results, it is evident that significant dust aerosol loads,
apart from being observed over the continental source re-
gions, are also transported over oceanic areas, namely to-
wards the Atlantic Ocean from the north African deserts (e.g.
Huang et al., 2010) and to Pacific Ocean from Asian deserts
(e.g. Eguchi et al., 2009).

The broader Mediterranean Basin is often affected by dust
transport because of its proximity to the Sahara to the south
and to the Middle East and Arabian Peninsula deserts to
the east-southeast (Fig. 1). Dust transport over the Mediter-
ranean, in case of intense low-pressure systems, can travel
long enough to reach the northern parts of European conti-
nent (Ansmann et al., 2003; Papayannis et al., 2008; Barkan
and Alpert, 2010; Klein et al., 2010; Bègue et al., 2012) as
well as the Arctic (Barkan and Alpert, 2010). Dust transport
towards the Mediterranean is characterized by a seasonal cy-

cle (e.g. Moulin et al., 1998; Querol et al., 1998, 2009; Ro-
dríguez et al., 2001; Escudero et al., 2005; Papadimas et al.,
2008; Pey et al., 2013) being more intense in its eastern parts
in winter and spring, in its central parts during spring and
in the western parts in summer. This geographical (longitu-
dinal) shift is driven by the prevailing synoptic conditions
(Gkikas et al., 2012). Moreover, it has been documented that
the phase of North Atlantic Oscillation (NAO) is a determi-
nant factor for dust abundance in the Mediterranean (Moulin
et al., 1997; Antoine and Nobileau, 2006; Pey et al., 2013).
Apart from its horizontal movement, dust is also lifted ver-
tically to a significant extent. According to ground–satellite
measurements, dust particles have been identified at up to
9–10 km in the Mediterranean atmosphere (e.g. Gobbi et al.,
2000; Mona et al., 2006) although desert dust layers mainly
extend between altitudes of 1.5 and 6.5 km (Papayannis et al.,
2005). It has been also found that the most intense Mediter-
ranean dust transport is observed at around 3 km (Kalivitis et
al., 2007). In addition, it has been reported (Hamonou et al.,
1999) that several layers of dust from different source regions
are often superimposed.

Apart from studies focusing on the spatial and temporal
distribution of dust loads in the Mediterranean Basin, dust
episodes or events have been also studied, but only on an
individual basis (e.g. Dayan et al., 1991; Dulac et al., 1992;
Pérez et al., 2006) or over a few years period (e.g. Toledano et
al., 2007) and for specific locations (e.g. Kubilay et al., 2003;
Meloni et al., 2007). Nevertheless, a complete and compre-
hensive study dealing with the identification of dust episodes
in the whole Mediterranean Basin as well as the determina-
tion of their spatio-temporal characteristics is still missing
to date. A study of this kind has been conducted by Gkikas
et al. (2009) based on a developed algorithm, but dealt with
the entire particulate matter, i.e. including other aerosol types
and not specifically dust. In the present study, this algorithm
is further developed and improved, aiming solely to charac-
terize, identify and study the regime of dust episodes.

The main scope of the present paper is to describe the char-
acteristics of desert dust episodes over the broader Mediter-
ranean Basin. Contrary to previous studies, the dust episodes
are homogeneously determined over the entire Mediter-
ranean Basin, thanks to satellite (MODIS, EP-TOMS, OMI)
data used, for a relatively long period (7 yr, from March
2000 to February 2007), thus providing a first realistic
climatological-like database of the episodes. The identifi-
cation of episodes is made with an objective and dynamic
algorithm, set up here, which uses aerosol optical proper-
ties derived from different satellite platforms (Sect. 2). The
algorithm is first validated (Sect. 3) through comparison
against accurate ground-based (i) particulate matter (PM10)

concentration measurements and (ii) aerosol optical proper-
ties from AErosol RObotic NETwork (AERONET) stations
which are located within the study area. Subsequently, the
main characteristics of desert dust episodes, namely their
frequency, intensity and duration, are examined at the local
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Fig. 1. The study region and stations whose data are used for comparison with the outputs of the present algorithm. Shown are stations
providing(i) PM10 measurements (yellow) and(ii) aerosol optical properties (AERONET, red).

scale (1◦ × 1◦ pixel level) by means of geographical dis-
tributions (Sect. 4.1), as well as on a mean regional basis
(Sect. 4.2). Finally, conclusions are drawn in Sect. 5.

2 Data and methodology

2.1 MODIS Terra

MODIS Terra level 3 daily gridded atmospheric data prod-
uct (MOD08_D3) acquired from the MODIS web siteftp:
//ladsweb.nascom.nasa.gov/is used in our analysis. Since
February 2000 the MODIS instrument on board the Terra
satellite – with daytime equator crossing time at 10:30 and
2330 km viewing swath – providing almost daily global
coverage, has been continuously acquiring measurements at
36 spectral bands between 0.415 and 14.235µm with spa-
tial resolution of 250, 500 and 1000 m. MODIS-Terra data
were chosen here rather than Aqua ones first because of
consistency with our previous studies (Gkikas et al., 2009,
2012) and second in order to cover a longer period (start-
ing from 2000). The retrieval of MODIS aerosol data is
performed by special algorithms (see e.g. Kaufman et al.,
1997, 2001; Tanré et al., 1997; Levy et al., 2003; Remer
et al., 2005), which are different over land and ocean be-
cause of their different surface characteristics, and are con-
tinuously improved. The MODIS-derived aerosol proper-
ties have been extensively validated against AERONET sun-
photometer measurements (e.g. Remer et al., 2008; Levy et
al., 2010).

Recently, the Collection 005 (C005) MODIS aerosol data
were released, derived from a significantly improved re-
trieval algorithm, being in better agreement with surface-
based AERONET measurements (Levy et al., 2007; Remer
et al., 2008). The accuracy of algorithm for MODIS Collec-
tion 005 AOD is±0.05± 0.15× AOD over land (Levy et
al., 2010) and±0.03± 0.05× AOD over ocean (Remer et al.,
2002). The improvement of MODIS C005 was also seen over
the Mediterranean Basin (Papadimas et al., 2009), where the
bias of C004 AOD values (equal to 0.06 with respect to

AERONET) has disappeared in C005 and the correlation co-
efficient with AERONET increased from 0.66 to 0.76. Re-
cently, the Collection005 MODIS Terra and Aqua data have
also been successfully evaluated against AERONET (Nabat
et al., 2013). Here, the following C005 MODIS-Terra data
are used: (i) AOD atλ = 550 nm (AOD550nm), (ii) Ångström
exponent over land (α470−660nm), (iii) Ångström exponent
over ocean (α550−865nm), (iv) fine-mode fraction (FF) of
AOD over land and ocean and (v) Effective radius over ocean
(reff). The relevant gridded aerosol data are stored in MODIS
level 3 (MOD08_D3) files, each corresponding to daily aver-
ages, and reported on a 1◦

× 1◦ latitude–longitude spatial res-
olution, based on statistics applied to the original 500 m res-
olution data. The daily temporal resolution of the data used
is appropriate for climatological studies like the present one,
though not for case studies. The quality of MOD08_D3 data
is satisfactory, since over the course of a day MODIS views
the same 1◦ square (grid) with a large variety of view an-
gles, which improves the accuracy of calculated flux (Remer
and Kaufman, 2006) and aerosol retrievals. The time series
of daily MODIS-Terra aerosol data cover the period March
2000–February 2007.

It should be noted that C005 MODIS data do not cover
the highly reflecting desert areas of northern Africa (Sahara)
due to restrictions in the associated retrieval algorithm. More
recently, an improved version of the algorithm, enabling the
retrieval of AOD above arid regions, led to the creation of the
Deep Blue MODIS database (Collection 051) which covers
the Sahara. Nevertheless, the specific database has not been
used in the present study mainly for two reasons: (i) because
it has not been validated enough yet (e.g. against AERONET)
and also (ii) in order to be consistent with our previous study,
dealing with the identification of aerosol episodes (Gkikas et
al., 2009), in which MODIS C005 data were used.

2.2 Earth Probe-OMI aerosol index data

Absorption aerosol index (AI) data were taken from the
Earth Probe (based on the Total Ozone Mapping Spectrome-
ter, TOMS) for the period 2000–2004 and OMI-Aura (based
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on Ozone Monitoring Instrument (OMI) measurements since
2005) from NASA’s satellite databases (ftp://toms.gsfc.nasa.
gov/), together covering the 7 yr period 2000–2007. They
both follow up TOMS data, based on TOMS measurements
on board Nimbus-7 (1978–1993), Meteor-3 (1991–1994)
and Adeos (1996–1997) satellites. All together provide the
longest available global aerosol record over land and oceans,
starting with TOMS from 11 January 1978 and continuing
with the deployment of the EOS-Aura OMI in 15 July 2004
(Torres et al., 2007). This aerosol record is obtained at near-
UV spectral wavelengths, where the albedo of land surfaces
(including arid and semi-arid areas) is very low, thus making
retrievals of AOD possible, especially for absorbing aerosols.

AI with an uncertainty of±0.1 (Torres et al., 2007) is the
primary TOMS aerosol product (Herman et al., 1997), pro-
vided on a daily basis, and it is a qualitative parameter associ-
ated with the presence of UV-absorbing aerosols (e.g. desert
dust). The near-UV aerosol retrieval method (full description
provided by Torres et al., 1998, 2002) has been applied to
observations by TOMS sensor on board the Earth Probe (EP)
platform (1996 to 2001). In version 2 of TOMS AI data, the
TOMS algorithm, using observations at 331 and 360 nm, has
been modified to make it consistent with the inversion proce-
dure used by the Ozone Monitoring Instrument (OMI) sen-
sor (TOMS version 8.5 algorithm), which was launched on
board the EOS-Aura satellite (01:38 equator crossing time,
ascending mode), and its 2600 km viewing swath width pro-
vides almost daily global coverage. The basic algorithm for
OMI uses two wavelengths (317.5 and 331.2 nm under most
conditions, and 331.2 and 360 nm for high ozone and high
solar zenith angle conditions). The OMI AI data are calcu-
lated from radiance residuals at 360 nm. AI is very nearly
proportional to the aerosol absorption optical depth at 360 nm
(Stammes and Noordhoek, 2002). However, the proportion-
ality constant varies with the altitude (of the centre of mass)
of the aerosol layer – the lower the altitude, the smaller the
constant. Most aerosols have stronger absorption in the UV
than in the visible, including mineral dust from deserts and
carbonaceous aerosols containing organic and black carbon.

The mean daily AI data used in the present study are a
combination of AI values from the Earth Probe and OMI-
Aura satellites, mostly covering different time periods. There
is no problem of consistency of AI data from Earth Probe
and OMI-Aura since Li et al. (2009) showed that mean an-
nual cycles in the two data sets agree very well both glob-
ally and regionally. Since Earth Probe raw data are given at
1◦

× 1.25◦ spatial resolution, they have been re-gridded to
1◦

× 1◦ resolution, on the basis of surface-weighted averages
of neighbouring grid cells, in order to match that of the other
satellite databases (OMI, MODIS). It should be noted that
AI values from OMI-Aura have been adjusted down by one
half n value for consistency with the TOMS data record (ftp:
//toms.gsfc.nasa.gov/pub/omi/data/aerosol/1README.txt).

2.3 Surface PM data

PM10 data from 21 regional background and suburban back-
ground sites were used in this study. These monitoring sites
(see Fig. 1) are located from the west to east in the Mediter-
ranean as follows: 16 cover the entire Iberian Peninsula and
the Balearic Islands; 3 are in Italy, one being close to Rome,
another in Sardinia and another one in Sicily; 1 is found in
Crete; and 1 is in Cyprus. PM10 concentrations were ob-
tained in most cases from gravimetric determinations on fil-
ters, whereas in few cases they were determined by real-
time instruments (Querol et al., 2009; Pey et al., 2013).
All the data used in this study were obtained from public
European databases: AirBase (http://acm.eionet.europa.eu/
databases/airbase/), EMEP (www.emep.int/) and EUSAAR
(http://www.eusaar.net/).

2.4 AERONET data

The aerosol columnar properties used in this work have been
obtained from sun-photometric observations performed by
the CIMEL sun–sky radiometer. The instruments are part of
the AERONET (Holben et al., 1998) global network of sta-
tions (http://aeronet.gsfc.nasa.gov). More specifically, data
are used from nine AERONET stations found within the
limits of the study region (Fig. 1). Note that the general
availability of AERONET stations is higher than the sta-
tions considered in our analysis. However, we have selected
and used only stations that satisfied specific criteria on data
availability. More specifically, (i) their period of measure-
ments should overlap with ours (2000–2007), (ii) their lo-
cation must fall within the area with available satellite data,
(iii) they should have data on days with identified desert dust
(DD) episodes with our algorithm and (iv) they have data
with high accuracy.

The CIMEL data used in this study are level 2.0 and pro-
vide information about the columnar AOD and aerosol size
distribution. AOD data from the sun photometers have been
derived using the direct sun-measuring mode, while the size
distribution is calculated based on sky radiance measure-
ments on specific angles along the almucantar and principle
solar plane. The channel wavelength configuration is instru-
ment version dependent, but for the above measurements, fil-
ters at 440, 675, 870 and 1020 nm wavelengths were always
present.

The AERONET technical specifications and the uncertain-
ties of the CIMEL instrument are given in detail in Holben et
al. (1998). More specifically, the total uncertainty of the AOD
is influenced by various factors (instrumental, calibration-
related, atmospheric and methodological). The AERONET
instrument uncertainty for AOD is <±0.01 for wavelengths
higher than 440 nm, and <±0.02 for UV wavelengths (Eck et
al., 1999), or about 10 % for a nominal aerosol optical depth
of 0.1. The uncertainty of the sky radiance data and result-
ing size distributions are determined based on the calibration
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Fig. 2. Flowchart of the developed methodology and algorithm for
the identification and characterization of desert dust (DD) aerosol
episodes in the Mediterranean Basin.

uncertainty that is assumed <±5 % for all four wavelength
channels (Holben et al., 1998).

2.5 Methodology

The procedure used to identify and characterize the intense
DD episodes in the Mediterranean Basin is depicted in the
flowchart of Fig. 2. It consists of the following steps:

i. First step: mean and associated standard deviation
(STDV) AOD550nmvalues are first computed, for each
1◦

× 1◦ geographical cell, from time series of the
pixel’s AOD values over the entire study period.

ii. Second step: threshold AOD levels are then defined for
each geographical cell, separately for strong (Mean+

2STDV≤ AOD550nm< Mean+ 4STDV) and extreme
(AOD550nm≥ Mean+ 4STDV) aerosol episodes. This
step, as well as the previous one, aims at the deter-
mination/identification of not only DD but in gen-
eral aerosol episodes based on their loads (by means
of AOD), and are described in detail by Gkikas et
al. (2009), who applied them for identifying aerosol
episodes over the Mediterranean Basin. Also, it must
be mentioned that as the thresholds have been defined,
the aerosol episodes in the present study are charac-
terized by especially high intensities, which probably
can lead to differences with other similar works where
episodes of lower intensities are considered.

iii. Third step: this is the key step and consists in the dis-
crimination and characterization of Mediterranean DD
episodes among all aerosol episodes identified in the
previous step. To this aim, the following properties
other than AOD aerosol optical are used: (a) Ångström

exponent (α), (b) aerosol index (AI), (c) fine fraction
(FF) and (d) effective radius (reff, only over sea). The
aerosol characterization algorithm is slightly different
over land and sea since daily values ofα, FF and
reff are derived by MODIS algorithms separately over
land and sea. It should be noted that the algorithm is
operational only when all of the above satellite data
are available. When not, then the algorithm does not
produce results, which is often the case in northern
Africa’s bright surfaces.

A key issue is the selection of appropriate thresholds (cut-off
levels) for each one of the algorithm aerosol optical proper-
ties. These thresholds have been defined in the present study
based on self-performed sensitivity tests, taking into account
literature results on aerosol characterization, which are sum-
marized – forα, FF, AI andreff – in the following few para-
graphs. It should be noted that either one of those parameters
or a combination of them has been used in the literature for
the identification of dust episodes.

2.5.1 Ångström exponent (α)

Information on the Ångström exponent is useful for sepa-
rating aerosol particles between fine-mode and coarse-mode
ones. The thresholds forα values are different among var-
ious studies and regions. Thus, for example, the value of 1
was used for classifying aerosols into fine (α > 1) and coarse
(α < 1) ones (Eck et al., 1999; Holben et al., 2001). Takemura
et al. (2002) found thatα values are less than 0.4 for Saharan
dust (coarse) particles over the subtropical Atlantic. Dubovik
et al. (2002), using AERONET data, computedα < 0.9 in the
case of mineral dust particles.

More specifically, as far as the Mediterranean Basin is
concerned, Fotiadi et al. (2006) reported that desert aerosols
over Crete (eastern Mediterranean Basin) are characterized
byα440−870values smaller than < 0.5, whilstα values smaller
than 0.6 were reported by Bryant et al. (2006) for dust parti-
cles at Finokalia station (again in Crete) during summer. Pace
et al. (2006) reported that at Lampedusa (central Mediter-
ranean), air masses arriving from the Sahara resulted inα

values equal to 0.42. Moreover, during Saharan dust out-
breaks, Tafuro et al. (2006) computed a meanα440−870 value
equal to 0.2± 0.1 for five different AERONET sites in cen-
tral Mediterranean, whereas Toledano et al. (2009) reported
that dusty conditions were characterized byα < 0.4 during
the SAMUM2006 campaign in Ouarzazate (Morocco).

2.5.2 Mean effective radius (reff) and fine fraction (FF)

The mean effective radius and fine-mode fraction (of aerosol
optical depth or volume size distribution) are also used in the
literature as another criterion for discriminating between fine
and coarse aerosols. Tanré et al. (2001) used the threshold
valuereff = 0.6 to discriminate accumulation-mode aerosols
from the coarse mode ones and found that at three different
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locations affected by desert dust aerosols,reff values were
equal to 2.19± 0.12 (Banizoumbou), 2.15± 0.10 (Sal Is-
land) and 3.01± 0.24 (Sede Boker). A similar discrimina-
tion of dust aerosols was also made by Jones and Christo-
pher (2007) over ocean areas based on a synergistic use
of satellite observations and GOCART (Goddard Chemistry
Transport Model) model, concluding that mean values of FF
and reff for desert dust particles were equal to 0.45± 0.05
and 0.68, respectively.

2.5.3 Aerosol index (AI)

A useful and widely used parameter in aerosol studies is the
aerosol index (AI), which is a good and probably the only
currently available indicator of aerosol absorptivity. There-
fore, it is essential for distinguishing between the two most
common types of coarse aerosols, namely dust and sea salt,
and determining dust source areas over the globe (Middle-
ton and Goudie, 2001; Prospero et al., 2002; Barkan et al.,
2004; Washington et al., 2003). Theoretically (Herman et al.,
1997; Torres et al., 1998) negative values of AI indicate the
presence of non-absorbing aerosols (e.g. sulfate or sea salt
particles), whereas positive AI values (mostly > 1) indicate
absorbing aerosols (dust or smoke).

2.5.4 Combination ofα, reff, FF and AI

Apart from independently using thresholds for each one
aerosol parameter to distinguish between different aerosol
types, a combination of more than one can lead to more sat-
isfactory results. To this aim, several scientists have used
combined data of aerosol optical properties such as AOD,
α and FF. Barnaba and Gobbi (2004) used 1 yr level 2
MODIS-Terra data to study the intra-annual variability of
specific aerosol types (maritime, continental, dust) over the
Mediterranean Basin. To this end, they applied a specific
“aerosol mask” to identify desert dust aerosols (FF < 0.7 and
AOD550nm> 0.3). Kalivitis et al. (2007) identified the pres-
ence of desert dust particles over Crete by combining PM10,
satellite (TOMS) and AERONET data, and reported that
they occur whenever AOD870nm> 0.2 andα440−870< 0.6.
Toledano et al. (2007) also detected dust based on routine 6 yr
(2000–2005) aerosol measurements at El Arenosillo station
(Huelva, Spain) by setting thresholds for AOD440nm(> 0.25)
andα440−870 (< 0.8).

2.5.5 Present algorithm

The available information from the literature has been taken
into account in our algorithm, and appropriate thresholds
have been defined for each one of the four aerosol param-
eters (α, AI, FF, andreff) used to identify Mediterranean DD
aerosol episodes. These thresholds are outlined in Fig. 2.

According to our algorithm, desert dust episodes are iden-
tified when α ≤ 0.7, AI > 1, FF≤ 0.4 and reff > 0.6 µm. It
should be noted thatreff is used in the algorithm only above

sea and not land areas because MODISreff values are avail-
able only there. Given the availability of slightly different
values in the literature, questions may arise concerning the
selection of the specific thresholds. To address the sensitiv-
ity of the algorithm to individual size parameters (α, FF and
reff), several sensitivity tests have been performed changing
the associated thresholds. The results show that modifica-
tions up to 5 % are found except for FF, for which, only for
strong DD episodes over sea, changes can be larger.

3 Evaluation of the algorithm

The developed satellite-based algorithm for the determina-
tion of DD episodes in the Mediterranean Basin has been
evaluated through comparison of its outputs, i.e. the iden-
tified strong and extreme DD episodes, with surface data
for aerosol physical and optical properties, which are com-
monly considered as more reliable. In a first step, the al-
gorithm’s outputs are compared against surface measure-
ments of PM10 for 21 stations located across the Mediter-
ranean Basin (Fig. 1, yellow). For each station, we have se-
lected/used the satellite measurements for the pixels where
stations are found, for cases (days) identified as strong or ex-
treme DD episodes with the algorithm, yielding a number
of 333 DD episodes in total. Of course, because of the dif-
ferent nature of surface PM and satellite measurements, dif-
ficulties arise when attempting comparisons between them.
However, some useful results can be obtained under specific
conditions, as we explain below, which support the satellite
products. In a second step, a similar analysis was performed,
but comparing MODIS-Terra aerosol properties against data
from 9 AERONET stations across the Mediterranean Basin
(Fig. 1, red) for 58 DD episodes.

3.1 Particulate matter (PM) measurements

Figure 3i displays the computed correlation coefficients(R)

between surface PM10 concentrations (µg cm−3) and satel-
lite AODs (unitless) at 550 nm, under desert dust episodes
conditions, for 21 Mediterranean stations. The size of cir-
cles, increasing withR, indicates how well these two mea-
surements are correlated, while colours are indicative of data
availability (red/blue for more/less than 10 episodes). The re-
sults show that in most locations,R values are lower than
0.4 (poorest correlation, not statistically significant, in Mon-
agrega, NE Spain), while in six stationsR values are larger
than 0.5. The best correlation, statistically significant at 95 %
confidence level, is found at the Sicily (R = 0.90), Crete
(R = 0.75) and Cyprus (R = 0.89) stations, opposite to the
Iberian Peninsula, whereR values are consistently lower.
The scatterplot comparisons between ground PM and satel-
lite AOD measurements for the selected 333 DD episodes,
obtained separately on a seasonal basis, are depicted in
Fig. 3ii–v. The overall comparison is relatively satisfactory
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Fig. 3. (i) Computed correlation coefficients between surface PM10 concentrations and AODs, during desert dust episodes and for various
stations in the Mediterranean Basin. Red and blue circles represent stations where the selected DD episodes are greater than/equal to and less
than 10, respectively. Similar scatterplots, for all stations, between surface PM10 concentrations and AODs during desert episodes are also
given for(ii) winter, (iii) spring,(iv) summer and(v) autumn.

taking into account the different nature of compared data, i.e.
surface PM measurements against columnar satellite AOD
products. The computed overallR value for the 333 DD
Mediterranean episodes is equal to 0.64 (statistically signifi-
cant at 95 % confidence level), while it seems that PM values
are biased low with respect to AOD ones. Nevertheless, more
information is obtained on a seasonal basis. More specifi-
cally, the correlation in winter and spring is good, withR

values equal to 0.69 in winter (14 DD episodes) and 0.74 in
spring (95 DD episodes), while the correlation is even better

in autumn (R = 0.81, 35 DD episodes). It must be mentioned
that these three correlation coefficients are statistically sig-
nificant at 95 % confidence level. Therefore, it appears that if
we exclude summer, the correlation between surface PM and
satellite AOD products is very good, withR > 0.7. However,
the overallR value drops below 0.7 (0.64) because the major
percentage of examined DD episodes (189 out of 333) occurs
in summer, when the computed correlation coefficient is very
poor (R = 0.09) and not statistically significant. The smallest
summerR values in Fig. 3iv are essentially in line with the
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low R values over the Iberian Peninsula stations in Fig. 3i,
since dust transport in the western parts of the Mediterranean
Basin is mainly observed in summer (e.g. Moulin et al., 1998;
Antoine and Nobileau, 2006; Toledano et al., 2007; Papadi-
mas et al., 2008; Querol et al., 2009; Pey et al., 2013).

Despite the relatively good performance of our algorithm,
in terms of comparison with surface PM products, differ-
ences are found, especially in summer. The amplified differ-
ences in summertime can be explained by the differences in
vertical extension between the two types of products given
that dust transport in this season mainly occurs in the free
troposphere. Such dust events can be detected by satellite
observations but not by surface in situ measurements, like
for PM. The vertical extension of dust loads in the Mediter-
ranean Basin has been the subject of several studies (e.g.
Hamonou et al., 1999; Berthier et al., 2006; Mona et al.,
2006; Di Iorio et al., 2009; Papayannis et al., 2009; Sicard et
al., 2011) at different locations in the Mediterranean Basin,
mainly based on lidar observations. All these lidar-based
studies have documented that transported desert dust parti-
cles are more widely vertically extended in summer months,
which is meaningful due to stronger convection. Under such
conditions, particulate matter can be lifted from the surface,
thus restricting the ability of ground PM measurements to
record DD episodes and leading to poor correlation between
PM and satellite measurements, with the former being bi-
ased low. In addition, Kalivitis et al. (2007), using trajec-
tory analyses, found that both free-tropospheric and bound-
ary layer transport of dust (dust observed only at 3000 and
1000 m, respectively) in the eastern Mediterranean become
maximum in summer, which also prevents surface PM mea-
surements from recording DD episodes. Finally, CALIOP
data for the period 2007–2011 (V. Amiridis, personal com-
munication, 2013) show that dust scale height, i.e. the height
above ground where 63 % of the columnar dust load is con-
tained, has values up to 3 km in summer, being clearly higher
(by 1–2 km) than in other seasons. On the other hand, how-
ever, it should be also noted that satellite AOD values can be
overestimated due to the presence of clouds (cloud contam-
ination) especially under total cloud cover larger than 80 %
(Zhang et al., 2005; Remer et al., 2008). In order to inves-
tigate this we have re-computed the correlation coefficient
between ground (PM) and satellite (MODIS) AOD values
excluding points corresponding to cloud fraction larger than
80 % (results not shown here). As a result theR value dras-
tically increased from 0.64 to 0.82 (statistically significant).
Finally, a third factor which can affect the quality of our re-
sults is that sometimes (e.g. in Fontechiarri, Rome) the com-
mon pairs of ground–satellite measurements is small and the
computed correlation coefficients for those stations (Fig. 3i)
is not necessarily representative.

3.2 AERONET measurements

By their nature, AERONET data share more common char-
acteristics with MODIS satellite ones than PM measurements
since they are both columnar AOD products based on remote
sensing from ground and space, respectively. A total num-
ber of 58 identified DD episodes have been examined in this
case. Given that for the examined AERONET stations the
available AOD values are mostly reported at 440 nm in or-
der to match the MODIS wavelength (550 nm), we derived
AERONET AODs at 550 nm from original values at 440 nm
and the Ångström exponent between the wavelengths 440
and 870 nm. The overall scatterplot comparison is shown in
Fig. 4i, revealing a relatively good agreement (R = 0.65, sta-
tistically significant at 95 % confidence level) between our
algorithm and AERONET in the case of dust events. Again,
MODIS AODs seem to be overestimated (bias= 0.22), espe-
cially for low AODs (smaller than 0.4), while the situation is
improved for stronger dust episodes (higher than 0.8).

The validity of the algorithm products was checked in an-
other way by examining the aerosol volume size distributions
for the 58 DD episodes. To this aim, and also to highlight
the difference made under episode conditions, data of vol-
ume size distribution were taken from AERONET and sub-
sequently have been averaged both for all observations (blue)
and for only the 58 DD episodes (red) for the 9 Mediter-
ranean stations. The results (Fig. 4ii) make that evident that
under DD episodes in the Mediterranean, the aerosol coarse
mode is strongly increased – by a factor of∼ 10, with a vol-
ume distribution peak at 2.24 µm – due to the predominance
of coarse dust particles. The Mediterranean DD episodes’
aerosol volume size distribution (red curve) is still bimodal,
with a further decreased fine mode compared to the overall
distribution (all observations, blue curve).

4 Desert dust episodes regime

4.1 Geographical patterns

4.1.1 Frequency of occurrence

The averaged (2000–2007) geographical distributions of the
frequency of occurrence (episodes yr−1) of strong and ex-
treme DD episodes in the Mediterranean Basin are presented
in Fig. 5i and ii, respectively. It is evident that there is
a dominant south–north decreasing gradient, along with a
smaller west–east gradient. Thus, strong DD episodes occur
more frequently in the western parts of the Mediterranean
(11.4 episodes yr−1 over the northwestern coasts of Africa),
dropping to less than 3.5 episodes yr−1 in the eastern part
of the basin. On the other hand, extreme DD episodes
are mostly observed in the central Mediterranean (up to
3.9 episodes yr−1 in Gulf of Sidra), whereas their maximum
frequencies are systematically observed over sea surfaces,
opposite to strong episodes mostly occurring over land. Of
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Fig. 4. (i) Scatterplot between AERONET and MODIS-Terra AODs
at 550 nm under desert dust episode conditions and(ii) average vol-
ume size distribution for all observations (blue curve) and desert
dust episode conditions (red curve). The error bars represent the
standard deviation values.

course it should be kept in mind that the land areas of north
Africa, where episodes occur presumably very often, are
not considered in our analysis. The south–north gradient has
been also observed from a ground-based monitoring perspec-
tive (Querol et al., 2009; Pey et al., 2013). However, Pey
et al. (2013) reported a slight east–west decreasing gradient
and even higher frequencies of dust events compared to ours,
which can be both attributed to the use of surface PM mea-
surements in that study and also to the different definitions
of dust events with our study.

The predominant south–north increasing gradient of DD
episodes frequency is reasonable since it is known (e.g. Mona
et al., 2006; Israelevich et al., 2012) that Mediterranean re-
gions in the vicinity primarily of the Sahara and secondarily
of Middle East deserts are frequently affected by the trans-
port of desert particles. Our frequencies when compared to
those of the literature for specific locations throughout the
study region may be found somewhat smaller, but this can

(ii)

Fig. 5. Geographical distributions of the frequency of occurrence
(episodes yr−1) of (i) strong and(ii) extreme DD episodes over the
broader Mediterranean Basin for the period 2000–2007. White pix-
els correspond to cases with missing data.

be explained by the different nature of data used and to the
different applied methodologies. According to our results,
continental central European areas exhibit low frequencies
(< 1 episode yr−1) indicating that desert dust can impact re-
mote areas, which can be even more distant based on the liter-
ature (Ansmann et al., 2003; Borbely-Kiss et al., 2004; Klein
et al., 2010).

The seasonal (DJF for winter, MAM for spring, JJA for
summer and SON for autumn) maps of DD episodes fre-
quency indicate that there is a longitudinal shift of the ac-
tivity of both strong and extreme DD events (Figs. 6i and ii,
respectively). Thus, during autumn, strong DD episodes oc-
cur more frequently over the central Mediterranean Sea (but
with relatively low frequencies of 1.9 episodes season−1),
while in spring and winter they occur more often in
the eastern Mediterranean with higher frequencies (up
to 3.9 episodes season−1). On the other hand, the highest
frequencies of strong DD episodes are observed in summer
(8.1 episodes season−1) and take place in the western parts of
the basin. The longitudinal shift of DD episodes throughout
the year is associated with the prevailing cyclonic (cold win-
ter and spring Sharav cyclones) and anticyclonic (Azores
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Fig. 6. Seasonal geographical distributions of the frequency of occurrence (episodes season−1) of (a) strong and(b) extreme DD episodes
taking place in(i) winter, (ii) spring,(iii) summer and(iv) autumn over the Mediterranean Basin for the period 2000–2007.
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anticyclone) systems transporting dust from the Sahara into
the basin (Alpert et al., 1990; Moulin et al., 1998; Barkan
et al., 2005). As for extreme DD episodes, during winter,
maximum frequencies are found over the eastern Mediter-
ranean (0.9 episodes season−1), during spring over the cen-
tral Mediterranean Sea (2.4 episodes season−1) and during
summer and autumn over the western parts of the basin (2
and 0.7 episodes season−1, respectively).

4.1.2 Intensity

The intensity of strong and extreme DD episodes (Fig. 7i
and ii) in terms of AOD550nmexhibits more different spatial
patterns than their frequency. The highest intensities appear
off the African coasts of the central (strong DD episodes)
and eastern (extreme DD episodes) Mediterranean Basin. It
should be noted that spatial patterns of the intensity of DD
episodes closely resemble those of overall aerosol episodes
as they were shown by Gkikas et al. (2009). This proves that
DDs dominate aerosol episodes in the Mediterranean Basin
in terms of their intensity. Strong and extreme DD episodes
are characterized by AOD values of up to 1.5 and 4.1, respec-
tively, being in general more intense over sea than land sur-
faces. It should be kept in mind, however, that this is because
northern African regions (where AOD values are even greater
than over adjacent coasts) are mostly not covered by our
results because of the limited availability of C005 MODIS
data and also the applied 50 % data availability criterion (see
Gkikas et al., 2009). On a seasonal basis, the geographical
distributions of DD intensity (not shown here) do not reveal
significant differences from the mean annual ones, opposite
to what happens with frequency. As expected, our results
demonstrate a pronounced decreasing south–north gradient
for both strong and extreme episodes, highlighting the deter-
mining role of African dust for AOD levels over the Mediter-
ranean Basin, especially in the case of dust outbreaks. The
lack of similarity between the spatio-temporal patterns of in-
tensity and frequency of Mediterranean DD episodes can be
explained by the different nature of these two parameters. It
is also different because of the different factors that deter-
mine these two quantities and the spatial extent of their ac-
tion. For example, the patterns of frequency of DD episodes
can be generally regulated by the distribution patterns of
pressure systems, while their intensity is mostly related to
individual strong pressure systems.

4.1.3 Duration

The computed mean duration (in days) of strong and ex-
treme DD episodes in the Mediterranean Basin is presented
in Fig. 8i and ii, respectively. The strong DD episodes last
slightly longer in the western part (up to 1.4 days) than in
other parts of the basin, with maximum duration over Mo-
rocco. The extreme episodes are characterized by a reverse
gradient, with longer episodes in the eastern Mediterranean

Fig. 7. Geographical distributions of the intensity, in terms of
AOD550nm, of (i) strong and(ii) extreme DD episodes over the
broader Mediterranean Basin for the period 2000–2007.

Basin (up to 1.5 days in eastern Mediterranean) and maxi-
mum duration in the southern Levantine Sea. Long extreme
DD episodes are also found in the eastern parts of the At-
lantic Ocean.

Averaged duration results over 2000–2007 presented in
Fig. 8 mask specific, considerably longer, individual DD
episodes (more for strong than extreme episodes). Thus, dur-
ing the study period, three strong dust episodes (in Morocco,
July 2003) lasted up to six days, while a single extreme
DD episode lasted four days and took place between 2 and
5 April 2000 in the sea region between Cyprus and Turkey
(Kubilay et al., 2003). More than 85 % of all identified DD
episodes in the broader Mediterranean Basin last about one
day, yielding a regional mean duration equal to 1.12 days
for strong DD episodes over continental, and 1.08 days for
extreme DD episodes over maritime areas. The computed
duration of DD episodes in this study may seem somewhat
short, but duration here is given on the timescale of 1 day,
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Fig. 8. Geographical distributions of the duration (in days) of(i)
strong and(ii) extreme DD episodes over the broader Mediterranean
Basin for the period 2000–2007.

which implies that half a day corresponds to 12 h (and a dec-
imal point to about 2.5 h, which is meaningful).

4.2 Temporal variability

Given the allowed satisfactory spatial coverage by the satel-
lite data used in the present work it is possible to study
not only the geographical but also the temporal variation of
Mediterranean DD aerosol episodes, for both the entire re-
gion and specific sub-regions. Thus, the intra-annual (sea-
sonal) and inter-annual variations of strong and extreme DD
episodes have been studied for the broader Mediterranean
Basin, as well as also separately for its western, central and
eastern parts, and for land and sea surfaces.

4.2.1 Seasonal variability

The seasonal frequencies of occurrence (relative percent
terms) of strong and extreme DD episodes are given in Ta-
ble 1. Apart from the whole Mediterranean Basin, results

are separately computed over continental (land) and maritime
(sea) areas of the basin as well as for its western, central and
eastern sections.

Continental areas

Over continental areas of the Mediterranean, strong DD
episodes occur more frequently in summer (51.4 %). This
is actually observed in the western (67.3 %) and central
(51.5 %) sections of the basin, but not in the eastern one,
where maximum frequency occurs in spring (71 %). Strong
Mediterranean DD episodes take place secondarily in spring,
with percentages of 25.5–40.4 %, except for the eastern basin
(summer secondary maximum). The seasonal regime of DD
episodes is more different for extreme than strong ones.
Thus, extreme episodes occur more frequently in spring, both
in central (60.4 %) and eastern (87.7 %) parts of the basin, as
well as in the entire basin (61.1 %), while in the western basin
they are more frequently observed in summer (54.2 %).

Maritime areas

Over maritime areas of the Mediterranean Basin the season-
ality of DD episodes shows a slightly more different be-
haviour than over continental regions. Thus, for the entire
basin, the maximum frequencies of occurrence are recorded
in spring, both for strong (43.4 %) and extreme (57.2 %)
episodes, opposite to more frequent continental episodes in
summer. This specific seasonality, i.e. spring maxima both
for strong and extreme episodes, is observed for the central
(46.8 % strong DD, 63.8 % extreme DD) and eastern (61.9 %
strong DD, 67.4 % extreme DD) parts of the Mediterranean
Sea, while only in its western parts do DD episodes occur
more frequently in summer (49.5 and 42.2 % for strong and
extreme, respectively). Not only the geographical, but also
the temporal variation of Mediterranean DD aerosol episodes
is possible to be studied, for the entire region and specific
sub-regions, thanks to the allowed satisfactory spatial cover-
age by the satellite data used in the present work. In addition,
another factor that probably explains the low frequencies in
winter could be observational difficulties for satellites caused
by extended cloud coverage.

Other studies

Our findings cannot be easily compared to other observa-
tional ones since they are the first with a complete spa-
tial coverage for the studied period, namely subsequent to
2000, opposite to existing studies performed either for spe-
cific locations (Toledano et al., 2007; Meloni et al., 2007)
or previous periods (Moulin et al., 1998). The seasonal spa-
tial characteristics of dust transport in the broader Mediter-
ranean Basin has been studied by a few more researchers
using satellite data but over short periods (e.g. Barnaba
and Gobbi, 2004) or different periods to ours (Antoine and
Nobileau, 2006) or indirectly, i.e. through total AOD and
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Table 1. Seasonal frequency of occurrence (in percent values of annual occurrences) of strong and extreme DD aerosol episodes over land
and sea surfaces of the entire Mediterranean basin, and over western, central and eastern Mediterranean, during the period 2000–2007. The
total annual number of DD episodes is also given in each case. Maximum frequencies are indicated with bold numbers and the second largest
frequencies with italic numbers.

LAND

Mediterranean W. Mediterranean C. Mediterranean E. Mediterranean

strong extreme strong extreme strong extreme strong extreme

Winter 1.6 % 1.5 % 1 % 1.2 % 0.4 % 1.5 % 3.3 % 2 %
Spring 40.4 % 61.1 % 25.5 % 37.4 % 38.4 % 60.4 % 71 % 87.7 %
Summer 51.4 % 30.9 % 67.3 % 54.2 % 51.5 % 31.4 % 19 % 4.6%
Autumn 6.6 % 6.5 % 6.2 % 7.2 % 9.7 % 6.7 % 6.7 % 5.7 %
Total number 5702 1491 3446 685 534 194 1722 612

SEA

Mediterranean W. Mediterranean C. Mediterranean E. Mediterranean

strong extreme strong extreme strong extreme strong extreme

Winter 9.1 % 13.3 % 4.1 % 6.3 % 6.2 % 8.4 % 20.6 % 26.3 %
Spring 43.4 % 57.2 % 27 % 37.3 % 46.8 % 63.8 % 61.9 % 67.4 %
Summer 29 % 18.4 % 49.5 % 42.2 % 24.7 % 14.5 % 6 % 0.9 %
Autumn 18.5 % 11.1 % 19.4 % 14.2 % 22.3 % 13.3 % 11.5 % 5.4 %
Total number 4886 2966 1794 867 1852 1184 1240 915

size parameters distributions (e.g. Papadimas et al., 2008).
Moreover, this was also attempted based on model simula-
tions (e.g. Basart et al., 2012). In summary, the findings of
the aforementioned studies are in agreement with our results
as to the previously discussed seasonal variability of dust in
the Mediterranean.

4.2.2 Inter-annual variability

Previous studies (e.g. Papadimas et al., 2008; Hatzianastas-
siou et al., 2009; Yoon et al., 2011) have shown that there is a
significant year-to-year variability of aerosol loadings in the
Mediterranean Basin. Moreover, Gkikas et al. (2009) have
shown that such a significant inter-annual variability, in terms
of frequency and intensity, also exists for maximum aerosol
loadings, i.e. aerosol episodes.

More specifically, we attempted here to examine the
inter-annual variability of dust episodes (outbreaks) in the
Mediterranean Basin. The aim is to quantify this variabil-
ity in terms of frequency of occurrence and intensity of
DD episodes, which are both very important in many as-
pects. Computations are performed separately over Mediter-
ranean land and sea areas and for strong and extreme DD
episodes. The frequency is normalized to be expressed in
number of events per unit area (1◦

× 1◦ latitude–longitude
or about 100 km× 100 km), while the intensity is expressed
in terms of AOD550nm.

Frequency of occurrence of DD episodes

The Mediterranean DD episodes depict a seasonal cycle with
maximum frequencies, as already noted in Sect. 4.2.1, dur-
ing the dry period of the year (spring–summer) and minimum
appearances in the wet period (autumn–winter). The spring
maxima are usually observed in April, whereas summer ones
in July. The relative strength of maximum spring/summer
frequencies is different when examined for different subre-
gions, e.g. western/central/eastern basins, or for strong and
extreme DD episodes, separately. Thus, subregional results
(not shown here) indicate that summer maxima are primary
in the western Mediterranean Basin, whereas in the central
and especially in the eastern Mediterranean, the spring max-
ima become primary, in agreement with the findings of Ta-
ble 1. Also, the two maxima are about equivalent for strong
DD episodes, while the spring maxima clearly become pri-
mary in the case of extreme episodes. Differences in fre-
quencies are also encountered between strong and extreme
episodes, as well as between land and sea Mediterranean ar-
eas. More specifically, frequencies of strong episodes reach
values up to about 1.2 episodes pixel−1, whereas those of ex-
treme episodes hardly exceed 1.0 episode pixel−1, and are
higher over sea than land areas. There is a significant year-
to-year variability of frequencies of DD episodes, especially
over land, with an absolute maximum of 1.2 episodes pixel−1

for strong episodes in July of 2003 (similar high frequen-
cies were also observed in July 2002 and April 2000). A
more distinct absolute maximum frequency of extreme DD
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episodes (again, 1.2 episodes pixel−1) is found over land
in April 2000, but high frequencies are also observed in
April 2003. Therefore, according to our results, years 2000
(April) and 2003 (July) seem to have been marked by the
most frequent DD episodes over Mediterranean land ar-
eas. More specifically, according to the reproduced AOD
maps with the Giovanni tool (http://disc.sci.gsfc.nasa.gov/
giovanni/overview/index.html), for each day of April 2000
and July 2003, a significant portion of the eastern Mediter-
ranean Basin in April 2000, as well as the western Mediter-
ranean in July 2003, is characterized by AOD values higher
than 0.5.

The applied linear regression fit to time series of Fig. 9
(blue lines) indicates that strong and extreme DD episodes
occurred in the Mediterranean Basin over the period of 2000–
2007 with decreasing frequencies (statistically significant at
95 % confidence level) over land surfaces. However, no sta-
tistically significant trends are found over Mediterranean Sea
areas. The tendencies of frequencies of strong and extreme
DD episodes have been also checked using anomalies instead
of absolute frequency values, and the results, i.e. decreasing
frequencies (see Supplement Fig. S4), remain the same. This
is also valid when using annual frequencies (again not shown
here). According to Fig. 9, it appears that the decreasing ten-
dency of occurrence of DD episodes in the Mediterranean
is mainly caused by low spring and summer frequencies in
years 2005–2007 combined with high frequencies in years
2000 and 2003.

Intensity of DD episodes

As to the inter-annual variation of the intensity of DD
aerosol episodes (red lines in Fig. 9), our results do not in-
dicate a clear seasonal cycle, both for the strong and ex-
treme episodes. In general, the intensity of Mediterranean
DD aerosol episodes is higher over maritime than continen-
tal areas. The maximum regional mean intensity of strong
DD episodes is equal to 0.96 over land (in December 2000)
and 1.23 over sea (in November 2004). The corresponding
values for extreme DD episodes are equal to 1.5 (May 2001)
and 4.86 (January 2004). The changing intensity of Mediter-
ranean DD aerosol episodes is possibly related to modifica-
tions of the position and strength of pressure systems, as well
as the instability of the atmosphere, since there is a strong
connection between atmospheric circulation and associated
desert dust concentrations. Of course, this deserves further
and more thorough investigation, which is beyond the scope
or the present work.

5 Summary and conclusions

The present study aims to describe, for the first time, to our
knowledge, the regime of intense desert dust episodes that
takes place over the entire Mediterranean Basin. To this end,

an objective and dynamic algorithm has been set up which
identified the DD episodes that occurred over the period
2000–2007. As input data, the algorithm uses daily aerosol
optical properties provided at 1◦

× 1◦ spatial resolution, de-
rived from MODIS, Earth Probe and OMI satellite measure-
ments, for the following parameters: aerosol index (AI), fine
fraction (FF), Ångström exponent (α) and effective radius
(reff, over sea only). The identified DD episodes were classi-
fied into strong and extreme ones, based on their intensity, by
means of aerosol optical depth (AOD). The algorithm deter-
mined the main characteristics of DD episodes, namely their
frequency, intensity and duration, at various spatial (from
pixel level to regional mean) and temporal (from daily to 7 yr
means) scales.

First, the performance of the algorithm has been tested
against quality surface measurements. This was done for
333 pixel-level DD episodes collocated with selected sta-
tions found within the study region. An initial evaluation was
performed using daily PM10 concentration data from 21 sta-
tions across the Mediterranean Basin. The results revealed a
very good agreement between ground and satellite measure-
ments for central and eastern Mediterranean stations (corre-
lation coefficient (R) values up to 0.91) against lowerR val-
ues over the western basin. More information was obtained
performing the validation on a seasonal basis. More specif-
ically, there was a moderate-to-good agreement in winter
(R = 0.69), spring (R = 0.74) and autumn (R = 0.81), con-
trary to poor correlation in summer (R = 0.09), which can
be attributed to the higher vertical extension of dust load-
ings during this season. This vertically extended dust trans-
port, far above the boundary layer, does not allow for them
to be captured by ground stations measuring PM, since their
in situ measurements are restricted to the surface air layer.
In a second approach, the algorithm’s performance has been
also evaluated against aerosol optical properties from nine
AERONET stations across the Mediterranean Basin. This
has been done for 58 DD episodes, and the comparison re-
vealed (i) a relatively good correlation (R = 0.65) between
MODIS and AERONET AOD values and (ii) a significant
increase (by a factor of∼ 10) of coarse-mode particles (dom-
inated by dust, centred at 2.24 µm) in the case of DD episodes
relative to all cases.

The following is the case according to our computedgeo-
graphical distributions:

– There is a longitudinal gradient in the frequency of
occurrence of Mediterranean DD episodes. This gra-
dient is more evident for strong episodes, which oc-
cur more frequently (up to 11.4 episodes yr−1) in the
western Mediterranean Basin, and less evident for the
(more sparse) extreme episodes, which occur more fre-
quently in the central basin (up to 3.9 episodes yr−1).

– There is also a clear and predominant latitudinal gra-
dient, with frequencies of both strong and extreme DD
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Fig. 9. Inter-annual variation and tendencies of monthly mean frequency (blue curves) and intensity (red curves) of(i) strong and(ii) extreme
DD aerosol episodes taking place over(a) land and(b) sea surfaces of the broader Mediterranean Basin for the period 2000–2007.

episodes decreasing from south to north, as the dis-
tance from the north African desert areas increases,
while a west–east gradient is evident only for the
strong ones, likely determined by the climatology of
the pressure systems.

– The geographical variability of DD episodes’ fre-
quency in the Mediterranean, and specifically that of
the longitudinal one, appears to be driven by precipi-
tation patterns and the prevailing pressure systems in
the area. This is confirmed by the spatial variability of
frequency dust throughout the course of year. Thus, in
the eastern Mediterranean Basin, the DD episodes oc-
cur more frequently in spring (up to 3.9 episodes yr−1)
and winter (up to 1 episode yr−1), having in both sea-
sons the maximum frequencies over the entire basin.
Correspondingly, in central parts of the Mediterranean
Basin maximum DD episode frequencies are observed
in spring (up to 3 episodes yr−1) and in the western
parts of the basin in summer (up to 8.1 episodes yr).

– The intensity of strong DD episodes (in terms of
AOD550nm values) in the Mediterranean varies from
0.4 to 1.5 (Gulf of Sidra, Libyan Sea). The intensity of
extreme DD episodes is however significantly higher,
varying from 0.7 to 4.1 (Libyan Sea). Although there
is an apparent south–north gradient in the intensity of
DD episodes, similarly to their frequency, there is no

similarity between intensity and frequency in terms of
their spatio-temporal patterns.

– As for their duration, it is found that the strong DD
episodes last up to 1.4 days (34 h) in the western
Mediterranean Basin, while the extreme ones can be
more persistent in the eastern parts, lasting up to
1.5 days (36 h).

– The comparison of our results (DD episodes) with
those corresponding to all episodes given by Gkikas
et al. (2009) demonstrates that there is a similarity
between them, which shows the significant contribu-
tion of DD episodes. According to our computations,
the contribution of DD episodes is equal to 32.7 and
40.1 % for strong episodes over land and sea, respec-
tively, while for extreme episodes the corresponding
values rise to 49 and 71.5 %.

The analysis ofintra-annual (seasonal) andinter-annual
(year-to-year) variation of Mediterranean DD episodes re-
veals the following:

– For the entire Mediterranean Basin, on average, there
is a different seasonality over land and sea areas (on
the basis of regions covered by available satellite data).
Thus, strong Mediterranean DD episodes over land oc-
cur more frequently in summer (51.4 %), whilst over
sea they are more frequent in spring (61.1 %). Cor-
respondingly, extreme desert dust episodes are by far
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more frequent in spring over both continental (43.4 %)
and maritime (57.2 %) areas of the Mediterranean
Basin.

– When examining the seasonality of DD episodes at
a smaller spatial scale – i.e. for different subregions,
namely western, central and eastern parts of the basin –
differences are found. Thus, our results indicate that in
the western Mediterranean Basin, DD episodes (both
strong and extreme) occur more frequently in sum-
mer. Conversely, in the central and eastern parts of the
Mediterranean Basin, DD episodes are more common
in spring; however, strong episodes over land areas of
the central part of the basin occur more frequently in
summer.

– In general, there appears to be a quite stable year-to-
year seasonality of DD episodes, in line with that de-
scribed above.

– Our results indicate that DD episodes in the Mediter-
ranean decreased between years 2000 and 2007 over
land surfaces.

It is planned to supplement and improve the results of
this study in the near future in various aspects. (i) A larger
spatial coverage of the study region will be possible using
MODIS Deep Blue aerosol data – which are also available
over the highly reflecting deserts of the Sahara and Mid-
dle East – after these data have been adequately validated.
(ii) A larger temporal coverage is also desirable, which will
strengthen our findings as to seasonal and inter-annual vari-
ability of Mediterranean DD episodes. (iii) The accumula-
tion of enough data derived from satellite-based lidar sys-
tems over time will offer a robust evaluation of the outputs
of our algorithm through comparisons against vertically re-
solved CALIOP aerosol information, which directly specifies
the existence of various aerosol types with height. (iv) Fi-
nally, the study will be repeated in other dust-dominated key
world regions, for example the Gobi and Taklimakan deserts.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/13/
12135/2013/acp-13-12135-2013-supplement.pdf.
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