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Abstract

The main aim of the present study is to describe the vertical structure of the intense
Mediterranean dust outbreaks, based on the use of satellite and surface-based re-
trievals/measurements. Strong and exireme desert dust (DD) episodes are identified
at 1° x 1° spatial resolution, over the period March 2000-February 2013, through the
implementation-Qf an updated objective and dynamic algorithm. According to the algo-
rithmgStrong DD _gpisodes occurring at a specific place correspond to cases in which
the daily aerosol optical depth at 550 nm (AODgs0,m) €Xceeds or equals the long-term
mean AODgsqm. (Mean)_plus two standard deviations (SD) value being smaller than
Mean + 4 - ngxtreme @episodes correspond to cases in which the daily AODsgg
value equals or-exeeeds Mean + 4 - SD. For the identification of DD episodes additional
optical propertigs (Angstrom exponent, fine fraction, effective radius and Aerosol Index)
derived by the DIS-Terra & Aqua (also AOD retrievals), OMI-Aura and EP-TOMS
databases are used As inputs. According to the algorithm using MODIS-Terra data,
over the period March 2000—-February 2013, strong DD episodes occur more frequently
(up to 9.9 episodes r~') over the western Mediterranean while the corresponding fre-
quencies for the extreme ones are smaller (up to 3.3 episodes yr"1, central Mediter-
ranean Sea). In cpntrast to their frequency, dust episodes are more intense (AODs
up to 4.1), over the central and eastern Mediterranean Sea, off the northern African
coasts. Slightly lower frequencies and higher intensities are found when the satellite
algorithm operatgs based on MODIS-Aqua retrievals, for the period 2003-2012. The
performance of the satellite algorithm is assessed against surface-based daily data
from 109 sun-photometric (AERONET) and 22 ,Mwst»a-ﬁens\.:t}agreement between

AERONET and MODIS AOD is satisfactory (R = 0.505—0.75f improving considerably
when MODIS leve] 3 retrievals with higher -grid spatial re entativeness and ho-

mogeneity are considered. Moreover, the evaluation analysis using other AERONET

-spectral optical and microphysical properties during the days of episodes as well as

surface PM,, concentrations also provides strong support of the successful perfor-
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et al., 2010; Huang et al., 2010) and Europe (e.g. Mona et al., 2006; Papayannis et al.,
2008; Basart et al., 2012; Begue et al., 2012; Pey et al., 2013), favored by the pre-
vailing atmospheric circulation patterns, from planetary to synoptic scales. Due to their
frequent transport in the Mediterranean, mineral dust particles, constitute the predom-
inant aerosol type there (Barnaba and Gobbi, 2004; Basart et al., 2012), as shown by
the good agreement, in spatial terms, between the geographical distributions of dust
episodes’ AOD (Gkikas et al., 2013) and average AOD conditions (Papadimas et al.,
2008).

Dust particles play an important role for the shortwave (SW) and longwave (LW)
radiation budget (e.g. Kaufman et al., 2002; Tegen et al., 2003; Heinold et al., 2008)
and climate (IPCC, 2013). They affect atmospheric heating/cooling rates (e.g. Mallet
et al., 2009) while they can also result in a modification of atmospheric dynamics and

large atmospheric circulations like monsoons (e.g. Lau et al., 2006; Bollasina et al.,

2011), cloud properties and precipitation (e.g. Huang et al., 2006; Solmon et al., 2008).
Moreover, it has been shown that the consideration of their radiative impacts in numer-
ical simulations can improve the forecasting accuracy of weather models (Pérez et al.,
2006). Dust particles also affect air quality in urban areas (Basart et al., 2012) causing
adverse health effects (Diaz et al., 2012; Karanasiou et al., 2012; Pérez Garcia-Pando
et al., 2014). All these consequences of dust aerosol are relevant and maximize under
maximum dust loads, namely dust episodes, highlighting thus the significance of ana-
lyzing the spatial and temporal characteristics of such events. To this aim, many studies
have been carried out using either surface (e.g. Cachorro et al., 20086) or satellite (e.g.
Moulin et al., 1998) observations, as well as modelling techniques (e.g. Heinold et al.,
2007) focusing on the broader Mediterranean area. These studies have been done
either for specific cases (e.g. Kubilay et al., 2003; Balis et al., 2006) or for extended
periods at specific locations (e.g. Meloni et al., 2007; Toledano et al., 2007a; Gobbi
et al., 2013; Mona et al., 2014). Recently, Gkikas et al. (2013) developed an objective
and dynamic algorithm relying on satellite retrievals, which enabled an overall view of
dust episodes over the entire Mediterranean and the characterization of their regime.
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Extensive research-has been also carried out on the éam of Mediterranean dust

outbreaks. Piffereft mechanisms and processes of transport, apart from dust emis-
sions in source areas, have been proposed as controlling factors. Moulin et al. (1997)
showed that the exported dust loads from Northern Africa towards the Atlantic Ocean
and the Mediterranean are controlied by the phase of the North Atlantic Oscillation
(NAO). Other studies, focused on the description of atmospheric circulation charac-
teristics favoring the occurrence of desert dust outbreaks over the central (Barkan
et al., 2005; Meloni et al., 2008) or western (Querol et al., 1998; Rodriguez et al,,
2001; Salvador et al., 2014) Mediterranean, but on a synoptic scale. An objective
classification, based on multivariate statistical methods, of the atmospheric circula-
tion patterns related to dust intrusions over the Mediterranean, has been presented by
Gkikas et al. (2014) and Varga et al. (2014)§The concentration of dust aerosols in the
Mediterranean is characterized by strong spatial and temporal variability, associated
with the seasonal variability of cyclones dominating or affecting the broader Mediter-
ranean basin (Trigo et al., 2002). According to Moulin et al. (1 9:? dust AOD levels are
h
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higher in spring and summer compared to the wet seasons of thg year. Moreover, dust
intrusions are mainly recorded over the eastern Mediterraneah in spring and winter,
over the western parts.in sumr:h'er and over the central ones fn autumn (Gkikas et al.,
2013): ’
Dust transport over the Mediterranean is characterized/oy a multi-layered structure
(Hamonou et al., 1 Qﬂn contrast to the Atlantic Ocean, which is well confined to
the Saharre?é{r ayer (SAL, Karyampudi et al., 1999)/ The vertical distribution of dust
particles iffto the troposphere and the profile of Aéir physical and opfical properties
at different alfifudes are controlling their impacts on atmospheric dynamics_(Zhan
et Al.,2013). In order to describe the gegmetrical features of dust transport, many
résearchers have used ground-lidar m;a urements, model simulations (Alpert et al.,
004; Kishcha et al., 2005) or they have relied on a synergistic use of satellite obser-
vations and ground lidar profiles (Bérthier et al., 2006). The vertical extension of the
Saharan dust intrusions over Eug6pe, during the period 2000-2002, was the subject
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of a comprehensive study by Papayannis et al. (2008), who used lidar measurements
from the EARLINET (European Aerosol Research Lidar Network, Bosenberg et al.,
2003). Over the Mediterranean stations, the mean base, top and thickness of dust
layers was found to vary from 1356 to 2980 m, 3600 to 5900 m and 726 to 3340 m, re-
spectively. According to the obtained results, tracers of dust particles can be detected
up to 10km, as also reported by Gobbi et al. (2000), who studied a Saharan dust event
in Crete (south Greece) during spring of 1999.

Several similar studies have been also performed for specific Mediterranean.loca-
tions based on EARLINET lidar measurements. For example, Mona et al. (2006) ana-
lyzed the vertical structure of 112 Saharan intrusions that occurred over Potenza (ltaly),
from May 2000 to April 2003. The authors found that these outbreaks are confined be-
tween 1.8 and 9 km while their mass center is located at 3.5 kma.s.l. A similar analysis
for Athens and Thessaloniki over the period 20002002, was conducted by Papayan-
nis et al. (2005) who demonstrated that dust layers are recorded mainly between 2 and
5 km while their thicknesses vary from 200 to 3000 m. The geometrical characteristics
of dust layers over Athens, during the peri d 2004-2006, have been also presented
by Papayannis et al. (2009), who pointed‘out that the center of mass of dust layers is
located at 2900 m being in a very gg@d agreement with Kalivitis et al. (2007) findings
(around 3 km) for the eastern Meditérranean. Additionally, the authors reported that the
dust layers mainly extend from }600 to 5800 m while mineral particles can be detected,
at very low concentrations, upfo 8 km a.s.l.. Gobbi et al. (2013) found that dust plumes,
over Rome, mainly extend from 0 to 6 km while their center of mass is located at around
3km. In the southern partZ/of Italy (Potenza), dust layers’ base is found between 2 and
3 km, their geometrical hgight extends from 2.5 to 4 km while tracers of dust particles
can be detected up to 1@ km, based on a dataset of 310 dust events analyzed by Mona
et al. (2014). Finally, Bisani et al. (2011) stated that the mean base and top of dust
layers is found at 15(22 and 4600 ma.s.l., respectively, while their mean thickness is
equal to 3100 m, based on a statistical analysis of 45 desert dust episodes observed
over Naples (ltaly), frém May 2000 to August 2003.
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tail against surface measurements provided by AERONET or PM,, stations, located
within the study region (Sect. 4.2). Additionally, useful information about various optical
and physical properties under intense dust episodes conditions is also derived from
the evaluation analysis. For the identified DD episodes, collocated CALIOP-CALIPSO
vertical feature mask and total backscatter coefficient retrievals are used in order to de-
scribe the annual and seasonal variability of dust outbreaks’ vertical extension over the
Mediterranean (Sect. 4.3). Finally, the summary and conclusions are drawn in Sect. 5.

2 Satellite and surface-based data ' gl,w/

The different types of satellite retrievals that have been used a%puts to the objec-
tive and dynamic satellite algorithm are described below, namely’"MODIS (Sect. 2.1.1),
EP-TOMS and OMI-Aura (Sect. 2.1.2) databases. Also, CALIOP-CALIPSO vertically
resolved satellite data, coincident with the identified desert dust outbreaks by the
satellite algorithm, are described in Sect. 2.1.3. Finally, surface-based sun-photometric
AERONET retrievals and PM;, concentrations, both used to assess the performance
of the satellite algorithm, are described in Sect. 2.2.1 and 2.2.2, respectively.

2.1 Satellite data
211 MODIS VoYY g UTC

MODerate resolution Iimaging Syae{roradiometer (MODIS) onboard the Tefra and Aqua
satellites — with daytime loc J/equator crossing time at 10:30 and 13:30, respectively,
and 2330 km viewing swaiff — acquires measurements at 36 spectral bands between
0.415 and 14.235 um with spatial resolution of 250, 500 and 1000 m. Observations from
Terra and Aqua are made continuously since February 2000 and July 2002, respec-
tively, and are available from the LAADS website (fip://ladsweb.nascom.nasa.gov/).
Aerosol optical properties are retrieved through the Dark Target (DT) algorithm (see
e.g. Kaufman et al., 1997, 2001; Tanré et al., 1997; Levy et al., 2003; Remer et al,,
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2005) where different assumptions are considered depending on the underlying sur-
face type (land or ocean). Several evaluation studies (e.g. Remer et al., 2008; Papadi-
mas et al., 2009; Levy et al., 2010; Nabat et al., 2013) have shown that aerosol optical
depth (AOD) can be retrieved satisfactorily by MODIS, nevertheless its performance is
better over sea (uncertainty equal to £0.03+0.05 x AOD, Remer et al., 2002) than over
land (£0.05+0.15 x AOD, Levy et al., 2010). 3D Mediterranean
The following daily MODIS-Terra and MODIS-Aqua Collection 051 (C051) level desert dust
3 satellite data (MOD08_D3 and MYDO08_D3 files) provided at 1°x1° latitude~ outbreaks
longitude spatial resolution are used: (i) AODsgg,m, (i) Angstrom exponent over land
(A470_s50nm), (iil) Angstrdm exponent over ocean (@ssg_gssnm)s (V) fine-mode fraction”
(FF) of AOD over land and ocean and (v) Effective radius over ocean (ry). Sim-
ilaf data have been used by Gkikas et al. (2013), however, in the present study
we have improved data quality by using the quality assurance-weighted (QA) data
only (http://modis-atmos.gsfc.nasa.gov/_docs/QA_Plan_2007_04_12.pdf). Moreover,
the day cloud fraction as well as the number of level 2 counts, which are both rele-
vant to the performance of the satellite algorithm, are also used in this study. The time
series of daily MODIS aerosol data cover the 13 yr period March 2000-February 2013
(Terra) and the 10 yr period January 2003-December 2012 (Aqua).
A%
A00

The selected retrievals from MODIS provide information about particles’ loadfand size
which are both necessary to identify dust episodes. However, since dust is not the
only coarse aerosol, for example sea-salt can be so as well, another optical prop-
erty indicative of particle absorption efficiency is also required by the algorithm. To
address this issue, the Absorption Aerosol Index (Al) daily data were also used, de-
rived from measurements taken by the Total Ozone Mapping Spectrometer (TOMS)
onboard the NASA’s Earth-Probe satellite and the Ozone Monitoring Instrument (OMI)
instrument onboard the NASA’s Aura satellite. Al is the primary TOMS aerosol prod-
uct (Herman et al., 1997) based on a spectral contrast method in a UV region (331—
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360 nm) where ozone absorption is very small and can be used for the distinction be-

tween scattering (e.g. sea-salt) and absorbing (e.qg. w,_smoke, volcanic ashﬁ@fm

aerosols. The retrieval algorithm (fully described by Torres et al., 1998, 2002, 2005)
takes advantage of the low surface albedo in the UV spectrum range, even in arid and
semi-arid areas, making thus possible the estimation of the AOD over highly refiect-
ing desert surfaces, where the major dust sources are located. Since the late 70’s, the
TOMS sensor onboard Nimbus-7 (1978—-1993) and Earth Probe (1996-2005) has been
providing global aerosol measurements. With the deployment of the EOS-Aura OMI
(Ozone Monitoring Instrument) in mid-2004 (Torres et al., 2007) the near UV aerosol
record continues to be extended into the foreseeable future. OMI is a hyperspectral
sensor, covering the 270-500 nm range, launched onboard the EOS-Aura satellite on
15 July 2004 (13:38 equator crossing time, ascending mode) providing almost daily
global coverage thanks to its wide viewing swath (2600 km with 13km x 24km nadir
resolution). Apart from Al measurements, OMI aerosol products include also the total
and absorption AOD and the single scattering albedo at 388 and 500 nm (Torres et al.,
2007). Both EP-TOMS and OMI-Aura retrievals are available via the Mirador ftp server
(http://mirador.gsfc.nasa.gov/) of the Goddard Earth Sciences Data and Information
Services Center (GES DISC).

2.1.3 CALIOP-CALIPSO

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the NASA’s
satellite CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions), launched in April 20086, provides vertical resolved aerosol and cloud observa-
tions (Winker et al., 2009) since June 2006. CALIPSO is flying in the A-Train con-
stellation (Stephens et al., 2002; http://atrain.nasa.gov/) in a sun-synchronous polar
orbit at 705km over the surface, with a 16:day repeat cycle, crossing the equato-

-rial plane at about 13:30 LST (Winker et al.,, 2009). CALIOP is an active sensor

measuring the backscatter signal at 5632 and 1064 nm as well as the polarization at
532 nm (Winker et al., 2009). These level 1 retrievals are further processed (calibra-
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in more than 1000 locations of the planet (http://aeronet.gsfc.nasa.gov). The solar irra-
diances received by the photometer are inversed to columnar aerosol optical and mi-
crophysical properties through the implementation of retrieval algorithms (e.g. Dubovik
and King, 2000; O’Neill et al., 2003). The followed standardized methods concerning in-
strument maintenance, calibration, cloud screening and data processing allow aerosol
monitoring and comparison between different study periods and areas (Smirnov et al.,
2000). From the global AERONET stations, 109 are located within the geographical
limits of our study region. For each station, the daily averages of cloud-screened and
quality assured data (Level 2.0) of direct sun and almucantar retrievals are used for:
(i) AOD at 7 wavelengths from 340 to 1020 nm, (ii) size distribution retrieved for 22 log-
arithmically equidistant discrete points (r;) in the range of sizes 0.05um < r < 15pm,
(iii) Angstrom exponent between 440 and 870 nm (@440-g70nm)» (V) total effective ra-
dius (r#), and (v) single scattering albedo (SSA) and asymmetry parameter (Gaer) both
retrieved at 440, 675, 870 and 1020 nm. The uncertainty in the estimation of AOD de-
pends on technical (e.g. calibration method). factors and inversion assumptions, both
described in detail in Holben et al. (1998). Moreover, the accuracy of the retrieved AOD
by the CIMEL radiometer is spectrally dependent, being higher (< +0.01) for wave-
lengths longer than 440 nm and lower (< +0.02) for, UV wavelengths (Eck et al., 1999).
It should be also noted that the AERONET Level 2.0 inversion products (e.g. SSA) are
provided when AOD at 440nm is higher than 0.4 epsuring the minimization of the in-
version uncertainties, which are also determined by pther factors (e.g. scattering angle,
particles’ sphericity) as stated in detail by Dubovik et al. (2000).

222 PMio e

Daily total and dust surface PM,, concentrations, over the period 2001-2011 from

22 regional background and suburban background sites were used in this study. The

monitoring sites are distributed as follow§:10 ate=lesatee-in Spain; 2-aze in southern

France; 5 a#e in ltaly; 3 ase in Greece; 148 in sesiern Bulgaria and 1 4§ in Cyprus.

PM,, concentrations were obtained in most cases from gravimetric determinations on
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tions applied to the satellite algorithm inputs (e.g. implementation of QA MODIS re-
trievals as discussed in Sect. 2.1.1). The decreasing south-to-north gradient of intense
DD episodes’ frequency, which is also in agreement with previous studies based on
ground PM measuremenigy(Querol et al., 2009b; Pey et al., 2013), model simulations
(Papayannis et al., 2008)land AERONET AQD retrievals (Basart et al., 2009), can be
attributed to the increasing distance from the major dust sources and to the higher pre-
cipitation amounts at the northern parts of the basin (e.g. Marrioti et al., 2002; Mehta
and Yang, 2008).

The maximum frequencies (9.9 episodesyr™ ) of strong DD episodes are observed
in the western parts of the study region, for both periods and datasets, while the cor-
responding values for the extreme ones (3.3 episodes yr~ ) are observed over the
central Mediterranean Sea for MODIS-Terra (March 2000—February 2013). In general,
there is similar spatial variability between Terra and Aqua, though slightly lower max-
imum frequencies are found for Aqua. Although dust episodes occur rarely across
the northern parts of the study region (< 1 and 0. 5ep|sodesyr for strong and ex-
treme episodes), their occurrence proves that dust particles can be transported far
away from their sources, up to the central (e.g. Klein et al., 2010) or even northern
(e.g. Begue et al., 2012) European areas under favorable meteorological conditions.
A noticeable difference between the two study periods and platforms is that relatively
high frequencies of extreme DD episodes are recorded in more northern latitudes in
the Mediterranean Sea, i.e. up to 43° N, according to MODIS-Terra over March 2000—
February 2013, while they are restricted south of 40° N parallel for MODIS-Aqua during
2003-2012. In order to investigate this difference in detail we have also applied the
satellite algorithm, over the period 2003-2012, i.e. that of Aqua, using MODIS-Terra
retrievals as inputs. Through this analysis (results not shown here), it is evident that
there is a very good agreement between the satellite algorithm’s outputs, for the peri-
ods March 2000-February 2013 and 2003—-2012, revealing a constant dust episodes’
regime. Therefore, the discrepancy appeared between MODIS-Terra and MODIS-Aqua
spatial distributions in Fig. 2, is attributed to the diurnal variation of factors regulat-
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while the issue of possible cloud contamination is also considered. However, since the
obtained results revealed a very similar performance of the algorithm for both periods
and platforms, only the resuits for the period March 2000-February 2013 are given

here. <

in 46 out of 109 AERONET stations, depicted with yellow triangles in Fig. me
been found at least one strong or extreme dust episode, for which coincident satel-
lite and ground measurements are available. For the specific AERONET stations and
episode days, the mean values of the selected AERONET aerosol optical properties
have been calculated separately for strong, extreme and all (both strong and extreme)
DD episodes identified by the satellite algorithm. Subsequently, these values were com-
pared to the corresponding ones calculated from all the available retrievals (climatolog-
ical conditions, clim) collected from the 109 Mediterranean AERONET stations, during
the period March 2000—February 2013, aiming at highlighting the effect of episodes on
these optical properties. Additionally, in 7 AERONET stations (cyan circles in Fig. 4) the
intense DD episodes have been identified from ground and the corresponding results
are compared with the satellite algorithm outputs (Sect. “Intercomparison of surface-
based and satellite algorithms used for the identification of the desert dust episodes”).
Finally, the performance of the algorithm is also tested against surface PM,, measure-
ments from 22 stations (Sect. 4.2.2).

4.21 AERONET
Aerosol optical depth

During the period March 2000-February 2013, 346 pixel level intense DD episodes
have been identified by the satellite-based algorithm, in which coincident MODIS-Terra
and AERONET retrievals are available. It should be noted that AERONET AODgg 1,
values have been calculated from available AERONET AODgyg, @and Angstrom expo-
nent data (@440-s70nm) PY applying the Angstrom equation (Angstrom, 1929) to match
the MODIS AODqg, - For these intense DD episodes, the comparison between the
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using other AERONET aerosol optical properties than AOD, namely the Angstrom ex-
ponent (a) and the effective radius (r¢), able to provide information about particles’
size. These two parameters, especially the first one, have been widely used by many
researchers in order to identify or discriminate fine and coarse particles (e.g. O’Nelll
et al., 2003; Fotiadi et al., 2006; Toledano et al., 2007b; Gobbi et al., 2007; Basart et al.,
2009; Prats et al., 2011). For this reason, we have produced the boxplots of & (Fig. 8-i)
and ry (Fig. 8-ii) values, derived by AERONET sun photometers, under climatological
and intense dust episode conditions (strong, extreme and all). The appropriateness of
our methodology and algorithm is confirmed by the drastic reduction of a (Fig. 8-i) and
increase of ry (Fig. 8-ii) values when dust outbreaks occur. Namely, the mean a value
decreases by a factor of 4.8 while the r; value increases by 2.5 times, under extreme
DD episodes in the Mediterranean.

According to the boxplot statistics, when all available AERONET retrievals are con-
sidered (orange boxplot), @ ranges from —0.08 to 2.51 with mean and median values
equal to 1.29 and 1.38, respectively. Furthermore, the majority (> 75 %) of a values is
higher than 1.04 indicating the strong presence of fine particles in the study domain.
On the contrary, during intense dust episodes the statistics are totally modified. For all
DD episodes (green boxplots), the mean and median values are decreased down to
0.43 and 0.27, respectively, while most of a values (> 75 %) are lower than 0.54. Sim-
ilar results are found for the strong DD episodes (cyan boxplots) while for the extreme
cases (red boxplots) the corresponding statistical values are equal to 0.27, 0.20 and
0.36, respectively. Similar findings were reported by Tafuro et al. (2006) who calculated
a low average a value equal to 0.2+ 0.1 during dusty days (AODy4gnm > 0.6) from 5
AERONET stations located in the central Mediterranean, related with transported min-
eral particles from the northern African deserts (Pace et al., 2006). Basart et al. (2009)
analyzed AERONET retrievals provided at fine temporal resolution (15min) from 39

27698

o Uty

i
Jaar

ACPD
15, 2767527748, 2015

30 Medilerranean
desert dust
outbreaks

A, Gkikas et al.




20

25

roenk
In Fig. 10,-are-presented the overall scatterplots between satellite and ground AODs

when intense DD episodes have been identified based on the ground (left column)
and the satellite (right column) algorithm. Colors in Fig. 10i-a, ii-a, iii-a represent the
associated MODIS-Terra Angstrom exponent, effective radius and day cloud fraction
(CFD) retrievals, respectively. In Fig. 10i-b and ii-b colors represent the AERONET
Angstrom exponent and effective radius, respectively, while in Fig. 10iii-b represent the
day cloud fraction observations derived by MODIS-Terra. Through this approach it is
feasible to evaluate furthermore the performance of the satellite algorithm, specify its
drawbacks and check the validity of the defined thresholds (green boxes in Fig. 1).

It is apparent that the agreement between MODIS-Terra and AERONET AODs is
better when DD episodes arg-dentified~from the ground, as shown by the increased
correlation coefficients (fron{ 0.52 to 0.7), increased slopes (from 0.6 to 0.9-1.0) and
decreased biases (from 0.16 nparticular, when DD episodes are identified
from space, the MODIS-Terra A fielals are overestimated (bias = 0.163) with re-
gards to AERONET, particularly at low AOD values (< 0.5). In both cases, the highest
overestimations are associated with cloud\fractions higher than 0.7 due to the pos-
sible contamination of the satellite AODs by\clouds (Fig. 10iii-a, iii-b). Given that DD
episodes’ identification based on AERONET retrievals is more efficient, we have used
these outputs in order to check the validity of\the defined thresholds in the satellite
algorithm (green boxes in Fig. 1). For each aefpsol optical property, it has been cal-
culated the percentage of intense DD episodes\for which the corresponding satellite
observations are below or above the defined thresholds, depending on the parameter.
The results given in Table 2 are satisfactory, sincg the percentages range from 87 to
99 %, and confirm the validity of the defined thresh‘c?lds

The scatterplots in Fig. 10i-b and ii-b also reveal'some weaknesses of the satellite-
based algorithm. More specifically, it is found that for few DD episodes identified by
the satellite algorithm the corresponding AERONET Angstrom exponent and effective
radius values are higher than 1 and smaller than 0.4, respectively. These values indi-
cate a predominance of fine partlcles instead of coarsg ones as it would be expected
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formed a similar analysis but using data for a shorter period (2000—2007) than ours. It
must be noted that the correlation coefficients are affected by outliers, because of the
limited number of DD episodes in each station, highlighting the sensitiveness of the
intercomparison. Such outliers can be expected when satellite-based columnar AODs

s and surface-based PM,, data are compared, since satellite AODs are representative
for the whole atmospheric column in contrast to in-situ PM measurements which are
more representative f e planetary boundary layer affected also by local factors.
Therefore, the vertical distribution of desert dust load, as it will be presented in the next
section, can determine the level of agreement between satellite AODs and surface PM

w0 concentrations. Another influencing factor can be cloud contamination of MODIS AOD.
The identification method by the satellite algorithm can be considered as correct

(3% wheni(dust PM, concentrations are higher than zero) According to this, the ratio be-

tween the number of non-zero dust PM observations and the number of DD episodes
(coincident satellite-derived DD episodes and total PM;, measurements) for each sta-
15 tion is defined as success score. The calculated success scores (Fig. 11-iii) vary from
68 % (Monagrega, northeastern Spain, 28 episodes) to 97 % (Boccadifalco, Sicily, 33
episodes) confirming the appropriateness of the DD episodes’ identification. In the
majority of stations, the contribution of dust particles to the total burden (Fig. 11-iv) is
above 50 %, ranging from 44 % (Zarra, Spain) to 86.8 % (Ayia Marina, Cyprus). In order
» 1o complete our analysis we have also calculated the mean (Fig. 11-v) and the median
(Fig. 11-vi) dust PM,, concentrations for the identified intense DD episodes in each
station. The mean PM,, concentrations mainly vary between 20 and 50 pg m=, being
higher in the southern stations, as expected. The minimum mean value (17 ug m™3)
was recorded in Censt (Sardinia) and the maximum one (223 g m‘3) in Ayia Ma-
2 rina (Cyprus). Our values are much higher than the corresponding ones in Querol
et al. (2009b), who obtained that the mean levels of mineral matter in PM,, during dusty
days range from 8 t0. 23 ug m~ based on ground concentrations derived by 21 Mediter-
ranean stations. These differences are reasonable since here only intense desert dust
outbreaks associated with high aerosol optical depths are considered. Finally, the me-
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dian PM,, concentrations are lower compared to the average ones, indicating that out- &/
liers (cases with extremely high AOD or PMy,) can alter the results, attributed to the fact & ACRD
that both parameters’ (AOD and PM;,) distributions are not Gaussians. For this reason 2.
the highest differences are found in Finokalia (Crete) and Ayia Marina (Cyprus), where %; 15, 27675-27748, 2015
the maximum daily PM,, concentrations, equal to 690 and 1291 pg m~2, respectively, g

were recorded during an intense dust outbreak affected the eastern Mediterraneanon & 3-3 Mediterranean
24 and 25 February 2006. . desert dust
‘ outbreaks
4.3 Vertical structure of the Mediterranean desert dust outbreaks gf
' g2 A, Gkikas ef al.

The ability of the developed satellite algorithm to detect intense dust episodes has .
been proved adequate through the evaluation analysis against AERONET retrievals =
and PM,, concentrations. Nevertheless, its main limitation is that it uses satellite re- "
trievals representative for the whole atmospheric column prohibiting thus the descrip-~ &
tion of the vertical structure of these dust outbreaks. In order to address this issue,
fhe CALIOP-CALIPSO retrievals are used as a complementary tool to the satellite al- ,
gorithm’s outputs. First, for the identified dust episodes by the satellite algorithm, the &2
spatially and temporally collocated vertically resolved CALIOP lidar observations are Z
selected. For these cases and for each 1° x 1° grid cell, we have divided the lower tro-

posphere, up to 8km, in 16 layers of 500 m height. In this way, 14 400 boxes of 1° x 1°
surface area and 500 m height have been produced. Then, for each one of them, we
have calculated the overall number of dust and polluted dust observations (hereafter
named as dust) according to the aerosol subtyping scheme of the CALIOP Vertical
Feature Mask (VFM). Note that dust and polluted dust were chosen because in previ-
ous studies (Mielonen et al., 2009) they were shown to be the best two defined aerosol
types among the other ones classified by the CALIOP VFM. Nevertheless, in case of
polluted dust, Burton et al. (2013) reported that dust particles can be mixed with ma-
rine aerosols instead of smoke or pollution as assumed by the VFM retrieval algorithm.
In our study, more than 95 % of the aerosol type records were pure dust, for the collo-
cated cases between the satellite algorithm and CALIPSO observations. In addition, in
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the majority of the defined boxes, the percentage of dust from the overall observations
is higher than 70 %, confirming furthermore the validity of the algorithm DD episodes’
identification procedure. This is an excellent proof of the successful identification of
DD episodes by the satellite algorithm, since CALIOP-CALIPSO is an independent
and vertically resolved platform and database. Thereby, CALIOP vertical observations
were subsequently used to examine the vertical structure of dust outbreaks.

In order to analyze the intensity of desert dust outbreaks at different altitudes in

ACPD

15, 27675-27748, 2015

the troposphere, the CALIOP data ofﬁotal backscatter coefficient at 532 M (Bsz2 nm)
have been also acquired. For each box, the average S5z, Values have been cal-
culated from all the available CALIOP measurements (day and night), for the iden-
tified intense dust episodes by the satellite algorithm. More specifically, the average
Bss2nm Values were calculated for the dust observations based on the CALIOP VFM
associated with CAD scores ranging from -100 to —-20, as it has been proposed by
Winker et al. (2013) for discriminating aerosol from clouds. The selection of Bgzs ym

values instead of extinction coefficients ensures that incorrect lidar ratio assumptions

in the CALIOP retrieval algorithm do not affect our results. In the literature, it has been
documented that the CALIOP lidar ratio is underestimated over the northern African
deserts and the surrounding areas affected by Saharan dust particles, leading to an
underestimation of the columnar AOD compared to MODIS and AERONET retrievals
(Redemann et al., 2012; Schuster et al., 2012). Amiridis et al. (2013) stated that an
increase of the lidar ratio from 40 to 58 sr, along with a series of post-corrections in
the CALIOP retrievals and the implementation of several criteria concerning the cloud
coverage and the spatial representativeness, can improve substantially the agreement
between MODIS-Aqua/AERONET and CALIOP observations.

It should be noted that in the present work, we have analyzed all the available
CALIOP overpasses (~ 10000) over the study region, during the period June 2006—
February 2013. For brevity reasons, however, only the obtained results based on
MODIS-Terra retrievals are presented here, since similar findings are drawn for MODIS-
Agua (June 2006-December 2012). Moreover, the analysis (results are not shown
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here) has been made separately for the identified strong and extreme DD episodes
without revealing differences in the geometrical characteristics of dust outbreaks. Nev-
ertheless, the Bs3ynm Values are higher for the extreme DD episodes being consistent
with the discrimination of dust episodes’ intensity (in terms of AOD) which is applied
to the satellite algorithm. In order to facilitate the visualization of our results, for each
column (1° x 1° spatial resolution) and latitudinal/longitudinal zone (1°), we have calcu-
lated the overall number of dust observations and the associated weighted averages of
Bszznm» depending on the projection plane (latitudinal, longitudinal and columnar), ac-
cording to dust observations in each box. For both parameters, the analysis has been
made on an annual and seasonal basis and the corresponding results are discussed
in Sect. 4.3.1 and 4.3.2, respectively.

] \

431 Annual —> (:W\Y\\AOUQ 6\)‘46‘&{ 9 Flecmt ' ML

' « oyolikion or * ol sexvodions? M yaxiak ‘}y"?
in Fig. 12, are presented the three dimensional structures of the CALIOP overall dust
observations (Fig. 12-i) and the associated total backscatter coefficients at 532 nm
(Fig. 12-ii), during intense dust episodes conditions, over the broader Mediterranean
area, for the period June 2006—February 2013. From the latitudinal projection in Fig. 12-
i, it is evident that dust particles are mainly detected between 0.5 and 6 km, and more
rarely up to 8 km, between the parallels 32 and 38° N. The number of dust observations
is increased at higher altitudes with increasing latitudes, up to 40° N, while the altitude
range (thickness) where these records are detected is gradually reduced from 4 io
2 km: At northern latitudes, the CALIPSO dust records are drastically reduced and are
mainly observed between 1 and 4 km. The ascending mode of the transported mineral
particles over the Mediterranean is attributed to the prevailing low pressure systems,
which mobilize and uplift dust particles from the source areas across the Sahara Desert
and the Arabian Peninsula. Dust aerosols are transported over the planetary boundary
layer (Hamonou et al., 1999) due to the upward movement of dry and turbid air masses

(Dulac et al., 1992), while the prevailing synoptic conditions determine also the spatial
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and temporal characteristics of desert dust outbreaks over the Mediterranean (Gkikas
et al., 2014).

In general, our results are in agreement with previous studies, based on lidar profiles,
which have been made in several Mediterranean sites. More specifically, Papayannis
et al. (2008) found that dust layers, over the EARLINET Mediterranean stations, ex-
tend from 0.5 to 10km above mean sea level, their center of mass is located between
2.5 and 3.5 km and their thickness ranges from 2.1 to 3.3km. Hamonou et al. (1999)
reported that dust layers are mainly detected between 1.5 and 5km based on lidar
measurements in the northwestern and northeastern Mediterranean. According to di
Sarra et al. (2001), who studied the Saharan dust intrusions in Lampedusa {(central
Mediterranean) for the period May—June 1999, dust particles can be detected up to
7-8 km, which is in line with our findings for the corresponding latitudinal zones (35—
36° N). Balis (2012), analyzed 33 Raman/lidar profiles of Saharan dust intrusions over
Thessaloniki (northern Greece), and found that the mean base and top of dust layers
were equal to 2.5+ 0.9 and 4.2 + 1.5 km, respectively.

As to the variation of vertical extension with longitude (Fig. 12-i), it is revealed that
the base height of dust layers is decreased towards the eastern parts of the study re-
gion. In the western Mediterranean, the mineral particles are mainly detected between
2 and 6 km while over the central and east U;DMediterranean the corresponding alti-
tudes are equal to 0.5 and 6 km, respective@?ﬁ is well known, that dust is transported
over the western Mediterranean mainly in summer (e.g. Moulin et al., 1998) favored
by low pressure systems located over the northwestern Africa (Gkikas et al., 2014)
and the enhanced thermal convection, uplifting effectively dust aerosols at high alti-
tudes in the troposphere. Moreover, air masses carrying dust particles are fpushed®
towards higher altitudes due to the existence of the Atlas Mountains Range. Therefore,
the combination of strong convective processes over North Africa along with topogra-
phy can explain the. identification of dust aerosols at higher tropospheric levels over
the western Mediterranean. lt is the presence of mineral particles at high altitudes
in western Mediterranean that can explain the poor-to-moderate agreement between
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PM,, concentrations and MODIS AODs found in the Iberian Peninsula (Fig. 11-ii). On
the contrary, air masses carrying African dust aerosols travel at lower altitudes over
Africa and the central and eastern Mediterranean, because of absence of significant
topographical objects on their route, as suggested by Pey et al. (2013).

s  Previous studies have shown that dust layers over the Mediterranean are charac-
terized by a multilayered structure (e.g. Hamonou et al., 1999; Mona et al., 2006; Pa-
payannis et al., 2008). This is also depicted in the longitudinal projection of Fig. 12-,
where several dust layers of different base/top altitudes and geometrical thicknesses
are detected. In general, the base heights vary from 0.5 to 2km, the top heights from

o 4 to 6km and the thicknesses from 1 to 4km. The majority of common observations
between the CALIOP profiles and the identified intense DD episodes by the satellite
algorithm are recorded over the maritime parts of the study region (bottom map of
Fig. 12-i). The maximum number of CALIOP dust observations (~ 19 000) is recorded
along the Atlantic coasts of Morocco, but high numbers (about 10 000—15 000) are also

15 found across the northern African coasts.

" Apart from the CALIOP dust observations, we have also analyzed the associated
Bssznm Values at the defined altitude ranges in order to describe the variation of in-
tensity of the desert dust episodes with height over the Medlterranean (Fig. 12-ii). The
maximum backscatter coefficients (up to 0.006 km™ Tsr ) are observed below 2 km,
being increased towards the southern edges (30-34°N) of the study region, where
their source areas are found. This is explained by the fact that dust particles due to
their coarse size and large mass, are efficiently deposited and for this reason they are
recorded at higher concentrations near to the source areas and at low altitudes. Never-
theless, the decreasing intensity with height towards the north is not so evident. Thus,

25 high Bsg0nm values (~ 0.004 km~" sr™ ") are observed between 2 and 4 km in the latitudi-
nal zone extending from 35 to 42° N. Though, the uppermost altitudes where relatively
high Bsssnm Values gradually decrease from 6 to 4km, moving from South to North.
Any differences in the latitudinal patterns of dust observations and backscatter values
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(Fig. 12-i and ii) can be explained by the fact that Bsz, . values take into account only
the dust records and not the overall observations (all aerosol types).

The decrease of backscatter values at higher altitudes has been pointed out in pre-
vious studies where lidar profiles have been analyzed over specific Mediterranean lo-
cations (e.g. Mona et al., 2006; Papayannis et al., 2008). Nevertheless, it must be
considered that in the aforementioned studies the lidar measurements are valid above
the retrieved planetary boundary layer (Matthias et al., 2004) which varies depend-
ing on the location and the season (McGrath-Spangler et al., 2013). Despite the good
agreement, as it concerns the vertical shape of the 53, . cUrves, between our find-
ings and the corresponding ones based on ground retrievals, in the present analysis
the calculated backscatter coefficients are in general higher, which is reasonable since
are considered only cases of intense desert dust outbreaks.

The longitudinal pattern of Bsa,, Profiles (Fig. 12-ii) is less distinct compared to
the corresponding one resulted from the latitudinal projection. Relatively high Bszonm
values (~ 0.004 km™" sr"1) are found between 1 and 5km over the western Mediter-
ranean, while over the central and eastern parts of the study region the desert dust out-
breaks’ intensity (~ 0.006 km™" sr"1) is higher below 1.5km. Among the sub-regions,
the backscatter coefficients are higher in the central and eastern Mediterranean, which
is also depicted in the bottom map of Fig. 12-ii. It is reminded that higher intensities
of dust episodes over the central and eastern Mediterranean have also been noticed
based on MODIS retrievals (Fig. 3). From the obtained longitudinal projection, it is ev-
ident a patchy structure of the total backscatter coefficient profiles, especially in the
central and eastern parts, indicating the existence of several dust layers of varying

intensities at different altitudes into the atmosphere.

vavia ity?
4.3.2 Seasonal , (-wn‘&,i JCwV) 9 \9&@0‘/&
‘/
The vertical structure of Mediterranean desert dust outbreaks has also been analyzed
separately for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). The sea-

sonal three dimensional representations of the CALIOP overall dust observations and
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The seasonal patterns of Bss,nm latitudinal projections are different than those for
the dust observations, while they also differ among the four seasons. The intensity of
winter DD episodes is stronger (up to 0.012 km™ sr'1) below 2 km and at the southern
parts of the study region. According to the longitudinal and bottom map projections,
these episodes take place over the central and eastern Mediterranean Sea but the
number of grid cells with coincident CALIOP observations and DD episodes is limited.
In spring, the highest Bsa, m Values (up to 0.006 km™ sr™') are recorded between the
parallels 31 and 35°N and below 2km, although, relatively high Bsaonm values (up
to 0.004km™" sr‘1) are found up to 6km (Fig. 13ii-b). Moving northwards, over the
Mediterranean, dust layers are mainly confined between 2 and 4 km, associated with
high Bs32,m values (up to 0.004 km™'sr™") in the latitudinal zone extending from 35 to
43° N. The existence of these elevated dust layers, has been also confirmed by model
simulations through specific (Papayannis et al., 2008) or averaged (Alpert et al., 2004)
cross sections of dust concentrations in the central sqctor of the Mediterranean. This is
in accordance with our longitudinal projection (Fig. 13ij-b), where Bs35 1, s high varying
from 0.004 to 0.008km™" sr™" at these altitude ranges.

In summer, the intensity of dust episodes is smoothjy decreased at higher altitudes,
where dust layers of considerable Bs3,,m Values are dlso found. More specifically, the
highest backscatter coefficients (up to 0.008 km™'sr™ ) are recorded near to the sur-
face but also moderate values (up to 0.006 km~"'sr™) are observed between 2 and
5km, particularly over the southern parts of the study rggion (Fig. 13iii-b). Most of these
intense DD episodes occur in the western Mediterranfean, where the highest 8535 ym
values (up to 0.005 km™ sr’1) are recorded between 2/ and 5 km. Over the central and
eastern Mediterranean, even higher Bs30,, Values arg found (up to 0.014km™" sr‘1)
but at lower altitudes (< 1km). In autumn, the majority of the grid cells of coincident
CALIOP profiles and DD episodes identified by the satellite algorithm are located be-
tween the parallels 33 and 41° N. In this latitudinal zong, CALIOP profiles are available
over the interior parts of the Iberian Peninsula and oyer western and central parts of
the Mediterranean Sea, near to the northern African goasts. According to the latitudi-
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cerning the intense DD episodes’ frequency (in terms of episodes yr"1) and intensity
(in terms of AOD at 550 nm) are the following:

ACPD

~ Strong DD episodes occur more frequently (up to 9.9episodesyr™) in the 16, 2767527748, 2015

western Mediterranean while the extreme ones occur more frequently (up to
3.3 episodesyr"1) over the central parts of the Mediterranean Sea, when the satel-

Jsded uoissrosig

23 Mediterranean

lite algorithm operates with MODIS-Terra retrievals. - desert dust
— Frequencies of occurrence of strong and extreme DD episodes are gradually re- m: outbreaks
duced from south to north, while for the strong ones a west—east gradient is ap- g A Gkikas et al.

parent.

— The intensity of strong and extreme DD épisodes, in AOD terms, can reach up to
1.5 and 3—4, respectively, over the central and eastern parts of the Mediterranean
Sea, near off the northern African coasts.

— Slightly lower frequencies and higher intensities are found for the period 2003—
2012, when the satellite algorithm operates with MODIS-Aqua retrievals.

— The frequencies of occurrence and the intensities of DD episodes are slightly
higher and lower, respectively, compared to the corresponding ones of the previ-
ous version of the satellite algorithm (Gkikas et al., 2013), applied for the period
March 2000—February 2007, when MODIS-Terra non weighted QA retrievals were
used as inputs.

Through a detailed evaluation of the satellite algorithm against surface measurements
derived from 109 AERONET and 22 PM,, stations, it is found that:

AERONET

— The correlation_coefficient between MODIS and AERONET AODs is increased
fronr0.505 to 0.75 when level 3 grid cells with higher sub-grid spatial representa-
tivenéss-and 0geneity are considered.
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— Under intense dust episodes conditions, the spectral AERONET AOD median
levels vary from 0.64 (340 nm) to 0.44 (1020 nm).

— According to the AERONET volume size distributions, it is evident the predomi-
nance of the coarse mode with a peak (~ 0.25 pm® um"z) for particles radii be-
5 twee nd 2.24 ym, in case of intense DD episodes.

— TheAppropriateness of DD episodes’ identification method applied to the satellite
orithm is confirmed since the majority (> 75 %) of AERONET449_g70rm and
T+ values are lower than 0.54 and higher than 0.55 um, respectively.

— The spectral variation of AERONET f%;iﬂ;amissﬁound to be typical for desert

dust aerosols. SSA values vary fror§ 0.90 to 0.965 gnd increase (less absorp-
tion) with increasing wavelengths whil€ gz-varigsfrom 0.704 (870 nm) to 0.742

(440 nm) revealing a reduced spectral variation.

— About 15 % of the pixel level intense DD episodes are misclassified by the sateliite
algorithm and these drawbacks are encountered i AERONET stations where the
15 aerosol load is dominated either by fine particles ok by complex aerosol types.

PM;, and dust contribution

— The agreement between surface and satellite meagurements is better over the
central and eastern Mediterranean stations.

— On a station level, the percentage of the intense DD\ episodes, for which a dust
contribution to PM;, surface concentration has been yecorded, varies from 68 %
(Monagrega, northeastern Spain) to 97 % (Boccadifalgo, Sicily).

— In the majority of stations, dust particles contribute more than 50 % of the total

amount reaching up to 86.8 % (Ayia Marina, Cyprus).

— The mean PM;, concentration levels mainly vary from\20 to 50 ug m=3 reaching
up to 223ug m”~ %in Ayia Marina (Cyprus).
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