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ABSTRACT

During the ADRIMED (Aerosol Direct Radiative Impact on the regional climate in the Mediterranean region)
special observation period (SOP-1a), conducted in June 2013 in the framework of the ChArMEx (Chemistry
Aerosol Mediterranean Experiment) project, a moderate Saharan dust event swept the Western and
Central Mediterranean Basin (WCMB) from west to east during a 9-day period between 16 and 24 June.
This event was monitored from the ground by six EARLINET/ACTRIS (European Aerosol Research Lidar
Network / Aerosols, Clouds, and Trace gases Research InfraStructure Network) lidar stations (Granada,
Barcelona, Naples, Potenza, Lecce and Serra la Nave) and two ADRIMED/ChArMEx lidar stations specially
deployed for the field campaign in Cap d’en Font and Ersa, in Minorca and Corsica Islands, respectively.
The first part of the study shows the spatio-temporal monitoring of the dust event during its transport over
the WCMB with ground-based lidar and co-located AERONET (Aerosol Robotic Network) Sun-photometer
measurements. Dust layer optical depths, Angstrom exponents, coarse mode fractions, linear particle
depolarization ratios (LPDRs), dust layer heights and the dust radiative forcing estimated in the shortwave
(SW) and longwave (LW) spectral ranges at the bottom of the atmosphere (BOA) and at the top of the
atmosphere (TOA) with the Global Atmospheric Model (GAME), have been used to characterize the dust
event. Peak values of the AERONET aerosol optical depth (AOD) at 440 nm ranged between 0.16 in Potenza
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and 0.37 in Minorca. The associated Angstrém exponent and coarse mode fraction mean values ranged
from 0.43 to 1.26 and from 0.25 to 0.51, respectively. The mineral dust produced a negative SW direct
radiative forcing at the BOA ranging from -52.6 to -3.5 Wm2. The LW radiative forcing at the BOA was
positive, ranging between +0.3 and +17.7. The BOA radiative forcing estimates agree with the ones
reported in the literature. At the TOA the SW forcing varied between -56.9 and +7.5 Wm™. In 7 cases the
forcing at the TOA resulted positive because of the aerosol strong absorbing properties (0.83 < Single
Scattering Albedo (SSA) < 0.96). The multi-intrusion aspect of the event is examined by means of air- and
space-borne lidar measurements, satellite images and back-trajectories. The analysis reported in this paper
underline the arrival of a second different intrusion of mineral dust observed over southern Italy at the end
of the considered period which probably results in the observed heterogeneity in the dust properties.

Key words: ADRIMED, ChArMEx, AERONET, lidar, CALIOP, multi-intrusion, Saharan dust event, optical
depth, radiative forcing, GAME, back-trajectories



1. Introduction

The Mediterranean region is one of the most sensitive regions to global warming according to recent
climate projections (Marba et al., 2015). The Mediterranean Basin Is located at the crossroads of air masses
carrying both natural (e.g. desert particles, sea salt, volcanic ashes) and anthropogenic (e.g. black carbon,
sulfate) aerosols from continental and ocean sources (Lelieveld et al., 2002). General Circulation and
Regional Climate Models (GCM and RCM) show substantial variations in the hydrological cycle and a
temperature increase before the end of the century in the Mediterranean region (Sanchez-Gémez et al,
2009). The Mediterranean basin represents a good place to estimate the mineral dust radiative impact
(Forster et al, 2007; Mallet et al, 2016). The Mediterranean mineral dust comes, mainly, from the Sahara
desert, which is the largest dust source in the world. Sahara desert emits half of the world atmospheric
mineral dust (Prospero et al, 2002). During summer the strong heating of the North African regions, causes
highly convective processes, which lifts large amount of dust then transported over the Atlantic Ocean, the
Mediterranean Sea and Europe (Barkan et al, 2004).

The mineral dust role on the atmospheric processes is not totally known in the estimation of the Earth’s
energy balance (IPCC 2013). The presence of dust particles in the atmosphere over the Mediterranean Sea,
increases significantly the optical depth (Mallet et al., 2016). Estimations of aerosol radiative forcing
obtained with one dimensional (1D) radiative transfer models have been used to constrain and/or validate
regional climate models. Many of these 1D models, widely accepted and used by the scientific community,
are available as open-source codes, for example SBDART (Ricchiazzi et al., 1998) and MODTRAN (Berk et al.,
2006). Such models have been used to estimate locally the aerosol radiative forcing at selected
Mediterranean sites (Meloni et al., 2003; Bergamo et al., 2008; Sicard et al., 2012; 2014; Mallet et al., 2016;
Romano et al., 2016; Barragan et al., 2016).

The main goal of the Chemistry-Aerosol Mediterranean Experiment (ChArMEx; http://charmex.Isce.ipsl.fr)
initiative is a scientific assessment of the present and future state of the atmospheric environment in the
Mediterranean Basin, and of its impact on the regional climate, air quality, and marine biogeochemistry. In
the framework of ChArMEx and the Aerosol Direct Radiative Forcing on the Mediterranean Climate
(ADRIMED, http://adrimed.sedoo.fr/) project (Dulac, 2014), intensive measurements of the aerosol
radiative properties were carried out in the Western and Central Mediterranean basin during the summer
2013 special observation period (SOP-1a) field campaign. More details about the campaign can be found in
Mallet et al., 2016. Results from the contribution of EARLINET/ACTRIS (European Aerosol Research Lidar
NETwork / Aerosols, Clouds, and Trace gases Research InfraStructure Network, http://www.actris.eu/;
Pappalardo et al., 2014) to the campaigns can be found in Sicard et al. (2016a). Continuous measurements
of the shortwave (SW) and longwave (LW) radiative fluxes at the surface were carried out at several sites
spread in the Western and Central Mediterranean Basin (WCMB) during the moderate Saharan dust
outbreak that affected the Mediterranean basin from 15 to 25 June 2013 (Barragan et al., 2015). In this
work, we have investigated the temporal evolution of the aerosol horizontal and vertical distribution over
the WCMB during the complete event. For this purpose we have characterized the aerosol evolution using
the dust regional atmospheric model BSC-DREAMS8B v2.0 (Pérez et al. 2006a, Pérez et al. 2006b, Basart et
al. 2012), AERONET Sun-photometer data (Aerosol Robotic Network; http://aeronet.gsfc.nasa.gov/; Holben
et al.,, 1998), and the Spinning Enhanced Visible and Infrared Imager (SEVIRI) observations on board
Meteosat Second Generation (MSG). The spatio-temporal monitoring of the evolution of the mineral dust
plume during its transport over the WCMB was carried out by six ground-based lidar included in the
EARLINET/ACTRIS and two ChArMEx supersites deployed specially for the SOP-1a field campaign. Co-
located AERONET Sun-photometers provided the aerosol layer optical depth (AOD), Angstrom exponent
(AE) and coarse mode fraction. The second part of the study is focused on the radiative effect of the
mineral dust outbreak estimated by the radiative transfer model GAME (Global Atmospheric Model;
Dubuisson et al., 2004, 2006). In the third part the concept of multi-intrusion is investigated. We called
multi-intrusion an event which has more than one dust source. The multi-intrusion aspect of the event is
further investigated using airborne lidar measurements performed from the French Falcon 20 research
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aircraft deployed during the field campaign, spaceborne lidar measurements from the CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization) instrument, satellite images from SEVIRI and backtrajectories.

The instrumentation and the large-scale overview of the dust event are described in Section 2. The main
results related to the evolution of the mineral dust outbreak are presented and discussed in Section 3. The
radiative forcing is described in Section 4. The multi-intrusion aspect of the event is discussed in Section 5.
Summary and conclusions are reported in Section 6.

2. Instrumentation and large-scale overview of the dust event
2.1.Instrumentation

The data presented here were obtained at six EARLINET stations, two ChArMEx supersites equipped for
documenting the aerosol properties and six co-located AERONET Sun-photometers. The characteristics of
the ground-based instruments are summarized in Table 1 and the location of these instruments is
represented in Figure 1 (in red the lidar stations and a yellow sun for the AERONET Sun-photometers). Most
of the lidar stations considered here are equipped by Raman channels, allowing for direct extinction
measurements. However this capability is typically limited to night-time conditions. For daytime
observations, the dust feature AOD reported in the following is obtained using an altitude-independent
lidar ratio (LR) value equal to 50 sr, at all the lidar wavelengths as typical value for desert dust (Miller et al.,
2009, Mona et al., 2014).

Figure 1 shows the CALIPSO tracks (diurnal overpasses in blue and nightly overpasses in pink) during the
event over the WCMB. It is interesting to notice that the overpass on 22 June crossed south Italy and the
Mediterranean Sea between the ltalian peninsula and Africa. This overpass might be important for the
understanding of the multi-intrusion aspect of the event. Figure 1 shows the track of the flight of the
French Falcon 20 research aircraft in yellow. This track corresponds to the flight of the 22 June. The French
Falcon 20 aircraft was equipped with the LNG airborne lidar (Pelon et al.,, 2002) providing attenuated
backscatter vertical profiles at three wavelengths (1064, 532 and 355 nm). The LNG lidar was mainly used in
the downward-looking mode.

MSG-SEVIRI images (Figure 2) and BSC-DREAMS8b model (Figure 3) were used to set the days affected by
Saharan dust. The SEVIRI sensor has one high resolution channel in the visible, two visible and one near
infrared channel (0.4-1.6 um) and eight channels in the infrared (3.9-13.4 um) (Thieuleux et al, 2005). The
atmospheric variables taken into account by the BSC-DREAMS8b-model are turbulent parameters in the
early stage when the dust is lifted from the ground to upper levels, winds when the dust is travelling away
from the sources, in addition to thermodynamic processes, rainfall, and land cover features (Pérez et al,
2006a).

2.2.0verview of the 16-24 June 2013 dust event

Figure 2 shows the spatio-temporal evolution of the mineral dust plume over the WCMB by daily AOD
values at 550 nm retrieved from the MSG/SEVIRI sensor images from 15 to 24 June. The AOD values vary
for this event between 0.3 (light blue areas) and 0.8 (red areas). The days in which the light blue areas
reached the different stations allow identifying the first Sahara dust day at each station, which was 16 June
for Granada, Minorca (Cap d’en Font) and Barcelona, 17 June for Ersa, 21 June for Naples, Potenza and
Serra la Nave, and 22 June for Lecce. The dust plume detected during the aforementioned campaign,
moved from southern Spain on 15 June (detected in Granada, located about 215 km away from the African
coast and 50km away from the Mediterranean Sea (Guerrero-Rascado et al, 2008)) to south-eastern Italy
on 24 June (finally detected by Serra la Nave). On June 15, the north-western Mediterranean area was
under the influence of a high-pressure system, which generated a westerly to south-westerly flow over
Spain and southern France, which reinforced advection of air masses from North Africa, with large
concentrations of mineral dust, as shown by SEVIRI AOD (Barragan et al., 2015). A low-pressure system
moved from Great Britain towards the Gulf of Biscay and then to the Iberian Peninsula between 17 and 20



of June, a negative phase of the Western Mediterranean Oscillation (WeMO) (Martin-Vide & Lopez-Bustins,
2006), forcing the winds to veer and become southerly over the northwestern Mediterranean. After 20 of
June, the WeMO turns to positive phase and the low pressure system moved to the east, generating a
trough located between France and Italy, and inducing a westerly flow over the north-western
Mediterranean. As a result, the aerosol load travel from the Western Mediterranean Basin to the Central
Basin, resulting in a decrease of the AOD values in the west between 21 and 24 of June, while these values
increased over the Central Basin. Figure 2 supports previous comments since it clearly shows the transport
of the dust plume over the WCMB during the studied period. AERONET and lidar measurements were not
performed on 23 of June because it was a cloudy day. Note that the Near Real Time (NRT) MSG/SEVIRI
images revealed that the Saharan dust reached Granada in the morning of 15 June (6:15 UTC) and that the
dust plume was no longer present at the study sites in 24 June at 9:15 UTC.

3. Spatio-temporal evolution of the mineral dust outbreak
3.1.Characterization of the dusty days

The BSC-DREAMS8B v2.0 model (Pérez et al. 2006a; 2006b; Basart et al. 2012) provides forecasts of the
columnar dust load every six hours. This accurate model makes it possible to investigate the potential
detection of a Saharan dust event at the observing stations spread over the WCMB. Figure 3 shows the
model dust load (g/m2) over the Mediterranean basin and Europe from 15 to 24 June, 2013. Both Figure 2
and Figure 3 were used to identify the dusty days at the stations of Figure 1 and then reported as red boxes
in Figure 4. Note that the MSG/SEVIRI data have been considered as the truth when the BSC-DREAMSB v2.0
model results were not in agreement with the corresponding satellite data.

3.2.Spatio-temporal evolution of columnar properties

The localization of the 8 Sun-photometers used in this study is shown in Figure 1. To study the temporal
evolution of the mineral dust plume and to assess the multi-intrusion aspect of the event, AERONET
products, namely AOD values at 440 nm (AODaso), Angstrom exponents (AE) calculated at the wavelength
pair 440-870 nm, Single Scattering Albedo (SSA) and the coarse mode fraction at 440 nm were used. Only
AERONET level 2.0 data were considered. Minimum, maximum and mean values of those parameters are
given in Tables 2 and 3.

Figure 4 (top) shows the temporal evolution of AOD44o and AE at all the stations. The stations are sorted
from the west to the east coinciding with the main transport path of the dust plume (Figure 2). The red
boxes label the dusty days at the eight stations considered in this study, the blue circles indicate the AODaa0
and the green crosses the AE. One can observe how the combination of high AOD (blue circles) values with
AE (green crosses) values around and below 1 is in most of the cases inside the red rectangles. This
combination of large AOD44 with small AE values may indicate a significant contribution of coarse mode
particles to the aerosol load (Cachorro et al., 2008 and Valenzuela et al., 2015). The maximum value of
AQODggowas found in Ersa on 19 of June (0.36 at 17:33 UTC) and the minimum was found in Potenza on 21 of
June (0.160 at 17:03 UTC). Meloni et al (2003, 2004 and 2008) indicate AOD values at 415.6 nm of about
0.23 — 0.26 to 0.51 for moderate dust events and AOD values at 500 nm between 0.29 and 1.18 for the
1999 — 2006 period. These values will be indicative in order to compare with the AOD values obtained in
this research, due to dust cases depend also on the location and the typical AOD content.

During this event, the AERONET AOD (at 440 nm) measurements range between 0.151 (Ersa, Corsica island)
and 0.30 (Barcelona), indicating that the mineral dust properties are modified during the transport, for
example the coarse distribution is lost by wet or dry deposition or the dust mixes with marine aerosols
(Osada et al, 2014; Meloni et al, 2003). The maximum of the AOD measured by the lidars inside the mineral
layer is 0.36 at 532 nm in Barcelona, and the mean value of the peak days is 0.20 at 532 and 0.21 at 355
nm. According to previous studies on the same area (Meloni et al. (2003, 2004 and 2008), Mona et al.
(2012) and Papayannis et al. (2009)) the event studied in the SOP-1a campaign can be classified as a
moderate dust event.
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Figure 5 shows the temporal evolution of the daily averaged coarse mode fraction and SSA at the six
AERONET stations. It is important to recall that the mineral dust has a considerable fraction of coarse mode
particles (Miiller et al, 2010). Figure 5a shows clearly the difference between the Spanish stations and the
Italian stations. In the Spanish stations, the coarse mode fraction reaches values of 0.56 and 0.53 on 16 and
17 of June for Granada and Minorca, respectively (AERONET measurement were not performed in
Barcelona during the dusty days). 16 and 17 of June are days with confirmed presence of mineral dust in
the atmosphere, so that those coarse mode fraction corresponds to dusty days. In Ersa the coarse mode
fraction is almost half of the values found at the Spanish stations: the mean value for the four days is 0.26
and the highest value found in Ersa is 0.27 on 19 of June.

In Ersa the highest values of coarse mode fraction and of AOD44 are found on 19 June. Despite an AODago
mean value similar to the AOD44 mean value of the Spanish stations, the coarse mode fraction is half.
Despite this low value, Ersa can be consider a station with presence of dust in this period, because of the
observed increase in the coarse mode fraction at that AERONET site during those days. The strange
behavior found here might be due to a type of deposition of the coarse component of the dust during its
transport over the Mediterranean Sea, between Minorca and Ersa (Osada et al., 2014).

The Italian stations were characterized by coarse mode fraction values higher than in Ersa in the dusty days.
In fact, on 21 of June the coarse mode fraction increased up to 0.5 at Potenza and at Lecce increased up to
0.41 on 23 of June. During 22 of June the coarse mode fraction was similar at Potenza and Lecce, 0.39 and
0.33 respectively, on 24 of June the value increased to 0.41 at Lecce. During 23 of June the coarse mode
fraction values decreased to values of the background conditions (0.19) at Potenza, while on 24 of June the
coarse mode increased again (0.30). The higher coarse mode fraction values for Potenza and Lecce with
respect to the Ersa ones was likely due to the intrusion of a second dust event, which crossed directly from
Africa to south Italy.

Figure 5b shows the SSA, which represents the ratio between scattering and extinction coefficient. The
lower values of SSA440 are observed in Granada on 17 of June (0.83) and Lecce on 22 of June (0.89). The
higher values are found in Ersa on 17 and 18 of June (0.99). Some works (Valenzuela et al., 2012; Romano
et al., 2016; Sicard et al., 2016b) found that the SSA exhibited a substantial increase from 440 to 675 nm on
dusty days. Accordingly, the SSA mean values in the 6 Sun-photometers taken into account in this study
were equal to 0.86, 0.93, 0.94, 0.95, and 0.89 at 440 nm, 0.90, 0.96, 0.96, 0.96 and 0.9 at 675 nm, and 0.92,
0.97, 0.97, 0.96, 0.89 at 1020 nm in Granada, Minorca, Ersa, Potenza and Lecce respectively on dusty days.
In Lecce SSA seems independent of wavelength which, according to Russell et al. (2010), is typical of
urban/industrial or mixed aerosols.

3.3.Spatio-temporal evolution of the dust plume properties

Figure 4b shows the temporal evolution of the AOD measured by the lidars, only in the mineral dust layer.
In order to convert backscatter into extinction profiles, an altitude-independent LR has been assumed for
all the stations and wavelengths, as representative of lidar ratio for Saharan dust particles (Muller et al.,
2009, Mona et al., 2014). The percentage error that we have on altitude-independent LR in each station is
directly transferred to AOD value, so the nighttime AOD is more accurate than the daytime. The red boxes
in this figure are the same as the red boxes in the Figure 4a. The characteristics of the mineral dust layer of
the peak day for the 8 the lidar stations are summarized in Table 4.

In Figure 4b, one can see the evolution of the lidar measured AOD from the west to the east. It is worth
mentioning here that respect to previous work (Sicard et al., 2016a) here the AOD series has been extended
taking advantage from the availability of many aerosol backscatter profiles at the lidar stations, expecially
in daytime conditions. The AOD is greater in the Spanish stations, at the beginning of the event, with peak
day values of 0.26, 0.37 at 532nm and 0.37 at 355 nm in Granada, Barcelona and Minorca respectively and
lower in the Italian stations, with peak day values of 0.10, 0.13 and 0.22 at 532 nm and 0.11 at 355 nm for



Potenza, Naples, Lecce and Serra la Nave respectively. This point is supported by the decrease of the dust
coarse fraction following a west-east gradient (see Section 3.2).

The peak measurements over Granada, Barcelona, Minorca and Ersa were observed on 16 of June at
19:30UTC, 17 of June at 14:13UTC, 18 of June at 06UTC, 20 of June at 22UTC, respectively. Too few
observations are available for the Italian stations (Naples, Serra la Nave, Potenza and Lecce). The
distribution of the plume on 22 June could be investigated over these stations, because they provided all
profiles for this day.

It is interesting to notice that the peak moment is in a different day in the Spanish stations, while in the
southern lItalian stations (Naples, Lecce and Serra la Nave) the peak moment is in the same day, because
the data were provided just for few days. This result suggests the presence of a second event in the south
of Italy during the 22 of June. Also in Figure 4b it is clear how the AOD values are greater in Naples and
Lecce than in Potenza on 22 of June, denoting an entry of mineral dust from the south. In Serra la Nave the
AOD values increase during the 22 of June, as shown in Figure 4b, reaching the highest value (peak
moment) in the two last measurements available (0.11 of AOD at 13:46UTC and 14:27UTC). Regarding to
the Italian stations, Naples was the first in received the dust plume and had the highest lidar AOD value (a
peak of 0.13 at 12:21 UTC on 22 of June). Potenza is only 150 km from Naples and the dust plume arrived
there during June 22 but the lidar AOD is lower (0.06 at 08:53 UTC), however the dust plume arrived at
Lecce a few hours after Potenza and the AOD increases again (0.22 at 13:22 UTC and 0.1037 at 09:46). It is
clear that a new moderate intrusion of Saharan dust joined to the first during the morning of 22 of June.
During June 22, in Potenza, appeared a layer between 3-6km since the first hours of the day, and then a
new layer appeared at about 11UTC at lower altitudes, supporting the arrival of a second event.

The bottom height of the aerosol layer (bottom height in Table 4) varies in time. These bottom heights
were retrieved by the lidar measurements. The mineral dust layer bottom height was fixed at the beginning
of a sudden increase of the lidar signal. If the lidar signal increased smoothly, the derivative of the signal
was estimated in order to make more evident the height where the mineral dust layer begins. At the peak
moments (Figure 6) this height is maximum in Serra la Nave (4010 m), and minimum in Minorca (201 m).
Between Barcelona and Granada there is almost 1 km of difference (912 and 1719 m respectively), and
Lecce has a similar difference with Potenza and Naples (809, 1630 and 1468 m respectively). These
differences could be explained by the different hours of the peak moments but the mean values of the
bottom height of the aerosol layer show the same behaviour (2259, 1242, 141, 2462, 1755, 1726, 1241,
4288 m for Granada, Barcelona, Minorca, Ersa, Potenza, Naples, Lecce and Serra la Nave respectively).
Therefore, the explanation is that the base of the mineral dust layer is near the boundary layer, which
changes with the time and with the atmospheric conditions at each station. The top height of the mineral
dust layer is more constant and suffer less these variations, the mean values are 5339, 5811, 5458, 4948,
5515, 5408, 5756, 6928 m for Granada, Barcelona, Minorca, Ersa, Potenza, Naples, Lecce and Serra la Nave
respectively because these top heights are located in a stable layer of the atmosphere.

Figure 6 shows the temporal evolution of the characteristics commented above of the mineral dust layers.
Notice that the thickness (purple line) decreased from Barcelona and Minorca to Ersa and Potenza, while in
Naples and Lecce the thickness increased again becoming similar to the Spanish stations; this again makes
evident the effect of the second event.

Products as the linear particle depolarization ratio (LPDR) retrieved from the lidar measurements and for
the most characteristic days are shown in Figure 7. It is important here the LPDR, which is an indicator of
non-spherical particles (Burton et al. 2015), and assumed typical dust values around 0.3 (Tafuro et al. 2006,
Mamouri et al. 2016). For the stations where the LPDR is available (Granada, Minorca, Ersa, Naples,
Potenza, Lecce and Serra la Nave) the value is about 0.3 at altitude ranges identified as dust affected
regions, confirming the presence of Saharan dust.



4. Dust direct radiative forcing
4.1.The GAME radiative transfer model

The GAME Radiative Transfer Model has been used to estimate the SW and LW radiative fluxes with and
without aerosol and to determine the aerosol direct radiative forcing (DRF) at the BOA and at the TOA. The
aerosol DRF represents the changes undergone by the radiation due to the presence of aerosol and is
defined as the difference between the net fluxes with and without aerosol:

DRF,p = (FSL-FE)-(FAC-FE) )

DRF, = (FTESIX - FTUOF,’A) - (FTEC))':‘\'0 - FTUOF/’A’O
= Fran’ ~ Fros (2)

where FPN and FY* are the downward and upward fluxes with aerosol, while FP°N° and FUP° are the
downward and upward fluxes without aerosol, respectively.

The GAME code is widely described by Dubuisson et al. (2004, 2006) and recently in the LW spectral range
by Sicard et al. (2014). GAME allows calculating the solar and thermal infrared fluxes in two adjustable
spectral ranges: shortwave (0.3-4 um) and longwave (4-37 um), at the boundary of plane and homogenous
atmospheric layers by using the Discrete Ordinates Method (DISORT) (Stamnes et al., 1988). 40 vertical
levels are used, in the LW version, between ground and 100 km height with a resolution of 1 km from the
surface to 25 km, 2.5 km between 25 and 50 km, 5 km from 50 to 60 km, and 20 km between 80 and 100
km. In the SW version, 18 vertical levels are used between ground and 20 km height with a resolution of 5
meters from the surface to 10 meters, 10 meters between 10 and 50 meters, 50 meters between 50 and
100 meters, 100 meters between 100 and 200 meters, 200 meters between 200 and 1 km, 1 km between 1
and 2 km, 2 km between 2 and 10 km and 10 km between 10 and 20 km. One of its main specificities is the
representation of the LW aerosol scattering, which is often neglected in regional and global climate models
in spite of its effect on the LW radiative forcing (Sicard et al., 2014). Table 5 provides the list of the main
parameters used as inputs of GAME in the SW and LW spectral range.

4.2.Dust direct radiative forcing

In this Section, we present and analyse the model-based aerosol SW- and LW-DRF values estimated during
the Saharan dust event that affected the western and central Mediterranean Basin on June 2013. Mean
values are summarized in Table 6. A negative or positive sign of the aerosol DRF determines whether the
aerosols produce a cooling or a heating effect (Seinfeld and Pandis, 1998).

The aerosol radiative forcing is estimated for 18 cases in five different places (Granada, Barcelona,
Menorca, Naples and Lecce) affected by the studied event. All cases are documented by lidar profiles,
radiosoundings and CERES SSF Level2 products; the Sun-photometer data were not available during the IOP
in Barcelona and Naples; therefore for these stations the Sun-photometer data used come from the nearest
available station with similar characteristics, Menorca in the case of Barcelona and Potenza in the case of
Naples. Menorca and Potenza were selected because of the geographical similarities, the time of arrival of
the dust plume and the similar values of AOD (0.37 at 532 nm in Barcelona and 0.37 at 355 nm in Menorca,
0.13 in Naples and 0.10 in Potenza both at 532 nm) and AE (0.65 in Naples and 0.50 in Potenza at 532/355
nm) values retrieved by lidar measurements. The AOD varies between 0.06 (Granada 17 of June at
12:00UTC) and 0.37 (Menorca 17 of June at 12:00UTC). In general, the AERONET-derived SSA is higher than
0.9 (in 13 of the cases), but in five cases the SSA values are lower than 0.9 (0.87, 0.87, 0.83, 0.85, 0.89).
These cases correspond to the presence of mineral dust with strong absorbing properties (Sicard et al.,
2012; 2014).



The SW and LW DRFs calculated by GAME at the bottom of the atmosphere (BOA) and top of the
atmosphere (TOA) are given in Table 6 and Figures 8 and 9. At the BOA (Figure 8a), the SW DRF has always
a cooling effect and varies between -3.49 W m2 (Menorca) and -52.58 W m (Barcelona), the LW DRF
(figure 8b) has always a heating effect and varies between +0.26 W m™ (Naples) and +17.71 W m?
(Menorca). These results are consistent with the radiative forcing (RF) estimated by Sicard et al. (2014).

At the TOA, the SW DRF has a cooling effect in 11 of the cases and a heating effect in 7 cases (Table 6 and
Figure 9a). The 7 heating cases in this study are cases with low values of SSA. By comparing those results
with other studies like Dubovik et al. (2002), Sicard et al. (2012; 2014) or Barragan et al. (2016) one can
conclude that the strong absorbing properties may be due to a mixing of dust with polluted aerosols.
Concretely in Sicard et al. (2014) only on 22 of July 2009 the TOA SW RF was positive (+8.5 W m??) for
AERONET SSA440 = 0.83 and SZA = 21.1°. The low values of SSAs and solar zenith angle (SZA) were
responsible of positive value of the TOA SW RF. Also, Sicard et al. (2014) found that the SSA44 reached a
smaller value of 0.79 on 21 of July 2009. Nevertheless, they found that the TOA SW RF value was negative (-
22.8 W m2) and SZA = 77°. The larger SZA value was responsible for the negative sign of the TOA SW RF.
Finally, studies like Seinfeld and Pandis (1998) suggest that the heating effect at TOA in the SW might be
due to the aerosol backscatter fraction, which increases with the SZA and Liao and Seinfeld (1998) found for
a uniform aerosol layer (from the Earth’s surface to 5 km) made of pure ammonium sulfate, pure soot,
internal mixture, and external mixture, positive TOA SW RF at SZA = 0°. The internal and external mixtures
were also responsible for positive TOA SW RF. One can deduce that the positive TOA SW RF values were
associated with small values of SSA and SZAs, which is the case of Naples on 22 of June. The LW RF (Table 6
and Figure 9b) varies between 0.34 and 8.96 W m?, all the cases have a heating effect (positive values) and
match with the results found in previous studies.

In figure 8a and 9a the big differences found in Barcelona are due to the different AOD values found during
the 17 of June (see table 6).

Figure 8 shows the temporal evolution of the SW DRF in each station. In general, the impact of the radiative
forcing due to mineral dust is greater when the AOD values are high. It is clear the effect of the aerosols in
the DRF, for example, focusing on Menorca (triangles) during 16 and 17 of June (days with aerosol presence
as is shown in figures 2 and 3) there is a cooling effect due to the aerosols. During 18 and 19 of June, where
the aerosol load is lower (see AOD in Table 6) the cooling effect is lower than the previous days but is still
present. Finally during 20 of June in Menorca, a day free of mineral dust, according to Figures 2 and 3, the
SW DRF at BOA is -3.49 Wm™, while the SW DRF at BOA values for 16 and 17 of June are -45.33 W m?2and -
44,98 W m™ respectively.

The Naples and Lecce behaviour of the aerosol DRF is also interesting (Figure 8a). Both stations were
affected by the mineral dust outbreak on the same days (21, 22 and 23 of June) and have low values of AOD
compared to the Spanish stations. These data lead to cooling effects lower (in absolute terms) than the
previous sites, except for the 22 of June where Naples and Lecce suffer a strong cooling effect (-31.94 W m"
2 and -37 W m? respectively) comparable with the DRF estimated in the Spanish stations. This coolig effect
may be due to the increase of the AOD, in 3 times in Naples and 2 times in Lecce, compared to the previous
days in these ltalian stations. This result supports the theory of a new mineral dust outbreak which reaches
south Italy directly from Africa,

Figure 8b shows the temporal evolution of the LW DRF at BOA; the behaviour is similar to the SW RF at BOA
but with opposite sign (heating effect). In cases where the AOD values measured by the lidars are small the
RF values is near to zero; for example, in Granada on 17 of June, a day without mineral dust in the
atmosphere, for an AOD = 0.06, the DRF was +0.27 W m. Here again the results in the Italian stations of
Naples and Lecce on 22 June are especially interesting: the LW DRF at BOA are +4.02 W m2 and +3.8 W m?,
respectively. In these stations the RF was lower in the previous days (+0.43 W m and +0.26 W m™ for
Naples on 18 and 20 of June and +1.9 W m2and +1.5 W m? for Lecce on 20 and 21 of June). The second



event crossed the Italian peninsula from the south; this is why the aerosol DRF (in absolute values) was
greater at Lecce than at Naples on 20 June.

5. Multi-intrusion aspect of the Saharan dust event

Figure 10 shows the presence of two different dust events crossing the WCMB detected in four CALIPSO
overpasses. Nowottnick et al. (2015) summarized attenuated backscatter values for different particles
present in the atmosphere (see their Table 1); for the case of dust the attenuated backscatter is less than
5*10* (pink values in the Figure 10 scale), therefore the red areas in Figure 10 can be considered as mineral
dust. Nowottnick et al. (2015) also indicate that the depolarization ratio value for the mineral dust is less
than 0.20 in the CALIPSO measurements. The first overpass was diurnal on 20 of June; in this one only the
first event is detected reaching Italy. On the second overpass on the night of 20-21 June the second event
(the red and yellow area) is detected still in North Africa. During the overpass on the night of 21-22 June
the two events are over the Italian peninsula. In this overpass the depolarization ratio is available, the
yellow-green area selected as the second event, has the correct values for mineral dust in the attenuated
backscatter and in the depolarization ratio images.

Figure 11 shows the French Falcon 20 flight on 22 of June. The stations of Serra la Nave, Lecce and Naples
are marked in white in the figure and the red areas correspond to the mineral dust layers. The Falcon 20
detected the second event during the first hour of the flight (between 10:27 and 11:30UTC).

Figure 12 show several 72-hours back-trajectories with origin in different stations. These back-trajectories
were obtained from the HYSPLIT model (Stein et al, 2015). The heights selected at the origins of the back-
trajectories correspond to the heights of the aerosol layers detected by the lidars (see Section 3.3). Figure
12al shows a back-trajectory with end in Granada and it is clear that the origin of the dust is North
Morocco and Algeria. The origin of the dust detected in Barcelona (Figure 12a2) was the same than that of
the dust detected in Granada: in both stations the same event was detected. The green line in Figure 12a2,
the higher back-trajectory, reached Barcelona directly from Granada, while the red and blue lines crossed
the sea.

Figure 12b shows the origin of the dust which affected Minorca in the four days with presence of mineral
dust confirmed by the method explained in the section 3.1. Figure 12b1 shows that the origin of the dust is
the Iberian Peninsula: the same dust that reached Granada travelled from this city in the South of Spain to
Minorca on 16 of June. Figure 12b2 shows the same origin of the dust on 17 June as for Granada and
Barcelona at the three heights: North Morocco and Algeria. Figure 12b3 shows that the origin of the dust
on 18 of June is Algeria at all the heights, no back-trajectory came from the Iberian Peninsula. The spatial
evolution of the dust plume, from the west to the east, became evident in these back-trajectories. Figure
12b4 shows that for the 19 of June the origin for the higher back-trajectories was North Africa again, but
the lower back-trajectory came from the Iberian Peninsula.

Figure 12c shows a back-trajectory for the 19 of June at 12:00UTC, the same day and the same hour than
Figure 12b4 but the origin now is the station of Ersa. The air masses reaching Ersa passed over North
Algeria and the lower air mass crossed Tunisia. This back-trajectory explained the behaviour of the back-
trajectory shown in Figure 12b4; the strong component of the Saharan dust event was out of Minorca
during 19 of June and was entering in the area of Ersa (see Figure 2).

Figure 12d shows the origin of the dust during the 22 of June, the day that the second event reached South
Italy, for the Italian peninsular stations. Figure 12d1, with origin in Naples, corresponds to the morning of
the 22 of June (9:00UTC); at this time the second event had not yet reached the South of Italy and the air
masses came from North Algeria. Figure 12d2 shows the back-trajectories of the air masses that arrived to
Potenza on 22 of June at 23:00UTC; at this time the second event was present over South Italy and is the air
masses come no longer from North Algeria, but since 22 of June at noon thy come from Tunisia. This idea is
confirmed in Figure 12d3, which shows the air masses which passed over Potenza and arrived in Lecce on
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22 of June at 12:00UTC. The origin of these air masses was Tunisia, thereby confirming the presence of a
second dust event with a different origin than the first one.

Figure 12d4 shows the back-trajectories modelled for Serra la Nave during 22 of June. The highest air
masses (green and blue lines), which correspond to the air masses with aerosol presence (see Section 3.3
and bottom and top heights in Table 4), have the same origin in Tunisia as the back-trajectories of the
Figure 12d2 and Figure 12d3.

Figure 13 shows several particle position plots simulated by HYSPLIT. The heights selected, from 0 to 6000
m, correspond to the heights at which the dust is detected in the stations. Figure 13al shows a 72 hours
particle position plot with end in Granada and it is clear that the particles during these three days travelled
from North Africa to the South of the Iberian Peninsula, with origin in North Morocco and Algeria, as one
can see in figure 12al. Figure 13a2 shows the same simulation as in the previous figure but now the end is
located in Barcelona: the origin of the dust is the same as in the figure 13al but now the particles were
sparse over the Mediterranean between ltaly and Spain. This explains why in Minorca the dust was
detected at the same time than in the peninsula. The back-trajectories reaching Barcelona directly from
Granada (Fig. 12a2 and 13a2) shows that the event detected in Granada and Barcelona stations was the
same.

Figure 13b shows the origin of the dust which affected Minorca from 16 to 19 June. Figure 13b1 shows that
dust covered the south and east of the Iberian Peninsula. Figure 13a2 confirms that the dust transported
over Granada on 16 June reaches Minorca on 17 June, and how the dust was still present over North Africa
during 17 June. Figure 13b3 shows that the origin of the dust on 18 June is in Algeria, and that the dust
covers the whole southwestern Mediterranean basin. It is evident that the origin of the dust during these
days was Algeria. Figure 13b4 shows that on 19 June the dust present in lowest layers had its origin in
Tunisia, while the dust present in the highest layers had its origin in Tunisia.

Figure 13c shows a particle position plot for the 19 of June at 08:00UTC, the same day and the same hour
than Figure 13b4 but arriving at the station of Ersa. The origin of the particles was still North Africa but the
particles detected in Ersa crossed Minorca before, therefore the same dust which reached Minorca,
travelled to the north and reached Ersa.

Figure 13d shows the particle position on 22 June, which end in the three Italian peninsular stations. Figure
13d1, with end in Naples, corresponds to the morning of the 22 of June (08:00UTC), one can observe how
the tail of the event was over Algeria, while in the lowest layers (black areas) the dust was starting to
accumulate from Tunisia. Figure 13d2 shows the particle position with end in Potenza on 22 of June at
08:00UTC, the second event was present in the black areas and the tail of the higher layers was still coming
from Algeria, but crossing Tunisia before reaching South Italy. Figure 13d3 shows the air masses arriving in
Lecce on 22 of June at 08:00UTC: the origin was clearly Tunisia, while the tail was no longer crossing
Morocco and Algeria, which confirm the presence of two different Saharan dust events with different
origins.

Figure 13d4 shows the particle position plot modelled for Serra la Nave on 22 June at 23:00UTC. The clear
blue areas evidence that the dust had its origin in Tunisia.

6. Summary and Conclusions

The spatio-temporal evolution of mineral dust vertical profiles and optical properties and the dust direct
radiative forcings in the SW and LW spectral ranges at BOA and TOA have been determined and analyzed
for a moderate Sahara dust event over the western and central Mediterranean Basin. The products as SSA
and AODugo retrieved from the AERONET Sun-photometers CALIOP attenuated backscatter profiles from
the CALIPSO satellite, the MSG/SEVIRI daily AOD images from METEOSAT and the modelled products as
coarse mode fraction estimated from the AERONET Sun-photometers data, the mineral dust layer
properties extracted from the lidar signals, the HYSPLIT back-trajectories and the radiative forcings at the
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TOA and at the surface modelled by GAME, have been analysed while during the 16-24 June 2013 Saharan
dust outbreak that affected the WCMB. Several relevant results were found:

- A moderate Saharan dust event swept the Western and Central Mediterranean Basin from 16 June to
24 June, affecting directly to eight stations spread over the WCMB.

- For this moderate event, we found that travelling over Mediterranean Basin the dust layer geometrical
and optical properties changed in the west-east direction: dust particles reached higher altitude over
Italy while the columnar AOD was higher over Spain with correspondingly higher presence of coarse
particles.

- The AOD measured by the AERONET Sun-photometer and retrieved from the lidar measurements is
greater in the Spanish stations and lower in the Italian stations. The increase of the AOD retrieved by
lidar measurements and the AOD from AERONET observations during 22 June in Naples and Lecce
denote the entry of a second Saharan dust event that only reached the southern lItalian stations.
Products as the Angstrom exponent at 440-870 nm and the AODaso undergo a sharp SW—NE gradient
between the Spanish stations and Ersa one. The dust coarse mode fraction decreases following a west-
east gradient like the AOD. Again, during 22 June the coarse mode fraction increases, like the AOD. The
temporal behavior of AOD and coarse mode fraction over the Italian stations suggests the entry of a
second Saharan dust event which only reached the southern Italian stations. Hypothesis confirmed by a
detailed analysis of CALIPSO and airborne lidar observations collected during the investigated period in
the study area. Lower values of SSA that affected the results of the SW radiative forcings at TOA were
found and pointed out the presence of aerosols with strong absorbing properties.

- By using a typical LR of 50sr for the daytime lidar measurements and the extinction profiles for the
nighttime measurements, the obtained profiles were coherent and allowed to extract the mineral layer
bottom and top heights and the mineral layer AOD with optimal results. The bottom heights were
extremely variable ranging in values lower than 1 km (911 m in Barcelona, 201 in Minorca and 809 m in
Lecce) to 4 km (4010 m) in Serra la Nave. This behaviour can be explained by the orography of the
different areas and the location of the lidar station (see table 1). The top heights range between 5 km
(Granada, Ersa and Potenza) and 7 km (Naples and Serra la Nave). The three Italian stations affected by
the second event present the highest values of top heights (6790 m in Lecce, 7708 m in Naples and
7910 m in Serra la Nave), which are similar to the value found in Barcelona (6584 m). In this case the
orography is not as important as in the bottom heights and the behaviour of the top height in the Italian
stations may be due to particles located in higher air masses, which compose the second event.
Accordingly the thickness of the aerosol layer at the peak moment is greater in Barcelona (5672 m),
Naples (6240 m) and Lecce (5981 m), being Barcelona the station were the first event affected most and
Naples and Lecce stations affected by the second event (see table 4).

- The LPDR (figure 7) values in the stations affected by the first event were ranging between 0.21 and
0.27 in Granada, 0.24 and 0.39 in Minorca, and 0.18 and 0.21 in Ersa. The stations affected by both
events present LPDR values which range between 0.21 and 0.32 in Naples, 0.26 and 0.31 in Potenza,
0.22 and 0.25 in Lecce and 0.21 and 0.25 in Serra la Nave. The values in all the stations are around 0.3
(the assumed typical dust value). In most of the cases the LPDR values are lower than 0.3, which
indicates that the dust was mixed with humidity (for example, fog and cloud droplets are totally
polarizing particles, so its LPDR value is around 0) and air pollutants.

- The temporal evolution of the radiative forcing estimations from west to east correlates with the loss of
the coarse mode during the first Saharan dust event. The beginning of the second event (22 June) at
Naples and Lecce, corresponds to radiative forcing similar to what found in the intense case of the first
dust event observed at Spanish stations.

- Negative values where found for the 18 studied cases, therefor cooling effect of the aerosols, in the SW
range at the BOA. These values range between -7 W m™ in Lecce on 24 June, day without mineral dust
in the atmosphere, and -52.6 W m™ in Barcelona on 17 June, a dusty day. Further at BOA, the LW
radiative forcings present positive values (heating effect of the aerosols), these values vary between
+0.3 W m2in Granada and Naples during 17 and 20 June respectively (dusty days) and +17.7 in Minorca
on 17 June. This LW radiative forcing at BOA is very high compared with the results found in the
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literature for dusty days and might be due to the extremely high AOD measured (0.37). In general, the
modelled SW and LW radiative forcings SW at BOA agree with the results found in the literature.

- On the other hand, the SW radiative forcings modelled at TOA range between -56.9 W m™ in Barcelona
(17 June) and +7.5 W m™% in Naples (22 of June). In total 7 cases show positive SW radiative forcings at
TOA, contradicting the literature. These positive SW forcings are associated with low values of SSA, and
SZA. The dust contamination by anthropogenic particles during its transport was likely responsible of
the increase of the light absorbing properties by aerosol particles and, hence, for the decrease of the
SSA values.

- Finally at TOA, the LW radiative forcings present positive values, which range between +0.2 in Granada
(17 June) and +8.9 in Minorca (19 June) in agreement with the literature.

- The strong phase of the 2 detected events had the same effect on the radiation budget, with values of -
36.9 (BOA SW), +6.3 (BOA LW), +5.8 (TOA SW) and +7.0 W m%(TOA LW) over Granada, 16 June, and of -
31.9 and -37 (BOA SW), +4 and +3.8 (BOA LW), +7.5 and +4.3 (TOA SW) and +4.0 and 2.4 (TOA LW) W m"
2 for Naples and Lecce on 22 June, respectively.

- The CALIPSO overpasses show clearly the presence of two different mineral dust events which affected
the Italian Peninsula during 22 June. Further insight on this temporal evolution is provided by HYSPLIT
back-trajectories analysis, which clearly shows two different origins for the air masses that carried the
Saharan dust which affected Spain and Italy during the same week. The first days of the event (from 16
to 20 June) the dust affected the Spanish stations (Granada, Barcelona and Minorca) and Ersa, and
came from Morocco and North Algeria, while during 22 and thereafter the origin of the mineral dust
detected by some of the participating stations were Tunisia. Two different origins suggest two different
events in a short period of time. The particle position plots show similar results as the back-trajectories
and confirm that the dust detected in Barcelona and Minorca was transported directly from Granada
during the first days of the event. The dust detected in Ersa was previously transported over Minorca.
The particle position plots in Naples and Potenza these stations were affected only by the tail of this
first dust event with particles originated in Algeria. Finally in Lecce and Serra la Nave the particles
reached the stations directly from Tunisia. Therefore the presence of two different events is confirmed
using two different HYSPLIT methods.

In conclusion, the results discussed in this paper can be considered of interest because they refer to the
multi-intrusion aspect of a Saharan dust outbreak, a dust event scenario poorly investigated. It is also
interesting to note the large area under study and the huge amount of data analyzed to gain a better
understanding of the behaviour of the Saharan dust events at a regional level over the Mediterranean
basin.
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Tables and figures

Station Location Altitude Lidar Spatial AERONET
(N, °E) (m.a.m.s.l.) channels A B (nm) resolution (m) Reference Sun-photometer

Granada 37.16, -3.61 680 3B+20+16 532, 355, 1064 7.5 Guerrero-Rascado et al. (2008) Y
Barcelona 41.39,2.17 115 3B+2a+WV 532, 355, 1064 3.75/2.3 Sicard et al. (2011) Y
Capd'en Font 39.49,4.12 10 1B+1a+16 355 5.25 Chazette et al. (2016) Y
Ersa 48.42,2.10 20 1B+1a+16 355 15 Ledn et al. (2015) Y
Potenza 40.60, 15.72 760 3B+20+16 532, 355, 1064 60 Madonna et al. (2011) Y
Naples 40.50, 14.10 118 2B+16 532, 355 60 Armenante et al. (2009) N
Lecce 40.30, 18.10 30 3B+2a+16+WV 532, 355, 1064 45 Perrone et al. (2014b) Y
Serrala Nave 37.68, 14.98 1735 1B+16 355 60 Mallet et al. (2016) N

Table 1. Characteristics of the lidar systems and the presence of co-located AERONET Sun-photometers. B is for the backscatter channels, a for the extinction channels and &
for the depolarization channels. WV means that a water vapor channel is available in the lidar system.
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AODaaso AE440-870
Station Coarse fraction (440)
Max (date) Min (date) Mean Max (date) Min (date) Mean
Granada 0.268 (16 june 16:22) 0.185 (15 June 17:47) 0.23 0.66 (15 June 16:53) 0.423 (16 June 16:22) 0.43 0,51
Barcelona

Cap d'en Font 0.376 (16 June 17:19) 0.154 (16 June 07:07) 0.25 1,032 (16 June 06:11) 0.416 (16 June 15:52) 0.46 0,39
Ersa 0.359 (19 June 17:33) 0.062 (18 June 17:32) 0.21 1.754 (19 June 05:47) 0.857 (19 June 15:33) 1.26 0,25
Potenza 0.160 (21 June 17:03) 0.073 (23 June 15:08) 0.145 1.559 (23 June 17:03) 0.551 (21 June 16:35) 0.86 0,28
Lecce 0.331 (23 June 04:48) 0.12 (21 June 14:57) 0.234 1.777 (21 June 04:48) 0.715 (23 June 04:48) 1.07 0,25

Table 2. AERONET level 2.0 AOD, AE maximum, minimum and mean values and mean value of the Coarse Fraction calculated for the days with aerosol presence at each
station, 15-16-17 at Granada, 16-17 at Minorca, 17-18-19-20 at Ersa, 21-22-23 at Potenza and 21-22-23 at Lecce.
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Temporal Coarse fraction

Station
15 June 16 June 17 June 18 June 19 June 20 June 21 June 22 June 23 June 24 June
Granada 0,48 0,56 0,53
Barcelona
Cap d'en Font 0,44 0,53
Ersa 0,25 0,26 0,26 0,25
Potenza 0,50 0,40 0,19
Lecce 0,12 0,34 0,41

Table 3. Spatio-temporal evolution of the AERONET level 2.0 Coarse mode fraction.
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; AOD (Dust) AE (Dust
Station Bottom height (m) | Top height (m) Center of mass Thickness (Dust)
(m) (m) 532 | 355 | 1064 | 532 1064 | 532 355 | 355 1064
Granada 1719 5296 3368 3577 0.26 0.28 0.24 0.06 0.13 0.0861
Barcelona 911 6584 3929 5672 0.37 0.21 0.80
Cap d'en
Font 201 5787 3319 5585 0.37
Ersa 1360 4948 1778 3587 0.20
Potenza 1630 5530 2350 3900 0.10 0.13 0.09 0.09 0.50 0.25
Naples 1468 7708 3388 6240 0.13 0.16 0.65
Lecce 809 6790 2743 5981 0.22 0.23 0.21 0.06 1.72 0.67
Serra la
Nave 4010 7910 5330 3900 0.12

Table 4. Instantaneous height values at the eight stations at the peak moment of the event in each station. The heights represent the bottom and top height of the
mineral dust layer. The thickness has been calculated by subtracting the bottom height from the top height. The AOD (dust) are the values of the optical depth retrieved
from lidar measurements of the mineral dust layer, not the complete atmospheric column. The backscatter AE values are retrieved from lidar measurements only for the

mineral dust layers.
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Shortwave Longwave
Parameters
GAME GAME
Spectral range 0.3—4pum 4—37 um
Number of sub-bands 18 40

Atmospheric

Radiosoundings

Radiosoundings

profile +US Stand. Atmos.  + US Stand. Atmos.
H20 Radiosoundings Radiosoundings
(OF! US Stand. Atmos. US Stand. Atmos.
Atmospheric Absorption
parameters coefficients HITRAN HITRAN
of main gases
Surface from ground-based i
albedo measurements
LW emissivity - from CERES
At the surface Measured at the meteorological station
Meteo
parameters <20 km Radiosoundings
> 20 km US Standard Atmosphere
AOD Lidar ex.tl.nctlon Mie calculation
coefficient
Single
Scattering AERONET Mie calculation
Albedo
Asymmetry . .
AERONET Mie calculation
factor
Aerosol
Aerosols vertical Lidar Lidar
distribution
_ dize - AERONET
distribution
Fine and
coarse mode - AERONET
radius
Fine and
coarse mode - AERONET
concentration
Refractwe - Krekov (1993)
index

Table 5. Input parameters for the Global Atmospheric Model and data sources in the SW and LW spectral
ranges.
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SZA BOA SW-DRF TOASW-DRF BOA LW-DRF TOA LW-DRF

Station day AODiid SSA i
) - (Wm?) (Wm?) (Wm2) (Wm?)

16 55 0.17 0.87 -16.9 +1.3 +5.8 +3.7
Granada 16 67 0.26 0.87 -36.9 +5.8 +6.3 +7.0
17 32 0.06 0.83 -42.3 +0.7 +0.3 +0.2

16 27 0.12 0.91
(Menorca) -8.3 -11.3 +3 +0.3

Barcelona 17 28 0.29 0.91
(Menorca) -52.6 -14.8 +3.6 +4.9

17 35 0.12 0.91
(Menorca) -11.5 -56.9 +3.4 +2.5
16 27 0.34 0.91 -45.3 345 +10.8 +7.2
17 27 0.37 0.91 -44.9 29.9 +17.7 +8.5
Menorca 18 85 0.27 0.96 -25.3 6.8 +1.6 +4.6
19 28 0.23 0.96 -18.3 9.2 +9.8 +8.9
20 28 0.12 0.98 3.5 2.2 +1.9 +0.5

18 30 0.07 0.99
(Potenza) 9.1 -16 +0.4 +1.2

Naples 20 69 0.04 0-95
(Potenza) -10.8 -14.9 +0.3 +0.8

22 19 0.13 0.96
(Potenza) -31.9 +7.5 +4.0 +4.0
20 30 0.13 0.94 -15 5.6 +1.9 +1.6
21 25 0.12 0.85 12 +3.2 +1.5 +1.3

Lecce

22 26 0.22 0.89 37 +4.3 +3.8 +2.4
24 18 0.14 0.99 7 2.9 +1.3 +0.9

Table 6. Instantaneous short-wave and long-wave radiative forcing at the bottom of the atmosphere and at
the top of the atmosphere simulated by the Global Atmospheric Model for the 18 selected cases of June
2013. SZA represents the solar zenith angle, AOD and SSA indicate the aerosol optical depth (in the mineral
dust layer) and the single scattering albedo (from AERONET Sun-photometer observations) at 440 nm,
respectively. In brackets in the SSA column for Barcelona and Naples, the origin of the AERONET data
necessary for the simulations that were not available by directly observations in both stations. The negative
values of the radiative forcing correspond to a cooling effect while the positive values correspond to a
heating effect of the aerosols.
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Figure 1. Map of the sites. in red the lidar stations and a yellow sun for the AERONET Sun-
photometers Red hexagons represent the sites. The blue lines represent the diurnal CALIPSO
overpasses. The yellow line represents the FALCON 20 flight (22/06/13). The blue arrow
indicates the direction (ascending, from South to North) of the daytime overpasses, and the
pink arrow indicates the direction (descending, from North to south) of the nightly overpasses.
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Figure 2. Color map of the aerosol optical depth (at 550 nm) daily mean values over the Mediterranean Sea
from the MSG-SEVIRI instrument - ICARE Thematic Center (www.icare.univ.lillel.fr), from 16 to 24 June
2013.
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Figure 3. BSC-DREAMS8b model images, from 15 to 24 june. The colored areas correspond to the presence of aerosol in the
atmosphere.
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Figure 4. a) Temporal evolution of the AERONET AOD (blue circles) and and AE (green crosses) in the eight
stations of the study, the red boxes show the presence of mineral dust following the criteria explained in
the Section 3.1. b) Temporal evolution of the mineral dust plume optical depth retrieved from lidar profiles
in the eight stations.
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Figure 5. Temporal evolution of the AERONET level 2.0 data (a) Coarse mode fraction and (b) SSA in
Granada (red), Minorca (green), Ersa (purple), Potenza (grey) and Lecce (yellow).
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and the mean of the event (dots and stars), retrieved by lidar measurements. In blue the base of the
mineral dust layer, in red the top height of the layer and in purple the thickness (top height minus bottom
height) of the mineral dust layer. In green is represented the center of mass of the layer.
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Figure 7. Particle depolarization ratios retrieved by lidar measurements. From the left to the right the stations are
Granada at 532 nm (a), Minorca at 355 nm (b), Ersa at 355 nm (c), Naples at 532 nm (d), Potenza at 532 nm (e), Lecce
at 355 nm (f). The date of the measurements are 17 June at 01 UTC, 18 June at 12 UTC, 20 June at 15 UTC, 22 June at
10:46 UTC, 21 June at 23:40 and 22 June at 11:18 for Granada, Minorca, Ersa, Naples, Potenza and Lecce respectively.
The bottom and top heights are 2236 and 5994 m in Granada, 201 and 5787 m in Minorca, 1360 and 4848 m in Ersa,

1768 and 7468 m in Naples, 1630 and 5530 m in Potenza and 1484 and 5081 m in Lecce.
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Figure 8. Temporal evolution of the short-wave (a) and long-wave (b) radiative forcing (W m?) at the
Bottom of the Atmosphere simulated by GAME in Granada (blue diamonds), Barcelona (red squares),
Minorca (green triangles), Naples (purple circles) and Lecce (blue lines).
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Figure 9. Temporal evolution of the short-wave (a) and long-wave (b) radiative forcing (W m2) at the Top of
the Atmosphere simulated by GAME in Granada (blue diamonds), Barcelona (red squares), Minorca (green
triangles), Naples (purple circles) and Lecce (blue lines).
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Figure 10. Spatio-temporal evolution of the dust plume monitored by CALIPSO overpasses. In red Italy, in
yellow the first Saharan dust event and in orange the second Saharan dust event. a) Attenuated backscatter
figure of the day time overpass of the 20 June. b) Attenuated backscatter figure of the night time overpass
of the 21 June. c) Attenuated backscatter and lidar particle depolarization ratio figures of the night time
overpass of the 22 June. d) Attenuated backscatter and lidar particle depolarization ratio figures of the
night time overpass of the 23 June.
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Figure 11. Attenuated backscatter figure of the French Falcon 20 flight on 22 June. The green arrow
represents the flight direction. The dash lines are the location of three Italian stations (SN for Serra la Nave,
LE for Lecce and NA for Naples), the white lines represents the bottom and top heights of the mineral dust
layers detected by the lidars. The red areas correspond to the presence of aerosol.
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Figure 12. Backtrajectories simulated with HYSPLIT model. The green lines correspond to the top height of the dust layer, the red
lines with the bottom height and the blue lines with the middle of the dust layer in each station calculated by the lidar
measurements. 12a) are the back-trajectories for the Spanish peninsular stations. 12b) are the back-trajectories for Minorca. 12c)
correspond to the back-trajectories in Ersa, and 12d) are the back-trajectories simulated for the ltalian stations.
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Figure 13. Particle positions simulated during 72 hours with HYSPLIT model. The green areas correspond to the top dust layers, the
black areas with the bottom dust layers and the blue (clear and dark) areas with the middle dust layers in each station. 13a) are the
particle positions for the Spanish peninsular stations. 13b) are the particle positions for Minorca. 13c) correspond to the particle
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indicates time and the Y axis indicates height AGL (m).
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