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Abstract. The Chemistry-Aerosol Mediterranean Experi-

ment (ChArMEx; http://charmex.lsce.ipsl.fr) is a collabora-

tive research program federating international activities to

investigate Mediterranean regional chemistry-climate inter-

actions. A special observing period (SOP-1a) including in-

tensive airborne measurements was performed in the frame-

work of the Aerosol Direct Radiative Impact on the re-

gional climate in the MEDiterranean region (ADRIMED)

project during the Mediterranean dry season over the west-

ern and central Mediterranean basins, with a focus on

aerosol-radiation measurements and their modeling. The

SOP-1a took place from 11 June to 5 July 2013. Air-

borne measurements were made by both the ATR-42 and

F-20 French research aircraft operated from Sardinia (Italy)

and instrumented for in situ and remote-sensing measure-

ments, respectively, and by sounding and drifting balloons,

launched in Minorca. The experimental setup also involved

several ground-based measurement sites on islands includ-

ing two ground-based reference stations in Corsica and

Lampedusa and secondary monitoring sites in Minorca and

Sicily. Additional measurements including lidar profiling

were also performed on alert during aircraft operations at

EARLINET/ACTRIS stations at Granada and Barcelona in

Spain, and in southern Italy. Remote-sensing aerosol prod-

ucts from satellites (MSG/SEVIRI, MODIS) and from the

AERONET/PHOTONS network were also used. Dedicated

meso-scale and regional modeling experiments were per-

formed in relation to this observational effort. We provide

here an overview of the different surface and aircraft obser-

vations deployed during the ChArMEx/ADRIMED period

and of associated modeling studies together with an anal-

ysis of the synoptic conditions that determined the aerosol

emission and transport. Meteorological conditions observed

during this campaign (moderate temperatures and southern

flows) were not favorable to producing high levels of atmo-

spheric pollutants or intense biomass burning events in the

region. However, numerous mineral dust plumes were ob-

served during the campaign, with the main sources located

in Morocco, Algeria and Tunisia, leading to aerosol opti-

cal depth (AOD) values ranging between 0.2 and 0.6 (at

440 nm) over the western and central Mediterranean basins.

One important point of this experiment concerns the direct

observations of aerosol extinction onboard the ATR-42, us-

ing the CAPS system, showing local maxima reaching up

to 150 Mm−1 within the dust plume. Non-negligible aerosol

extinction (about 50 Mm−1) has also been observed within

the marine boundary layer (MBL). By combining the ATR-

42 extinction coefficient observations with absorption and

scattering measurements, we performed a complete optical

closure revealing excellent agreement with estimated optical

properties. This additional information on extinction prop-

erties has allowed calculation of the dust single scattering

albedo (SSA) with a high level of confidence over the west-

ern Mediterranean. Our results show a moderate variability

from 0.90 to 1.00 (at 530 nm) for all flights studied com-

pared to that reported in the literature on this optical param-

eter. Our results underline also a relatively low difference in

SSA with values derived near dust sources. In parallel, ac-

tive remote-sensing observations from the surface and on-

board the F-20 aircraft suggest a complex vertical structure

of particles and distinct aerosol layers with sea spray and

pollution located within the MBL, and mineral dust and/or

aged North American smoke particles located above (up to

6–7 km in altitude). Aircraft and balloon-borne observations

allow one to investigate the vertical structure of the aerosol

size distribution showing particles characterized by a large

size (> 10 µm in diameter) within dust plumes. In most of

cases, a coarse mode characterized by an effective diame-

ter ranging between 5 and 10 µm, has been detected above

the MBL. In terms of shortwave (SW) direct forcing, in situ

surface and aircraft observations have been merged and used

as inputs in 1-D radiative transfer codes for calculating the

aerosol direct radiative forcing (DRF). Results show signifi-

cant surface SW instantaneous forcing (up to −90 Wm−2 at

noon). Aircraft observations provide also original estimates

of the vertical structure of SW and LW radiative heating re-

vealing significant instantaneous values of about 5◦ K per day

in the solar spectrum (for a solar angle of 30◦) within the dust

layer. Associated 3-D modeling studies from regional cli-

mate (RCM) and chemistry transport (CTM) models indicate

a relatively good agreement for simulated AOD compared

with observations from the AERONET/PHOTONS network

and satellite data, especially for long-range dust transport.

Calculations of the 3-D SW (clear-sky) surface DRF indi-

cate an average of about −10 to −20 Wm−2 (for the whole

period) over the Mediterranean Sea together with maxima

(−50 Wm−2) over northern Africa. The top of the atmo-

sphere (TOA) DRF is shown to be highly variable within the

domain, due to moderate absorbing properties of dust and

changes in the surface albedo. Indeed, 3-D simulations indi-

cate negative forcing over the Mediterranean Sea and Europe

and positive forcing over northern Africa. Finally, a multi-

year simulation, performed for the 2003 to 2009 period and

including an ocean–atmosphere (O–A) coupling, underlines

the impact of the aerosol direct radiative forcing on the sea

surface temperature, O–A fluxes and the hydrological cycle

over the Mediterranean.

1 Introduction

The Mediterranean region has been identified as one of the

most prominent “Hot-Spots” in future climate change pro-

jections (Giorgi and Lionello, 2008). It is characterized by its

vulnerability to changes in the water cycle (e.g., Chenoweth

et al., 2011; García-Ruiz et al., 2011). General circulation

model (GCM) and regional climate model (RCM) simula-

tions show a substantial precipitation decrease and a warm-

ing of the region, especially in the long warm and dry
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Mediterranean season. At the end of the 21st century, the

average of the model outputs predicts a significant loss of

freshwater (40 % for the period 2070–2090 compared to

1950–1999; Sanchez-Gomez et al., 2009) over the Mediter-

ranean region. More recently, Mariotti et al. (2015) have used

the newly available Coupled Model Intercomparison Project-

Phase 5 (CMIP5) experiments and show a significant in-

crease in the projected surface air temperature (by ∼+2–

3 ◦C) for the 2071–2098 period compared to 1980–2005.

These results need to be put in the context of an increasing

anthropogenic pressure on the Mediterranean region, with an

expected doubling of the population in countries around the

Mediterranean basin in the next decades, with a contrast be-

tween a small decrease in European countries and a strong

increase in African and Middle Eastern countries (Brauch,

2003). However, as highlighted by Mariotti et al. (2008), de-

spite the high degree of model consistency, the results re-

garding the future climate projections for the Mediterranean

Sea water budget from the global coupled models are still

uncertain due to their horizontal spatial resolutions that are

not capable of resolving the local to regional Mediterranean-

specific processes (air–sea exchanges, coastline, topography,

north–south gradient of surface albedo). Indeed, the Mediter-

ranean climate is affected by local processes induced by the

complex physiography of the region and the presence of a

large body of water (the Mediterranean Sea). For example,

the Alpine chain is a strong factor in modifying traveling syn-

optic and mesoscale systems and the Mediterranean Sea is an

important source of moisture and precipitation in the region

(Gimeno et al., 2010; Schicker et al., 2010) and of energy

for storms (Lionello et al., 2006). The complex topography,

coastline and vegetation cover of the region are well known

to modulate the regional climate signal at small spatial scales

(e.g., Millán et al., 1997; Gangoiti et al., 2001; Lionello et

al., 2006).

So far, most global and regional climate simulations have

investigated the impact of global warming on the Mediter-

ranean climate without detailed considerations of the possi-

ble radiative influence and climatic feedback from the differ-

ent Mediterranean aerosols (anthropogenic, marine, biomass

burning, secondary biogenic and mineral dust particles). The

Mediterranean region is rich in a variety of particles (nat-

ural and anthropogenic) from both continental and marine

sources (Lelieveld et al., 2002). In Fig. 1, we illustrate the

significant differences in aerosol loading between the east-

ern, central, and western sub-basins and between the north

and the south of the Mediterranean shown by long-term

aerosol satellite products. The aerosol optical depth (AOD),

which represents the integration of the extinction by parti-

cles along the whole atmospheric column, displays annual

mean values (Fig. 1) from 0.2 to 0.5 (in the visible wave-

lengths), depending on the aerosol types observed over the

Euro-Mediterranean region (Nabat et al., 2013).

Numerous studies have documented the AOD for polluted

anthropogenic Mediterranean aerosols at a local scale over

southeastern France (Mallet et al., 2006; Roger et al., 2006),

Spain (Horvath et al., 2002; Alados-Arboledas et al., 2003,

2008), the western Mediterranean (Lyamani et al., 2015),

Greece (Chazette and Liousse, 2001; Gerasopoulos et al.,

2003), the Greek island of Crete (Fotiadi et al., 2006), and

Italy (Tafuro et al., 2007; Ciardini et al., 2012). Under pol-

luted conditions, they report low to moderate AOD values

ranging between 0.1 and 0.5 (at visible wavelengths). In par-

allel, multi-year TOMS and MODIS observations over the

eastern Mediterranean (Hatzianastassiou et al., 2009) or the

Po Valley (Royer et al., 2010) indicate the occurrence of high

AOD values (up to more than 0.8 at 500 nm) over large urban

areas surrounding megacities.

Numerous studies (Markowicz et al., 2002; Ravetta et al.,

2007; Liu et al., 2009; Kaskaoutis et al., 2011; Barnaba et

al., 2011; Amiridis et al., 2012; Baldassarre et al., 2015)

have also been dedicated to biomass burning aerosols over

the Mediterranean, which are mainly observed in July and

August (driest months of the year), when the development of

forest fires is favored (Pace et al., 2005). Long-term obser-

vations of absorbing aerosols have clearly shown the major

role of long-range transport of biomass (agriculture waste)

burning in the eastern Mediterranean (Sciare et al., 2008).

AOD data available for smoke particles show “intermediate”

values between those observed for dust and anthropogenic

particles. For example, AOD values ranging between 0.3 and

0.8 (Pace et al., 2005) have been observed at Lampedusa

from 5 to 22 August 2003, in relation to intense fires devel-

oped in southern Europe and transported over the Mediter-

ranean basin during a regional heat wave. In addition, the

STAAARTE-MED experiment (August 1998 in the eastern

Mediterranean) has also documented a mean AOD of 0.39

(at 550 nm) for aged smoke plume from Canadian fires (For-

menti et al., 2002). This kind of long-range transport has

also been observed over the western Mediterranean (Ortiz-

Amezcua et al., 2014).

Concerning natural aerosols, different cases of Saharan

mineral dust have been regularly documented with local op-

tical measurements on the island of Lampedusa by Meloni et

al. (2003, 2004), who indicate moderate AOD (at 415.6 nm)

of about 0.23–0.26 and one significantly larger event with

AOD values of 0.51. Meloni et al. (2008) also report AOD

(at 500 nm) measurements ranging between 0.29 and 1.18

for the 1999 to 2006 period. For some extreme cases, dust

AOD peaks may be even larger, reaching values up to 2 as

observed by di Sarra et al. (2011). In parallel to Lampedusa

observations, Kubilay et al. (2003) have also documented

three dust intrusion events at Erdemli (Turkish coast), occur-

ring in spring from the central Sahara, in summer from the

eastern Sahara, and in the fall from the Middle East/Arabian

Peninsula. In each case, the presence of dust particles sig-

nificantly increased the AOD, up to 1.8. Over the western

Mediterranean, different studies also reveal the impact of Sa-

haran dust that occasionally can lead to extreme events with

AOD (at 500 nm) above 1 (Guerrero-Rascado et al., 2009).

www.atmos-chem-phys.net/16/455/2016/ Atmos. Chem. Phys., 16, 455–504, 2016
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Figure 1. Aerosol optical depth (at 550 nm) derived from the MODIS and MISR satellites for the 2003 to 2012 period. The

AERONET/PHOTONS AOD is also indicated (in small circles).

For sea-spray particles, which are the second main natural

species observed over the Mediterranean, Nabat et al. (2013)

report a relatively low monthly mean AOD derived from

satellites and modeling data, with values lower than 0.05 (in

the visible wavelengths). By using recent improvements in

the sea-spray emission scheme, Spada et al. (2013) show an

averaged sea-spray AOD of around 0.04 for the month of

January (5-year period, 2002–2006), which is the favorable

period for generating primary sea spray due to strong sea sur-

face winds. Finally, and in the case of extreme wind episodes

occurring over the western basin, Salameh et al. (2007) show

that the amount of aerosol loading, solely due to the Mis-

tral, Tramontane and Ligurian outflows, is as large as 3–4

times the background aerosol amount. They indicate that the

contribution of sea-spray particles to the total aerosol load-

ing and optical depth ranges from 1 to 10 %. Salameh et

al. (2007) report AOD around 0.15–0.20 (at 865 nm) within

the sea-spray aerosol plume during such strong wind events.

In addition, Mulcahy et al. (2008) reported a high correlation

between AOD and wind speed, with AOD values of 0.3–0.4

at moderately high wind speed.

In addition to AOD, the knowledge of SSA is essential

for estimating the aerosol direct and semi-direct radiative

forcing. Concerning mineral dust particles observed over the

Mediterranean, it should be noted that significant variations

in SSA are reported, with values near 1 for purely scatter-

ing aerosols, and quite remarkable low values (0.74, 0.77 or

0.81) at Lampedusa (Pace et al., 2006; Meloni et al., 2003).

At the high-altitude Alpine Jungfraujoch station, SSA val-

ues are generally higher than 0.9 in the case of African dust,

but occasional SSA as low as 0.75–0.80 is reported by Col-

laud Coen et al. (2004). Intermediate values (0.85–0.92) have

also been reported over the Mediterranean basin (Kubilay et

al., 2003; Meloni et al., 2004; Saha et al., 2008). These esti-

mates clearly indicate that significantly different SSA values

are obtained following the dust particle origins and/or possi-

ble mixing of mineral dust with other species. For example,

Kubilay et al. (2003) underlined the importance of mixing,

showing SSA values clearly lower (0.85–0.90) in the case

of mineral dust transport coincident with urban–industrial

aerosols, as compared to pure dust (0.96–0.97).

In addition, SSA observed in the case of urban/industrial

regimes has also been well documented over the Mediter-

ranean Sea and coastal regions. In most cases, moderate

or low SSA (0.78–0.94) is observed due to emissions con-

taining absorbing black carbon aerosols. Over southeast-

ern France, optical computations performed by Mallet et

al. (2004) and Saha et al. (2008) indicate SSA values of

0.85 and 0.83 (at 550 nm) near the cities of Toulon and Mar-

seilles, respectively. Aircraft observations performed over

the Marseilles/Etang de Berre area during the ESCOMPTE

campaign show values ranging between 0.88 and 0.93 (at

550 nm) in the planetary boundary layer (PBL) (Mallet et

al., 2005). These SSA values are close to those observed

in southern Spain (0.86–0.90) by Horvath et al. (2002).

Over southeastern Italy, Tafuro et al. (2007) reported a

value of 0.94 during summertime corresponding to anthro-

pogenic particles. Finally, polluted particles transported over

the Mediterranean basin also have relatively low values as

reported by Markowicz et al. (2002) over Crete (0.87) and

by Di Iorio et al. (2003) (0.79–0.83) over Lampedusa for

two cases (25 and 27 May 1999) of “aged” anthropogenic

aerosols originating from Europe.

As opposed to dust and polluted aerosols, few studies have

derived the biomass burning SSA over the Mediterranean

Sea. One estimate has been obtained during STAAARTE-

MED by Formenti et al. (2002), who reported a mean dry

SSA of 0.89 (at 500 nm) for aged smoke from North Amer-

ica. Meloni et al. (2006) report estimations at Lampedusa

with values of 0.82± 0.04 (at 415 nm) for smoke aerosols

over the Mediterranean region. The observed differences be-

tween SSA values could be due to the fact that the smoke

events described by Meloni et al. (2006) are more “local”

and not (or somewhat less) mixed with other secondary

Atmos. Chem. Phys., 16, 455–504, 2016 www.atmos-chem-phys.net/16/455/2016/
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species, as compared to biomass burning particles docu-

mented by Formenti et al. (2002), which were issued from

very distant Canadian fires. Finally, at Palencia (Spain), Ca-

chorro et al. (2008) reported a column-integrated SSA of

0.88 (at 440 nm) for a biomass burning event occurring in

28 July 2004. One should remember that most estimations

of SSA over the Mediterranean have been obtained from sur-

face in situ or remote-sensing techniques. In that sense, the

ChArMEx/ADRIMED project provides innovative observa-

tions of 3-D aerosol SSA, allowing investigating changes in

its optical property during the transport of aerosols over the

Mediterranean.

Concerning the aerosol vertical profiles and apart from a

few airborne in situ measurements (Formenti et al., 2002),

most of the available information in the Mediterranean re-

gion comes from lidar observations, which provide highly

resolved vertical profiles of aerosol backscattering at one or

more wavelengths and, depending on the complexity of the

instrumental setup, particles depolarization and extinction.

Several sites are equipped with aerosol lidar systems and

carry out regular observations in a coordinated way within

EARLINET (European Aerosol Research Lidar Network;

Pappalardo et al., 2014; Wang et al., 2014). Numerous stud-

ies have been specifically dedicated to the vertical distribu-

tion of Saharan dust during extended time periods and/or

selected events from various Mediterranean regions, mainly

from ground-based systems: (i) the eastern basin in Thessa-

loniki (Hamonou et al., 1999; Balis et al., 2004), Crete (Balis

et al., 2006), the Aegean Sea (Dulac and Chazette, 2003),

and Athens plus Thessaloniki (Papayannis et al., 2005; Balis

et al., 2006); (ii) the central basin in Lampedusa (Di Io-

rio et al., 2003; Meloni et al., 2004), Lecce (Tafuro et al.,

2006), and at Etna (Tafuro et al., 2006); and (iii) across the

western basin with the first spaceborne lidar (Berthier et al.,

2006) and at Observatoire de Haute Provence (Hamonou et

al., 1999), and Barcelona (Pérez et al., 2006; Sicard et al.,

2011). Finally, using data from 20 EARLINET lidar stations,

Papayannis et al. (2008) indicate that African dust transport

over the Mediterranean basin is layered. Their analysis con-

firms early observations by Hamonou et al. (1999) that not

only different dust layers are superimposed at different alti-

tudes, but that these layers have different source regions. The

dust layers were generally detected between 1.8 and 9 km al-

titude.

Not only desert dust, however, can be transported above

the marine atmospheric boundary layer. Balis et al. (2004)

report non-dust aerosols within elevated layers over Thes-

saloniki, and Formenti et al. (2002) report a forest fire haze

layer from Canada observed from airborne measurements be-

tween approximately 1 and 3.5 km above the northeastern

Mediterranean in August 1998. Pérez et al. (2004) describe

the complex interaction among orography, sea breeze and

pollution that causes the recirculation of pollutants and pro-

duces a strong layering with pollution aerosol layers above

the boundary layer in the region of Barcelona. In addition,

aerosol plumes are emitted sporadically in the Mediterranean

free troposphere by Etna volcano. Such plumes have been

observed to travel at altitudes between 4 and 5 km (Pap-

palardo et al., 2004) or above (Sellitto et al., 2015) at a

relatively short distance from Etna. To summarize, the li-

dar observations clearly show that only part of the aerosol

transport occurs in the MBL demonstrating the need of us-

ing aircraft observations within the aerosol plume to deter-

mine the aerosol microphysical–chemical and optical proper-

ties of particles transported in altitude and so not detectable

at the surface. Indeed, although lidar observations provide

obviously crucial information on the aerosol vertical pro-

files, most of lidar systems cannot derive information on

the aerosol size distribution, optical properties and chemical

composition along the vertical. Such observations can only

be obtained using in situ aircraft vertical profiles as proposed

in this ChArMEx/ADRIMED experiment. As an example,

this project provides interesting and unique observations of

3-D aerosol size distribution during the transport over the

Mediterranean basin, allowing one to investigate changes in

size distribution between mixed and pure mineral dust.

In terms of radiative effects, such atmospheric aerosol

characteristics (loadings, absorbing properties, vertical lay-

ering) are known (Nabat et al., 2012; Papadimas et al.,

2012; Zanis et al., 2012) to significantly change the radia-

tive budget of the Mediterranean region by (1) decreasing

the sea surface incoming shortwave radiations, (2) increas-

ing/decreasing outgoing shortwave fluxes depending on the

surface albedo and (3) possibly heating turbid atmospheric

layers when particles absorb solar light. This is the so-called

aerosol direct radiative forcing (DRF). As for the AOD,

many aerosol DRF calculations are now referenced over the

Mediterranean, clearly showing that the DRF is significantly

larger at daily timescales than the one exerted by the addi-

tional anthropogenic greenhouse gases.

Concerning polluted aerosols, shortwave DRF has been

estimated by many authors (Horvath et al., 2002; Markowicz

et al., 2002; Meloni et al., 2003; Mallet et al., 2006; Roger

et al., 2006; Saha et al., 2008; di Sarra et al., 2008; Di Bia-

gio et al., 2009, 2010). Studies show significant decreases of

surface solar fluxes of about 20–30 Wm−2 (daily mean) for

different locations such as Almeria (southern Mediterranean

coast of Spain), Finokalia (Crete), Lampedusa, Marseilles

and Toulon (southeastern France). In parallel, the combina-

tion of surface and satellite remote-sensing observations per-

formed at Lampedusa has been used to perform calculations

of the DRF, both in the shortwave (SW; Di Biagio et al.,

2010) and longwave (LW; di Sarra et al., 2011; Meloni et al.,

2015) spectral regions for different cases of Saharan dust in-

trusions. These studies emphasize that the radiative effect of

desert dust in the LW spectral range is significant, and offsets

a large fraction of the SW forcing (di Sarra et al., 2011; Mel-

oni et al., 2015). More recently, Sicard et al. (2014a, b) have

also produced estimations of the dust LW radiative effect,
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based on remote-sensing observations in Barcelona and 1-D

radiative transfer calculations.

Concerning the smoke DRF, some calculations have been

conducted over the Mediterranean region by Markowicz et

al. (2002), di Sarra et al. (2008), Kaskaoutis et al. (2011)

or Formenti et al. (2002). One estimate, proposed by For-

menti et al. (2002) for an aged Canadian biomass-burning

plume, reveals a significant SW surface dimming of about ∼

60 Wm−2. In addition, the DRF induced by smoke aerosols

at Lampedusa between 3 and 23 August 2003, during the

exceptionally hot and dry season, was derived by Pace et

al. (2005) for the 300–800 nm spectral range. The smoke

atmospheric forcing was estimated to be between +22 and

+26 Wm−2, with a corresponding SW heating rate possibly

exceeding 2 Kd−1 at the smoke plume altitude.

At the regional scale, Papadimas et al. (2012) have pro-

posed a recent estimation of the aerosol DRF using MODIS

data from 2000 to 2007 for both all-sky and clear-sky con-

ditions. They derived a multi-year regional mean surface of

−19 Wm−2, associated with a TOA DRF of −4.5 Wm−2.

Regional modeling studies have also been recently proposed

by Nabat et al. (2012, 2014, 2015a) using the coupled-

chemistry RegCM and CNRM-Regional Climate System

Model (RCSM) for multi-year simulations. These works

reported a mean regional surface (TOA) forcing of about

−12 Wm−2 (−2.4 Wm−2) and −16 Wm−2 (−5.7 Wm−2)

for the RegCM and CNRM-RCSM models, respectively.

RegCM has also been used to investigate direct and semi-

direct radiative effects of mineral dust over the Sahara and

Europe in a test case of July 2003 (Santese et al., 2010).

In this work, Santese et al. (2010) computed a daily mean

SW DRF of −24 Wm−2 (−3.4 Wm−2) on 17 July and

−25 Wm−2 (−3.5 Wm−2) on 24 July at the surface (TOA)

on average over the simulation domain. Zanis et al. (2012)

also proposed a regional estimate of the DRF of anthro-

pogenic particles over the 1996–2007 period using RegCM

and showed a significant forcing of up to−23 Wm−2 at TOA

over eastern Europe. In addition, Péré et al. (2011) have used

the CTM-CHIMERE model coupled to the WRF model, for

estimating the DRF of anthropogenic particles during the

heat wave of summer 2003 and showed significant effects

with implications on the planetary boundary layer height (de-

crease up to 30 % in the presence of anthropogenic aerosols)

and local air quality. In addition to their important effects

on the surface and TOA DRF, most of the Mediterranean

aerosols are also able to absorb more or less effectively the

solar radiations leading to a significant atmospheric forcing

and associated SW heating rate. Local studies previously

mentioned (Roger et al., 2006; Saha et al., 2008; Pace et

al., 2005; Péré et al., 2011; Meloni et al., 2015) clearly re-

port significant SW heating rate due to absorbing particles

with values reaching up to 2–3 K per day, depending on the

aerosol types. Finally, aerosols also have a significant effect

on photolysis rates that may affect tropospheric chemistry

and ozone production over the basin (Casasanta et al., 2011;

Mailler et al., 2015).

With regards to such surfaces, TOA and atmospheric forc-

ings, there is a need to investigate how the change in the

radiative budget due to natural/anthropogenic aerosols in-

fluences surface temperature (both over land and sea), rel-

ative humidity profiles, exchanges (latent heat fluxes) be-

tween ocean and atmosphere, cloud cover (semi-direct effect

of absorbing particles), precipitation and finally the whole

Mediterranean hydrological cycle. The induced perturbations

in the sea surface–atmosphere fluxes is expected to be im-

portant despite the relatively small size of the Mediterranean

Sea, since this basin plays an important role at much larger

scale by providing moisture for precipitation to its surround-

ings land region extending to northern Europe and northern

Africa (Gimeno et al., 2010; Schicker et al., 2010). Indeed,

and as shown by Ramanathan et al. (2001) for the Indian re-

gion or Foltz and McPhaden (2008) and Yue et al. (2011) for

the Atlantic Ocean, a modification of the sea surface evapora-

tive fluxes, due to the dimming radiative effect of aerosols at

the sea surface could significantly influence the lower tropo-

sphere moisture content and the associated precipitation dis-

tribution around the Mediterranean. In parallel, the absorbing

particles over the Mediterranean (Mallet et al., 2013) could

exert a semi-direct effect that could modify the vertical pro-

files of relative humidity and cloud cover, which has to be

quantified. To our knowledge, there is no regional climate

simulation over the Mediterranean basin at this time that in-

cludes an ocean–atmosphere (O–A) coupled system model

for investigating this specific question.

In that context of the referenced modeling and observation

research over the Mediterranean basin, the main objectives

of the ChArMEx/ADRIMED project were the following:

– to conduct an experimental campaign, based on sur-

face and aircraft observations, for creating a rich 3-D

database of physical, chemical and optical properties of

the main Mediterranean aerosols, including (i) original

in situ aircraft observations of extinction coefficients,

size distribution, black carbon concentrations as well as

(SW and LW) radiative fluxes and associated heating

rates, (ii) balloons observations of aerosol size distribu-

tion and (iii) surface measurements including original

characterization of chemical properties

– to investigate how the aerosol size distribution and op-

tical (especially SSA) properties evolve along the verti-

cal, between the MBL and elevated layers, and during

the transport over the Mediterranean

– to use experimental surface and aircraft observations to

estimate the 1-D local DRF and forcing efficiency of

different aerosols at the surface, TOA and within the

atmospheric layer

– to investigate how the modifications of the radiative

budget due to aerosols affect the sea surface evaporation
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fluxes, relative humidity profiles, cloud cover, precipi-

tation and more largely the Mediterranean hydrological

cycle

The present article describes the experimental setup of

the campaign and the meteorological context and illus-

trates important results detailed in a series of compan-

ion papers. The rest of this article is divided into six dif-

ferent parts. In the first and second parts (Sects. 2 and

3), we describe the in situ and remote-sensing instrumen-

tation deployed at the two super-sites (Ersa and Lampe-

dusa) and secondary sites (Minorca, Capo Granitola and

the Barcelona and Granada EARLINET/ACTRIS stations),

the additional AERONET/PHOTONS (AErosol RObotic

NETwork/PHOtométrie pour le Traitement Opérationnel

de Normalisation Satellitaire, http://aeronet.gsfc.nasa.gov/;

Holben et al., 1998) and EARLINET/ACTRIS (European

Aerosol Research Lidar Network/Aerosols, Clouds, and

Trace gases Research InfraStructure Network, http://www.

actris.net/; Pappalardo et al., 2014) network stations that we

used, and the airborne observations obtained onboard the two

French research aircraft (ATR-42 and F-20) and with sound-

ing and drifting balloons. Sect. 4 is dedicated to presenting

the main meteorological conditions, cloud cover and precip-

itation, which controlled the aerosol emission and transport

during the period of observations. Sect. 5 presents some ex-

amples of results concerning the in situ and remote-sensing

observations, in terms of aerosol physical, chemical, opti-

cal properties, and vertical profiles, as well as 1-D DRF SW

and LW calculations. In the last part (Sect. 6), the model-

ing effort is presented. Different models are involved in this

project, from high-resolution meteorological and chemistry

transport models to regional climate models. The modeling

results are used to describe the anthropogenic (carbonaceous,

secondary inorganic and organic species) and natural (dust

and sea-spray) loading and the estimated DRF at the regional

scale for the period of experiment. An example of results of

longer (inter-seasonal and inter-annual) aerosol-climate sim-

ulations is presented in Sect. 6, based on the work of Nabat

et al. (2015a).

2 Overview of the surface observation network

The regional experimental setup deployed in the western and

central Mediterranean during the ChArMEx SOP-1a cam-

paign is shown in Fig. 2. Two super-sites (Cape Corsica and

Lampedusa) and 10 secondary sites (Fig. 2) have been used

in this project.

2.1 The Cape Corsica and Lampedusa surface

super-sites

Two super-sites were fully equipped for documenting the

aerosol chemical, physical and optical properties as well as

their possible mixing and their vertical structure at local scale

Figure 2. The regional experimental setup deployed in the western

and central Mediterranean during the ChArMEx SOP-1a campaign.

The two aircraft were based at Cagliari.

(Table 1). The main characteristics of these two surface sta-

tions are presented here. The first station was located in Ersa

on Cape Corsica (42◦58′10′′ N, 9◦22′49′′ E), near the north-

ern tip of Corsica. This station was primarily instrumented

for investigating polluted air masses transported over the

Mediterranean basin from the highly industrialized regions

of the Po Valley (Royer et al., 2010) and/or the Marseille–

Fos–Berre (Cachier et al., 2005) zone and Rhone Valley. This

ground-based remote station is located at an altitude of about

530 m above mean sea level (a.m.s.l.) on a ridge equipped

with windmills and benefits from a direct view to the sea

over a northern sector of ∼ 270◦ extending from the SW to

the SE. The Cape Corsica peninsula is a remote site ensuring

that the in situ measurements are not contaminated by local

anthropogenic pollution.

The Lampedusa super-site (35◦31′5′′ N, 12◦37′51′′ E) was

established at the Roberto Sarao station permanently oper-

ated by ENEA on the small island of Lampedusa (∼ 20 km2),

and it was augmented during the field campaign by the ob-

servations of the PortablE Gas and Aerosol Sampling UnitS

(PEGASUS) mobile station operated by LISA. This sur-

face station was mainly used for documenting very aged

air masses in southwesterly flow from Europe, southern air

masses from northern Africa (Tunisia, Algeria and Libya)

possibly laden with mineral dust, as well as marine aerosols.

It is situated on a cliff at about 45 m a.m.s.l. on the northeast-

ern tip of the island.

The complete instrumentation deployed during the SOP-

1a experiment for both super-sites is detailed in Table 1.

Briefly, it served to determine the complete aerosol physical,

chemical and optical properties as well as vertical profiles,

and to measure radiative fluxes (broadband SW and LW, and

spectral SW).

www.atmos-chem-phys.net/16/455/2016/ Atmos. Chem. Phys., 16, 455–504, 2016
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2.1.1 In situ measurements at super-sites

Both super-sites measured the mass concentration online us-

ing tapered element oscillating microbalance (TEOM) an-

alyzers. The number size distribution of particles are also

measured, including fine and coarse fractions (radius ranges

and corresponding instruments are reported in Table 1). The

aerosol composition was derived from chemical analyses of

filters and cascade impactors (DEKATI and MOUDI) with

time resolution varying from 12 to 48 h (depending on the

aerosol load), but also from high time resolution online mea-

surements by an ACSM (Aerosol Chemical Speciation Mon-

itor) at Ersa, a C-TOF-AMS (Time of Flight Aerosol Mass

Spectrometer) at Lampedusa, and two PILS (Particle Into

Liquid Sampler) systems at both sites (Table 1). The orig-

inal observations of aerosol chemical properties obtained

from PM10-PILS instrument at Ersa are detailed in Claeys

et al. (2016). Concerning aerosol optical properties, scatter-

ing and absorption coefficients (at wavelengths listed in Ta-

ble 1) have been estimated for both super-sites using a 3-λ

nephelometer and a 7-λ aethalometer, respectively. At Ersa

station, the extinction coefficient (at 870 nm) was also esti-

mated using a Photoacoustic Extinctiometer (PAX) instru-

ment, while it has been estimated at 2-λ (450 and 630 nm) at

Lampedusa using two Cavity Attenuated Phase Shift Spec-

troscopy (CAPS) systems.

Additional in situ measurements were performed at the

Ersa station. The mixing state of fine particles (at the two

selected diameters of 50 and 110 nm in dry conditions) has

also been estimated from their hygroscopic behavior using

a VHTDMA (volatilization and humidification tandem dif-

ferential mobility analyzer) system (Johnson et al., 2004). In

parallel, a TSI (model 3800) aerosol time of flight mass spec-

trometer (ATOFMS) (Gard et al., 1997) was used to measure

the size-resolved chemical composition of single particles

in the vacuum aerodynamic diameter (dva) size range 100–

3000 nm.

2.1.2 Remote-sensing and radiation measurements at

super-sites

A Leosphere Raman lidar model RMAN510 was setup at

low altitude (∼ 11 m above sea level) in the small village of

Macinaggio (42◦57′44′′ N, 9◦26′35′′ E) located on the east-

ern coast of Cape Corsica. The lidar was operated at about

6 km east of the Ersa station and less than 700 m from the

shoreline. The RMAN510 uses a laser emitting at 355 nm. It

measures the total and polarized backscatter at 355 nm and

the Raman nitrogen signal at 387 nm at night-time. A second

ALS300 510 lidar system has been deployed in Lampedusa

(Formenti et al., 2016) as well as a more powerful University

of Rome–ENEA homemade lidar measuring backscatter at

532 and 1064 nm (Di Iorio et al., 2016). The main character-

istics of lidar systems are provided and detailed in Table 1.

At each station, a multi-wavelength sun-photometer from

the AERONET/PHOTONS network was operated, allowing

the operational retrieval of column-integrated AOD at 340,

380, 440, 500, 675, 870, and 1020 nm (and also at 1650 nm at

Ersa) and aerosol optical and microphysical properties such

as the single scattering albedo, refractive index and particle

size volume distribution (Dubovik and King, 2000; Dubovik

et al., 2000, 2002, 2006). The Ersa sun-photometer has been

positioned since June 2008 near the navy semaphore on the

northwestern tip of Cape Corsica (43◦00′13′′ N, 9◦21′33′′ E,

alt.∼ 75 m a.m.s.l.) at about 4.2 km NNW of the Ersa surface

station.

Both super-sites were complemented by a pyrgeometer

and a pyranometer for monitoring longwave and shortwave

downward fluxes measurements, respectively. Additional ra-

diation measurements were performed at Lampedusa (Ta-

ble 1). Spectral measurements of global, diffuse, and direct

radiation were carried out with other instruments deployed

by ENEA and the Physikalisch-Meteorologisches Obser-

vatorium Davos, World Radiation Center (PMOD/WRC,

Switzerland). Multi-filter rotating shadowband radiometer

observations were carried out jointly with AERONET sun-

photometer (di Sarra et al., 2015) and allowed the derivation

of the AOD at several wavelengths. By combining these two

measurements, a long-term series of AOD, started in 2001,

was obtained. Measurements of the spectral actinic flux, al-

lowing the determination of the photolysis rates (Mailler et

al., 2015), were carried out with a diode array spectrometer.

Measurements of broadband irradiance included a CG3 pyr-

geometer sensitive to radiation in the atmospheric infrared

window. Finally, the total ozone and spectral UV irradiance

were obtained with a Brewer spectrophotometer. Several ra-

diosondes were also launched from Lampedusa during the

SOP-1a, and vertical profiles of temperature and humidity

were continuously measured by a microwave radiometer.

2.2 The secondary sites

2.2.1 Montesoro station

The Cape Corsica station was complemented by an

additional remote-sensing setup at the peri-urban air

quality station of Montesoro, southward of Bastia at

about 45 m a.m.s.l. (Léon et al., 2015), including a Leo-

sphere model EZ lidar operating at 355 nm (42◦40′17′′ N,

9◦26′05′′ E) and a Cimel AERONET/PHOTONS sun-

photometer (42◦40′19′′ N, 9◦26′06′′ E). In addition, some air-

quality parameters were monitored by Qualitair Corse, in-

cluding PM2.5 and PM10. This station is less than 1 km from

the shore on the northeastern coast of Corsica, about 32 km

south of Macinaggio.
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2.2.2 Barcelona station

The Barcelona station (41.39◦ N, 2.11◦ E, 115 m a.m.s.l.) was

equipped with the following fixed instruments including an

AERONET sun-photometer, an automated Sigma Space-

NASA Micro Pulse Lidar (MPL) and a Universitat Politèc-

nica de Catalunya (UPC) home-made multi-wavelength lidar

(Kumar et al., 2011). The MPL lidar works at 532 nm and

has a depolarization channel, while the UPC lidar works at

355, 532 and 1064 nm, and also includes two N2- (at 387

and 607 nm) and one H2O-Raman (at 407 nm) channels. The

MPL system worked continuously. The UPC system was op-

erated on alert in coordination with the two research aircraft

plans involved in the SOP-1a campaign. The UPC system is

part of the EARLINET network.

2.2.3 Minorca station

An additional station was set up during the campaign,

located at Cap d’en Font, on the southeastern coast of

the Balearic Island of Minorca (Spain, 39◦53′12′′ N and

4◦15′31′′ E, ∼ 10 m a.m.s.l.), which is relatively central in

the western Mediterranean basin. The Mobile Aerosol Sta-

tion (MAS) of the LSCE (Laboratoire des Sciences du Cli-

mat et de l’Environnement) laboratory was equipped with

the new Raman lidar WALI (Chazette et al., 2014a, b),

an AERONET/PHOTONS sun-photometer, and a set of in

situ instruments. A five-wavelength Solar Light Microtops-

II manual sun-photometer was also used. The WALI in-

strument, its calibration and the associated errors are docu-

mented in Chazette et al. (2014a). During all the experiment,

the acquisition was performed continuously with a vertical

resolution of 15 m. AOD at the lidar wavelength of 355 nm

has been extrapolated from that measured by sun-photometer

at 380 and 440 nm using the Angström exponent (Chazette et

al., 2015).

The in situ instruments installed onboard the MAS in-

cluded a three-wavelength TSI nephelometer, a Magee

Scientific Model AE31 seven-wavelength aethalometer, a

TEOM microbalance, and a Vaisala meteorological probe

type PTU300. The nephelometer was sampling through a

PM10 inlet to measure the aerosol scattering coefficient at

three wavelengths (450, 550 and 700 nm) with an integrating

time step of 5 min. The aethalometer was sampling through a

PM2.5 inlet to measure aerosol absorption (at seven wave-

lengths) and derive a 5 min average black carbon concen-

tration. The TEOM measured dry PM10 concentration ev-

ery 30 min. In addition two optical particle counters (OPCs)

were installed outdoors next to the sun-photometer on a mo-

bile platform. A MetOne HHPC-6 and a LOAC (Renard et

al., 2015a, b), respectively, measured aerosol particle number

concentration in 6 channels above 0.3 µm in diameter and in

19 channels above 0.2 µm. The LOAC instrument accuracy

is discussed in detail by Renard et al. (2015a, b).

2.2.4 Granada station

The station of the Atmospheric Physics Group (GFAT)

is located in the Andalusian Institute for Earth System

Research (IISTA-CEAMA), in Granada, Spain (37.16◦ N,

3.61◦W, 680 m a.m.s.l.). The station is at a relatively short

distance, about 200 km away, from the African continent

and approximately 50 km away from the western Mediter-

ranean Sea. During the SOP-1a campaign, lidar measure-

ments were performed simultaneously with a multiwave-

length Raman lidar and a scanning Raman lidar both from

Raymetrics S.A. The multi-wavelength Raman system is part

of the EARLINET network. In addition, a ceilometer was

operated. Column integrated characterization of the atmo-

spheric aerosol was performed following AERONET pro-

tocols with two Cimel sun-photometers deployed at two

different heights: Granada (680 m a.s.l.) and Cerro Poyos

(37◦6′32′′ N, 3◦29′14′′W, 1790 m a.s.l.) stations. In addi-

tion, in situ instrumentation was continuously operated pro-

viding measurements of aerosol light-absorption coefficient

at multiple wavelengths (multi-angle absorption photome-

ter (MAAP) from Thermo ESM Andersen Instruments and

Aethalometer model AE31), size distribution and particle

number concentration for diameters larger than 0.5 µm (TSI

aerodynamic particle sizer APS model 3321) and light-

scattering and backscattering coefficient at dry and at rela-

tive humidity of 85 % by means of a TSI tandem nephelome-

ter humidograph system. Furthermore, the chemical compo-

sition in the PM1 and PM10 size fractions was determined

during 16 and 17 June by collecting aerosol samples using

two high-volume samplers (Benavent-Oltra et al., 2016).

2.2.5 Capo Granitola station

Several instruments were also deployed at Capo Granitola

(37◦34′ N, 12◦40′ E), a site along the southern coast of Sicily.

The site, within a combined effort of ENEA, the University

of Florence, and the University of Valencia, was equipped

with a PM10 sampler, a MultiFilter Rotating Shadowband

Radiometer (MFRSR) to derive spectral AOD, and radiome-

ters and spectrometers for the measurement of global, direct,

and diffuse radiation throughout the SW and LW spectral

ranges.

2.3 Surface remote-sensing network

Two surface remote-sensing networks were operated

during the ChArMEx SOP-1a experiment, namely the

AERONET/PHOTONS and EARLINET/ACTRIS (Pap-

palardo et al., 2014) networks. These networks were highly

useful as they allow estimation of the column-integrated

aerosol loading as well as the vertical structure of particles.
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2.3.1 The AERONET/PHOTONS sun-photometer

network

AERONET (Aerosol Robotic Network; http://aeronet.gsfc.

nasa.gov/) is a federated network of ground-based sun-

photometers and the associated data inversion and archive

system that routinely performs direct sun observations about

every 15 min during daytime, and both almucantar and prin-

cipal plane sky radiance measurements, at selected solar an-

gles (Holben et al., 1998). Along with AOD observations, the

AERONET aerosol retrieval algorithm (Dubovik and King,

2000) delivers the complete set of column-effective aerosol

microphysical parameters, including volume size distribu-

tion, refractive index at several wavelengths and fraction of

spherical particles (Dubovik et al., 2006). In addition, using

these microphysical parameters, the algorithm provides other

column-effective aerosol optical properties such as wave-

length dependent SSA, phase function, and asymmetry pa-

rameter, as well as integral parameters of bi-modal particle

size distributions (concentration, mode radii and variances)

(Dubovik et al., 2002). The accuracy of AERONET retrievals

is evaluated and discussed by Dubovik et al. (2000, 2002).

In addition to microphysical and optical aerosol properties,

we also have used direct radiative forcing calculations op-

erationally provided at any AERONET location as an op-

erational product of the network. The method of derivation

is described in detail by García et al. (2012). Briefly, the

broadband fluxes were calculated using the GAME (Dubuis-

son et al., 2004; Roger at al., 2006) radiative transfer model

that has been integrated into the operational AERONET

inversion code. Sun-photometer stations used during the

SOP-1a campaign over the western basin are listed in Ta-

ble 2. The new instruments deployed specifically during the

ChArMEx/ADRIMED project are the Ersa, Cap d’En Font,

Cagliari and Majorque stations.

2.3.2 The EARLINET/ACTRIS network

Between 22 and 24 June, four ACTRIS/EARLINET lidar sta-

tions (in addition to the EARLINET sites of Barcelona and

Granada) were operated (Sicard et al., 2015a; Barragan et al.,

2016):

– Naples: backscatter (355 and 532 nm) and depolariza-

tion ratio (532 nm) profiles (22 June);

– Serra La Nave (Sicily): backscatter (355 nm) and depo-

larization ratio (355 nm) profiles (22 June);

– Potenza: extinction profiles (355 and 532 nm), backscat-

ter (1064 nm) and depolarization ratio (532 nm) profiles

(22 and 23 June);

– Lecce: extinction (355 and 532 nm), backscatter

(1064 nm), water vapor and depolarization ratio

(355 nm) profiles (22 and 24 June).

Figure 3. Overview of the different ATR-42 and F-20 flight trajec-

tories performed during the SOP-1a experiment.

3 Overview of the aircraft and balloon operations

3.1 Overview of the ATR-42 and F-20 flights

Figure 3 summarizes ATR-42 and F-20 flights trajectories

performed during the experiment and their main characteris-

tics. Most of the western Mediterranean basin has been in-

vestigated during the campaign by both aircrafts, excluding

areas under the control of African aviation authorities where

authorizations for scientific operations are very difficult to

obtain. The first period of the campaign (16 to 20 June) was

mainly dedicated to ATR-42 flights over Spain and Minorca

(16–17 June, flights 29–32) and southern France–Corsica

(19–20 June, flights 33–34). During the second period (21–

28 June) of the SOP-1a, ATR-42 flights were mostly con-

ducted over the Sardinia–Sicily–Lampedusa region in the

central Mediterranean (flights 35–40). In July, two ATR-42

flights (41 and 42) were conducted over Lampedusa on 2–

3 July and two others (43 and 44) on 4 July over the Gulf of

Genoa. It should be noted that most ATR-42 flights included

some transects at fixed altitudes (generally ∼ 30 min of du-

ration) associated with vertical profiles over surface super-

sites and secondary stations. Details about each flight track

are available on the ChArMEx Operation Centre website

(ChOC; http://choc.sedoo.fr). In Fig. 3, F-20 flights trajec-

tories are also indicated with the day corresponding to each
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Table 2. List of the long-term AERONET/PHOTONS sun-photometer stations operated in the western Mediterranean during the

ChArMEx/ADRIMED (SOP-1a) experiment.

AERONET/PHOTONS Latitude Longitude Altitude Nb. of Site

Site name (◦ N) (◦ E) (m) wavelengths characteristics

Modena 44.63 10.94 56 7 Urban

Avignon 43.93 4.87 32 4 Rural

Villefranche-sur-Mer 43.68 7.33 130 4 Peri-urban coastal

Frioul 43.26 5.29 40 8 Peri-urban coastal

Toulon 43.13 6.00 50 4 Urban coastal

Ersa 43.00 9.35 80 8 Remote island

Rome Tor Vergata 41.84 12.65 130 7 Peri-urban

Barcelone 41.38 2.17 125 4 Urban coastal

IMAA-Potenza 40.60 15.72 820 8 Urban

Lecce University 40.33 18.11 30 7 Peri-urban coastal

Cap d’en Font 39.82 4.21 10 7 Remote island

Oristano 39.91 8.5 10 4 Peri-urban coastal

Burjassot 39.50 −0.42 30 8 Urban coastal

Majorque 39.55 2.62 10 7 Peri-urban coastal

Cagliari 39.28 9.05 3 7 Urban coastal

Messina 38.20 15.57 15 4 Urban coastal

Granada 37.16 −3.6 680 7 Urban

Malaga 36.71 −4.47 40 7 Peri-urban

Blida 36.50 2.88 230 7 Rural coastal

Lampedusa 35.51 12.63 45 7 Remote island

Ouijda 34.65 1.90 620 8 Urban coastal

Ouarzazate 30.93 6.91 1136 8 Remote desert

flight. Except for 16 and 17 June, when F-20 is not flying,

most of the flights have been made jointly between the two

aircraft. The longer flight range of the F-20 allowed us to

document the Tyrrhenian Sea (not covered by the ATR-42)

and to perform vertical profiles of aerosols over southern

Italy in association with EARLINET/ACTRIS lidar observa-

tions. It should be finally noted the additional F-20 flight be-

tween Sardinia and Spain on 27 June specifically dedicated to

sample a forest fire plume transported long-range from North

America.

3.2 In situ and remote-sensing observations onboard

the ATR-42

The instrumentation deployed onboard the ATR-42, de-

scribed in detail in Denjean et al. (2015) and Nicolas et

al. (2016) is summarized in Table 3. It is analogous to the one

used for the two super-sites and was devoted to the character-

ization of microphysical, chemical and optical properties of

aerosols that have been advected above the MBL and so not

detectable at the surface. As indicated in Table 3, the num-

ber size distribution of aerosols, including fine and coarse

fractions, as well as the total concentration of particles have

been evaluated using SMPS, GRIMM, FSSP and UHSAS

systems. The corresponding size ranges for all instruments

are indicated in Table 3. A 3-λ nephelometer and 1-λ Cavity

Attenuated Phase Shift (CAPS PMex) particle light extinc-

tion monitor system (Petzold et al., 2013) have been used

conjointly for estimating scattering and extinction proper-

ties of particles. The CAPS-PMex system, used for the first

time onboard the ATR-42, provides an additional constrain

on the aerosol optical properties, useful to determine the ab-

sorbing properties. Indeed, the aerosol absorbing character-

ization remains largely challenging using filter techniques

(Moosmüller et al., 2009). These optical inter-comparisons

have been performed for different aerosol plumes and are

presented in Denjean et al. (2015).

In addition, passive remote-sensing observations have

been conducted during the SOP-1a experiment using the

PLASMA (Photomètre Léger Aéroporté pour la Surveil-

lance des Masses d’Air) system, which is an airborne sun-

tracking photometer with two main characteristics: lightness

and a wide spectral coverage (15 channels between 0.34 and

2.25 µm; see Karol et al., 2013). The instrument also con-

tains a microprocessor that derives the sun’s position depend-

ing on time, latitude, longitude (provided by a GPS system)

and the rotation of the airborne (provided by a gyroscope).

Spectral AOD is derived from these direct sun measurements

and the calibration coefficients. During the campaign, sev-

eral AOD comparisons were done between PLASMA and

AERONET/PHOTONS sun-photometers (Cagliari, Lampe-

dusa, Granada) showing differences within 0.01 at all wave-

lengths. Moreover, as a consequence of performing AOD

measurements at different heights, the aerosol extinction
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Table 3. In situ instrumentation deployed onboard the ATR-42 during the SOP-1a experiment.

Parameter measured Instrument Abbreviation Location in the Wavelength Nominal size

aircraft (nm) range (µm)

Size distribution Forward Scattering Spectrometer

Probe,

FSSP-300 Wing-mounted 632.8 0.28–20

Model 300, Particle Measuring Sys-

tems

Ultra High Sensitivity Aerosol Spec-

trometer,

UHSAS Wing-mounted 1054 0.04–1

Droplet Measument Technologies

Sky-Optical Particle Counter, GRIMM1 AVIRAD inlet 655 0.25–32

Model 1.129, Grimm Technik

Optical Particle Counter, GRIMM2 Communautary 655 0.25–32

Model 1.109, Grimm Technik aerosol inlet

Scanning mobility particle sizer, SMPS Communautary n/a 0.03–0.4

custom-built (Villani et al., 2007) aerosol inlet

Integrated number Condensation Particle Counters, CPC AVIRAD inlet n/a > 0.005

concentration Model 3075, TSI

Scattering coefficient 3λ Integrated Nephelometer, Nephelometer AVIRAD inlet 450, 550, 700 n/a

Model 3563, TSI

Absorption coefficient 3λ Particle Soot Absorption Photome-

ter,

PSAP Communautray 467, 530, 660 n/a

Radiance Research aerosol inlet

Extinction coefficient Cavity Attenuated Phase Shift, CAPS Communautary 530 n/a

Aerodyne Research Inc. Aerosol inlet

Photomètre Léger Aéroporté pour la PLASMA roof-mounted 340–2250 n/a

Surveillance des Masses d’Air

Chemical composition Filter sampling n/a AVIRAD inlet n/a n/a

Single particle soot photometer, SP2 Communautary 1064 0.08–0.5

Droplet Measurement Technologies Aerosol inlet

vertical profiles have also been obtained during every land-

ing/taking off and during pre-scheduled vertical profiles (Tor-

res et al., 2016). Finally, upward and downward radiative

fluxes (SW and LW) have been measured onboard the ATR-

42 by means of CMP22 and CGR4 radiometers calibrated

before the campaign.

3.3 Remote-sensing observations onboard the F-20

3.3.1 LNG observations

The LEANDRE Nouvelle Generation (LNG) was used in its

backscatter configuration during the ChArMEx-ADRIMED

field operation onboard the SAFIRE F-20 aircraft. In the

present campaign, the LNG system involved three elastic

channels at 1064, 532 and 355 nm. Depolarization was also

measured in a fourth channel operating at 355 nm. The pro-

files of atmospheric particulate extinction and backscatter

coefficients are then retrieved. Zenith pointing lidar mea-

surements were taken before most of the flights from the

ground at the Cagliari airport (39.25◦ N, 9.06◦ E) in Italy.

Lidar observations allow the detection of biomass burning

plumes (BBP) (see Sect. 4.3) arriving at the Cagliari airport

on 28 June as described by Ancellet et al. (2015).

3.3.2 OSIRIS observations

OSIRIS (Observing System Including PolaRisation in the

Solar Infrared Spectrum) is an instrument devoted to obser-

vation of the polarization and directionality of the solar radi-

ation reflected by the surface–atmosphere system. OSIRIS

is based on the same imaging radiometer concept as the

POLDER instrument (Deschamps et al., 1994). It includes

two optical systems: one for the visible and near infrared

range (VIS-NIR, from 440 to 940 nm) and the other for the

shortwave infrared (SWIR, from 940 to 2200 nm). OSIRIS

has eight spectral bands in the VIS-NIR and six in the SWIR.

During the SOP-1a campaign, OSIRIS was flown aboard the

French F-20 aircraft and looked at nadir. The quantities used

to derive the aerosol and cloud properties from OSIRIS are

the normalized total and polarized (unitless) radiances. The

aerosol algorithm used for OSIRIS over ocean is an optimal
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Figure 4. Trajectories of the 14 BPCL drifting balloons launched

from Minorca during the campaign. Dark portions along trajectories

correspond to night-time conditions. The four red labels from B54

to B57 indicate balloons with an ozone sonde and the 10 others

carried a LOAC instrument.

estimation method (OEM), similar to the one described in

Waquet et al. (2013). For ocean targets, we use all the avail-

able angular and polarized information acquired in three

spectral bands (490, 670 and 865 nm) to derive the aerosol

parameters and some properties of the surface. A combina-

tion of two log-normal size distribution functions is assumed

(i.e., a fine mode and a coarse mode) as well as a mixture of

spherical and non-spherical particles (Dubovik et al., 2006).

The main retrieved parameters are the aerosol AOD, SSA,

the fraction of spherical particles within the coarse mode and

the complex refractive index.

3.4 Balloon operations

Instrumented balloons were launched by the French Space

Agency (CNES) from the airfield of Sant Lluís (39◦51′55′′ N,

4◦15′15′′, 55 m a.s.l.) on Minorca, less than 6 km NE of the

Cap d’en Font station described above. Two types of balloons

were launched to document dust transport events: (i) as-

cending dilatable rubber balloons, and (ii) quasi-Lagrangian

spherical pressurized drifting balloons, called BPCL (Ballon

Pressurisé de Couche Limite, or boundary-layer pressurized

balloons).

A total of 15 sounding balloons were launched during the

campaign between 12 June and 2 July (Table 4) and most bal-

loons reached more than 30 km in altitude. Except for the first

test balloon on 12 June, the payload of sounding balloons in-

cluded a pair of meteorological sondes with temperature, hu-

midity and GPS sensors allowing the retrieval of the position

(±10 m), derived pressure (±1 hPa) and wind (±0.15 ms−1),

respectively coupled, for certain flights (see Tables 4 and 5),

to an ozone electrochemical sonde (Gheusi et al., 2015) and

a LOAC OPC (Renard et al., 2015a, b). Balloon trajectories

were confined within the area 39–41.2◦ N in latitude and 3–

5◦ E in longitude.

BPCLs are designed to drift and make observations with

a payload of a few kg in the lower troposphere for durations

of up to several weeks (Vialard et al., 2009). Two versions

were used, the standard one of 2.5 m in diameter, launched

pressurized, which is limited to a maximum float altitude

of about 2.5 km (Ducrocq et al., 2014), and one developed

for ChArMEx of 2.6 m in diameter, launched unpressurized

to reach a float altitude of more than 3 km in altitude. The

payload was composed of a GPS system, PTU instruments

on the upper pole of the balloon, a LOAC instrument on

the lower pole of the balloon and two solar radiation sen-

sors for upward and downward solar flux measurements. In

addition a BPCL equipped with a modified ozone electro-

chemical sonde (Gheusi et al., 2015) instead of a LOAC

was launched in parallel of a LOAC balloon on 4 occasions

on 16 and 17 June (BPCL B53 and B54, respectively), and

on 2 July (BPCL B55 and B57). 14 BPCL balloons were

launched in total between 16 June and 2 July 2013 (Ta-

ble 5). Trajectories are plotted in Fig. 4 with a visualization

of daytime vs. night-time conditions. The longest flight in

terms of distance (1053 km) and time duration (32.6 h) was

the ozone BPCL B57, which passed the Sicily Strait and

reached the southern limit of the authorized flight domain

south-southwest of Malta. Communication failure occurred

with the two balloons B53 and B70. Flights were automat-

ically terminated by drilling the envelope at a distance of

30 km from the southeastern French coasts, the western Sicil-

ian coast, or the northern Tunisian coast. BPCL float altitudes

ranged between about 1850 and 3350 m a.m.s.l. (balloon B54

with an ozone sonde and B71 with a LOAC, respectively).

Pairs of balloons with LOAC measurements were launched

at different float altitudes to document Saharan dust trans-

port on 16 June (2100 and ∼ 3100 m a.m.s.l.) and 19 June

(2550 and ∼ 3500 m a.m.s.l.).

4 Overview of meteorological conditions

4.1 Synoptic situation

As mentioned below, the SOP-1a experiment was mostly

characterized by moderate aerosol loading mainly controlled

by the contribution of mineral dust particles. This situation is

well observed through the AOD derived by MODIS (Tanré

et al., 1997), MISR (Kahn et al., 2010), PARASOL (Tanré

et al., 2011) or SEVERI (Thieuleux et al., 2005) sensors and

averaged for the June–July 2013 period (Fig. 5), which show

an average AOD ranging between 0.2 and 0.4 (at 550 nm)

over the western and central Mediterranean basins. During

the SOP-1a, distinct meteorological conditions have led to

the transport of mineral dust over the basin as shown in

Figs. 5 and 6. Figure 7 shows the dust mass concentration

together with the geopotential and wind at 700 hPa for 16,

19, 22, 29 June and 2 July. In the following sections, we dis-

cuss the meteorological conditions (surface wind, sea level
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Table 4. Characteristics of the 15 sounding balloon flights from Sant Lluis, Minorca, during the ChArMEx SOP1a/ADRIMED campaign.

No. Date (2013) Start time (UTC) Ceiling altitude (m) Latitude at ceiling Longitude at ceiling Sensors

BLD1 12 June 21:13 21 178 39.5156◦ N 04.3010◦ E T , U

BLD2 15 June 21:40 32 119 39.9903◦ N 04.1801◦ E T , U , LOAC, O3

BLD3 16 June 10:29 31 880 40.0527◦ N 04.1524◦ E T , U , LOAC, O3

BLD4 16 June 21:13 33 390 40.0999◦ N 04.0118◦ E T , U , LOAC, O3

BLD5 17 June 10:01 32 744 40.2109◦ N 03.9672◦ E T , U , LOAC, O3

BLD6 17 June 18:25 33 411 40.2502◦ N 03.9402◦ E T , U , LOAC, O3

BLD7 18 June 16:34 35 635 40.5832◦ N 04.0515◦ E T , U , LOAC

BLD8 18 June 21:17 21 507 40.6372◦ N 04.4889◦ E T , U , LOAC, O3

BLD9 19 June 10:12 30 902 40.6794◦ N 04.3691◦ E T , U , LOAC, O3

BLD10 19 June 13:48 36 129 40.6553◦ N 04.1970◦ E T , U , LOAC

BLD11 27 June 09:43 35 832 39.7546◦ N 04.4746◦ E T , U , LOAC

BLD12 28 June 05:36 36 293 39.4505◦ N 04.1709◦ E T , U , LOAC

BLD13 29/30 June 23:31 36 310 39.6168◦ N 03.7383◦ E T , U , LOAC

BLD14 30 June 14:03 36 319 39.8937◦ N 03.9568◦ E T , U , LOAC

BLD15 2 July 10:27 32 833 39.9942◦ N 04.2996◦ E T , U , LOAC, O3

Table 5. Characteristics of the 14 BPCL drifting balloon flights.

Date and time of Balloon Nbr and Last data time Last data location Trajectory length Flight duration Approximate float

launch (UT) type of sensor (UT) (km) (h) altitude (m)

16 June, 09:46 B74, LOAC 16 June, 21:51 43.0265◦ N, 05.2285◦ E 368 11:57 2100

16 June, 09:53 B53, O3 17 June, 00:26 40.6541◦ N, 06.2398◦ E 203 14:28 3000–3050

16 June, 09:58 B70, LOAC 16 June, 23:01 40.1825◦ N, 06.1293◦ E 174 13:17 3050–3150

17 June, 09:27 B54, O3 17 June, 16:49 43.1433◦ N, 03.5293◦ E 371 07:22 1850–2000

17 June, 09:29 B75, LOAC 17 June, 16:51 43.0868◦ N, 03.6866◦ E 365 07:23 1950–2050

17 June, 11:07 B72, LOAC 17 June, 19:07 43.2333◦ N, 04.7403◦ E 382 08:03 2750

19 June, 10:34 B77, LOAC 19 June, 17:59 43.1576◦ N, 04.7562◦ E 387 07:37 2550

19 June, 10:35 B71, LOAC 19 June, 15:03 43.0560◦ N, 05.1336◦ E 369 04:39 3250-3350

27 June, 10:00 B80, LOAC 28 June, 12:07 37.9165◦ N, 12.1605◦ E 759 26:19 2950–3050

28 June, 05:20 B73, LOAC 28 June, 17:24 37.4095◦ N, 09.2346◦ E 523 12:16 2650–2750

2 July, 13:03 B76, LOAC 03 July, 09:38 37.8897◦ N, 12.1312◦ E 731 20:39 3150–3250

2 July, 13:11 B57, O3 03 July, 22:43 35.0900◦ N, 14.1140◦ E 1053 33:44 3100–3200

2 July, 17:59 B55, O3 04 July, 02:20 37.3545◦ N, 12.21980E 762 32.32 2400–2450

2 July, 17:50 B78, LOAC 04 July, 02:13 37.5639◦ N, 12.1507◦ E 755 32.25 2350–2450

pressure, 700 hPa geopotential and wind direction) for these

different days in order to understand the transport of mineral

dust aerosols over the Mediterranean.

Wind direction and intensity vertical profiles as simulated

by the ALADIN-Dust (Mokhtari et al., 2012) model (out-

puts every 3 h) as a function of time, for the 11 June to

6 July period and for the whole SOP-1a period at three dif-

ferent sites, Ersa, Minorca and Lampedusa, are shown in

Fig. 8. At the beginning of the SOP-1a, the northwestern

Mediterranean area was under the influence of a large pres-

sure ridge at 700 hPa, generating a westerly to southwest-

erly flow over Spain and southern France. Over Minorca,

the near-surface (1000–850 hPa) winds were generally from

the easterly to northeasterly directions (indicated by the blue

color in Fig. 8), while the wind direction estimated between

700 and 500 hPa was clearly from the south-southwesterly

direction (brown color), which is a favorable condition for

the transport of mineral dust above southern Spain and the

Balearic Islands (Fig. 6). This point is well observed in Fig. 7,

showing the geopotential at 700 hPa for 16 June. The general

circulation at 700 hPa during this dust event indicates a rein-

forcement of the southwesterly winds in southern Spain ad-

vecting air masses with large concentrations of dust aerosols

as shown by SEVIRI AOD (AOD of 0.4–0.5) for that day

(Fig. 6). A low-pressure system moved from the British Isles

towards the Gulf of Biscay and then the Iberian Peninsula

between 17 and 20 June, leading to veering winds that be-

came southerly over the northwestern Mediterranean. Thus,

in Minorca, the direction of the wind changed from an east-

erly to a southerly direction between 1000 and 850 hPa. A

more pronounced southerly–southwesterly flow was also ob-

served at 700 hPa in Minorca (19–21 June) as shown by

the geopotential at 700 hPa. This circulation characterized

by the presence of the low geopotential over the Gulf of
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Figure 5. Total AOD (550 nm) obtained from the MODIS, MISR and SEVIRI (sea only) sensors for the June–July 2013 period. The

AERONET/PHOTONS AOD is also indicated.

Biscay induced a strong southerly flow at 700 hPa between

the Balearic Islands and Corsica associated with large dust

optical depth concentrated in this zone as shown by SEVIRI

AOD (AOD of 0.3–0.4) for 19 June (Fig. 6). This period of

the SOP-1a corresponds to the two ATR-42 flights 33 and 34

(Fig. 3). After 20 June, this low-pressure system moved east-

ward, generating a trough located between France and Italy,

and inducing a waving westerly flow over the northwestern

Mediterranean. As a result, the aerosol loading over the west-

ern basin decreased between 21 and 24 June, but the west-

erly (northerly) winds observed at 700 hPa in Minorca (Ersa)

(Fig. 8) reinforced the transport of dust aerosols over the cen-

tral basin and the Lampedusa station (where winds were from

the northwesterly direction at 3 km height). These meteoro-

logical conditions lead to an increase of the dust optical depth

over the central Mediterranean as shown by the SEVERI in-

strument and AERONET/PHOTONS data. Between 25 and

29 June, a northwesterly flow set up between the Gulf of Lion

and Sicily. The vertical profiles of the wind direction reveal

a remarkable transition on 29 June with significant changes

in direction from westerlies to north-northwesterlies, no-

tably over the Minorca and Ersa stations above 850 hPa. The

700 hPa geopotential field on 29 June at 12:00 UTC from the

ERA-Interim reanalysis (Fig. 7) shows a maximum over the

Atlantic Ocean, whereas a deep low-pressure system was lo-

cated over southern Algeria. This strong geopotential gra-

dient leads to intense northerly to northwesterly winds at

700 hPa over the western basin, leading to significant AOD

over Libya (AOD of 0.4–0.5) and the Alboran Sea (AOD of

0.5–0.6) as shown in Fig. 6. These meteorological conditions

lead to low dust optical thickness over the central Mediter-

ranean as observed by AERONET/PHOTONS data. Finally,

during the last period of the SOP-1a experiment (30 June–

5 July), weather conditions became more anticyclonic over

the region, while low systems were confined to northern Eu-

rope. Figure 8 shows northwesterly winds in the whole tro-

posphere in Lampedusa and Minorca, limiting the presence

of dust aerosols to the southern part of the northwestern

Mediterranean.

4.2 Surface temperature, cloud cover and precipitation

In terms of surface temperature, which is one of the

most important meteorological variables that control bio-

genic or biomass burning aerosol emissions over the Euro-

Mediterranean region, the summer 2013 was mostly char-

acterized by moderate values as shown in Fig. 9. Indeed,

during the SOP-1a period, surface temperatures (in ◦C and

at 12:00 UTC) derived from NCEP reanalysis (Kalnay et

al., 1996) for different days reveal moderate values, espe-

cially over the western Mediterranean region (southwestern

France and Spain). One can observe temperatures of about

15–20 ◦C (at 12:00 UTC) over Spain and Portugal, which

are one of the main regions of the Mediterranean where

large fire events occur. In addition, part of France was also

characterized by moderate surface temperature but slightly

higher than over Spain especially over northeastern regions.

A strong west to east gradient is observed over Europe with

strongest values over the eastern regions (around 30 ◦C over

Greece and the Balkans) compared to the western basin. A

similar conclusion is obtained over the Mediterranean Sea

with differences of about 5 ◦C between the eastern (around

25 ◦C for the SOP-1a period) and the western (around 20 ◦C)

basins. Among other factors (such as cloud fraction and

shortwave radiations), such moderate surface temperatures

do not create favorable meteorological conditions to produce

intense Mediterranean biomass burning events and/or signifi-

cant production of secondary organic and inorganic aerosols.

Concerning smoke aerosols, GAFS-V1 emission data, ana-

lyzed for the SOP-1a period, do not reveal important pri-

mary BC and OC flux emissions (not shown). This is con-

sistent with the APIFLAME biomass burning emission esti-

mates (Turquety et al., 2014) data as reported by Menut et

al. (2015).

During the SOP-1a, the cloud cover retrieved over the

Euro-Mediterranean region (excluding the Mediterranean

Sea) from CRU (Climate Research Unit) data (Harris et al.,

2013) (Fig. 10) indicates the largest values (between 75 and

95 %) over the French, Benelux and eastern Europe regions.

In parallel, southern France, as well as western Spain and the
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Figure 6. AOD MSG/SEVIRI observations for 5 different days dur-

ing the SOP-1a experiment (16, 19, 22, and 29 June and 3 July). The

AERONET/PHOTONS AOD is also indicated.

Balkans are characterized by moderate cloud cover with val-

ues around 50–60 % for June 2013. Over the Mediterranean

coast, the cloud cover strongly decreases for most of coun-

tries, with values lower than 40 %. Such spatial cloud cover

(observed during the SOP-1a) over the Euro-Mediterranean

could limit the photochemical processes over the main an-

thropogenic sources (such as the Benelux and Po Valley)

and the associated production of secondary aerosols. This

could explain for a part the low to moderate contribution

of fine anthropogenic particles to the total atmospheric load-

ing during the SOP-1a. In parallel, the mean precipitation

(averaged for June 2013), obtained from the TRMM (Trop-

ical Rainfall Measuring Mission) instrument over land and

sea (CRU observations are only available over land; see

Fig. 10), are found to be very heterogeneous over the Euro-

Mediterranean continental region, with some important val-

ues over the Balkans, Alps and eastern Europe (from 100

to 250 mm for the month of June 2013) and moderate val-

ues over Italy, Croatia, western France and Benelux (80 to

100 mm, as shown in Fig. 11). Over the Mediterranean Sea,

southern Spain and northern Africa, the precipitation was

smaller, with most of the values lower than 20 mm during

the SOP-1a.

To summarize, this global view of the synoptic situation,

cloud cover and regional precipitation patterns indicates that

the meteorological conditions during the experimental cam-

paign were favorable to moderate mineral dust emissions, as-

sociated with a weak contribution of anthropogenic aerosols

over the western basin. This important characteristic of the

SOP-1a is well observed in Fig. 12, which indicates the

AOD anomalies (calculated for the period 2000–2013) of

summer 2013 compared to all AOD summer derived from

MODIS and MISR data. Indeed, negative AOD anomalies

of about −0.05 are found over the western Mediterranean

basin for the summer of 2013, both from MODIS and MISR

observations. To conclude, it appears that the period of ob-

servations during the SOP-1a was characterized by aerosol

concentration slightly lower but in the same range of magni-

tude that usually observed during summer over the western

Mediterranean. The level of aerosol concentration was found

to be moderate but allows investigating several dust and sea-

spray events as well as an interesting intense biomass burning

plume advected from North America.

4.3 An aged smoke plume advected over Europe

During the SOP-1a, several large forest fires occurred in

North America (Colorado, Alaska, Canada) from 17 to

24 June 2013, as identified by the MODIS instrument.

The absorbing aerosol index produced from GOME-2 by

KNMI (http://www.temis.nl/aviation/aai-pmd-gome2b.php?

year=2013) shows that a large smoke plume crossed the

North Atlantic and reached western European coasts on

25 June. Main fire areas, with fire radiative power higher

than 50 MW (Shroeder et al., 2010), have been detected over

Canada (Ancellet et al., 2015). Average MODIS AOD dur-

ing the same period (23 to 28 June 2013) indicate values as

high as 1 over the Atlantic Ocean, suggesting that a signifi-

cant fraction of the aerosol produced by the fires was trans-

ported to western Europe during the ChArMEx/ADRIMED

field campaign. To investigate whether the western Mediter-

ranean has been impacted by these fires, a forward simulation

of the FLEXPART (Ancellet et al., 2015) Lagrangian plume

dispersion model has been conducted to quantify the spatial

extent of the fire plume transport for 11 days. Fire emissions

www.atmos-chem-phys.net/16/455/2016/ Atmos. Chem. Phys., 16, 455–504, 2016

http://www.temis.nl/aviation/aai-pmd-gome2b.php?year=2013
http://www.temis.nl/aviation/aai-pmd-gome2b.php?year=2013


472 M. Mallet et al.: Overview of the ChArMEx/ADRIMED summer 2013 campaign

Figure 7. Geopotential and wind intensity at 700 hPa (ERA-Interim reanalysis), and mass dust concentration (in mgm−3) simulated from

the ALADIN-Dust model for 6, 19, 22, 29 June and 2 July at 12:00 UTC.

areas were identified by MODIS observations over several

locations in Canada and Colorado. The aerosol mass is emit-

ted in the transport model from 17 to 28 June in a 3 km layer

as suggested by the CALIOP lidar observations over Canada.

The biomass burning plume reaches much lower latitudes

over Europe, down to the western Mediterranean 4–10 days

after the emission in Canada. During the SOP-1a, the plume

was mainly present in the altitude range of 2.5–4.5 km and

has been sampled by many remote-sensing and in situ instru-

ments on 27 and 28 June: at the Minorca and Cagliari surface

stations, and between Sardinia and Lampedusa onboard the

ATR-42 aircraft.

5 Overview of aerosol physical-chemical-optical

properties, vertical profiles and local direct radiative

forcing

5.1 Aerosol physical and chemical properties

5.1.1 Aerosol mass and number concentration at the

two super-sites

First, PM concentrations between the two different stations

are reported in Fig. 13, which reports the daily time series of

PM1 and PM10 at Ersa, as well as PM10 and PM40 at Lampe-

dusa. The results indicate a significantly higher mass con-

centration at Lampedusa compared to Ersa. Indeed, the mass

concentration observed at Lampedusa is comprised between

10 and 30 µgm−3, with a mean of 21 µgm−3, which is two

times higher than the averaged PM10 (∼ 9 µgm−3) measured

at Ersa. One can note the significant peak of PM40 (maxima

of 75 µgm−3) at Lampedusa during the 24 to 26 June pe-

riod that corresponds to a significant production of primary
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Figure 8. Wind profiles between 1000 and 200 hPa during the SOP-

1a experiment for three different sites (Ersa, Lampedusa and Mi-

norca) simulated from the ALADIN-Dust model. The wind inten-

sity (in ms−1) is also reported at the different stations.

marine aerosols. Finally, the PM1 concentration at Ersa is

found to be almost constant during the period of the cam-

paign, with a mean value of 6 µgm−3. In order to take into

account the difference of altitudes between the two sites

of Lampedusa and Ersa, we have applied a correction fac-

tor to PM10 observed at Ersa (530 m) for estimating a new

PM10 concentration corresponding to the altitude of Lampe-

dusa. In that sense, we have applied the logarithmic law re-

ported by Piazzola et al. (2015) using a value of 0.75 for

the factor s to correct the mass concentration of sea-spray

aerosols only. The calculated mean value of PM10 is about

12 µgm−3 (Fig. 13), closer to the mean value observed at

Lampedusa (21 µg m−3). In addition, the background aerosol

number concentrations (for Dp> 0.01 µm) observed within

the boundary layer in Corsica averaged ∼ 2000 cm−3 (not

shown). The lowest concentrations (∼ 200 cm−3) resulted

from aerosol activation to cloud droplets, and scavenging

from cloud droplets and rain drops, while high concentra-

tions as high as 10 000 cm−3 were observed during pollution

events from continental European air masses. The number

concentrations showed a diurnal cycle suggesting that the

site was situated within the marine boundary layer during

daytime and within the free troposphere during night-time.

The analysis of the diurnal variation of the particle num-

ber size distribution further indicates that nucleation events

also increased the particle number concentration during day-

time, about one-third of the time (Sellegri et al., 2016). The

periods of high aerosol number concentrations detected be-

tween 12 and 25 June were also dominated by a single

mode with diameters between 30 and 150 nm. The small

Aitken mode (dg< 50 nm) associated with pollution events

suggests a relatively fresh aerosol that has been formed dur-

ing transport from the European continent. The largest mode

(dg∼ 150 nm) occurred during the dust event on 18 June.

5.1.2 Columnar particle volume size distribution

We have used the column-integrated particle size volume dis-

tributions derived from AERONET/PHOTONS sky radiance

measurements (Dubovik et al., 2000). These size distribu-

tions allow investigation of the changes in aerosol size distri-

bution between different stations during the SOP-1a and over

the western basin. Four different stations have been studied,

which include the two super-sites of Lampedusa and Ersa,

as well as the aircraft and balloon base stations, Cagliari and

Cap d’En Font, respectively. Daily volume size distributions

for both sites are represented in Fig. 14, as well as the aver-

aged (red curve) size distribution for the whole period (1 June

to 5 July) and the number of observations. In addition, the

mean values of the volume radius, concentration of fine and

coarse mode and the standard deviations of the volume size

distribution are reported in Table 6. It should be noted that

the scales of the y axis are different for each figure. One

can note the bimodal size distribution for both stations with

large spread of radius values, especially for the coarse mode.

The most important concentrations are obviously observed in

Lampedusa, near the mineral dust sources, with maxima of

∼ 0.12 µm3 µm−2 for the coarse mode. In parallel, the low-

est concentrations are observed at the Ersa station due to the

absence of intense polluted photochemical or smoke aerosol

events over southern France and Italy during the SOP-1a. In

that sense, the mean contribution (red curve) of the coarse

mode to the aerosol volume size distribution appears to be

predominant at most sites, except at the Ersa station. How-

ever, the inclusion of the corrected factor (Piazzola et al.,

2015) for taking into account the altitude of the Ersa site

reduces slightly the differences in the concentration of the

coarse mode with the Lampedusa station (see Table 6). This

point is well noted for the Cap d’En Font station, where the

concentration of each modes appear as equivalent, due to

the absence of pollution from the Iberian Peninsula during

the period of observations. For this site, it is interesting to

note the intense peak of concentration (0.08 µm3 µm−2) for

27 June, which is due to the transport of an important smoke

plume over the Mediterranean (see Ancellet et al., 2015;

Chazette et al., 2015). Finally, the contribution of the coarse
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Figure 9. Surface temperature (at 12:00 UTC) obtained from NCEP re-analysis for 16, 17, 19, 20 and 22 June.

mode clearly increases for the two other, more southern Ital-

ian sites of Cagliari and Lampedusa, which are more affected

by the mineral dust compared to Ersa and Cap d’En Font. The

variability of AERONET products collected over a period of

4 years at Ersa and Palma de Mallorca, near Cap d’En Font,

is reported in Sicard et al. (2015b). It is interesting to note

the variability (±0.05) in the derived size of the coarse mode

at Lampedusa (see Table 6), which will be analyzed with re-

gards to dust sources in a future study. The derived volume

concentrations over these two stations highlight the moder-

ate dust activity occurring during the SOP-1a experiment,

when compared to stations under high dust conditions. As

an example of comparisons, Dubovik et al. (2002) reported

a large range of concentration for the coarse mode for dusty

sites (such as Cape Verde or Solar Village), which are char-

acterized by larger concentrations, close to 0.30 µm3 µm−2.

In parallel, the Bahrain (Persian Gulf) AERONET station is

characterized by a concentration of 0.14–0.15 µm3 µm−2.

5.1.3 Particle size distribution during transport

Figure 15 presents an example of the evolution of the aerosol

particle number concentrations in the 19 particle size classes

of the LOAC instrument as measured along the northward

trajectory of BPCL balloon B74 from Minorca to the French

coast (see Fig. 4). The balloon was launched at 09:46 UTC

on 16 June 2013 during a moderate desert dust event shown
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Figure 10. Monthly cloud cover and precipitation (over land only) derived from the Climate Research Unit (CRU) data for June 2013.

Table 6. Main aerosol volume size distribution characteristics: rvf (µm), σf, rvc (µm), σc, Cvf, and Cvc, for the four different

AERONET/PHOTONS stations: Ersa, Lampedusa, Cagliari and Cap d’En Font. Cvi denotes the particle volume concentration, rvi is the

median radius, and σi is the standard deviation. Each average value in the table is accompanied by its standard deviation (this is not an

accuracy of the retrieval). As mentioned in the text, the concentration of the coarse mode at Ersa has been corrected to be comparable to

results at other stations closer to the sea surface, using the logarithmic law proposed by Piazzola et al. (2015).

Ersa Ersa corrected Lampedusa Cagliari Cap d’En Font

Number of observations 25 18 20 17

rvf (µm) 0.16± 0.02 n/a 0.14± 0.01 0.15± 0.03 0.17± 0.03

σf 0.43± 0.03 n/a 0.50± 0.06 0.46± 0.04 0.45± 0.04

rvc (µm) 2.49± 0.43 n/a 2.36± 0.48 2.52± 0.28 2.48± 0.30

σc 0.69± 0.03 n/a 0.68± 0.05 0.71± 0.04 0.71± 0.04

Cvf (µm3/µm2) 0.02± 0.01 n/a 0.02± 0.01 0.02± 0.01 0.02± 0.01

Cvc (µm3/µm2) 0.03± 0.01 0.04 0.08± 0.05 0.05± 0.03 0.04± 0.03

Figure 11. Same as Fig. 10 but for the Tropical Rainfall Measuring

Mission (TRMM) precipitation observations.

at the top of Fig. 6 (AERONET-derived AOD at 550 nm of

0.15). It drifted at a constant altitude of ∼ 2.1 km at the bot-

tom of the African dust layer observed with the WALI li-

dar at Minorca (not shown; see Chazette et al., 2015), and

was automatically forced to land on the sea before reaching

the coast south of Marseilles, after a 12 h flight of 368 km.

The dominant mineral dust nature of the particles was con-

firmed by the LOAC particle typology measurements (Re-

nard et al., 2015b). The figure illustrates that LOAC has de-

tected large particles of up to 50 µm in diameter, although

the plume originated from northern Africa a few days before

(Renard et al., 2015b). The concentrations of particles re-

mained relatively constant during the flight, suggesting either

no significant sedimentation of the largest particles during

the flight or compensation by particles coming from above.

BPCL balloon B70 launched a few minutes later drifted at

an upper altitude of ∼ 3.1 km and followed a different tra-

jectory towards the east (Fig. 4), but showed a quite similar

extended particle size range with larger concentrations in al-

most all channels except the extremes (not shown). The four

other drifting balloons launched in the dust layer during this

event on 17 and 19 June (Table 5) did confirm the presence

of very large particles (> 20 µm), which cannot be reported

by the AERONET particle size distribution retrieval algo-

rithm (Hashimoto et al., 2012). In addition, observations of

large particles (> 15 µm) were systematically found during
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MISR observations MODIS observations

Figure 12. AOD (550 nm) anomaly for summer 2013 estimated from the MODIS and MISR sensor data.

Figure 13. Time series of daily PM mass concentrations estimated

at the Lampedusa (PM40 and PM10) and Ersa (PM1 and PM10)

super-stations. Problems in PM10 data acquisition that occurred

at Ersa explain the gaps. PM10 Ersa corrected curves correspond

to PM10 estimated at an altitude of 45 m to be comparable with

Lampedusa results, following the logarithmic law provided by Pi-

azzola et al. (2015) (see text in Sect. 5.1.1 for details).

all other LOAC balloon flights drifting in African dust lay-

ers, which will need further analysis to better understand the

process that can maintain such large particles in suspension

during several days.

Concerning the aerosol microphysical properties, aircraft

observations have allowed us to investigate the vertical struc-

ture of aerosol size distribution showing particles character-

ized by large sizes (> 10 µm in diameter) within dust plumes.

In addition, in most of the cases, a coarse mode of mineral

dust particles, characterized by an effective diameter Deff,c

ranging between 5 and 10 µm, has been detected within the

dust layer located above the MBL. Such values are found to

be larger than those referenced in dust source regions dur-

ing FENNEC, SAMUM1 and AMMA, as well as measure-

ments in the Atlantic Ocean in the Cape Verde region during

SAMUM-2 and at Puerto Rico during PRIDE. The complete

analysis of aerosol size distribution is detailed in Denjean et

al. (2015).

5.1.4 Aerosol chemical composition

In terms of aerosol chemical properties, an example of av-

eraged mass size distributions for carbonaceous (elemental

and organic carbon, EC and OC) species (mass size distribu-

tions of inorganic and mineral dust aerosols are not shown)

obtained at Ersa from a 12-stage cascade impactor (DEKATI

system; see Table 1) is reported in Fig. 16. The aerosol chem-

ical properties obtained from the PILS instrument at Ersa are

detailed in Claeys et al. (2016). As mentioned in Table 1,

the measurements were obtained by using a 2-day collection

period in order to obtain a sufficient aerosol mass on filters

for chemical analyses. This system provides the speciation

of the mass size distribution, including fine and coarse frac-

tions. Such information is very useful for deriving optical

properties using Mie calculations (Mallet et al., 2011) for the

main particle types (sulfates, ammonium, nitrates, sea spray,

dust, black and organic carbon). This provides crucial infor-

mation on key radiative properties that are classically used in

regional climate models (mass extinction efficiencies, SSA

and asymmetry parameter). Furthermore, it allows one to as-

sess the spectral dependence of radiative properties, which

cannot always be estimated from in situ instrumentation.

Concerning OC (blue curves), observations clearly re-

port a bi-modal mass size distribution with two different

peaks for the majority of cases. The first (almost constant)

peak is found in the 0.4–0.5 µm size range in diameter and

more occasionally a second one occurs in the coarse frac-

tion around 3 µm. Compared to the few available data over

the western Mediterranean, these mass size distributions are

found to be different from those obtained over southern

France, especially for the accumulation mode. Indeed, dur-

ing the ESCOMPTE experiment in southern France, Mallet
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Figure 14. AERONET/PHOTONS volume size distribution derived at four different stations: Ersa, Lampedusa, Cagliari and Cap d’En Font

(the red curve represents the mean of observations). The characteristics of the volume size distribution are provided in Table 6.

et al. (2003) also observed a bi-modal size distribution for

OC aerosols but with a finer accumulation mode observed

in the 0.1–0.2 µm size range. Differences between the two

observations is likely due to the proximity of anthropogenic

sources during the ESCOMPTE experiment compared to the

Ersa station, where the possible ageing of carbonaceous par-

ticles could affect the size of aerosols. On the contrary, the

coarse mode of OC appears in the same range of size, around

3 µm, for both experiments. Compared to data obtained in

the eastern Mediterranean basin, the OC mass size distribu-

tions are in good agreement with those estimated by Sciare

et al. (2003) in Crete during the MINOS campaign, with two

modes around 0.4 and 3 µm. The EC (green curves in Fig. 16)

mass size distribution is also characterized by a bi-modal

size distribution, with two modes well correlated with the

mass size distribution of OC, except for the 16–19 June pe-

riod (dust episode), where the size of EC fine mode is higher

(∼ 0.5–0.6 µm) than OC aerosols, the EC coarse mode re-

maining similar at ∼ 3 µm. This reveals a possible external

mixing of carbonaceous aerosols for this event.

It should also be noted that the EC concentrations ob-

served at the Ersa station are logically (due at least to the

altitude of the station and the absence of intense pollution

during the SOP-1a; see Sect. 4) lower (0.39 µgm−3) than EC

concentrations (PM2.1) reported by Eleftheriadis et al. (2006)

from the eastern Mediterranean during the summer season

(0.6 µgm−3) in July 2000. The same ascertainment is ob-

tained on OC concentrations with higher values (4.2 µgm−3)

reported by Eleftheriadis et al. (2006) compared to obser-

vations at Ersa (1.5 µgm−3). Concerning the modes of the

OC and EC particle mass size distributions, the two iden-

tified modes detected in Ersa are consistent with those re-

ported by Mallet el al. (2011) at the Porquerolles coastal is-

land (southeastern France), who also detected two (fine and

coarse) different modes of the mass size distributions for EC

(0.3–0.4 and 4–6 µm) and OC (0.3 and 5–6 µm) aerosol parti-

cles. In most cases, we observed at Ersa lower concentrations

of EC particles for both modes compared to OC aerosols.

The mass of OC and BC observed during the SOP-1a, for

both modes, are found to be equivalent with those observed

by Sciare et al. (2003) in Crete in summer 2001. They re-

port mean values of 0.30 and 0.15 µgm−3 for fine OC and

BC, respectively. During the MINOS experiment, the mean

concentrations for OC and BC coarse modes were about 0.1

and 0.02–0.03 µgm−3, what is also consistent with the ob-

servations at Ersa. Finally, the mass concentrations obtained

for each mode at Ersa are logically lower than those obtained

during the ESCOMPTE experiment, located much closer to

pollution sources. For example, EC and OC fine-mode con-

centrations were, respectively, between 0.8 and 2.8 µgm−3

and between 3.1 and 6.9 µgm−3 during ESCOMPTE (Mallet

et al., 2003). In addition, and as discussed in Sects. 4.1 and
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Figure 15. Particle size distribution measured with a LOAC dur-

ing the ∼ 12 h flight of BPCL balloon B74 drifting from Minorca

towards Marseilles (see the trajectory in Fig. 4). The first and

last 20 min correspond to the ascending and descending phases of

the quasi-Lagrangian flight that occurred at a constant altitude of

2091± 10 m.

4.2, the meteorological conditions (surface temperature, me-

teorological synoptic situations) observed during the SOP-

1a campaign were not favorable to producing large concen-

trations of polluted or smoke aerosols, compared to the ES-

COMPTE campaign, where AOD as large as 0.3–0.5 (in the

visible range) has been observed due to important concentra-

tions of anthropogenic-polluted particles. It should be noted

that, in parallel to filter analyses, higher time-resolved obser-

vations from the PILS systems have been deployed at the two

stations of Lampedusa and Ersa (Claeys et al., 2016) during

the SOP-1a.

In parallel to filter chemical analysis, over 700 000 sin-

gle particle mass spectra were generated by the A-TOFMS

instrument during the sampling period (not shown). A K-

means algorithm (K = 80), as described in detail by Healy

et al. (2010) and Gross et al. (2010), was used to classify

aerosol mass spectra into different particle classes. More

than 40 distinct ATOFMS particle classes were identified

and subsequently grouped into 8 general categories for clar-

Figure 16. EC and OC (48 h mean) aerosol mass size distributions

obtained at Ersa from the DEKATI impactor instrument for the en-

tire SOP-1a period.

ity. Elemental carbon-containing particles dominated the

data set (55 % of total spectra), followed by K-rich par-

ticles (30 %) and sea spray (7 %). The remaining particle

categories include organic carbon (OC)-containing (3 %),
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Figure 17. Vertical profiles of rBC concentrations estimated from

the SP2 instrument for five different zones (Granada, Minorca,

Lampedusa, southern France and Ersa).

trimethylamine (TMA)-containing (3 %), shipping (2 %), Fe-

containing (0.5 %) and Ca-containing (0.3 %). EC particles

dominated the first third of the sampling period, decreased

noticeably for approx. 6 days and then dominated the rest of

the sampling period again. In contrast, K-rich particle (as-

sociated with biomass burning and dust) numbers were high

only for the latter half of the campaign, with a peak on 27–

28 June. The profiles of these two particle categories suggest

transport from regional sources. Sea-spray particle numbers

were at their highest during the period where EC particles

were at their lowest, and were generally low when EC parti-

cle numbers were high. OC-containing particles were present

during the same period K-rich numbers peaked, suggesting

an association with the transport of biomass burning parti-

cles. TMA particles were present in low numbers through-

out the sampling period, suggesting a less regional source,

independent of the air masses influencing EC and sea-spray

particle occurrence. The same can be said of Fe- and Ca-

containing particles, likely to be local dust, while shipping

particle numbers were slightly higher during the first half of

the sampling period.

Finally and concerning the aerosol chemical properties,

an interesting aspect of the obervations deployed during the

SOP-1a concerns the rBC concentrations obtained from the

SP2 instrument onboard the ATR-42. Despite its importance,

studies on rBC were until now limited to surface-based mea-

surements in the Mediterranean region. Measurements of

vertical distribution of rBC concentrations provide crucial

information for assessing the rBC radiative effects in the

region. Figure 17 shows the vertical distributions of rBC

mass concentrations measured by the SP2 in the five areas

(Granda, Minorca, Lampedusa, southern France and Ersa).

For the different vertical soundings, rBC mass concentra-

tions ranged between 20 and 690 ngm−3 close to the surface.

The surface rBC concentrations were generally less than

200 ngm−3, typical for continental and regional background

sites in the western Mediterranean basin (Ripoll et al., 2015).

The lowest surface concentrations of rBC (∼ 20 ngm−3)

were found in southern France over the open sea, with al-

most no local contribution of anthropogenic aerosols. Max-

ima surface concentrations (∼ 690 ngm−3) were recorded

over Granada where frequently heavy traffic emissions are

occurring. These observations were obtained between 07:15

and 07:45 UTC, when the convection was not fully devel-

oped, which probably did not favor the vertical transport of

local emissions over Granada. A prominent feature in ver-

tical profiles is the presence of significant concentrations of

rBC up to 5–6 km altitude. Therefore the regional transport

of rBC particles was not only limited to the MBL but oc-

curred also at higher altitude. In most of the observed cases,

the rBC vertical distribution in the free troposphere reveals

a strongly stratified structure characterized by either single

isolated plumes or more uniform layers. It is worth noting

the presence of rBC layers above the MBL in the open sea

that could be attributed to convective transport from distant

sources. Only in few observed cases, rBC mass concentra-

tion decreased monotonically with increasing altitude, most

likely due to vertical transport of air masses from surface to

higher heights.

5.2 Aerosol optical properties

5.2.1 In situ optical properties at the surface

Figure 18 reports the (daily mean) time series of neph-

elometer observations obtained at the surface for the Ersa

and Lampedusa stations. Daily scattering coefficients (at the

three nephelometer wavelengths of 450, 550 and 700 nm)

are reported, as well as the scattering Angström exponent

(AE) calculated between 450 and 700 nm. At 550 nm and

at Ersa, the scattering coefficient presents a significant vari-

ability during the SOP-1a, with peaks of about 35–40 Mm−1

during the dust event (19–20 June) transported over Corsica,

associated with low values (15 Mm−1) for certain periods of

time, as for 21–22 June. The mean scattering coefficient (at

550 nm) is 24 Mm−1. Such scattering coefficient values are

comparable to observations reported by Vaishya et al. (2012)

at the Mace Head station for Atlantic marine air, with scatter-

ing coefficient (at 550 nm) ranged between 10 and 25 Mm−1

during the summer period. In terms of scattering spectral de-

pendence, the calculated scattering AE is found to be almost

constant, with AE∼ 1.5–2 and a mean value of 1.71 (indi-

cating that scattering is mostly dominated by fine aerosols)

during the SOP-1a, except for 23–24 June. The lowest val-

ues (AE∼ 0.3–0.5) observed during this period are the result

of a large contribution of coarse sea-spray aerosols (Claeys

et al., 2016) due to moderate (5 ms−1) westerly winds (see

Fig. 8) at the Ersa station, which is also observed from the

filter chemical size-resolved analyses and detected on the A-

TOFMS and VHTDMA data. In parallel, we observe that the

dust event occurring in Ersa on 18–20 June is not correlated

with low scattering AE, revealing a possible contribution of

fine dust particles only to scattering, the result of a possible

deposition of the coarse dust fraction during transport. The
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AERONET-derived AE between 440 and 870 nm shows val-

ues < 1 in the afternoon of 19 June and early morning of

20 June suggesting that coarse dust is present in the column.

At Lampedusa, the daily scattering coefficient (at 550 nm and

from PM40 inlet) is between 20 and 90 Mm−1 (mean value

of 50 Mm−1), which is twice higher than at Ersa (Fig. 18).

The scattering AE was also highly variable, with values rang-

ing between 0.5 and 2.5 (mean value of 1.1). The range

of variability of these values is due to the observed switch

from clean air masses strongly impacted by marine emis-

sions to polluted air masses of various ages, including very

aged/processed air masses from northern Europe. A single

intrusion of mineral dust at the site was recorded on 9 June

as a result of a cyclone-type of transport from Tunisia (For-

menti et al., 2016).

5.2.2 Remote-sensing observations from the surface

The optical properties obtained from sun-photometer obser-

vations for different AERONET/PHOTONS sites are shown

in Fig. 19. The AERONET/PHOTONS stations have been

chosen as located in a domain encompassing most of the

SOP-1a in situ and remote-sensing observations (Fig. 3), and

they are characterized by different aerosol regimes (see Ta-

ble 2). The total AOD, Absorbing Aerosol Optical Depth

(AAOD), AOD for the fine (AODf) and coarse (AODc)

modes of the volume size distribution, are indicated (at

440 nm) for 11 AERONET/PHOTONS stations (Table 2). As

mentioned previously, the AOD time series reveal moder-

ate values, never reaching values as large as reported dur-

ing the summer 2012 ChArMEx/TRAQA SOP-0 experiment

(Rea et al., 2015). During summer 2013, the AOD was gen-

erally comprised between 0.1 and 0.7 (at 440 nm) for most of

the AERONET/PHOTONS sites. Over the western basin, the

Granada, Minorca and Barcelona sites display the largest val-

ues during the transport of dust aerosols as detected by satel-

lite remote-sensing observations (Fig. 6) for 16 to 20 June.

During this dust event, the contribution of fine and coarse

modes to the total extinction AOD is equivalent. Over the

central basin, Lampedusa data reveal various peaks. The

largest AOD was measured on 6 June (about 0.84 at 440 nm)

and 8 June (about 0.63 at 440 nm). Other peaks occurred

around 22 June and 1–2 July, with corresponding AOD of

about 0.30–0.40 (at 440 nm), with again an equivalent con-

tribution of each mode of the volume size distribution to

the AOD. On 27–28 June, an AOD peak was also observed

over most of the sites and corresponded to the transport of

an aged smoke plume from the Canadian continent. In this

specific case, AOD was comprised between 0.25 and 0.50

(at 440 nm). Contrarily to the dust events, the contribution of

the different modes to AOD was significantly different during

this episode. Indeed, as shown in Fig. 18, AOD was mostly

controlled by the fine mode of the volume size distribution.

This specific biomass burning case is more deeply analyzed

by Ancellet et al. (2015) and Chazette et al. (2015).

Figure 18. Time series of the daily scattering coefficient (in Mm−1)

estimated at the Ersa and Lampedusa stations. The daily Angström

exponent (AE), calculated between 440 and 670 nm, is also re-

ported.

We have also used the SSA data set for making compar-

isons of its optical parameters between different stations. As

for the size distributions, we have analyzed the data set in

four stations, which are Ersa, Lampedusa, Cap d’En Font and

Cagliari, which represent, respectively, three of the different

surface stations affected by different aerosol regimes and the
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Figure 19. AERONET/PHOTONS observations of the total extinction AOD, AOD Fine (AODf), AOD Coarse (AODc) and Absorbing AOD

(AAOD), at 440 nm obtained for the whole SOP-1a period.

aircraft locations (Cagliari). All (daily) SSA retrievals asso-

ciated with the mean values (at the four wavelengths) are in-

cluded in Fig. 20. Due to the moderate AOD over the period,

we used Level 1.5 AERONET/PHOTONS products. In that

sense, one should be reminded that uncertainties associated

with SSA retrievals are important, about ±0.07 as reported

by Dubovik et al. (2000). The results indicate an important

variability of SSA and its spectral dependence over the differ-

ent stations. At 440 nm, the mean SSA is comprised between

0.91 and 0.98, with the lowest (highest) value observed in

Lampedusa (Ersa). Hence, aerosols appear as mainly scat-

tering at Ersa and moderately absorbing at Lampedusa. The

contribution of the coarse mode to the total size distribu-

tion could explain the lower values observed in Lampedusa

at this wavelength. Indeed, the radiative effects and opti-

cal properties of dust are strongly dependent on the coarse

mode size distribution as the larger particles appreciably de-

crease the SSA (McConnell et al., 2010; Otto et al., 2009).

More recently and during the FENNEC experiment, Ryder et

al. (2013) have calculated SSA (at 550 nm) for dust aerosols

using the full range of sizes measured, indicating that dust

SSA was highly sensitive to effective diameter: size distribu-

tions with the largest effective diameters produced the low-

est SSA values. The presence of a coarse mode could also

be due to the presence of marine aerosols within the MBL in

Lampedusa. Observations for the Cap d’En Font and Cagliari

stations reveal an intermediate value (0.93 at 440 nm) in

Cagliari, which is also more affected by mineral dust aerosols

(Fig. 14). We can also observe very low values in Cagliari

(for the period of 14 to 17 June) that could be due to lo-

cal pollution. Anyway, one should be reminded that those

retrievals have been performed under low AOD (∼ 0.10 at

440 nm) conditions and are associated with large uncertain-

ties. One important point concerns the changes in the SSA

spectral signature between the Ersa (negative tendency be-

tween 440 and 1020 nm) and Lampedusa (positive) stations.

This observation is consistent with AERONET/PHOTONS

data analyzed for a long-time period over the Mediterranean

by Mallet et al. (2013), who report different spectral vari-

ations in SSA, following the aerosol regime (dusty and/or

polluted particles). One of the main conclusions here is that

aerosols are found to be moderately absorbing during the

SOP-1a period, what is consistent with in situ observations

performed onboard the ATR-42 aircraft and summarized by

Denjean et al. (2015).

5.2.3 ATR-42 and F-20 aircraft observations

In parallel to surface observations, an example of the verti-

cal profiles of aerosol optical properties obtained from ATR-

42 measurements is shown in Fig. 20 that corresponds to

flights 35–36 over the station of Lampedusa for 22 June (see

also Denjean et al., 2015; Nicolas et al., 2016). Scattering co-

efficients (in Mm−1) are plotted at 450, 550 and 700 nm (left)

versus altitude (in meters). Completely different behaviors
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Figure 20. AERONET/PHOTONS observations (Ersa, Lampedusa, Cap d’En Font and Cagliari) of the total single scattering albedo (SSA)

at 440, 670, 880 and 1020 nm obtained for the whole SOP-1a period (the red curve represents the mean of observations).

in the scattering spectral dependence as a function of alti-

tude were observed. Two different aerosol plumes character-

ized by a significant spectral dependence (typically of sub-

micronic polluted, smoke or fine marine aerosols) are ob-

served around 1000 and 2000–2500 m. Above 3000 m, the

spectral dependence is clearly reduced, corresponding to air

masses with high mineral dust concentrations. For this up-

per aerosol layer, the scattering coefficient increases up to

60 Mm−1. The analysis of the extinction (at 530 nm) vertical

profiles obtained from the CAPS system (Table 3) reveals

an excellent agreement with nephelometer data showing the

peaks of extinction at similar altitudes (see Denjean et al.,

2015), with maxima (∼ 90 Mm−1) logically observed within

the dust plumes (4000–5000 m). Number concentrations, as

well as volume size distributions, highlight the significant

atmospheric loading by particles with diameter higher than

1 µm above 3000 m (maxima of 5000 # cm−3). For this at-

mospheric layer, the volume size distribution is character-

ized by a coarse mode, around 6–8 µm. As previously men-

tioned, vertical profiles of optical properties in terms of AE,

SSA, asymmetry parameters as well as their spectral depen-

dence are presented and discussed in details by Denjean et

al. (2015) and Nicolas et al. (2016). The airborne SW and

LW radiation measurements and the comparison with radia-

tive transfer model simulations at Lampedusa are presented

by Meloni et al. (2016).

5.3 Aerosol vertical structure

5.3.1 Lidar surface observations

Although deeply analyzed in other dedicated papers, some

examples of the aerosol vertical profiles are presented here.

First and over the Minorca station, surface lidar observations

in Fig. 21a were obtained during 16 and 17 June, which cor-

responds to the first event of transported mineral dust over

the western basin. They show a dust aerosol layer located

between 1.5 and 5 km, with a maximum of aerosol extinc-

tion (at 355 nm) around 0.10 km−1 on 16 June between 12:00

and 14:00 local time (LT). Comparisons of retrieved AOD

with the lidar system is shown to be very consistent with

sun-photometer observations for these 2 days (Fig. 21a, top),

with moderate AOD (at 355 nm) ranging between 0.2 and

0.4 at maximum. During 17 June, the dust layer is less in-

tense and the aerosol extinction above 1.5 km decreases. Af-

ter 14:00 LT, Fig. 21a clearly shows that most of the con-

tribution to AOD is due to the MBL over the Minorca sta-

tion. At Ersa (Fig. 21b), the dust event reached the northern

tip of Corsica on 19 June. A deep depolarizing aerosol layer

was observed at altitudes between 3 and 6 km. In the night of

20 June, the particulate depolarization ratio is close to 18 %

and the lidar ratio within the dust layer was estimated at 46 sr.

The extinction coefficient remains moderate within the dust

layer ∼ 0.05 km−1 (Fig. 21b) between 4 and 6 km. It should

be noted that a complete analysis of lidar observations se-

ries obtained over the cape Corsica site is reported in Léon et
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Figure 21. Optical (scattering and extinction coefficients) and physical (number concentration and volume size distribution) aerosol proper-

ties estimated along the vertical onboard the ATR-42 aircraft for the flights 35–36 on 22 June over the Lampedusa station.

Figure 22. Minorca (a) and Ersa (b) lidar observations obtained during the dust plume of 16 to 17 June transported over the western

Mediterranean basin.

al. (2015). The dust event vertical distribution is further ana-

lyzed by means of the EARLINET lidar stations in Sicard et

al. (2015a) and by means of the EARLINET and ChArMEx

lidar stations in Barragan et al. (2016).

In addition to Minorca and Ersa, two lidars were also op-

erated at Lampedusa during the SOP-1a and provided ver-

tical profiles of aerosol backscattering and depolarization.

The ENEA/University of Rome lidar measures the aerosol

backscattering at 532 and 1064 nm, plus the depolarization

at 532 nm. This system was operated throughout the cam-

paign, although not continuously. The lidar data retrieval is

described by Di Iorio et al. (2009), and uses sun-photometer

AOD observations to constrain the determination of the

aerosol backscattering profile. Figure 23a shows the evo-

lution of the vertical profile of the aerosol backscattering

coefficient at 1064 nm on 3 July 2013 at Lampedusa. At

low altitudes, the air masses reaching Lampedusa originated

from the north. Air masses above 2 km conversely came

from a southwesterly direction crossing northern Algeria and

Tunisia, and carried desert dust. Elevated backscattering at-

tributed to dust was observed up to 5 km altitude, and a steep

transition in the backscattering coefficient occurred at this al-

titude throughout the day. Figure 22b shows the backscatter-

ing coefficient profile at 532 and 1064 nm, and the depolar-

ization ratio measured at 15:45 UT by the ENEA/University

of Rome and the LISA lidars. Evidently, the backscattering

coefficient above 2 km shows small wavelength dependence,

and elevated values of the depolarization ratio, as expected

from large irregular desert dust particles (Sassen, 1999). The

influence of large particles is smaller below 2 km, where the

backscattering coefficient shows some dependency on wave-

length, and the depolarization ratio decreases. The significant

role played by the large particles on 3 July is also confirmed

by the aerosol size distribution and optical properties (i.e.,
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Figure 23. (a) Time evolution of the vertical profile of the aerosol

backscattering coefficient at 1064 nm at Lampedusa on 3 July 2013.

The color scale is in units of 10−7 m−1 sr−1. (b) Vertical pro-

file of aerosol backscattering coefficient at two wavelengths and of

aerosol depolarization ratio at 355 nm measured at Lampedusa on

3 July 2013 at 15:45 UT.

values and spectral dependency of the refractive index and

single scattering albedo) retrieved from the AERONET ob-

servations at Lampedusa. The average AOD (at 500 nm) was

0.28, and the AE (calculated between 440 and 870 nm) was

0.39, as expected for cases with a large contribution of desert

dust. The retrieved columnar volume size distributions on the

2 days show that the mode with a median radius around 2 µm

is 2–3 times more intense on 3 July than on 17 June.

Finally, night-time measurements at Potenza (Italy) on

21 June starting at 23:40 UT, which coincides with the ar-

rival of the Saharan dust event over southern Italy, indicate

a clear signature of Saharan dust in the tropospheric layer

between 1.8 and 3.9 km; an extinction-related AE value of

approximately 0 is measured between roughly 2 and 3 km

and a quite constant LR around 50 sr at both 355 and 532 nm

(not shown; see Sicard et al., 2015a; Barragan et al., 2016).

5.3.2 LNG observations

An example of LNG (Lidar Nouvelle Génération) observa-

tions onboard the F-20 aircraft is presented in Fig. 24 for

19 June that corresponds to a flight (12:46 to 13:26 UT) from

Sardinia to the Gulf of Genoa. The aerosol extinction (in

km−1 and at 532 nm) is represented in function of latitude

during this flight as well as the associated AOD with a high

temporal and spatial frequency. One can observe the signifi-

cant north–south gradient during this dust event with low val-

ues of AOD (around 0.1 at 532 nm) for the latitude of 44◦ N

and moderate–high AOD (0.40 to 0.55) for latitudes lower

than 42–43◦ N. In terms of vertical structure, this increase of

AOD is due to an upper dust layer (around 5 to 6 km) charac-

terized by an aerosol extinction of about 0.1 km−1. This in-

tense dust layer transported over most of the investigated re-

gion (40.5–43.5◦ N) is associated with a second more diluted

aerosol layer observed between 3 and 4 km with LNG. An-

other interesting aspect is the variability of aerosol extinction

detected in the marine boundary layer showing large differ-

ences throughout the F-20 transect. The aerosol extinction is

found to be significant around 41 to 41.5◦ N, which could be

due to sea-spray particles generated in southern Corsica due

to the local acceleration of the wind occurring between Cor-

sica and Sardinia (not shown). This increase of the aerosol

loading in the MBL associated with dust aerosol transported

to higher altitudes results in an increase of total AOD at these

latitudes. Such aircraft lidar data will be useful for testing the

different modeling systems used for the SOP-1a experiment

and more specifically their ability to reproduce complex ver-

tical aerosol structures over the western Mediterranean. Ad-

ditional observations of the aerosol extinction vertical pro-

file obtained over different surface-stations from the passive

remote-sensing PLASMA instrument onboard the ATR-42

aircraft are presented in Torres et al. (2016).

5.3.3 Sounding balloon observations

Figure 25 shows an example of the vertical profile of the

aerosol particle size distribution obtained on 19 June near the

end of the dust episode that started on 16 June over Minorca.

The daytime average AOD geographical distribution derived

from MSG/SEVIRI is shown in Fig. 6. The vertical profile

clearly shows the presence of the dust layer between about

2.5 and 4.5 km in altitude, in agreement with coincident li-

dar continuous observations at Minorca that show the more

limited vertical extent of dust compared to previous days and

the end of the episode on 19 June in this area (Chazette et

al., 2015). It should be noted that sounding balloons appear

to under-detect very large particles within dust layers com-

pared to the drifting balloons. This can be due isokinetic sam-

pling differences between sounding systems that have a ver-

tical velocity of several ms−1 and systems drifting at a con-

stant air density that are quasi-Lagrangian. However coinci-

dent AERONET and LOAC vertically integrated particle size

distribution in the range 0.1–30 µm in diameter performed

on 16 and 17 June were found quite comparable. In the ma-

rine atmospheric boundary layer, the LOAC speciation index

(Renard et al., 2015a) indicates hydrated particles. In the free

troposphere above dust, the concentration of particles rapidly

decreased by 1 order of magnitude and particles were mainly

of submicronic size with sometimes a significant number of

particles in the 1.1–3 µm channel.
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Figure 24. Observations of aerosol extinction coefficient (top, in

km−1 at 532 nm) and aerosol optical depth (bottom) obtained from

the lidar LNG system onboard the F-20 aircraft during 19 June that

corresponds to the flight (12:46 to 13:26) from Cagliari to the Gulf

of Genoa.

5.4 Local direct radiative forcing

5.4.1 Estimates using in situ aircraft data and radiative

transfer codes over the two super-sites

Before investigating the possible climatic effect of aerosols

on the Mediterranean climate, an important preliminary step

is the calculation of the direct radiative forcing (DRF) ex-

erted by aerosols. This can be addressed by using in situ

(physical–optical properties) and remote-sensing (vertical

profiles) observations of aerosols as input to radiative trans-

fer models. Simulated SW and LW radiative fluxes can be

evaluated using observed radiative fluxes both at the sur-

face and onboard the two aircraft. The combination of in situ

and remote-sensing measurements provides a complete and

unique data set for conducting such 1-D radiative transfer

simulations. To this end, vertical profiles from the ATR-42

were combined with surface observations from the two (Ersa

and Lampedusa) stations to calculate the SW DRF of differ-

ent aerosol events (Nicolas et al., 2016; Meloni et al., 2016).

Over the western basin and for the first period of the cam-

paign (16 to 20 June), different calculations, with the GAME

radiative transfer model (Dubuisson et al., 2004), of the

downward and upward SW cloud-free irradiances have been

performed by Nicolas et al. (2016) for six vertical profiles

over Granada, Minorca and Corsica. Briefly, the methodol-

ogy is based on extinction, SSA and phase function vertical

profiles (and their spectral dependence), obtained from ob-

servations and Mie calculations, and associated with atmo-

spheric thermodynamic properties. They clearly show a sig-

nificant change in surface radiative fluxes with a well-known

decrease (dimming effect) of downward radiations due to

scattering and absorption of solar radiation by dust aerosols.

Inter-comparisons between observed/simulated downward

and upward clear-sky SW fluxes show a good agreement

during the ascent and descent profiles. At TOA, Nicolas et

al. (2016) reported a direct (instantaneous at noon) SW DRF

ranged between −4 and −33 Wm−2, revealing a cooling ef-

fect due to dust particles. These simulations also indicate that

the decrease in surface radiation is not completely compen-

sated by the TOA cooling, meaning that aerosols exerted a

positive atmospheric forcing due to their ability to absorb so-

lar radiations.

Similar calculations (not shown) have been done over the

Lampedusa reference-site by Meloni et al. (2016) by using

a similar method based on lidar, sun-photometer, in situ sur-

face, ATR-42 and F-20 observations and the MODTRAN 5.3

radiative transfer code. Meloni et al. (2016) estimate both the

SW and the LW aerosol radiative forcing profiles and the bal-

ance between the two spectral components (SW and LW).

During the descent towards Lampedusa airport on 22 June,

the instantaneous (12.5◦ solar zenith angle and aerosol op-

tical depth at 500 nm of 0.32) SW cooling at the surface

(−44 Wm−2) is reduced by about 10 % due to infrared emis-

sion. The dust SW radiative forcing at TOA is −6 Wm−2.

These values are obtained using the AERONET aerosol size

distribution and different aerosol refractive indices in the SW

and in the LW spectral regions. The LW contribution at the

surface is lower than the values reported in previous studies

(di Sarra et al., 2011; Meloni et al., 2015), partially due to

the different solar zenith angle and to the presence of mixed

aerosol below the dust layer down to the surface.

5.4.2 Estimates of instantaneous clear-sky SW DRF

using AERONET/PHOTONS observations

As reported previously, AERONET/PHOTONS network pro-

vides, in addition to microphysical and optical aerosol prop-

erties, an estimate of the local (instantaneous) clear-sky di-

rect radiative forcing at any AERONET/PHOTONS loca-

tion as an operational product of the network. The method

of derivation is described in García et al. (2012). As men-

tioned above, the extremely good regional coverage of

AERONET/PHOTONS sun-photometer instruments during

the SOP-1a allow a complementary estimate of the local

radiative (clear-sky) forcing to those derived by Meloni et
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Figure 25. Particle concentrations as a function of size and altitude

in the troposphere and lower stratosphere from the LOAC flight un-

der meteorological balloon BLD9 launched from Minorca at the end

of a dust event on 19 June 2013, 10:12 UT (Table 4; see the daytime-

averaged aerosol optical depth over the sea in Fig. 6).

al. (2016) and Nicolas et al. (2016). Figure 26 indicated the

average of all instantaneous (clear-sky) DRFs (in Wm−2)

estimated during a day for both AERONET/PHOTONS sta-

tions. Estimates are reported at the surface (bottom left), at

TOA (bottom right) and within the total atmosphere (down).

Averaged values of the DRF are also indicated in Fig. 26.

As mentioned above, sun-photometer retrievals demonstrate

a significant DRF during the SOP-1a experiment. As an ex-

ample and at the surface, the mean forcing is comprised be-

tween −15 Wm−2 (Barcelona, not affected by dust trans-

port) and −35 Wm−2 in Burjassot. Such values are consis-

tent with independent 1-D estimates reported by Nicolas et

al. (2016) and Meloni et al. (2016). AERONET/PHOTONS

data also reveal a negative DRF at TOA over most of sites,

meaning that aerosols exert in majority a cooling effect

at TOA, with values around ∼−6 to −12 Wm−2. These

negative values are also due to the fact that most of the

AERONET/PHOTONS stations are located over islands,

which are characterized by low surface albedo. Logically and

due to the moderate values of aerosol absorption observed

during the SOP-1a (Denjean et al., 2015), a positive atmo-

spheric forcing is observed with mean values from +7 to

+30 Wm−2 (with maxima in Burjassot), which could affect

the vertical profiles of temperature and relative humidity as

shown recently by Nabat et al. (2015a).

5.4.3 Estimates using in situ radiative flux observations

As shown by di Sarra et al. (2011), an estimate of the aerosol

radiative forcing can be obtained by comparing irradiance

measurements made during days characterized by different

aerosol loads. In particular, the identification of a cloud-free

day with low aerosol amounts is important to provide a ref-

erence for pristine conditions. During the SOP-1a, 17 June

at Lampedusa displayed a very low aerosol optical depth

(daily average of 0.064 at 500 nm) and cloud-free conditions

throughout the day, and was identified as the reference day

for pristine conditions. 3 July, conversely, was one of the days

characterized by the presence of desert dust, with moderate

values of the AOD (0.28). As shown in Fig. 22a, dust was

present above 2 km altitude and there were no major changes

in the aerosol vertical distribution during the day, as it also

appears from the limited daily variability of the AOD (daily

standard deviation of the AOD at 500 nm of 0.015). Cloud-

free conditions were present throughout the day.

Figure 27 displays the downward solar irradiance mea-

sured on 3 July, compared with the one measured on the pris-

tine reference day (17 June). The irradiance measurements

were corrected for the radiometer thermal offset as discussed

by Di Biagio et al. (2009). The sharp narrow peak occur-

ring on 17 June around 06:30 was related to a small isolated

cloud, and these data were discarded from the analysis. The

differences between the downward irradiances measured on

these 2 days were calculated as a function of the solar zenith

angle; these differences are due to the effect of aerosol and,

to a smaller extent, column water vapor. The effect of water

vapor was estimated by means of a radiative transfer model

(see, e.g., di Sarra et al., 2011), and the remaining difference

was integrated over 24 h to obtain the daily average effect,

1I , on the downward solar irradiance. The daily aerosol ra-

diative forcing RF can be derived as

RF=1I (1−A),

where1I is the difference between the two curves of Fig. 27

integrated over 24 h, and A is the surface albedo. For a sur-

face albedo of 0.07 (di Sarra et al., 2011), the estimated sur-

face RF is −14.8 Wm−2. The radiative forcing efficiency

(RFE), which is the radiative forcing produced by a unit

AOD, was calculated as

RFE= RF/(AOD2−AOD1),

where AOD1 and AOD1 are the measured daily average

aerosol optical depth on 17 June and 3 July, respectively.

The estimated RFE is −67.4 Wm−2. Di Biagio et al. (2010),
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Figure 26. One-dimensional (clear-sky) instantaneous (shortwave only) DRF calculations (in Wm−2) based on the AERONET/PHOTONS

data set for the different stations listed in Table 2 (BOA, TOA and ATM refer to the bottom of the atmosphere, top of atmosphere and

atmospheric forcings).

Figure 27. Time evolution of the downward solar irradiance ob-

served at Lampedusa on 17 June and 3 July 2013.

based on a multi-year data set at Lampedusa, derived a sim-

ilar value for desert dust (−68.9 Wm−2) at the equinox; di

Sarra et al. (2011), for an intense desert dust event occurring

in March 2010 found values between −70 and −85 Wm−2.

For a desert dust event associated with the propagation of a

gravity wave, with values of AOD similar to those of 3 July,

di Sarra et al. (2013) derived an RFE equal to −79 Wm−2.

Valenzuela et al. (2012) determined RFE for Saharan dust

episodes over the western Mediterranean with different ori-

gins, showing values in the range from −74 Wm−2 (for air

masses coming from northern Morocco) to −65 Wm−2 (for

air masses coming from Algeria and Tunisia). Values of the

dust RFE at the surface in the same range were obtained by

Derimian et al. (2006), although they were derived in dif-

ferent conditions for which the influence of surface albedo

should be taken into account.

The downward LW irradiance measured on 3 July was

higher than on 17 June by 23 Wm−2. Most of this effect is

due to differences in the water vapor column amount (about

1 cm difference between the 2 days, with larger values on

3 July). Once the water vapor contribution was subtracted

by means of radiative transfer calculations, we found a net

positive effect induced by the aerosol of about +5.5 Wm−2.

This is, on the daily timescale, about 35 % of the SW ef-

fect. The resulting aerosol RFE in the LW spectral range

is +25.5 Wm−2, in agreement with previous results by di

Sarra et al. (2011), who found values between +25.9 and

www.atmos-chem-phys.net/16/455/2016/ Atmos. Chem. Phys., 16, 455–504, 2016
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Figure 28. SW (a) and LW (b) upward and downward radiative fluxes observed over the Lampedusa station for 22 June and estimated SW

and LW heating rate (c) in the two spectral regions (see Sect. 5.4.4 for details).

+27.9 Wm−2, or Antón et al. (2014), who reported RFE val-

ues around +20 W m−2 (in reference to AOD at 675 nm).

5.4.4 Estimations of the SW and LW radiative heating

rate along the vertical

One important original aspects of this study concerns the es-

timates of the vertical profiles of SW and LW radiative heat-

ing rate. To our knowledge, all the referenced estimates of

this important parameter, which controls for a part the semi-

direct radiative effect of aerosols, have been conducted using

remote-sensing techniques or in situ observations of aerosol

optical properties, coupled with radiative transfer modeling.

Here, we propose a first estimate of the SW and LW heat-

ing rate derived directly from upward and downward (SW

and LW) radiative fluxes obtained onboard the ATR-42 air-

craft. Because of the nature mainly diffuse of longwave up-

ward and downward irradiances (irradiances in thermal in-

frared), and of the upward shortwave irradiance (irradiance

in solar domain), in first approximation, no correction due to

the altitude of the aircraft will be applied to these measure-

ments. Only shortwave downward irradiances will be cor-

rected. Three kinds of corrections are applied:

– Correction of the aircraft attitude (unavoidable move-

ments due to the aircraft pitch and roll)

– Correction of cosine response of the pyranometer

– Correction due to the non-horizontal position of the sen-

sor when a leg stabilizes (i.e., determination of offsets

on roll and pitch).

Let θm the angle between the sun direction and the normal to

the pyranometer sensor (depending on pitch, roll and aircraft

heading given by the inertial navigation system), and θs the

solar zenith angle, the attitude correction coefficient is

Xnd =
cosθm

cosθs

.

Finally, we obtain the global (direct plus diffuse) down-

ward irradiance, for the solar zenith angle θs: E
↓

SW (θs)=

E
m↓
SW(θm)

(Xnd [1−c(θs)]−D)f (θs)+D
.

In this equation, E
m↓
SW (θm) is the measured global irra-

diance, c (θs) is the cosine response of the pyranometer,

D = 2
1∫

0

[1−C(θm)]µdµ and f (θs) is the part of direct

downward irradiance in the global (estimation obtained from

radiative transfer code). Taking into account these correc-

tions, Fig. 28a shows downward
(
EDwn

SW

)
, upward

(
E

Up

SW

)
,

and net
(
ENet

SW

)
shortwave irradiances obtained from mea-

surements performed onboard ATR-42 aircraft on 22 June

between 10.35 and 11.30 UT. Irradiances are reduced to

the mean solar zenith angle θs = 29.7◦. Similarly, Fig. 28b

shows corresponding measurements of downward
(
EDwn

LW

)
,

upward
(
E

Up
LW

)
, and net

(
ENet

LW

)
longwave irradiances. Total
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net irradiances are then determined versus the aircraft alti-

tude for the mean air mass factor of the considered studied

flight phase. The radiative cooling/heating rate is finally de-

rived and shown in Fig. 28c, in which the longwave (LW)

and shortwave (SW) parts are distinguished.

Concerning the SW heating rate vertical profiles

(Fig. 28c), one can observe the significant increase of the

calculated instantaneous SW heating rate in the two differ-

ent aerosol layers detected for this case (Fig. 21), especially

above 4 km, which corresponds to the maximum of extinc-

tion coefficient (up to 100 Mm−1) due to the presence of

mineral dust. For this specific layer, the values of SW heating

rate peak at 4–5 ◦K per day for a solar angle of 29.7◦. We can

also observe a similar tendency in the second aerosol layer,

located between 1.5 and 3 km (see Fig. 21). Concerning

the LW heating rate, Fig. 28c indicates instantaneous values

ranging between −2 and −4 ◦K per day, which is also con-

sistent with the well-known cooling effect of mineral dust in

the longwave spectrum (Mallet et al., 2006; Zhu et al., 2007).

As shown in Fig. 28c, the net heating rate is dominated by

the SW heating (the maximum LW cooling is less than 60 %

of the SW heating), which leads to net SW radiative heating

ranging between+0.5 and+2 K per day inside the dust layer

above the MBL. Such unique and original database of SW

and LW radiative heating obtained over the western Mediter-

ranean should be now used to evaluate the ability of the dif-

ferent models involved in the ChArMEx/ADRIMED project

(see the following Sect. 6) to simulate this important radia-

tive property for the different identified dust cases.

6 Overview of modeling activities

Several models are used to analyze the SOP-1a period:

the meso-scale meteorological COSMO-MUSCAT model,

the chemistry transport model (CTM) CHIMERE model,

and two regional climate (RegCM and CNRM-RCSM)

models. These models differ in terms of horizontal and

vertical resolutions, physical parameterizations, aerosol-

chemical schemes and are able to deliver complemen-

tary information to address key scientific questions of the

ChArMEx/ADRIMED experiment. Their main characteris-

tics are summarized in Table 7.

6.1 COSMO-MUSCAT model

The COSMO-MUSCAT (Wolke et al., 2012) parallelized

multi-scale regional model system consists of the COSMO

(Consortium for Small-scale Modelling) non-hydrostatic at-

mosphere model that is on-line coupled to the MUS-

CAT (MUltiScale Chemistry Aerosol Transport Model) 3-D

chemistry tracer transport model. The atmospheric dust cycle

consisting of the emission, transport and deposition of dust

particles is simulated within MUSCAT using meteorologi-

cal and hydrological fields from COSMO. Dust emission is

calculated using the emission scheme by Tegen et al. (2002)

and depends on local surface wind friction velocities, sur-

face roughness length, soil texture and soil moisture. Calcu-

lated dust emission fluxes depend on particle diameter for

individual size classes that are assumed to be log-normally

distributed. Following Marticorena and Bergametti (1995),

dust emission is considered as threshold function of local

friction velocities and thus initial dust emission is computed

as a function of soil particle size distribution. Dust emission

is limited to regions where active dust sources have been

identified during 2006–2009 from MSG SEVIRI observa-

tions (Schepanski et al., 2007). The advection of dust parti-

cles is described by a third-order upstream scheme; dust par-

ticles are transported as a passive tracer in five independent

size classes with limiting radius at 0.1, 0.3, 0.9, 2.6, 8, and

24 µm. The removal of dust particles from the atmosphere is

described by dry and wet deposition taking particle size, par-

ticle density, and atmospheric conditions into account. Here,

the simulations of the atmospheric dust cycle are performed

at a 28 km horizontal grid and 40 vertical layers covering

northern African dust sources, the eastern North Atlantic, the

Mediterranean basin and Europe.

6.2 The CHIMERE chemistry transport model

CHIMERE is a chemistry transport model able to simu-

late concentrations fields of gaseous and aerosol species at

a regional scale. The model is off-line and thus needs pre-

calculated meteorological fields to run. In this study, we used

the version fully described in Menut et al. (2013), forced by

the WRF meso-scale model. The horizontal domain is the

same as the one of WRF, and, for the vertical grid, the 28

vertical levels of WRF are projected on the 20 levels of the

CHIMERE mesh. The gaseous species are calculated using

the MELCHIOR 2 scheme and the aerosols using the scheme

developed by Bessagnet et al. (2004). This module takes

into account species such as sulfate, nitrate, ammonium, pri-

mary organic (OC) and black carbon (BC), secondary or-

ganic aerosols (SOA), sea spray, mineral dust, and water.

These aerosols are represented using ten bins, from 40 nm to

20 µm, in diameter. The life cycle of these aerosols is com-

pletely represented with nucleation of sulfuric acid, coagula-

tion, adsorption/desorption, wet and dry deposition and scav-

enging. This scavenging is both represented by coagulation

with cloud droplets and precipitation. The formation of SOA

is also taken into account. The anthropogenic emissions are

estimated using the same methodology as the one described

in Menut et al. (2013) but with the HTAP masses as input

data. These masses were prepared by the EDGAR Team, us-

ing inventories based on MICS-Asia, EPA-US/Canada and

TNO databases (http://edgar.jrc.ec.europa.eu/htap_v2). Bio-

genic emissions are calculated using the MEGAN emissions

scheme (Guenther et al., 2006), which provides fluxes of iso-

prene, terpene and pinenes. In addition to this 2013 version,

several processes were improved and added in the framework
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of this study. First, mineral dust emissions are now calculated

using new soil and surface databases, as described in Menut

et al. (2013). Second, chemical species emissions fluxes pro-

duced by vegetation fires are estimated using the new high-

resolution fire model presented in Turquety et al. (2014). Fi-

nally, the photolysis rates are explicitly calculated using the

FastJ radiation module (Mailler et al., 2015).

6.3 The RegCM regional climate model

The RegCM system is a community model designed for

use by a varied community composed of scientists in in-

dustrialized countries as well as developing nations. It is

supported through the Regional Climate Network, or RegC-

NET, a widespread network of scientists coordinated by the

Earth System Physics section of the Abdus Salam Interna-

tional Centre for the Theoretical Physics (ICTP, Giorgi et al.,

2012). RegCM is a hydrostatic, compressible, sigma-p ver-

tical coordinate model. As a limited area model, RegCM re-

quires initial and boundary conditions that can be provided

both by NCEP or ECMWF analyses. The horizontal resolu-

tion used need to be higher than 10 km, due to the hydro-

static dynamic core of the model, associated with 23 verti-

cal levels. A simplified aerosol scheme specifically designed

for application to long-term climate simulations has been in-

crementally developed within the RegCM system. Solmon et

al. (2006, 2008) first implemented a first-generation aerosol

model including sulfates, organic carbon, and black carbon.

Zakey et al. (2006) then added a four-bin desert dust mod-

ule, and Zakey et al. (2008) implemented a two-bin sea-spray

scheme. In RegCM, the dust emission scheme accounts for

sub-grid emissions by different types of soil. The dust emis-

sion size distribution can now also be treated according to

Kok (2011). When all aerosols are simulated, 12 additional

prognostic equations are solved in RegCM, including trans-

port by resolvable scale winds, turbulence and deep convec-

tion, sources, and wet and dry removal processes. In RegCM,

the natural/anthropogenic aerosols are radiatively interactive

both in the solar and infrared regions and so are able to feed-

back on the meteorological fields.

6.4 The CNRM-RCSM regional climate model

The fully coupled RCSM (Regional Climate System Model),

which is developed at CNRM, has also been used within

the ChArMEx/ADRIMED project. This model includes the

ALADIN-Climate (Déqué and Somot, 2008) regional cli-

mate atmospheric model, the NEMOMED8 (Beuvier et al.,

2010) regional ocean model and the ISBA (Noilhan and

Mahfouf, 1996) land-surface model. We used here the ver-

sion described in Nabat et al. (2015b) with a 50 km horizon-

tal resolution. ALADIN-Climate includes the Fouquart and

Morcrette radiation scheme based on the ECMWF model

incorporating effects of greenhouse gases as well as direct

effects of aerosols. The NEMOMED8 ocean model is the

regional eddy-permitting version of the NEMOV2.3 ocean

model that covers the Mediterranean Sea. Concerning the

aerosol phase, the ALADIN-Climate model incorporates a

radiative scheme to take into account the direct and semi-

direct effects of five aerosol types (sea spray, desert dust,

sulfates, black and organic carbon aerosols) through either

AOD climatologies or a prognostic aerosol scheme (Nabat

et al., 2013, 2015b). On the one hand, Nabat et al. (2013)

have proposed a new AOD monthly climatology over the pe-

riod 2003–2009, based on a combination of satellite-derived

and model-simulated products. The objective is to have the

best estimation of the atmospheric aerosol content for these

five most relevant aerosol species. On the other hand, a

prognostic aerosol scheme has been recently implemented

in ALADIN-Climate, and has shown its ability to reproduce

the main patterns of the aerosol variability over the Mediter-

ranean (Nabat et al., 2015b).

Using CNRM-RCSM with the new AOD monthly clima-

tology over the period 2003–2009 (Nabat et al., 2013), Nabat

et al. (2015a) have notably highlighted the response of the

Mediterranean sea surface temperature (SST) to the aerosol

direct and semi-direct radiative forcing. Figure 29a presents

the annual average difference in SST over the period 2003–

2009 between a simulation ensemble including aerosols and

a second one without any aerosol. Aerosols are found to in-

duce an average decrease in SST by 0.5 ◦C, because of the

scattering and absorption of incident radiation. As a con-

sequence, the latent heat loss is also reduced by aerosols

(Fig. 29b), as well as precipitation (Fig. 29c). This result also

underlines the importance of taking into account the ocean–

atmosphere coupling in regional aerosol-climate studies over

the Mediterranean.

6.5 SOP-1a multi-model aerosol simulations

6.5.1 Aerosol optical depth

Figure 30 reports the AOD (in the visible range) simulated

for the SOP-1a period and for the COSMO-M (550 nm),

RegCM (between 440 and 670 nm), CNRM-RCSM (550 nm)

and CHIMERE (500 nm) models. Except for the CTM-

CHIMERE model, which includes all the secondary species

(SOA and inorganic), the others have different aerosol

schemes and take into account both natural (COSMO-M) or

natural plus a part of anthropogenic aerosols as described in

Table 7. The configurations used for each models are listed

in Table 7. One can observe the large variability of AOD sim-

ulated by models over the Mediterranean region, with high-

est values clearly simulated by the COSMO-M (AOD∼ 1–

1.5 in the visible wavelengths) over the northern African re-

gion. The CHIMERE model indicates two different regions

where AOD peaks around 1, over Algeria–Tunisia and south-

ern Morocco. For COSMO-M and CHIMERE, no intense

dust AOD is simulated over northeastern Africa (Libya and

Egypt), and values are below 0.25, contrary to RegCM and
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(a) (b) (c)

Figure 29. Annual average difference in (a) sea surface temperature (SST), latent heat loss (b) and precipitation (c) over the period 2003–

2009 between a simulation ensemble including aerosols and a second one without any aerosol.

Figure 30. AOD averaged for the 15 to 25 June 2013 period from the models RegCM, COSMO-MUSCAT, CHIMERE and CNRM-RCSM.

Details about the model configurations are provided in Table 7.

CNRM-RCSM that simulate moderate AOD over this region,

with more intense peaks (∼ 0.7 for CNRM-RCSM simu-

lations). Some identified regions with important AOD over

Tunisia, Algeria, and southern Morocco are well captured by

all models, except COSMO-M, which shows more intense

AOD south of Algeria. It should be noted that this regional

pattern of AOD is found to be consistent with MODIS obser-

vations as shown by Menut et al. (2015) for the CHIMERE

model. Averaged over the SOP-1a period, all models sim-

ulate low to moderate AOD over the EURO-Mediterranean

region, which is consistent with AERONET/PHOTONS ob-

servations (Fig. 14). Once again and as noted by Menut

et al. (2015), this modeling exercise clearly shows that

the summer of 2013 was not characterized by intense dust

plumes or intense anthropogenic or forest fire emissions.

However, modeling results indicate regular dust intrusions

during the SOP-1a characterized by moderate atmospheric

loads. Over Europe, the CHIMERE CTM obviously sim-

ulates anthropogenic aerosol AOD (AOD∼ 0.3), especially

over Benelux and the Po Valley that are not simulated by
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Figure 31. Time series of AOD comparisons between AERONET/PHOTONS observations and COSMO-MUSCAT, CHIMERE, CNRM-

RCSM and RegCM model outputs over the two stations of Ersa and Lampedusa. The MODIS retrievals are also indicated.

the two other regional models. Indeed, CNRM-RCSM sim-

ulations reveal a more diffuse AOD about 0.2 over Europe

with maximum over Western France certainly due to the ad-

vection of primary marine particles generated over the At-

lantic Ocean. RegCM simulations indicate a plume of anthro-

pogenic aerosols over the Balkan region mainly due to sec-

ondary inorganic species. As RegCM does not use the spec-

tral nudging technique in this simulation and are only forced

at the boundaries during the period of simulation, some bi-

ases in meteorological fields could appear (as for the precipi-

tation location and intensity), which need to be evaluated. Fi-

nally and in addition to analysis of the AOD regional pattern,

a specific comparison with in situ observations and remote-

sensing (AERONET/PHOTONS and satellite) data has been

made for the CTM-CHIMERE model (Menut et al., 2015)

and is planned in accompanied studies for the COSMO-M,

RegCM and CNRM-RCSM models, associated with an inter-

comparison exercise for evaluating the dust emissions, verti-

cal distribution, size distribution and dry/wet deposition us-

ing all data collected in the framework of the SOP-1a.

In parallel to time-averaged AOD simulated at the re-

gional scale, we report comparisons of simulated AOD with

AERONET/PHOTONS data for the two reference stations

(Lampedusa and Ersa). As reported in Table 7, it should

be reminded here that all models did not take into account

aerosol species in a similar way. As an example, COSMO-

MUSCAT includes mineral dust only in this simulation,

while CNRM-RCSM and the RegCM model include natural

(sea spray and dust) and sulfates as well as secondary am-

monium and nitrate particles (treated as bulk aerosols), but

for RegCM only. The most complete regional model is the

CTM-CHIMERE, which takes into account natural and all

anthropogenic particles (including secondary organics and

inorganic) resolved in size by using a number of bins (Menut

et al., 2013) higher than used in RegCM, CNRM-RCSM or

COSMO-MUSCAT (number of dust bins between 3 and 4

bins) models. Figure 31 reports the time evolution of simu-

lated and observed AOD at 550 nm for the two sites (Ersa and

Lampedusa) during the SOP-1a. Time correlation, as well

as bias, is calculated after removing AERONET/PHOTONS

data for 27 June, strongly affected by smoke aerosols trans-

ported from North America biomass burning sources that are

not included in the different domains. Figure 31 indicates

that all models are able to simulate AOD in the range of

magnitude of observations. For the dusty Lampedusa site,

CNRM-RCSM and CHIMERE reveal high temporal cor-

relations (0.82 and 0.85, respectively), with standard devi-

ations close to AERONET/PHOTONS data, especially for

CHIMERE. For this station, COSMO-M and RegCM dis-

play moderate temporal correlation (0.55 and 0.49, respec-

tively) compared to CNRM-RCSM and CHIMERE. As al-

ready mentioned, one reason for the lowest time correla-

tion for these models is related to the fact that they are only

forced at the boundaries, and the synoptic conditions inside

the domain can be derived during the simulation. This effect

is limited for CNRM-RCSM that used the spectral nudging

technique and for CHIMERE forced by WRF meteorological

field (Menut et al., 2015). For each models, biases are shown

to be low, both positive (for CNRM-RCSM and CHIMERE)

and negative (for COSMO-M and RegCM).

For the Ersa station, less influenced by long-range trans-

port of mineral dust during this period, temporal correlations

are lowest and found to be moderate (0.40) for CHIMERE

and COSMO-M and low for RegCM and CNRM-RCSM. In

terms of bias, values are positive and low (0.02 to 0.04) for

all models, except for COSMO-M (−0.07), which does not

include anthropogenic aerosols or sea spray in the present

simulation (Table 7). For each model, calculated standard

deviations are in the same range of magnitude but slightly

higher than observations, especially for RegCM (bias of

0.08) that simulated a large AOD for the 19–20 June pe-

riod. By comparison with the values obtained in Lampedusa,

these low correlations at Ersa reveal the limitations of these

models in terms of horizontal resolution with respect to the
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Figure 32. Averaged surface and TOA SW DRF simulated in clear-sky conditions and over the SOP-1a period by the CNRM-RCSM and

RegCM models.

representativeness of the site. Lampedusa being isolated in

the middle of the Mediterranean and under the main path-

ways of African mineral dust, AOD is mostly related to long-

range transport. On the other hand, the site of Ersa in Cor-

sica may under several types of aerosol contributions (an-

thropogenic, biogenic) be more intense and more spatially

variable than in Lampedusa. Ersa being closer to large indus-

trial areas, the models with a horizontal resolution of tens of

kilometers are probably not highly enough resolved to catch

small-scale aerosol plumes from the continent.

6.5.2 Regional SW 3-D direct radiative forcing

The SW (clear-sky) DRF, averaged for the SOP-1a period,

has been estimated from the RegCM and CNRM-RCSM

models, both at the surface and TOA, as shown in Fig. 32.

For this discussion, we only consider these two models as

they estimate the clear-sky SW DRF by taking into account

natural and anthropogenic aerosols, contrary to the COSMO-

MUSCAT model in this study. At the surface first, one can

observe the large regional dimming due to anthropogenic

(especially over Europe) and natural (northern Africa and

Mediterranean) particles over the Euro-Mediterranean. Con-

cerning the northern African region, both models simulate

large surface forcing ∼−20 Wm−2 (with local maxima of

−50 Wm−2 associated with higher AOD). CNRM-RCSM is

shown to simulate higher surface radiative forcing for the

whole domain, especially over Algeria. Although such RCM

climate models are not designed to simulate finely the size

distribution and the chemical composition of aerosols as an

A-Q (Air-Quality) system (Menut et al., 2013), a first esti-

mate of the radiative effect of polluted particles over Europe

is provided. Figure 32 displays a negative forcing, obviously

lower than for mineral dust, of about −10 to −15 Wm−2 for

RegCM, especially over the Balkans, and no significant ra-

diative effect over the Benelux region for this period. Over

the continental region, CNRM-RCSM simulated a more dif-

fuse surface forcing with values around −10 Wm−2, includ-

ing a large part of Europe (France, Benelux and eastern Eu-

rope). As shown recently by Nabat et al. (2015a), this de-

crease in SW radiations due to aerosols could perturb the

surface continental temperature, SST and latent heat fluxes

over the Mediterranean Sea and more largely on meteorolog-

ical fields.

At TOA, the dipole of the direct forcing between the

north and the south of the domain is well reproduced by the

two RCM systems, with more intense values for CNRM-

RCSM. One can clearly observe positive forcing at TOA

(heating) over northern Africa and negative forcing (cooling)

over the Mediterranean and Europe. This represents one of

www.atmos-chem-phys.net/16/455/2016/ Atmos. Chem. Phys., 16, 455–504, 2016



494 M. Mallet et al.: Overview of the ChArMEx/ADRIMED summer 2013 campaign

T
a

b
le

7
.

M
ain

ch
aracteristics

(p
erio

d
o

f
sim

u
latio

n
s,

h
o

rizo
n

tal
reso

lu
tio

n
,

n
u

m
b

er
o

f
v
ertical

lay
ers,

m
ain

aero
so

l
(p

rim
ary

an
d

/o
r

seco
n

d
ary

)
sp

ecies,
rad

iativ
e

tran
sfer

co
d

es)
o

f
th

e

fo
u

r
d

ifferen
t

3
-D

m
o

d
els

u
sed

d
u

rin
g

th
e

S
O

P
-1

a
ex

p
erim

en
t

(see
S

ect.
6

)
(G

M
E

is
fo

r
th

e
g

lo
b

al
m

o
d

el
o

f
th

e
G

erm
an

W
eath

er
S

erv
ice).

M
o

d
els

T
im

e
o

f
H

o
rizo

n
tal

N
u

m
b

er
o

f
A

ero
so

l
sp

ecies
B

o
u

n
d

ary
lay

er
R

ad
iativ

e
tran

sfer
co

d
e

sim
u

latio
n

reso
lu

tio
n

v
ertical

lay
ers

fo
rcin

g

C
H

IM
E

R
E

1
Ju

n
–

3
1

Ju
l

5
0

k
m

2
0

D
u

st,
sea

salt,
seco

n
d

ary

o
rg

an
ic

an
d

in
o

rg
an

ic,
p

ri-

m
ary

O
C

–
B

C

W
R

F
F

astJX

C
N

R
M

-R
C

S
M

1
Ju

n
–

3
1

Ju
l

5
0

k
m

3
1

D
u

st,
sea

salt,
su

lfates,
p

ri-

m
ary

O
C

–
B

C

E
R

A
-In

terim
S

W
:

F
M

R
(six

b
an

d
s,

M
o

rcrette
et

al.,
1

9
8

9
)

L
W

:
R

R
T

M
(M

law
er

et
al.,

1
9

9
7

)

R
eg

C
M

1
3

Ju
n

–
5

Ju
l

2
5

k
m

2
3

D
u

st,
sea

salt,
seco

n
d

ary
in

-

o
rg

an
ic,

p
rim

ary
O

C
–

B
C

N
C

E
P

rean
aly

sis
C

C
M

3
o

r
R

R
T

M

C
O

S
M

O
-M

U
S

C
A

T
1

5
M

ay
–

3
1

Ju
l

2
8

k
m

4
0

D
u

st
G

M
E

R
itter

an
d

G
eley

n
(1

9
9

2
)

the characteristics of the Euro-Mediterranean region, with

a large variability of surface albedo from the south (with

higher values) to the north (low to moderate albedo). Due to

this gradient in the surface albedo, moderate absorbing dust

aerosols emitted over northern Africa (characterized by high

surface albedo) decrease the shortwave radiations reflected at

TOA, compared to a non-turbid atmosphere. When advected

above low surface reflectance as marine or dense forest over

Europe, dust aerosols increase the upward SW radiations at

TOA, leading to a cooling effect. One can see the transi-

tion from positive to negative TOA forcing that occurs over

northern Algeria and Morocco as soon as dust particles are

transported over darker surfaces. This TOA radiative forcing

gradient is well captured by such RCM models that use a

finer resolution than GCM. Over Europe and Mediterranean,

the TOA forcing is simulated to be negative for both RCM

with lower values around −5 to −10 Wm−2. Such results

are consistent with the study of Nicolas et al. (2016), who

performed two different simulations using different surface

albedo (from marine to continental), based on the ATR-42

observations above the Balearic Islands and the Granada sta-

tion. The inclusion of high surface albedo (0.27 at 870 nm)

in the 1-D radiative transfer model compared to low sea sur-

face albedo (0.02 at 870 nm) contributes to decrease the TOA

radiative effect at Granada.

The last important point to mention here concerns the fact

that most SW radiation losses at the surface are not com-

pletely compensated for by fluxes reflected back to space.

Hence, this gain in solar energy within dusty layers (due to

moderate dust SW absorption; see Denjean et al., 2015) has

been shown to result in significant feedbacks on the tempera-

ture and relative humidity profiles over the Mediterranean re-

gion, with some important implications for its climate (Nabat

et al., 2015a).

7 Conclusions

The special observing period (SOP-1a) performed during the

Mediterranean dry season (11 June to 5 July 2013) over

the western and central Mediterranean basins has been de-

scribed in detail, as well as the 1-D to 3-D modeling ef-

fort, involved in the ChArMEx/ADRIMED project focused

on aerosol-radiation-climate interactions. Details of the in

situ and remote-sensing instrumentation deployed at the dif-

ferent sites and the main meteorological conditions that oc-

curred during the campaign have been provided. Some re-

sults from the in situ and remote-sensing observations, ver-

tical profiles, 1-D and 3-D aerosol direct radiative forc-

ing (DRF) computations have also been presented. Con-

cerning the aerosol loading during the SOP-1a, our results

indicate that numerous but moderate mineral dust plumes

were observed during the campaign with main sources lo-

cated in Morocco, Algeria and Tunisia, leading to AOD be-

tween 0.1 and 0.6 (at 440 nm) over the western and central
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Mediterranean. Analysis of synoptic situations demonstrates

unfavorable conditions to produce large concentrations of

polluted smoke particles during the SOP-1a, but interesting

sea-spray events have been observed.

Aerosol extinctions measured onboard the ATR-42 show

local maxima reaching up to 150 Mm−1 within the dust

plume, associated with extinctions of about 50 Mm−1 within

the marine boundary layer (MBL), possibly due to the pres-

ence of sea-spray aerosols. By combining ATR-42 extinc-

tion, absorption and scattering measurements, complete op-

tical closures have been made, revealing an excellent agree-

ment in estimated optical properties. This additional in-

formation on extinction properties has allowed calculation

of the dust single scattering albedo (SSA) with a high

level of confidence over the western Mediterranean. Our

results show a surprising moderate variability from 0.90

to 1.00 (at 530 nm) for all flights studied, corroborated by

AERONET/PHOTONS SSA retrievals. The SSA derived

during the ChArMEx/ADRIMED project has also been com-

pared with referenced values obtained near dust sources,

showing a relatively low difference in this optical parameter

at 530 nm.

Concerning the aerosol vertical structure, active remote-

sensing observations, at the surface and onboard the F-20,

indicate complex vertical profiles of particles with sea spray

and pollution located in the MBL, and mineral dust and/or

even aged North American smoke particles located above (up

to 6–7 km in altitude). Microphysical properties of aerosols

measured onboard the ATR-42 and balloon-borne observa-

tions for transported/aged mineral dust reveal particle vol-

ume size distributions with diameters greater than 10 µm. In

most cases, a coarse mode of mineral dust particles, charac-

terized by an effective diameterDeff,c ranging between 5 and

10 µm, has been detected within the dust layer located above

the MBL. Such values are found to be larger than those ref-

erenced in dust source regions during FENNEC, SAMUM1

and AMMA, as well as measurements in the Atlantic Ocean

in the Cape Verde region during SAMUM-2 and at Puerto

Rico during PRIDE.

In terms of shortwave (SW) and longwave (LW) DRF, in

situ surface and aircraft observations have been merged and

used as inputs in different radiative transfer codes for calcu-

lating the 1-D DRF. Modeling results show significant sur-

face (instantaneous) SW radiative forcing down to as much

as −90 Wm−2 over super-sites. In parallel, AOD together

with surface radiative flux observations have also been used

to directly estimate the local daily surface forcing in SW

(and LW) spectral regions, showing a significant effect with

values of −15 Wm−2 (+5.5 Wm−2) over Lampedusa. Such

DRFs are consistent with those previously referenced over

the Mediterranean basin. In parallel, aircraft observations

also provide original and new estimates of SW and LW ra-

diative heating vertical profiles with significant values of SW

heating of about 5 ◦K per day within the dust layer (for a

solar angle of 30◦).

Associated 3-D modeling studies, using regional climate

(RCM) and chemistry transport (CTM) models, indicate a

relatively good agreement between simulated AOD and that

determined from AERONET/PHOTONS data. Such models

allow 3-D calculations of the daily SW DRF revealing a re-

gional DRF of −10 to −20 Wm−2 (at the surface and in

clear-sky conditions), when averaged over the SOP-1a pe-

riod. At TOA, a significant dipole in the DRF is estimated

between the north and the south of the domain, with pos-

itive (heating) over northern Africa and negative (cooling)

DRF over the Mediterranean basin and Europe, reflecting

changes in surface albedo associated with moderately ab-

sorbing aerosols. A first multi-year simulation (conducted for

the 2003 to 2009 period) that takes into account the ocean–

atmosphere coupling has demonstrated that the significant

aerosol radiative forcing is responsible for a decrease in sea

surface temperature (on average −0.5 ◦C for the Mediter-

ranean). In addition, the latent heat loss is shown to be

weaker in the presence of aerosols, resulting in a decrease in

specific humidity in the lower troposphere, and a reduction

in cloud cover and precipitation.

This unprecedented data set of aerosol microphysical,

chemical, optical properties and vertical profiles obtained

over the western Mediterranean will now be used for eval-

uating regional models to reproduce such properties. In ad-

dition to classical model evaluations based generally on the

AOD, new comparisons between models and in situ observa-

tions on aerosol absorbing (SSA and AAOD) properties and

SW and LW heating rates, which control the semi-direct ef-

fect of aerosols, should be conducted. Comparisons will also

be performed on the aerosol size distribution for investigat-

ing the ability of regional models to simulate the observed

large dust particle size during the transport over the Mediter-

ranean, which could be helpful for improving the represen-

tation of deposition in such models. In parallel, in situ ob-

servations of sea-spray particles obtained at the surface and

from ATR-42 measurements will also be used to evaluate the

different primary sea-spray generation schemes, in terms of

concentration and size distribution. The objective is to im-

prove the representation of microphysical and optical prop-

erties of aerosols in regional climate models that will be used

in multi-year simulations to assess the impact of natural and

anthropogenic aerosols on the climate in this region.
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