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Abstract. Pollution aerosols strongly in uence the composi- 1.77 and 0.002—0.097 for the real and the imaginary parts,
tion of the Western Mediterranean basin, but at present littlerespectively, between 370 and 950 nm.

is known on their optical properties. We report in this study in ~ Radiative calculations in clear-sky conditions were per-
situ observations of the single scattering albeldo gf pol- formed with the GAME radiative transfer model to test the
lution aerosol plumes measured over the Western Meditersensitivity of the aerosol shortwave Direct Radiative Effect
ranean basin during the TRAQA (TRansport and Air QuAI- (DRE) to the variability oft as observed in this study. Re-
ity) airborne campaign in summer 2012. Cases of pollutionsults from the calculations suggest up to a 50 and 30%
export from different source regions around the basin andcchange of the forcing ef ciency (FE), i.e. the DRE per
at different altitudes between 160 and 3500 m above sea unit of optical depth, at the surface {60/ 235Wm 2 1
level were sampled during the ights. Data from this study at 60 solar zenith angle) and at the Top-Of-Atmosphere
show a large variability of , with values between 0.84— ( 137/ 92Wm 2 1/ for | varying between its maxi-
0.98 at 370nm and 0.70-0.99 at 950 nm. The single scatmum and minimum value. This induces a change of up to an
tering albedo generally decreases with the wavelength, wittorder of magnitudeG23/C143Wm 2 1/ for the radiative
some exception associated to the mixing of pollution with effect within the atmosphere.

sea spray or dust particles over the sea surface. The lowest

values of! (0.84-0.70 between 370 and 950 nm) are mea-

sured in correspondence of a fresh plume possibly linked to

ship emissions over the basin. The range of variability of 1 Introduction

observed in this study seems to be independent of the source

region around the basin, as well as of the altitude and aginghtmospheric aerosols play a crucial role on climate by af-
time of the plumes. The observed variabilitylofe ectsina  fecting the radiative transfer of atmospheric radiation and
large variability for the complex refractive index of pollution by modifying cloud properties and lifetime (Boucher et al.,
aerosols, which is estimated to span in the large range 1.412013). The capability of atmospheric aerosols to interact
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through processes of scattering and absorption with the atmdattp://charmex.Isce.ipsl.fr) research program has sup-
spheric radiation, so to exert a direct radiative effect (DRE),ported in recent years two airborne campaigns over the
depends on their spectral optical properties (extinction ef - Western Mediterranean basin: TRAQA (Transport and
ciency,kext, Single scattering albedb,, and asymmetry fac-  Air QuAlity) in 2012 and SAFMED (Secondary Aerosol
tor, g). In particular the single scattering albedo has beenFormation in the MEDiterranean) in 2013.

demonstrated to be a key parameter in modulating the sur- In a recent paper, Di Biagio et al. (2015) have presented
face, Top-of-Atmosphere (TOA), and atmospheric aerosolin situ measurements of the aerosol vertical pro les acquired
DRE (e.g., Ramana and Ramanathan, 2006; Di Biagio et al.over the remote sea during these campaigns. Observations
2010; Loeb and Su, 2010). Aerosol optical properties canfrom TRAQA and SAFMED have shown that in the Western
largely vary depending on the particles composition, size dis-basin pollution plumes extend as far as hundreds of kilome-
tribution, and shape, which are function of the aerosol sourcetres from the coastline and reach up t@000 m, presenting
type, and processing occurring during atmospheric lifetime.a complex strati ed structure, and pollution plumes show a
At present, the capability of climate models in reproducing large heterogeneity in terms of compaosition, origin, and life-
all the possible heterogeneity in aerosol optical propertiegime.

represents the main source of uncertainty in evaluating their Following these observations, we may ask the following:
DRE on climate (McComiskey et al., 2008; Stier et al., 2013). does the heterogeneity in pollution plume composition, ori-
In this sense, intensive studies providing the characterizatioin, and lifetime as observed in Di Biagio et al. (2015) induce
of the aerosol optical properties and their local and regionaheterogeneity on the optical properties (in particular the sin-
variability are of great importance in order to reduce thesegle scattering albedo) of pollution aerosols in this part of the
uncertainties. basin? And, if observed, does this heterogeneity on the opti-

This is particularly the case of the Western Mediterraneancal properties in uence the aerosol DRE? Is it necessary to
basin. Indeed, the Mediterranean is a very complex regiontake it into account to better evaluate the aerosol radiative
characterized by the presence of air masses carrying aerosdlspact in the Western Mediterranean?
of different origins and types (Gkikas et al., 2012). On its  With the aim of answering these questions, in this paper
northern bound, it is limited by Europe, with a consequentwe analyse data of the optical properties (spectral scattering
frequent export of anthropogenic pollution from the conti- and absorption coef cients, single scattering albedo) and size
nent towards the basin (Lelieveld et al., 2002; Pace et al.distributions of pollution aerosols measured over the West-
2006). In particular, the Western part of the Mediterraneanern Mediterranean basin during TRAQA. SAFMED observa-
basin, surrounded by large coastal megacities, commerciaions have been excluded here given that only limited data on
harbours, and under the direct in uence of some of the mosthe aerosol optical properties were available from this cam-
industrialized areas of the continent (such as the Po Valleypaign. The objective of the paper is twofold: to provide a
in Northern Italy or the Fos/Berre area in Southern France)new data set of aerosol single scattering albedo values which
is strongly affected by continental pollution out ows (Pérez can be representative of the polluted aerosols over the West-
et al., 2008; Pey et al., 2010; Di Biagio et al., 2015). The ern basin, and investigate the sensitivity of the aerosol direct
build-up of high pollution levels over the Western basin is DRE to the variability of this parameter.
particularly favoured during summer when the strong inso-
lation enhances photochemical reactions and the stable me-
teorological conditions promote the stagnation of pollutants2  Overview of ights during the TRAQA campaign
(Millan et al., 2000; Mallet et al., 2005).

In spite of this, the characterization of the optical prop- The TRAQA campaign took place in the period 20 June—
erties of anthropogenic aerosols in this part of the basinl3 July 2012. Instruments were installed on board the
remains only limited to coastal and inland regions (Mal- SAFIRE (Service des Avions Francais Instruments pour
let et al., 2003, 2011, 2013; Lyamani et al., 2006; Estellesla Recherche en Environnement, http://www.sa re.fr/) tro-
et al., 2007; Saha et al., 2008; Esteve et al., 2012; Piazpospheric aircraft ATR-42, based in Toulouse @&N,
zola et al., 2012; Pandol et al., 2011, 2014), or remote is- 1 26°E, France). A total of 17 ights, most often two ights
lands actually far from the strong in uence of continental per day, with intermediate stops in different airports in south-
out ows (Lyamani et al., 2015). Moreover, the majority of ern France and Corsica, were performed ( ight numbers V16
these studies uses remote-sensing measurements and analye&/32). The majority of ights were over the sea, with some
aerosol properties integrated over the entire atmospheric colexceptions investigating inland areas in southern France. The
umn, without information on their vertical variability. Thus, ight altitude for the ATR-42 ranged between a minimum of
at present, we miss a detailed characterization of the optical 60m to a maximum of 5000 m above sea level (a.s.l.),
properties of the pollution aerosol over the entire region, inand the maximum ight time was 4 h. The general ight strat-
particular over the remote sea, and its vertical distribution. egy consisted of legs at constant altitude to sound the verti-

To Il this gap, the international ChArMEx cal structure by lidar observations, vertical ascents and/or de-
(Chemistry-Aerosol Mediterranean Experiment; scents to describe the vertical atmospheric column and iden-
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3 Measurements and methods
3.1 Aircraft observations

Aerosol sampling on the ATR-42 was performed using the
AVIRAD system. AVIRAD is an iso-axial and iso-kinetic in-

let which samples air at a volumetric ow of 350 L min 1.

The 50% passing ef ciency of the inlet is 12 um diame-
ter. Various lines depart from AVIRAD to connect to differ-
ent instruments for the measurement of the aerosol physico-
chemical and optical properties. Additionally, several sen-
sors for the measurements of the atmospheric composition
were installed on the ATR-42 aircraft as basic equipment. A
brief description of the different in situ measurements con-
sidered in this study from the AVIRAD system and the ATR-
42 equipment and their data analysis is reported in the fol-
lowing.

The aerosol scattering coef cient  at 450, 550, and
700nm was measured by a three-wavelength integrating
nephelometer (TSI Inc., model 3563, 6s resolution). The
nephelometer was calibrated prior to the campaign by us-
ing air and CQ as reference gases. Nephelometer measure-
Figure 1. (upper panel) Geographical position of the different ments were corrected for angular truncation and Lamber-
straight levelled runs (SLRs) performed during the TRAQA cam- tian non-idealities by applying the formula by Anderson and
paign and analysed in this paper. The label for each point in theOgren (1998), appropriated to submicron aerosols which we
gure identi es the ight number and the corresponding SLR: for expected in the pollution plumes sampled during the cam-
example V22_R1 indica_t(_as the coordir_lates of the rst SLR of ight paign. The measurement uncertainty ap calculated tak-
V22. (lower panel) De nition of three dlfferer_n source areas for the ing into account for the photon counting, gas calibration, and
various SLRs (see Sect. 3.4 for more details). The Western Sectof, o+ corrections uncertainties, was estimated to be lower
includes trajectories coming f_rom the Atlantlc_ Ocean and travelhng than 10% at the three wavelengths. Averages of the scatter-
over France or northern Spain before reaching the Western basin, . ) .
the Eastern sector includes air mass trajectories from continentdf'Y Coef cient were calculated over the dlfferent.SLRs. The
Europe that have travelled over northern Italy-Po Valley before en-Uncertainty on the SLR average values was estimated as the
tering the basin; and the Open sea sector consists of trajectorie€0mbination of the measurement uncertainty and the stan-
which have experienced at least 2 days of subsidence over the satard deviation along each individual run. For each SLR, the
in the Western basin. particle scattering Angstrém exponent (SAE) was calculated
as the power law t of the measured scattering coef cients

. ) . versus wavelength to extrapolate the scattering coef cient at
tify the main aerosol plumes, followed by straight levelled other wavelengths than those of operation.

runs (SLRs). within th'e detecteq aerosol layers. In the Present The nephelometer measured the scattering coef cient in
study we will exclusively consider measurements acquweddry air conditions. This is due to the heating of the air ow

during SLRs, since only during these phases the whole S€jjje entering the aircraft cabin and the temperature increase

of aerosol optical properties (scattering and absorption coefj, y,q sensing volume of the instrument due to illumination.

cients) were measured. A total of 21 SLRs were performed te rejative humidity measured during the ights inside the

over the sea surface or inland close to the coastline and W”hephelometer cavity was 25 % in more than 90 % of cases
be considered in this study. Figure 1 and Table 1 summarizg i, values up to 40% occasionally observed 200m ’
the geographical location, date, time, and altitude of these, o\ the sea surface.

21 SLRs. As indicated in Table 1 each SLR was about 15—
20 min long. At the cruise speed of the ATR (93 ni this
integration time corresponds to about 100 km.

The aerosol absorption coef cient {,d at 370, 470,
520, 590, 660, 880, and 950 nm was measured by a seven-
wavelength aethalometer (Magee Sci., model AE31, 2 min
resolution). The principle of operation of the aethalometer
consists in measuring the attenuation of light through an
aerosol-laden lter compared to that of another portion of
the lter which is unexposed to the air ow and is used as

a reference (Weingartner et al., 2003). To yield the aerosol
absorption coef cient, the spectral attenuatiogt./ mea-
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Table 1. Summary of information on the SLRs analysed in this study. The SLR location (within the boundary layer or in the free troposphere)
was determined based on the boundary layer top height estimated for the closest vertical sounding performed during each ight (see Sect. 3.3)
The sector of origin for sampled air masses was determined based on FLEXPART back-trajectories (see Fig. 1 and Sect. 3.4 for further
details).

Flight number SLR_ID Date Time start-stop ~ Altitude (m)  Location Sector of origin
V19 V19 R1 26 June 2012 11:23-11:38 322  Within the boundary layer  Eastern
V19 V19 R2 26June2012 11:44-11:59 897  Within the boundary layer  Eastern
V21 V21_R1 27 June 2012 10:54-11:12 312  Within the boundary layer  Eastern
V21 V21 R2 27June 2012  11:48-12:04 629  Within the boundary layer  Eastern
V21 V21 R3 27 June 2012 12:05-12:19 311 Within the boundary layer Western
V22 V22_R1 29June 2012 07:42-08:01 478  Within the boundary layer Eastern
V23 V23 R2 29June 2012 12:05-12:20 319 Within the boundary layer Open sea
V25 V25 R1 4 July 2012 09:08-09:24 639  Within the boundary layer Western
V25 V25_R2 4 July 2012 09:32-09:48 2015 Free troposphere Western
V25 V25 _R3 4 July 2012 09:50-10:08 2538  Free troposphere Western
V26 V26_R2 4 July 2012 17:08-17:25 1877 Free troposphere Western
V27 V27_R1 6 July 2012 09:28-09:47 164  Within the boundary layer Open sea
V28 V28 R2 6 July 2012 15:58-16:13 927  Within the boundary layer Open sea
V30 V30_R1 7 July 2012 14:09-14:28 3498 Free troposphere Western
V30 V30_R2 7 July 2012 14:51-15:07 549  Within the boundary layer Open sea
V31 V31 R1 10July2012 15:44-16:20 322  Within the boundary layer Western
V31 V31_R2 10July2012 16:31-16:59 954  Within the boundary layer Western
V32 V32_R1 11July2012 12:52-13:13 250  Within the boundary layer  Western
V32 V32_R2 11July2012 13:22-13:48 788  Within the boundary layer  Western
V32 V32_R3 11July2012 14:02-14:12 336  Within the boundary layer Western
V32 V32_R4 11 July2012 14:18-14:35 802 Within the boundary layer Western

sured by the aethalometer was corrected following the protaking into account for the different factors in Eqg. (1) and
cedure described by Collaud Coen et al. (2010): varied between 11-36 % at 370 nm and 12—70 % at 950 nm.

It has to be noticed that an enhanced absorption at single
wavelengths was observed in several cases for the aethalome-
ter. This was possibly due to the absorption on the exposed
Iter of gases or volatile compounds absorbing at some of
The different terms in Eq. (1) are the following: (iy .7 the instrument operating ngelengths (Weingartner et al.,
or “scattering correction”. In this work / was calculated ~2003). These anomalous points were accurately selected and
with the formula by Arnott et al. (2005) and varied be- _screened from the data set. As a result of thls screening, data
tween 0.02 and 0.07, whiles./  was the average of the N correspondence of only 60 % of the considered SLRs were

scattering coef cient along the considered SLR extrapolateg®vailable for aerosols analyses. _

at the aethalometer wavelengths: (s or “multiple scat- _The measured aerosol scatterlng_and absorptl_on coef -
tering correction” Cret Was set to 2.14 0.21 (wavelength- C|e_nts were used to calculate the particle spectral single scat-
independent) following Weingartner et al. (2003); (| /  tering albedo between 370 and 950 nm as

or “shadowing effect correction”’R. / depends on the . |

charge and absorptivity properties of the sampled aerosol antl - / D C
can be calculated as a function of the particle single scatter- S
ing albedo {/ . In this study, because of the absence of anThe uncertainty ol was calculated with the propagation
independent determination bf we used an estimated “ rst-  error formula and varied between 0.02 and 0.04 at all wave-
guess” single scattering albedo ( to calculateR. Thiswas  lengths.

determined as the ratio of the measured scatterigigt¢ ex- Additionally, for each SLR for which aethalometer data
tinction ( sC ,,J coefcients, with _ _corrected for the were available, the particle absorption Angstrém exponent
scattering and the multiple scattering corrections, but no{AAE) was calculated as the power law t of the measured
for the shadowing effect. The obtainBd / varied between absorption coef cients versus wavelength.

0.75 and 1 for  between 0.75-0.99 at 370nm and 0.70— The aerosol number size distributionNddlogD4/ was
0.99 at 950 nm. The whole uncertainty on the absorption comeasured by two different optical particle spectrometers: the
ef cient was estimated with the propagation error formula passive cavity aerosol spectrometer probe (PCASP, model

ArT. .

ol
CrefR. / '

abs- /D

1)

)

abs- I
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100-X, 1 s resolution, 31 size classes between 0.1 and 3.0 umproduce nephelometer observatiorsy% mean difference
diameter, operating wavelength 632.8 nm), and the opticabetween calculations and observations at the three wave-
particle spectrometer GRIMM (GRIMM Inc., model 1.129, lengths, compared to differences up to 15-21% if PCASP
6 s resolution, 32 size classes between 0.3 and 32 um diamelata are used in the 0.4-1.0 um size range). Thus, a combined
ter, operating wavelength 655 nm). For both the PCASP andPCASP-GRIMM number size distributionNgdlogDg in
the GRIMM, the measured sphere-equivalent optical diamethe 0.10 to 50.01-63.03 um diameter range was estimated
ter was converted in a sphere-equivalent geometrical diamby considering PCASP data up to 0.30 um and GRIMM data
eter Dgy/ by taking into account the complex refractive in- above. The volume size distribution was also computed as
dex of the sampled aerosol (Liu and Daum, 2000). Differ-dV=dlogDgyD = GDSdN:dIong. Averages of the number
ently from Di Biagio et al. (2015), where the complex refrac- and volume size distributions over each SLRs were calcu-
tive index used to correct the size was xed based on liter-lated.
ature valuesrn(D 1:52=1:70, k D 0:01 for pollution aerosols Nonetheless, due to a technical problem, GRIMM data
in the Mediterranean), here the complex refractive index towere only available below 350 m ( 970 hPa).
correct the size was iteratively adjusted based on optical clo- The total particle number concentrations in the ultra ne
sure calculations. Full details of the procedure are providednode (4 nm—0.1 um;Nygp, i.e. formerly de ned as Aitken
in Sect. 3.2. After optical closure and refractive index cor- mode in Di Biagio et al., 2015) and accumulation mode (0.1—
rection theDg range varied between 0.10-4.24 and 0.10-1.0 um; dNacc/ were calculated by combining condensation
4.84 um for the PCASP and 0.26-58.75 and 0.30-73.60 unparticle counter measurements of particle concentration in
for the GRIMM as a function of the assumed aerosol refrac-the 0.004—-3 um range (CPC, TSI Inc., model 3775, 5-s reso-
tive index. The uncertainty d is between 1 and 25 %. For lution) and size distribution data. Due to the fact that above
comparison, th® g values obtained in Di Biagio et al. (2015) 350 m the GRIMM was not available, only PCASP data were
were 0.10-4.47 and 0.28-65.80 um for the PCASP and theised in the calculations ofNyrp and dNacc over the whole
GRIMM, respectively. The smallest and the largest size binsaltitude range. Nyrp was estimated as the difference be-
of both instruments, for which the minimum and maximum tween CPC concentration and the integral of PCASP data
edges respectively are not de ned, were excluded from thebetween 0.1 and 3.0 um, whiléNd.c. was obtained by inte-
data sets, thus reducing the PCASP and GRIM}jIranges  grating the PCASP number concentrations in the 0.1-1.0 ym
to 0.10-3.94 and 0.11-4.53 um for the PCASP and 0.28-interval. The underestimation of the PCASP number con-
50.01 and 0.34—-63.03 um for the GRIMM. centration between 0.4 and 1.0 um, as discussed above, was
Corrected data from the PCASP and the GRIMM were estimated to induce a 20 % underestimation of theNthcc
then merged to obtain the aerosol size distribution over acalculated here, whilst it had a negligible impact dv gp.
larger size range. The two instruments superimpose in a largghe dNyrp and dNacc Obtained in correspondence of each
interval covering the diameter range0.30-4.0 um. In this  SLR were used to calculate the ultra ne-to-accumulation ra-
interval the PCASP and the GRIMM showed a good agree-+io dNyrp=dNacc.
ment below 0.4 and above 1.0 um (less thah0 % differ- The carbon monoxide (CO) and ozones(@nixing ratios
ence), while signi cant differences were observed in the 0.4—were measured by the MOZART instrument (CO, 30 reso-
1.0 um range where the PCASP underestimates the GRIMMution and 5% nominal uncertainty, §) 4 s resolution and
measurements by more than50 %. This difference is of 2% nominal uncertainty) (Nedelec et al., 2003). Starting
great relevance in terms of optical properties because partifrom the measured £and CO, the ozone enhancement ra-
cles in the 0.4-1.0 um size interval are very ef cient for in- tio (1 O3=1CO) was calculated, i.e. the ratio of the ozone
teraction with shortwave radiation. With the aim of under- to carbon monoxide variations compared to their baseline
standing which of the two instruments measures correctly invalues. A background value of 70 ppbv in the boundary
the 0.4-1.0 um range we performed an optical test, whichayerand 60 ppbv in the free troposphere was used for CO,
consisted in calculating with Mie theory the scattering co- while the background was set at30 ppbv for Q at all levels
ef cient at 450, 550, and 700 nm based on the PCASP andDi Biagio et al., 2015)1 O3 =1 CO data were used together
GRIMM size data, and then in comparing it with simul- with dNyrp=dNacc to retrieve information on the age of the
taneous nephelometer measurements. Optical calculatiorsampled air masses, as discussed in Di Biagio et al. (2015).
were performed by xing the complex refractive index at  In order to compare SLRs measurements obtained at dif-
1.6 0.01i, so at the mean of the range of values reportedferent altitudes, the data analysed here were reported to stan-
in the literature for pollution aerosols (Ebert et al., 2002, dard temperature and pressure (STP) using 29315K
2004; Mallet et al., 2003, 2011; Mdiller et al., 2002; Raut and P D 101325 hPa. In this case, the scattering and ab-
and Chazette, 2008). SLRs characterized by a low variabilsorption coef cients were scaled to STP conditions and the
ity in terms of scattering coef cient and particle concen- particle concentrations (in number or volume) were given as
tration were selected. The results of the optical test indi-particles per standard cr (scm 3/. Where not explicitly
cate that in the 0.4-1.0 um range the size distribution of theindicated, data refer to STP conditions.
GRIMM is more accurate since it permits to most closely re-
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In Table 2 we summarize main information and uncertain-Italy/Po Valley, Southern France, Barcelona area). The La-
ties for the different aerosol instruments considered in thisgrangian trajectory model FLEXPART (FLEXible PARTi-

study. cle dispersion model, Stohl et al., 1998), adapted for the
WRF (Weather Research and Forecasting) meteorological in-

3.2 Optical closure and estimation of the aerosol put (Brioude et al., 2013) was used here to track the origin of
complex refractive index air masses sampled during SLRs. Five-day three-dimensional

ical cl d lized , h back-trajectories were calculated using the WRF meteoro-
An optica closure study was realize _to estimate the Com1ogical output at a 30 km horizontal resolution and 28 vertical
plex re_fract|ve mc_;lexrh D n ik of pollution aerosols based_ model levels up to 50 hPa. The model speci ¢ humidity and
on optical _and sSize data._ The owchart of _the pr_ocedure 'S potential vorticity were also interpolated along the trajectory
illustrated in Fig. 2. Optical closure consisted in recalcu- path. Based on FLEXPART simulations, data for the differ-
Ia_lting the spectral scattering and absprption abs COEf - . ent SLRs were separated as a function of the origin of the
gllent'z ”?easu“?d for eadcg SLR by uilng the meczia§ured SIZ§ampled air masses. Three different sectors were de ned: the
istribution as input and by varying the real) (and imag-  \yegtern sector, which includes trajectories coming from the

InzTry_ ®) parr:s of thed(liomplex re;rac;c]lve '?]de)k; in the cal- Atlantic Ocean and travelling over France or northern Spain
culations. Thenn andk were xed when the best agree- o416 reaching the Western basin: the Eastern sector, includ-
ment between measurements and calculations was foun

Gi hat the size distributi d by the PCASP g air mass trajectories from continental Europe that have
|\éenht g?tII\;MSIée 'Sg' UI'Onh measurel fy t e q travelled over northern Italy-Po Valley before entering the
and the epends on the aerosol refractive in ®X.hasin; and the Open sea sector, which consists of trajectories

the optical-to-geometrical diameter conversion was recalcu

lated hi ion based h addk . coming from the Western or Eastern sectors which have ex-
ated at each iteration based on the assum - Opti- perienced at least 2 days of subsidence over the sea in the

pallcalcql?t|on_srr\]/ve:\t/la.perflorrlned us:g?_ Mie theory fﬁrslpher'Western basin and thus can be taken as representative of the
ical particles. The Mie_single.pro routine available at regional background aerosol or local pollution sources, i.e.

hr:tp://(Todlg.gtm.o;:.ac.ulr/MIE/Tura]_sm?Ie.html' v;as used. Inship emissions. The three different selected sectors are shown
the calculations the real part of the refractive index was vars, rig 1 \hile Table 1 also reports the identi ed sector of

ied in the range 1.30-1.80 at steps of 0.01, while the imagi'origin for the air masses sampled during the different SLRs.

nary part in the range 0.001-0.1 at steps of 0.001, for a total As discussed in Di Biagio et al. (2015), several ights

of 5100 inver_sions_ for each SLR data set. The _uncertainty ORvere affected by dust particles exported over the basin from
the real a.”d imaginary parts of the rgfractwe index was €SNorthern Africa. SLRs data dominated by dust were iden-
timated with a sensitivity study. To_th|s purpose, the valuesy; o4 phased on the combined analysis of back-trajectories,
of n andk were also obtained by using as input the observedy pro les and optical data, and were excluded from the

oN : =
s abs ANdgrogp Plus or minus 1 standard deviation o a1, get. However, for some SLRs, the possible mixing of

their measurement. The deviations of the valuea ahdk  qust aerosols with pollution particles cannot be a priori ex-
retrieved in the sensitivity study with respect to those ob-¢|yded.

tained in the rst inversions were assumed to correspond to
the 1 standard deviation uncertainty. The estimated uncer4 5 Radiative model calculations
tainty was< 5% forn and 25-30 % fork.

Radiative transfer calculations were performed to estimate
the instantaneous aerosol direct radiative effect in the short-
dvave spectral range for different cases and in clear-sky con-
ditions. The objective of the calculations was to test the sensi-

temperature, , and relative humidity, RH) for each vertical tivity of the DRE to the variability of the aerosol optical prop-

sounding performed during TRAQA ights (see Di Biagio erties, in particular the single scattering albedo, as observed

et al., 2015). The boundary layer top height was betweerin this study. The GAME radiative transfer model (Dubuis-
730 and 1500 m, with an average of1000 m. The loca- son et al., 1996, 2006) was used in this study to compute the

tion of each SLR, so if it is within the boundary layer or in vertical pro les of downward and upward shortwave irradi-

the free troposphere, was determined based on the planeta?Ces over the 0.28-3.0 um spectral range. The model calcu-

boundary layer top height estimated from the closest vertical €S radlalnces and irradiances at various atmospheric levels
sounding performed during each ight at 400 cm - spectral resolution between 0.28 and 0.5 um, and

100 cm ! resolution between 0.5 and 3 um. Spectral absorp-
3.4 Tracking the origin of the sampled air masses tion by principal atmospheric gasesBl, CO, Oz, CHa,
N2O, O,/ is taken into account in the model. The discrete
As discussed in Di Biagio et al. (2015), aerosol observa-ordinate method (Stamnes et al., 1988) with 12 streams was
tions during TRAQA were mostly in uenced by pollution used in the simulations to describe multiple scattering. Sim-
export from different sources around the basin (Northernulations were performed with and without aerosols by xing

3.3 Boundary layer height estimation

The planetary boundary layer (BL) top height was estimate
from meteorological observations (temperatdrepotential

Atmos. Chem. Phys., 16, 10591-10607, 2016 www.atmos-chem-phys.net/16/10591/2016/
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Figure 2. Flowchart of the size distribution and refractive index retrieval procedure. Further details are provided in Sect. 3.2.

the solar zenith angle/( at 60, i.e. at about the mean of originated in each of the three different source sectors iden-
the diurnal value at the latitudes of north-Western Mediter-ti ed based on FLEXPART back-trajectories (Western, East-
ranean, and for a mid-latitude climatological summer meteo-ern, and Open sea), with a larger number of cases from the
rological pro le. The aerosol optical properties that are usedWestern sector compared to the Eastern and the Open sea ar-
as inputin the GAME radiative code are the spectral variationeas.

of the optical depth (, the asymmetry parametay)(and the For all the different cases, the measured scattering co-
single scattering albedd (. The difference of the net short- ef cient was in the range 16-73Mnt at 450 nm and 8-
wave uxes (downward minus upward irradiances) with and 30 Mm 1 at 700 nm. The absorption coef cient was gener-
without aerosols at the surface and at TOA was used to estially below 10 Mm 1 at all wavelengths, with the exception of
mate the aerosol DRE at these two levels. The atmospheriv27_R1 and V32_R1 for which values up to20 Mm 1 at

DRE was then calculated as the difference between the TOA70 nm were measured. For these two cases also the highest
and the surface values. Finally, the ratio of the DRE to thevalues of the particle concentration in the accumulation mode
aerosol optical depth at 500 nm, i.e. the aerosol forcing ef - (  1700—-2200#cm?, not shown) and among the highest
ciency (FE), was obtained. The shortwave heating rate at thgalues of the scattering coef cient were measured. For all

altitude z was also calculated as cases, boths and 4ps decrease with the wavelength. The
@T 1 @F.z/ pronounced spectral variability of, in particular, indicates
ot C_pﬁ; 3) the dominance of ne particles in the sampled plumes.

The SAE varied between 0.96 and 1.94, while the AAE
whereT is the air temperature, is the air densityCp isthe  yaried between 0.92 and 1.65, with an average ®f20. The
speci ¢ heat of the air, an& .z/ is the net ux atthe altitude  AAE was not calculated for few cases with very low values
Z. of the absorption coef cient (s at 370N 1.5Mm 1/,
Both the SAE and the AAE obtained in this study fall in the
range of variability indicated by several authors to identify
pollution aerosols or pollution mixed with other aerosol types
4.1 Overview over the different SLRs in the Mediterranean basin (SAE1-1.5, and AAE 1-1.5;

Pace et al., 2006; Toledano et al., 2007; Mallet et al., 2013).

Figure 3 shows the average altitude, spectral scattering/alues of AAE larger than unity, in particular, might suggest
( ¢ and absorption (4nd coef cients, scattering and ab- the possible mixing of pollution with brown carbon or dust
sorption Angstrém exponent (SAE and AAE, respectively), particles over the basin (Russell et al., 2010; Mallet et al.,
ozone enhancement factdl Q3 =1CO), and ultra ne-to-  2013).
accumulation particle ratio (durp=dNacc/ measured for the For all the measured SLRs theO3=1CO and the
different SLRs during TRAQA. dNyep=dNacc ratios varied in the range 0.37-1.02 and 1-

As shown in Fig. 3 and Table 1, the large majority of 50, respectively, for @and CO varying between 24-78 and
the SLRs were performed within the boundary layer at69-136 ppbv and Myrp and dNacc between 320-22500
an altitude< 1000 m. Only four SLRs (V25_R2, V25_R3, and 100-2170#cn¥. 1 03=1CO and the Nurp=dNacc
V26_R1, and V30_R1) measured aerosols in the free troare linked to the photochemical (rate of ozone formation)
posphere between 1800 and 3500 m. The sampled aerosoigd physical (rate of ultra ne to accumulation particle con-

4 Results
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Figure 4. Number size distributions (left panel) and volume size
distributions (right panel) measured over the different SLRs for
the TRAQA ights. Data correspond to measurements performed
within the boundary layer at altitudes350 m (V19 _R1, V21 R1,

V21 R3,V23_R2,V27_R1,V31_R1,V32_R1,V32_R3).Dataare
separated based on the different air mass origin (Western sector,
Eastern sector, and Open sea). Concentrations are given at ambi-
ent conditions. Grey shading represents minimum and maximum
measured values, while the black curve is the average size. Mea-
surement uncertainties are also reported for the average curve.

ameters below 0.30 pm and10 % at larger sizes. The grey

Figure 3. Averages over the different TRAQA straight levelled Shading indicates f:onside_rabl_e variability in the number con-
runs (SLRs) of the measured altitude, spectral scattering coef cientcemrat'o,n of the size d'smbuuo,ns’ of approximately 1 O_rder
( s 450, 550, and 700 nm), scattering Angstrém exponent (SAE),Of magmtude_for rr_1uch of the size range m_easured. This re-
spectral absorption coef cient gps 370, 470, 520, 590, 660, 880, €cts the relative wide range of aerosol loadings encountered
and 950 nm), absorption Angstr(‘jm exponent (AAE), ozone en-during the Campaign. The minimum of the size distribution
hancement factorl(O3 = 1 CO) and ultra ne-to-accumulation ratio  over the whole diameter range was measured in the Western
(dNypp=dNacc/ . Uncertainties indicate the 1standard deviation.  sector (V32_R3), whilst the largest number concentrations in
Thex axis indicates the ight number (19 to 32 for ights V019 to the super-micron range were observed in correspondence of
V032), each point for the same ight number represents a different\y19 R1 and V32 R1. For all the other SLRs, the size dis-
SLR. tributions were very similar, especially at diameters below

5pum.

The measured number size distribution from each SLR

version) processes responsible for the aging of the aerosqlas tted with multi-mode lognormal functions:
plumes. The range of measured values here includes both |

cases with high Nyrp=dNacc and lowl O3=1CO, typical dN X Niot;i logDp logDg; 2

of fresh plumes, and cases with loMdep=dNacc and high  Fj5or D p =100 — 20 o D (4)

1 03=1CO, indicative of more aged air masses (Di Biagio 9 i 9 g g!

etal, 2015). For each modeé, Nio; represents the total aerosol number

The summary of observations from Fig. 3 suggests tha%oncentration,Dg the median diameter, and, the geo-

the set of SLRs measurements considered in this study Cafetric standard deviation. The logarithm refers to base 10.
be considered representative of a wide range of different atg, o gata were tted automatically using the MPCURVE-

mospheric conditions occurring over the basin both in Mgt |p| routine available at http://www.physics.wisc.edu/

of sources, loadings, and lifetimes for pollution aerosols. ~craigm/idl/ tting.html. Since the aim of the tting is to de-
) . o scribe as closely as possible the measured number size distri-
4.2 Particle size distributions butions for subsequent optical calculations (Sect. 4.4), up to

seven modes were used to t the data. The correlation coef-
Figure 4 shows the mean and the range of variability of the cient for the t functions was larger than 0.97 for all cases.
number and volume size distributions measured during horpe parameters of the lognormal ts are reported in Table 3.
izontal SLRs within pollution layers during TRAQA. Data The rst mode of the size distribution is generally at 0.13—

were separated based on the origin of the sampled air massgs) 4 pum, whilst the largest mode is betweeb and 8 um for
and refer only to cases &t350 m altitude within the bound-  the different cases.

ary layer. The absolute uncertainty on the measured concen-
tration, as also reported in Table 2, isl5 % for particle di-
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Table 3.Lognormal mode parameters of the measured aerosol size distribution (total aerosol number concéhigtioadian diameter,
Dg, and geometric standard deviatiory/. Data correspond to SLRs below350 m altitude. Diameters are given in microns and number
concentrations are given in particles per chand refer to ambient conditions.

Model Mode2 Mode3 Mode4 Mode5 Mode6 Mode?7

V19 R1 Nyot 498 160 12 4.0 1.6 0.04
Dg 0.13 0.24 0.38 0.61 1.55 4.85
g 1.19 1.16 1.17 1.29 1.60 1.45
V21 R1 Niot 600 210 2.0 55 0.65
Dg 0.13 0.24 0.37 0.48 1.35
g 1.20 1.17 1.15 1.40 1.62
V21 R3 Niot 600 195 2.7 3.0 0.50 0.01
Dg 0.13 0.23 0.35 0.51 1.45 4.50
g 1.19 1.21 1.18 1.38 1.66 1.41
V23_R2 Nyot 660 195 2.0 3.2 0.80 0.02
Dg 0.13 0.23 0.37 0.53 1.45 5.69
g 1.19 1.16 1.16 1.37 1.65 1.25
V27_R1 Nyot 930 264 2.5 5.2 0.70 0.04 0.004
Dg 0.13 0.23 0.37 0.48 1.30 3.50 8.20
g 1.19 1.20 1.18 1.40 1.68 1.12 1.26
V31 R1 Niot 482 278 48 2.7 0.55 0.01
Dg 0.14 0.24 0.35 0.54 1.82 7.14
g 1.20 1.16 1.17 1.39 1.65 1.17
V32_R1 Nyot 1135 413 55 5.0 0.65 0.01
Dg 0.13 0.23 0.37 0.50 1.65 7.30
g 1.19 1.18 1.16 1.37 1.66 1.11
V32_R3 Nyot 235 8 8 3.2 0.15 0.02 0.002
Dg 0.14 0.28 0.28 0.40 1.42 3.29 7.21
g 1.19 1.16 1.16 1.32 1.68 1.12 1.31
4.3 Spectral single scattering albedo: variability as a bly associated to local emissions, i.e. ship plumes, over the
function of air mass origin and height basin. If we exclude V27_R1, the range of measured val-

ues appears comparable (within error bars) for the three con-
sidered sectors (Western, Eastern, and Open! seatween
Figure 5 shows the spectralfor the different SLRs consid- .88 and 0.98 at 370 nm and 0.83 and 0.99 at 950 nm).
ered in this study. Data were separated based on the origin of The vertical variability ofl , together with 8lyrp=dN acc,
the sampled air masses. The single scattering albedo varieso;=1CO, SAE, and AAE, is shown in Fig. 6 for the dif-
in the range 0.84-0.98 at 370 nm and 0.70-0.99 at 950 nferent considered cases. With the only exception of V27_R1,
and generally decreases with the wavelength, as it is typicajor which the lowest values were observed below 200 m, the
for pollution particles (Dubovik et al., 2002). Only in two sjngle scattering albedo does not show a clear trend with
cases (V19_R1 and V30_R?2) the single scattering albedo inhejght, with a similar range of values measured in the bound-
creases with wavelength. For these cases also very high vag[ry layer, below 1000m, and in the free troposphere up
ues of! were observed (092—097 for V19_R1 and 098—t0 3500 m. As for! , the AAE does not signi Canﬂy vary
1.0 for V30_R2), which may suggest the possible mixing of yith height. At the same time,Nyrp=dN acc and SAE de-
pollution with sea spray or desert dust particles, both showrrease with height, with a concurrent sligh©3=1CO in-
ing low absorption in the shortwave range (Bergstrom et al..crease, which may suggest an increase of plume age with
2007). The lowest values of the single scattering albedo wereight. The ensemble of these observations seems to indicate
measured for V27_R1 (0.84-0.70 between 370 and 950 nmghat, for our observed cases, the absorptivity properties of the
sampled at 160 m and originated in the Open Sea sector.sampled plumes do not depend on the altitude and associated
Data in Fig. 3 also indicate for V27_R1 very low values ajr mass age of the plume. It should be pointed out, however,

of 103=1CO ( 0.37) and a relatively highMyrp=dNacc  that the majority of cases considered here were sampled be-
(' 7), which suggests that V27_R1 was a fresh plume possi-
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Figure 5. Spectral single scattering albedo at seven wavelengths between 370 and 950 nm calculated from nephelometer and aethalomete
measurements for the different SLRs within pollution layers. Data are separated based on the different air mass origin (Western sector,
Eastern sector, and Open sea).

low 1000 m, so in the boundary layer, and the statistics in the
free troposphere is only limited to a few events.

Values of the single scattering albedo measured in this
study are comparable with values reported at several other
sites in the Central and Western Mediterranean region for
pollution aerosols (Mallet et al., 2003, 2013; Meloni et al.,
2006; Saha et al., 2008; Di Biagio et al., 2009; Pandol et
al.,, 2011). The single scattering albedo from these studies
varies in the range 0.84—0.95 at 440 nm, 0.76-0.98 at 500—
550 nm, and 0.80-0.87 at 870 nm. Compared with the litera-
ture, larger and lower values are obtained in the present study

for few cases mostly in uenced by sea spray, desert dust, an<|j:_ 6. Sinal ) Ibedo (370. 660. and 950
local fresh emissions, respectively. igure 6. Single scattering albedo (370, »an nm), ozone

enhancement factod (O3 =1 CO), ultra ne-to-accumulation ratio
o ) (dNypp=dNacc/, and scattering (SAE) and absorption Angstrém
4.4 Complex refractive index of pollution aerosols exponent (AAE) versus height for all analysed SLRs cases. Uncer-

tainties on measured and retrieved quantities (horizontal bars) are

As discussed in the previous section, the single scatterin@lso shown in the plots.
albedo of pollution aerosols shows a relatively large variabil-
ity. Here we investigate the impact of this variability on the
complex refractive indexni D n  ik) of the particles. our analysed casesandk vary in the range 1.67-1.75 and

For eight selected SLRs for which both complete optical 0.004—0.050 at 370 nm and 1.41-1.77 and 0.002-0.097 at
(scattering and absorption coef cients, and single scatteringd50 nm, respectively. The imaginary part of the refractive in-
albedo) and size distribution measurements were availablejex slightly increases with wavelength, while not a clear ten-
the aerosol spectral complex refractive index was estimatediency is found for the real part, which in some of the cases
by optical closure study as described in Sect. 3.2. Theséncreases with wavelength and in others decreases. Highest
cases correspond to V19 R1, V21 R1, V21 R3, V23_R2yvalues ofk are obtained for V27_R1, which also shows the
V27_R1, V31 _R1, V32_R1, V32_R3 sampled within the absolute lowest values &f in our data set (0.84—0.70), fol-
boundary layer at 350 m altitude. lowed by V32_R1 and V32_R3, which also present relatively

The comparison of the measured and modellegind 4ps low values oft (0.92—0.83). The lowed, as well as among
is shown in Fig. 7, while the retrieved real and imaginary the lowestn, is instead obtained for V19 R1 © 0:92—
parts of the refractive index for the different SLRs are re-0.96). The comparison of our data with OPAC values for
ported in Fig. 8. Data in Fig. 8 are also compared to thesingle components suggests that in most cases particles are
real and imaginary parts of the refractive index for the singlecomposed of a mixing of insoluble and water-soluble com-
components (insoluble, water soluble, soot, and sea salt) corponents, with possible contributions of soot (V27_R1) ad sea
sidered in the OPAC model (Optical Properties of Aerosolssalt (V19_R1).
and Clouds, Hess et al., 1998) to represent continental, ur- The results of the complex refractive index obtained in this
ban and maritime polluted aerosols. As shown in Fig. 7, astudy are in agreement with previous estimates obtained for
very good agreement was found between the calculated angollution aerosols in continental Europe ( 1:50-1.72 and
the measured scattering and absorption coef cients, with ark  0:001-0.1 for UV-visible wavelengths e.g. Ebert et al.,
average difference of less than 5% for bothand aps For 2002, 2004; Mdller et al., 2002; Mallet et al., 2003, 2011;

www.atmos-chem-phys.net/16/10591/2016/ Atmos. Chem. Phys., 16, 10591-10607, 2016
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Simulations were performed by considering three different
vertical aerosol pro les, based on observations reported by
Di Biagio et al. (2015): (i) aerosols only con ned in the BL
(whose altitude is xed at 1000 m, in the mean of observa-
tions during TRAQA); (ii) 50 % of the aerosol optical depth
in the BL and 50 % in the FT (which is considered to extend
between 1000 and 4000 m); (iii) 20 % of the aerosol optical
depth in the BL and 80% in the FT. For the different cases we
xed the total aerosol optical depth at 0.2 at 550 nm, which
corresponds to the mean of observations obtained over the

: . ' Western basin during TRAQA (Di Biagio et al., 2015). How-
Figure 7. Comparison of the aerosol scattering,(left panel) and . . ]
absorption (aps rfight panel) coef cients measured by the neph- Ve results WI.|| be given as FE, so they are independent on
elometer and the aethalometer and calculated from measured siZ8€ chosen optical depth. We assumed a uniform aerosol dis-
distribution data with Mie theory for an optimized refractive index. tribution and constant optical properties within the BL and
Data are given at ambient conditions. Uncertainties on the meathe FT for the three different considered pro les. This as-
sured (horizontal bars) scattering and absorption coef cients aresumption comes from the observations of the present study,
also shown in the plots. which do not evidence any signi cant change of the aerosol
properties with height. Aerosol spectral optical properties,
both in the BL and in the FT up to 4000 m, were assumed
Raut and Chazette, 2008). Larger values of bot#tindk are ~ from observations, as explained in the following.
instead obtained here compared to AERONET retrievals at The GAME model requires as input the aerosol optical
different sites in the Western Mediterranean (1.38-1.4@&for depth, single scattering albedo, and asymmetry factor at 7
and 0.003-0.01 fdk at 440 and 670 nm; Mallet et al., 2013). wavelengths between 330 and 1500 nm. The spectral opti-
Figure 9 shows the results of the correlation analysis be<cal depth between 330 and 1500 nm was extrapolated from
tween the single scattering albedo and the complex refractivéhe xed value of 0.2 at 550 nm by assuming an Angstrém
index obtained for the analysed cases. For the real part, thexponent of 1.5, in the mean of our observations for pollu-
range of retrieved values is larger (1.41-1.74) forgreater ~ tion aerosols (see Fig. 3). For the single scattering albedo, we
than 0.95, while as the single scattering albedo decreasesonsidered three different sets of values which correspond to
the real part converges to1.65-1.75 at all wavelengths. A the minimum, maximum, and mean of the values observed in
strong correlation is observed betwderandk at all wave-  this study (the absolute minimum for V27_R1 was excluded
lengths, that is the lower the single scattering albedo, thefor calculations since it represents an outlier in our data).
higher the imaginary part. A linear regression t was applied The! values at 370-950 nm as obtained from experimental
to the! k data sets at the seven wavelengths. The slopalata were then extrapolated at the 7 GAME wavelengths (Ta-
of the t varies between 2.2 and 6.9, and decreases with ble 4). The asymmetry factor was calculated from Mie theory
the wavelength (in particular if the outlier pointslofh cor- based on the refractive index values and size distribution data
respondence of V27_R1 are eliminated), in agreement witHor the eight cases considered in the previous Section. The
the decrease df with for pollution aerosols. The intercept spectral variation of g used in the radiative transfer calcula-
for all cases is lower than 1 (0.93-0.97), with lowest valuestions was estimated as the mean of the values obtained for
obtained at 880 and 950 nm. This is possibly associated to &éhese eight cases extrapolated at the 7 GAME wavelengths.
slight underestimation df which, especially at these wave- The obtained g varied between 0.60 at 330 nm and 0.51 at
lengths, is dif cult to determine given the high uncertainty 1500 nm. These values are consistent with previous estimates
on the particle absorption coef cient. Another source of un- of g obtained for pollution aerosols over the Mediterranean
certainty is the size distribution, which in uences the results basin (Meloni et al., 2006; Saha et al., 2008; Mallet et al.,
of Mie calculations, and thus has a direct impact on the re-2011).
fractive index retrieval. Background stratospheric aerosols (above 12km) were
also taken into account for radiative calculations; optical
4.5 In uence of the single scattering albedo variability properties from the OPAC stratospheric aerosol model (Hess
on the aerosol direct shortwave radiative et al., 1998) were assumed.
effect (DRE) Finally, in addition to aerosol optical properties, the
GAME model requires as input the albedo of the surféeg (
Radiative transfer model calculations with the GAME model at 5 wavelengths between 448 and 2130 nm. In this study,
were performed with the aim of investigating the impact of simulations were performed over the sea surface. The albedo
the variable optical properties, and in particular the singleof the sea surface was obtained from Jin et al. (2004), which
scattering albedo, on the shortwave direct radiative effect ofprovide a parameterization 8fs as a function of chlorophyll
pollution particles in the Western Mediterranean basin. concentration (Chl), wind speed, aerosol optical depth at
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Figure 8. Spectral realr, left panel) and imaginary( right panel) parts of the complex refractive index obtained by optical closure for the

eight selected case studies. For the sake of clarity, uncertaintiesandk are not reported in the plot. The values of the single scattering
albedo measured at 370 and 950 nm for the different cases are reported in the legend. The spectral real and imaginary parts of the comple
refractive index as obtained from the Optical Properties of Aerosols and Clouds (OPAC, Hess et al., 1998) database for insoluble, water
soluble, soot and sea salt components are also reported in the plot. These components are used in OPAC to model continental pollutec
continental rural, urban, and maritime polluted aerosols.

Table 4. Maximum, mean, and minimum of the single scattering albedo considered for radiative transfer calculations. Values are reported at
the seven wavelengths used as inputs in the GAME model.

330nm  400nm 550nm 670nm 870nm 1020nm 1500 nm

I max 0.98 0.98 0.99 0.99 1.00 0.99 0.99
I mean 0.93 0.93 0.92 0.91 0.90 0.90 0.89
I min 0.88 0.87 0.85 0.85 0.83 0.82 0.80

500 nm (/, and the solar zenith anglé ( For this study A fect in the atmosphere and at the surface for decredsing
was estimated for Cid O,wD 6-9ms !, D 0.24 (extrap- Conversely, the larger the particle absorption, the lower the
olated from the value of 0.2 at 550 nm), and 60 , and  effect on the radiation re ected back to space, and thus the
it varied between 0.009 and 0.005 in the considered 448-decrease of the intensity of the cooling effect at the TOA.
2130 nm spectral range. Changes in the single scattering albedo of the particles be-
Results of the radiative transfer simulations are shown intween its maximum and minimuni{ D 0:1-0.2 at the dif-
Fig. 10, which reports the FE at the surface, TOA, and atmo<ferent wavelengths) determine about a 50 % strengthening of
sphere (Fk, FEroa and FEatm/ for the maximum, mean, the direct shortwave radiative effect at the surface, and a re-
and minimum of the single scattering albedo observed induction of 30 % the effect at the TOA. Consequently, the
this study. Results of the simulations are mostly independenatmospheric FE may vary up to an order of magnitude. These
on the vertical distribution of the aerosols (less thab % results thus highlight the sensitivity of the DRE on the ab-
changes for FE, FEatm, and FEoa for the three different  sorptivity properties of the particles, as well as the impor-
pro les used in the simulations), so the mean of the resultstance of accurately reproducing the single scattering albedo
obtained for the three cases is reported in Fig. 10. The forcingf aerosols to correctly evaluate their direct radiative effect.
ef ciency varies between 160 and 235 (Fk/, 137 and The results of the present study are in quite good agree-
92 (FEroa/, andC23 andC143 (FExrmy/ Wm 2 1 for ment with previous estimates of the aerosol forcing ef -
! varying between its maximum and minimum values. Es-ciency for pollution aerosols in the Mediterranean areg;, FE
timates of the forcing ef ciencies in correspondence of the FEaTy, and FEoa obtained here compare well with data ob-
mean ofl are 198, 113,andC85Wm 2 latthe sur- tainedinthe Central Mediterranean by Di Biagio et al. (2009,
face, TOA, and atmosphere, respectively. The correspondin@010), who provide estimates based only on observational
instantaneous shortwave heating rate at the surface varies bdata, i.e. without any assumption on the aerosol optical prop-
tween 0.2 and 2.0 K day for! between its maximum and erties. In these studies they report a forcing ef ciency of
minimum. 200 and 164Wm 2 1 at the surface and TOA at
As expected, the lower the single scattering albedo, thesolar zenith angles of 50—6@or mixed aerosols (pollution
larger in absolute value the EEand FExy and the lower  plus sea salt particles). They estimate an increase in abso-
the FEoa. This is due to the impact of absorption on the lute value of Fks of about 20-40% due to a decrease of
amount of radiation trapped in the atmosphere and transmit0.1-0.2 of the single scattering albedo (at 415 and 868 nm)
ted towards the surface, which thus enhance the radiative elf the aerosols, as well as a concurrent increase gbgkE
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Figure 9. Spectral single scattering albedo plotted against the real (left panel) and the imaginary (right panel) parts of the complex refractive

index. The results of the linear t betwednandk are reported in the legend. The ts are performed for the whaoledata set, and also
eliminating the data in correspondence of V27_R1, for which the largest valleseare observed.

Western Mediterranean basin during the TRAQA campaign
in summer 2012. The set of observations analysed in this
study can be assumed to be representatives of a wide range of
different conditions that can be observed over the basin, both
in terms of pollution sources, aerosol loadings, and lifetimes
of the plumes. The detailed characterization of the spectral
optical properties of pollution aerosols in the Western basin
was missing to date.

Observations from the present study show a large variabil-
ity of the optical properties of pollution aerosols over the

: : . . basin, in particular the single scattering albedo. Values of
Figure 10. Aerosol shortwave forcing ef ciency at 6Golar zenith in th 0.84-0.98 at 370 d 0.70-0.99 at 950
angle calculated at the surface, TOA, and within the atmosphere fol! the range 0.64-4.9c a nm and ©.70-0.99 & nm

the maximum, mean, and minimum of the single scattering albeddr® observed in thi§ study. This variability ‘?f doe§ _nOt
(/ observed in this study (Table 4). seem to be clearly linked neither to the particle origin, nor

to the altitude and associated aging of the sampled plumes.

The variability of! re ects in a large variability for the com-
of about 10—-40%. The observations obtained in this studyplex refractive index of pollution aerosols, which is estimated
fall in the range of variability reported by Di Biagio et to span in the range 1.41-1.77 for the real part and 0.002—
al. (2009, 2010). Our data also agree with estimates of Sah8.097 for the imaginary part between 370 and 950 nm. The
et al. (2008), reporting for pollution aerosols measured in theanalysis of the complex refractive index suggests that possi-
French Mediterranean coast up to 40 % variability in thg FE ble differences in terms of particle composition can explain
and FEoa, concurrently with 70 % increase of kk, due  in part the observed variability df. A large range of com-
toa! change of 0.15 at 525 nm. Conversely, our estimates apositions has been however reported for pollution aerosols
the surface and TOA are larger in absolute value compared tin Europe and the Mediterranean basin (Mallet et al., 2003;
data reported for continental Europe by Horvath et al. (2002) Ebert et al., 2004; Pey et al., 2010; Piazzola et al., 2012) and
who estimated a FEof 164Wm 2 1and a FEoa a more detailed analysis of the aerosol composition for the
of 50Wm 2 1 for polluted aerosols with D 0:90 at  cases measured here should be addressed.
520 nm, thus comparable with our mean values of single scat- Based on the observations of the present study, the vari-
tering albedo for pollution aerosols. ability of optical properties for pollution aerosols can arise
from the combination of different factors, linked to the ori-
gin, production mechanism, and aging of the plumes along
their lifetime, as well as the possible mixing of different
g_lumes with different characteristics. So, the inherent het-

In this study we have presented measurements of the spe . : . )
; ) . . . érogeneity of sources, coexistence of different air masses,
tral optical properties (scattering and absorption coef cients : . . S
. . : : -~ ~and multiple physical and chemical processes occurring in
and single scattering albedo) and particle size distributions : )
. . ; a complex environment such as the Western Mediterranean
for pollution aerosols obtained over the remote sea in the

5 Conclusions
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may give rise to this inherent variability of the particle single CNES, CTC (Corsica region), EU/FEDER, Météo-France, and

scattering albedo. CEA. TRAQA was funded by ADEME/PRIMEQUAL and MIS-
This observed variability ol has a large in uence on TRALS/ChArMEx programmes and Observatoire Midi-Pyrénées.

the direct shortwave radiative effect of pollution aerosols Claudia Di Biagio thanks the Centre National des Etudes Spatiales

at the surface, TOA, and within the atmosphere. For in-(CNES) for nancial support. . _

stance, a change of up to an order of magnitude (fe28 The authors wish tp thank th.e techn|C|ar.1$, pilots and ground

to C143Wm 2 1 at 60 solar zenith angle) in the atmo- crew of SAFIRE (Service des Avions Francais Instruments pour la

heri diati ff . ) dd h iabili fRecherche en Environnement) for facilitating the instrument inte-
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temperature pro le and the atmospheric thermal structure anonymous reviewers are acknowledged.

with important consequences on several processes, such as

cloud formation and precipitations. The strong sensitivity of Edited by: E. Gerasopoulos

the DRE also at the surface, up to 50% for varylngon ~ Reviewed by: two anonymous referees

its turn, may largely impact the rate of evaporation over the
basin, which is also a crucial component of the hydrologi-
cal cycle (Nabat et al., 2015). Given the large sensitivity of
the Mediterranean area and the high risk of deserti cation
for this region (Giorgi and Lionello, 2008; IPCC, 2013) any anderson, T. L. and Ogren, J. A.: Determining aerosol radiative
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on the radiative balance of this region and to ameliorate the

- . L . T. C., Quinn, P. K., and Sierau, B.: Spectral absorption proper-
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