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Abstract. Aerosol light scattering, absorption and particu- in transporting pollutants from the developed WMB coast-
late matter (PM) concentrations were measured at Montsenyines towards inland rural areas, changing the optical proper-
a regional background site in the Western Mediterranearties of aerosols. Aerosol scattering and backscattering coef-
Basin (WMB) which is part of the European Supersite for ficients increased by around 40 % in the afternoon when the
Atmospheric Aerosol Research (EUSAAR). Off line analy- sea breeze was fully developed while the absorption coeffi-
ses of 24 h PM filters collected with Hi-Vol instruments were cient increased by more than 100 % as a consequence of the
performed for the determination of the main chemical com-increase in the equivalent black carbon concentration (EBC)
ponents of PM. Mean scattering and hemispheric backscatebserved at MSY under sea breeze circulation.

tering coefficients (@ 635nm) were 26:83.2 MnT ! and
4.3+2.7Mm1, respectively and the mean aerosol absorp-
tion coefficient (@ 637 nm) was 2.2 Mm~1. Mean val- 1
ues of Single Scattering Albedo (SSA) afdgstdm expo-

nent @) (calculated from 450 nm to 635nm) at MSY were The Mediterranean Basin is a very complex area where orog-
0.90+0.05 and 1.30.5 respectively. A clear relationship raphy and atmospheric dynamics coupled with a large vari-
was observed between the RIMM1o and PMy.s/PMigratios ety of aerosol sources give rise to a complex mixture of at-
as a function of the calculatelingstdm exponents. Mass mospheric particulate matter (PM). Delimited to the north
scattering cross sections (MSC) for fine mass and sulfatgy the European continent and to the south by the North
at 635nm were 2:80.5n7g ! and 11.82.2n7g"%, re-  African arid regions, it is largely affected by Saharan dust,
spectively, while the mean aerosol absorption cross sectiofharine aerosols, and anthropogenic emissions from both the
(MAC) was 10.4:2.0n7 g~*. The variability in aerosol op-  highly industrialized/urbanized coastline around the Basin
tical properties in the WMB were largely explained by the and the European continent. Thus, the Mediterranean rep-
origin and ageing of air masses over the measurement sit@esents a unique area in terms of suspended particulate mat-
The MAC values appear dependent of particles aging: sim+er (Lelieveld et al., 2002; Ichoku et al., 2002). In order to
ilar to the expected absorption cross-section for fresh emispetter understand the role of PM on climate in such com-
sions under Atlantic Advection episodes and higher undefjex scenarios, the measurements of aerosol optical proper-
aerosol pollution episodes. The analysis ofAmgstiom ex-  ties such as aerosol extinction, absorption, and single scat-
ponent as a function of the origin the air masses revealed th&tbring albedo (SSA) are needed. In fact, the particles in the
polluted winter anticyclonic conditions and summer recircu- atmosphere affect the Earth’s climate by cooling or heating
lation scenarios typical of the WMB led to an increase of fine the atmosphere depending on their scattering and absorbing
particles in the atmospheré £ 1.5£0.1) while the aerosol  properties with respect to the solar and terrestrial radiation.
optical properties under Atlantic Advection episodes and SaHowever, the magnitude of the current aerosol effect on cli-
haran dust outbreaks were clearly dominated by coarser pagnate is very poorly defined given that aerosols are present in
ticles @=1.0+0.4). The sea breeze played an important rolethe atmosphere in a huge variety of sizes, shapes, chemical
composition, refractive index, etc. Fine particles with aero-
dynamic diameter lower than 1 um (RMare highly effective

Correspondence td¥1. Pandolfi in scattering and absorbing solar radiation depending on their
BY (marco.pandolfi@idaea.csic.es) chemical composition. Particles which have a net cooling
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effect of the atmosphere and the Earth’s surface are sulphate 0°
particles which strongly scatter the sun light, while soot par- P
ticles (or black carbon, BC) have strong absorbing properties . . 270 2 790
over the entire visible spectrum which lead to a warming of < 180°
the atmosphere. Due to the variety of the regions around| ~ 1 BCN

the Mediterranean basin, long-term detailed in-situ experi- S
ments aimed to the determination of aerosol optical proper-
ties are needed. As shown in this work, the in-situ measure-
ments are helpful in order to describe the effects of mesoscale
weather systems such as the breeze circulation on aerosol op-
tical properties. A number of studies have been published on
in-situ aerosol optical measurements in the Eastern Mediter-
ranean (Vrekoussis et al., 2005; Ichoku et al., 1999; Formenti
et al., 2001; Sciare et al., 2005; Kouvarakis et al., 2002; An'Fig. 1. Location of the Montseny measurement station.
dreae et al., 2002; Gerasopoulos et al., 2003; Sabbah et al.,

2001; Israelevich et al., 2002), Central Mediterranean and

South Italy (Pace et al., 2006; Esposito et al., 2004), Southg the NNE of the city of Barcelona (BCN) and 25 km from
Iberian Peninsula (Pereira et al., 2011; Lyamani et al., 2008)ine Mediterranean coast. The selected site represents the
However, little has been published on aerosol optical properypical regional background conditions of the WMB char-
ties in the Western Mediterranean Basin (Mallet et al., 2003;3cterized by severe pollution episodes affecting not only the
Sahaetal., 2008). As evidenced by a number of publicationsgpastal sites closest to the emission sources, but also the more
the WMB undergoes severe pollution episodes affecting nok|evated rural and remote areas land inwards due to thermally
only the coastal sites closest to the emission sources, but als§iven winds (Rrez et al., 2008a; Pey et al., 2010). The ef-
the more elevated rural and remote areas inland due to thefact of these particular atmospheric conditions on the aerosol

mally driven winds (Querol et al., 2007gRez et al., 2008a;  gptical properties is discussed in the following paragraphs.
Pey et al., 2009, 2010; Salameh et al., 2006; Pandolfi et al.,

2011). These studies were mainly dedicated to the study 0f.2 Measurements

the chemical composition and physical properties of the at-

mospheric aerosols. Particles scatteringo§y) and hemispheric backscattering

In this study we report 1yr of simultaneous aerosol op- (obsp) coefficients were measured with a LED-based inte-

tical and chemical properties measured at a regional backgrating nephelometer (model Aurora 3000, ECOTECH Pty,

ground site in the WMB. The evolution of aerosol scatter- Ltd, Knoxfield, Australia). The instrument measures aerosol

ing, backscattering and absorption coefficierAsigstom  scattering and backscattering coefficients at 450 nm, 525 nm

exponent and single scattering albedo are presented and dignd 635 nm. A full calibration of the nephelometer was per-

cussed. The relationship of the aerosol optical propertie§ormed three times per year by using £&s span gas while

with PM and sulfate concentrations is also discussed. Morezero measurements and adjusts were performed once per

over, the change in aerosol optical properties as a function ofveek by using internally filtered particle free air. Scattering

both synoptic and meso-to-local transport scenarios is studmeasurements from nephelometers need to be corrected for

ied. truncation errors due to non-ideal detection of scattered radi-
ation. Thus, the experimental setups of nephelometers limit
the collection of radiation scattered around both the back-
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2 Methodology ward (180) and forward (0) directions. The Aurora 3000
for example operates by collecting light scattered within the
2.1 Measurement site range 10-170. A detailed description of the instrument is

given by Miller et al. (2011a). Compared to backscatter the
Simultaneous measurements and sampling of PM levimain source of error is the truncation in the forward direction
els, chemical composition and optical properties were(0°—10°) where the radiation scattered by particles increases
performed during the period November 2009-Octoberwith increasing particle size (van de Hulst, 1957). Thus,
2010 at Montseny (MSY, #4645.63 N 02°21'28.92' E, the scattering correction factor {&) is a function of the
720ma.s.l.) arural site in NE of Spain (Fig. 1). The MSY size of the particles. Moreover,sg;, also includes another
site is part of the EUSAAR network (European Supersites forsource of error which is the non-ideal (non-Lambertian) illu-
Atmospheric Aerosol Researcliyww.eusaar.ngtrecently  mination function of the light source. Mler et al. (2011a)
created to integrate the measurements of atmospheric aerogalovided parameterized cqrrection factorg, Cas linear re-
properties at 21 European ground-based stations. The MSYationship of the measurefingsttdm exponents which are
station is located within a regional natural park about 50 kmoften used for aerosol size characterization and which can
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be easily calculated by means of the multi-wavelength totalwere used for comparison with the scattering properties of
scattering measurements from nephelometers. Thus, the cothe aerosols. Levels of elemental carbon (EC) were deter-
rection factors were calculated @s,, =a + bx&. The coef-  mined from the collected filters by means of a SUNSET an-

ficientsa andb at each wavelength were taken froniiMéret  alyzer and subsequently used for the calculation of the mass
al. (2011a) while the&ngstrt')m coefficients ) were calcu-  absorption cross section (MAC) as described in the following

lated starting from the uncorrected Ecotech scattering datgparagraphs.

Similar correction scheme was developed for another com-  Ampient temperature, relative humidity, pressure, precipi-

mercial nephelometer (TSI model 3563; Anderson et al..tation, wind speed and velocity were measured with a mete-

1996) by Anderson and Ogren (1998). orological station placed on the roof of the sampling cabin.
In order to prevent the presence of liquid particles inside

fch_e samplmg cell, and consgquently thfe effects of_ hygroscop-z.3 Data processing
icity enhancing the scattering properties of particles, a rel-

ative humidity (RH) threshold of 60% was set by using a . _ _
processor-controlled automatic heater inside the nephelomelhe aerosol total scatteringsp (1) and hemispheric
ter. This experimental procedure was applied elsewhere (se@ackscatteringrsp (1) coefficients from nephelometer de-
1998). Thus, during the study period the particles were driednoSphere as a function of the wavelength. Thug, (1)

to a mean relative humidity of 28 % with a standard devi- IS & measure of the elastic diffuse reflection of radiation at
ation of 12%. In their technical paper on Ecotech neph-all angles (0-369 while opsp (2) represents the radiation
elometer Miller et al. (2011a) dried the sampled aerosols toelastlca_lly_scattered by particles back to the direction where
a RH lower than 25 %. Nller et al. (2011a) measured detec- the radiation come from. Theysp (1) from nephelometer
tion limits of Aurora 3000 over a one minute averaging time iS called hemispheric backscattering given the large angu-
at wavelengths 450 nm, 525nm, and 635nm of 0.11, 0.14lar distribution of the backscattered radiation measured by

0.12Mnt! for total scattering, and 0.12, 0.11, 0.13Mfn  nephelometers (9Go ~170C°). These optical parameters are
for backscattering, respectively. function of aerosol properties such as size, shape, composi-

Aerosol absorption coefficients at 637 nmi{\ér et al., tion, refractive index and both are fundamental parameters
2011b) and particle number concentrations during the studyor estimating the effect of atmospheric aerosol on climate
period were measured with Multi Angle Absorption Pho- (IPCC, 2007). The ratio hemispheric backscatter-to-scatter
tometers (MAAP, model 5012, Thermo) and a Condensatioran be used to estimate the asymmetry parameter of airborne
Particle Counters (CPC, Model TSI 3772, D50 =10 nm), re- particles used in radiative transfer calculations (Andrews et
spectively. The detection limit of the MAAP instrument is @l 2006). The attenuation of light during wave propagation
lower than 100 ng m? over 2 min integration. in the atmosphere is determined also by the absorption prop-

The nephelometer, MAAP and CPC instruments were con£rties of particles described by the particle absorption coeffi-
nected to the same sampling line with the inlet, with a cut-off Ciéntoap (1). A major role in absorbing radiation is played
diameter of 10 um, placed at about 1.5 m above the roof of thdY the light-absorbing carbon (LAC; Bond and Bergstrom,
cabin hosting the instruments. The inlet flow was3hm! ~ 2006) called elemental carbon (EC) or black carbon (BC)
and humidity control was performed by connecting a drier todepending on the analytical methods used to quantify its at-
the sampling inlet. The Reynolds number for the describednospheric concentration: thermal/optical techniques for EC
inlet was around 1300. In this work the aerosol scatteringand light-absorption measurements for BC (Subramanian et
and backscattering coefficients, equivalent black carbon con@l-, 2010). The determination of optical and chemical prop-
centration (EBC) and particle number concentration were in-erties of LAC is important for climate studies as LAC can
tegrated over 1 h. change its optical properties by absorbing up to 50 % more

Real time PMo, PMy 5 and PM concentrations were con- light if coated with non-absorbing matter such as ammonium
tinuously measured, on an hourly basis, by using a GRIMMmSUlfate (Bond et al., 2006). Thwryp (1) andoap (1) are linked
optical counter (model 1107). Subsequently, the PM con-t0 the concentration of scattering or absorbing particles by
centrations were corrected with factors obtained by compartheir mass scattering cross section (MSC) and mass absorb-
ing real time and gravimetric measurements. ,Pgtavi-  ing cross section (MAC) respectively.
metric measurements on a 24h basis were performed twice In this work, two additional aerosol optical parameters, the
per week with high volume samplers (DIGITEL and MCV Single Scattering Albedo (SSA) and tf\egstrbm exponent
at 30 n¥ h~1) with appropriate (PN, PMy.5, PMyg) cut-off (&), were calculated by using the nephelometer and MAAP
inlets. Samples were collected on quartz fibre filters anddata. As known the atmospheric particles have a cooling
analysed following the experimental procedures described iror warming effect on climate depending on the SSA value.
Querol et al. (2001) for the concentrations of major (Al, Ca, Non-absorbing particles such as sulfate have an SSA of one
K, Mg, Fe, Ti, Mn, P, S, Na) and ND sof;, NH;{ and CI- while lower SSA values indicate the presence of more ab-
species. In this work the measured concentrations of sulfatsorbing particles. The SSA at a given wavelengik given
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Table 1. Statistics of the considered aerosol components and parameters for the period November 2009 — October 2010 at Montseny

M. Pandolfi et al.: Variability of aerosol optical properties in the Western Mediterranean Basin

site. The wavelengthij is given in [nm]; Scatteringdsp), backscatterlngoqasp) and absorption coefficientsdp) are given in [MnT I

Backscattering-to-scattering ratio (B/S), single scattering albedo

(SSA)\agstrom exponentd) are dimensionless; Equivalent Black

Carbon (EBC) and PKconcentrations are given in [ug—rﬁ], and particle number (#) is given in [cTﬁ]. Statistics is based on hourly mean

values.
Hourly base A Counts Mean SD Median (50th perc.)  Min Max  Skewness Percentiles
1 10 25 75 99
osp 450 7924 425 371 31.9 02 3324 1.82 2.6 74 149 595 163.0
525 7924 343 300 25.7 03 2702 1.90 26 6.1 123 477 1347
635 7924 266 232 20.2 03 2022 1.88 1.8 47 98 372 1064
Obsp 450 3989 57 34 5.3 02 282 0.85 0.8 16 29 78 150
525 3981 49 30 45 03 265 0.91 0.5 12 24 67 129
635 3919 43 27 4.0 03 228 0.81 0.4 11 22 60 114
BIS 450 3989 0.131 0.032 0.128 0.053  0.979 1.93 0.086 0.104 0.113 0.137 0.214
525 3978 0.135 0.023 0.133 0.038 0.528 2.18 0.087 0.110 0.122 0.146 0.189
635 3916 0.148 0.027 0.146 0.048 0.542 1.85 0.087 0.120 0.132 0.163 0.237
oap 637 7656 2.8 2.2 22 0.0 343 2.26 0.1 06 11 38 103
SSA 635 6952  0.90 0.05 0.91 038 103 —2.64 071 085 08 093 097
a 450-635 7834  1.33 048 1.41 -301 519 -055 -003 072 113 159 2.38
EBC 637 7672 0271 0.215 0.210 0.005 3.294 2.25 0.011 0.053 0.103 0361 1.052
PMy - 8110 101 75 8.5 0.0 63 1.34 0.5 22 44 143 319
# - 5922 3682 3241 2754 11 34192 2.59 249 954 1636 4614 15469
by: in literature (see for example Bond and Bergstrom, 2006;
Ferrandez-Camacho et al., 2010; He et al., 2009; Barnard
SSAGL) = osp(1) (1)  etal, 2008; Arnott et al., 2003, 2005; Reche et al., 2011)).
osp(A) + oap(d) The second retrieved aerosol optical parameter was the

whereoap(1) is the particles absorption coefficient. Conse-
guently, we calculated the hourly SSA values from equation

1 by using thessp at 635 nm obtained with the nephelome-
ter and ther,p at 637 nm measured with the MAAP. It must

be taken into account that the information provided by thea = —
MAAP is an equivalent black carbon concentration (EBC)

Angstiom exponent) which describes thie-dependence of
particle scattering coefficient and it is given by:

A
09("% /o33 )

log ()»1/)\2 ) )

which is calculated by the instrument’s software by dividing

the measuredap(1) by 6.6 n? g~ which is the MAC recom-

mended by the manufacturer. Thus, the following equation ismolecules (Rayleigh’s regime).

applied: oap(r) [N~ =EBC [gm~3] xo (%) [m?g~1] (Pet-
zold and Schnlinner, 2004) where (1) is the mass absorp-

An Angstibm exponent of 4 represents the scattering from
Thus, a large(higher

than 2) implies scattering dominated by submicron particles,
while & values lower than one represent an aerosol distribu-

tion cross section (MAC). Consequently, we calculated thetion dominated by coarser particles (Schuster et al., 2006).
measured absorption coefficiesdp(1) by multiplying the
EBC given by the MAAP by the MAC value of 6.65g L.
Then,oap(A) andosp(2) were used in Eq. (1) for the calcula- 3  Results
tion of SSA.

In order to determine a MAC value more appropriate for 3.1 General features
the aerosols in the WMB we compared the measured ab-
sorption coefficientsrap(1) with the concentrations of EC  Figure 3 shows the temporal series of the atmospheric com-
in the collected PN filters as reported in Fig. 2. The un- ponents and aerosol parameters measured at MSY station
certainty for the measured EC concentration was calculatedvhile means, standard deviations, medians, skewness, per-
by adding one half of the minimum measured EC concentracentiles, minimum and maximum values were reported in
tion to the 10 % of the concentration (k&) =min[EC]/2 Table 1. The skewness measures the asymmetry of a dis-
+ 0.L[EC]). This formula gives higher uncertainty to low tribution function and the higher the skewness, the higher the
EC concentrations (Polissar et al., 1998). An average valu@robability of measuring levels higher than the mean for the
of o(1) =10.4:2.0n? g~ was obtained and used to calcu- considered aerosol component or parameter. All variables re-
late the EBC presented in this work. Absorption cross secported in Table 1, apart from SSA aégdshow positive skew-
tions between 7fg~—! and 11mM g1 are usually reported ness with high values being more frequent than low ones, as
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is typical for many positive defined meteorological parame-
ters (This work, Table 1; O'Neill et al., 2000; Matthias and rig 3. Temporal series of PMconcentrations, scattering coef-
Bosenberg, 2002; Querol et al., 2009; Pereira et al., 2011)icient (635 nm), hemispheric backscattering coefficient (635 nm),
Thus, as shown in Sect. 3.3, a positive skewness leads to @sorption coefficient (637 nm), backscattering-to-scattering ratio
frequency distribution with a tile toward positive values. As (B/S), equivalent black carbon (EBC) concentrations, particle num-
already observed, the radiation scattered by patrticles in théer, Angstom exponent, and Single Scattering Albedo (SSA) at
forward direction increases more rapidly than the backscat635nm.
tered radiation with increasing particle size (van de Hulst,
1957). Consequently, there is a higher probability of mea-tral Europe (Pey et al., 2010). As discussed in the fol-
suring values much higher than the mean for total scatteringowing, of this work these two extreme scenarios (the At-
compared with backscattering, thus leading to higher skew{antic advection and pollution episodes) where characterized
ness forosp compared withoysp (Table 1). Exceptions from by particulate matter with different optical properties. Dur-
this behaviour were observed for the SSA and &hexpo-  ing the measurement period the scattering and hemispheric
nent showing negative skewness indicating the presence dfackscattering coefficients (@ 635nm) ranged between
a tile toward values lowers than the mean in the frequency0.4 Mm! and 202Mnr! (mean=26.623.2MnT1) and
distributions. between 0.3Mm?! and 23MnT! (mean=4.32.7 Mm 1)
Hourly PM; levels at MSY during the study period respectively. Hemispheric backscatter measurements were
(November 2009 — October 2010) ranged between abouimplemented in the used Aurora 3000 nephelometer from
2 ugnT3 and 63 ug m3 with mean value and standard de- the end of May 2010. The aerosol absorption coefficient
viation of 10.17.5ugnT3. As shown later the lowest (@ 637 nm) ranged between about 0.0 Mhand 34 Mnt!
PM; levels at MSY were measured under Atlantic Advec- with a mean value of 2:82.2 Mm~1. Mean values of the
tion episodes typically observed during the cold season irmeasured optical properties at 450 nm and 525nm are re-
the WMB (Pey et al.,, 2010) and causing the renovationported in Table 1. As reported in literature the aerosol op-
of accumulated pollution in the aged air masses. Condical properties measured with nephelometers vary substan-
versely, high PM levels were related with both summer re- tially depending on the location of the measurement site.
gional episodes, characterized by frequent recirculation of aiMean values of aerosol absorption and scattering in the visi-
masses and subsequent layering of aerosols over the WMBIe range of about 60—80 Mm and 230-300 Mm! respec-
(Perez et al., 2004), and winter anticyclonic/accumulationtively were registered in large urban areas as Beijing (He et
episodes leading to the increase of atmospheric pollutioral., 2009) and Mexico City (Silvia, 2002; Paredes-Miranda et
around the emission sources. The winter episodes are real., 2009). Scattering and absorption coefficients with mean
currently coupled with transport of air masses from Cen-values higher than 700 Mnt and 80 Mnt! respectively

www.atmos-chem-phys.net/11/8189/2011/ Atmos. Chem. Phys., 11, 82832011
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were measured in a highly polluted site close to New Delhi © PM1/PM10 * PM2.5/PM10
(Hyvarinen et al., 2010). In Artic remote sites mean scat- y
tering and absorption coefficients lower than 10 Mnand
1Mm~1, respectively were measured (Aaltonen et al., 2006;
Delene and Ogren, 2002). At different locations in the East-
ern Mediterranean Basin scattering coefficients at 550 nm
within the range 50-90 Mmt and absorption coefficients of
about 5-6 Mm! were registered (Vrekoussis et al., 2005; . N
Gerasopoulos et al., 2003; Andreae et al., 2002). The rel-s %7 .’,‘o A
atively high values registered in the Western Mediterranean% ., °
Basin reflected from one side the effect of the Saharan dusta. 056 1 4 :
events frequently observed in the Mediterranean Basin and 0%00&0 X
from the other side the impact of continental pollution on 05 1 S0 X oS
the Eastern Mediterranean coast. Delene and Ogren (2002) o &%, <><><<>><><><$z><> %
measured values of the absorption, scattering and backscat- ¢4 | o o © o
tering coefficients at 550 nm for Pilon hourly base rang-
ing between 0.38 Mm! and 4.62Mn1%, 10.4MnT! and 03 e
57.0MnT !, and 1.06 Mt and 6.63 MnT?, respectively 0 02 04 06 08 1 12 14 16 18 2 22
at four regional measurement stations (EEUU, Canada and Angstrom Exponent
Alaska). In an urban environment in the South of Spain, scat-
tering and absorption coefficients of 84 Miand 28 M1 Fig. 4. Correlation between PMPM;o and PM s/PM;g and
respectively were measured (Lyamani et al., 2006). Re-Angstm exponent.
cently, mean scattering and backscattering coefficients of
42 5Mm 1 and 5.9 MnT?! respectively were measured in a
small city quite far from pollution sources in the southwest- As suggested by Cermac et al. (2010), negaiingstrbm
ern Portugal (Pereira et al., 2011). exponents could be an indication of reduced anthropogenic
The MSY measurement site can be considered as a reemissions with prevalence of coarse-mode particles. Neg-
gional background site influenced — under specific atmo-ative Angstrbm exponent and high Aerosol Optical Depth
spheric conditions as discussed in the following paragraphs AOD) have been also observed and related with transport
by emissions from the urbanized/industrialized WMB coast- of coarse-mode dust in northern India by Singh et al. (2004).
line. Mean values of EBC, particle number concentration,However, extremely negative values of t.ﬁegstrbm expo-
SSA andAngstrt')m exponent at MSY during the study pe- nents are unfeasible for atmospheric aerosols. Similarly, the
riod were 27#215ngnt3, 3682:3241 cnt3, 0.90+0.05 ,&ngstrbm exponent cannot be higher than about 4 which rep-
and 1.3:0.5, respectively. The measured mean SSA andesent the limit given by the Rayleigh regimen for the molec-
Angstrbm exponent were found to be consistent with thoseular scattering. In the present case 57 values oﬁ\rh@trbm
reported by Mallet et al. (2003) and Saha et al. (2008) respecexponent out of 7834 hourly values were smaller than -1 (0.2
tively for South France. Mean PIMPM,s and PMgwere %) and 5 values were higher than 4 (0.1 %). Moreover, Ta-
10.14+7.5ug 73, 13.0£8.8 ugn3, and 16.6:11.9ugn3,  ble 1 indicates that the’L and the 99" percentiles for the
respectively. The measured RMoncentrations were con- Angstrbm exponent were-0.03 and 2.3, respectively. Fig-
sistent with those typically registered in northeaster Spainure 5 shows the distribution of the scattering coefficient at
(Querol et al., 2008; &ez et al., 2008a; Pey et al., 2009; 635nm as a function of the calculated houllggstiom ex-
Pey et al., 2010). Figure 4 shows the 24h averd’gagistrbm ponents. As reported in the Figure both extremely negative
exponents as a function of the RNb-PMyg and PM 5-to- (< —2) and positive £4) hourly,&ngstlt')m exponents were
PMjp ratios. A clear increasing tendency of the PM ra- always related with low scattering coefficients. A closer anal-
tios was observed with increasidg For a calculated mean ysis of the air mass origin revealed the absence of Saharan
a of 1.3 the daily PM/PM1g and PM s/PMyq ratios were  dust intrusions during negatidevalues & <0) and the preva-
found around 0.6 and 0.8 respectively indicating a higher perience of Atlantic advection episodes leading to low PM con-
centage of small particles in the atmosphere compared witltentrations. The mean Rly] PMy 5 and PM concentrations
coarse particles. As reported in Pereira et al. (2011) aboutvere 4.6:1.8 ugn13, 3.0+£1.1ugnt3 and 2.6£1.1 pug 13
60—70 % of the light is scattered by submicron particles forrespectively when measuring negatiueConsequently, the
an Angstr'om exponent of 1.5. As shown in the following measured negativéngstrbm exponents were likely due to
of this work, the submicron particles dominated even moreboth the presence of relatively larger particles during low
the light scattering at MSY under specific atmospheric con-aerosol concentration and the instrumental noise under low
ditions leading to the presence of polluted air masses at MSYscattering conditions. Similar behaviour of tﬁeﬂgstrbm
station. exponent was also observed in a remote subartic site by

0.9 4

&

oA ’:‘z'"(‘
AL

O ».»‘:»»’.3:3,‘ :,

X "

Atmos. Chem. Phys., 11, 8188203 2011 www.atmos-chem-phys.net/11/8189/2011/



M. Pandolfi et al.: Variability of aerosol optical properties in the Western Mediterranean Basin 8195

350
s (a)
300 “ A=525 nm
y = (3.6+0.7)x
250 R%=0.89

Scattering Coefficient @ 635 nm [Mn'11]

Scattering Coefficient [Mm"]
>
o

Angstrom Exponent

Fig. 5. Scattering coefficient distribution at 635 nm as a function of
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Aaltonen et al. (2006). Furthermore, the lowest values for

single scattering albedos are about 0.2 for pure black carbon 1201 A A
(Virkkula et al., 2005) and SSA cannot be higher than 1 by

definition of SSA. The 1st and the 99th percentiles for SSA

were 0.71 and 0.97, respectively and only 6 hourly values of
the SSA out of 6952 (0.09 %) were higher than 1.0. Thus,

these extreme SSA values were also related with instrumen-
tal noise.

80 4
60 -

3.2 Mass scattering cross section for fine mass and
So/m
4

40 1

Scattering Coefficient [Mm'1]

A =525nm
The measurements of aerosol scattering coefficients can be @ KCpyyg=1.741.2 [”9/m3]y=|:25f:;29'°
used as a surrogate for fine PM concentrations, thus the scat- _ <S0,2>pyyy=0.70.5 [ug/m?] T

tering of light (sp) is proportional to the particle number 00 05 10 15 20 25 30 35 40
density and consequently to the mass of particles in the at-
mosphere. The relationship between particle number den-

sity and mass depends on the physical properties of theiy 6. correlation between the aerosol scattering coefficients at

aerosol such as size, shape, density, etc. Figure 6a showsp, 525, 635nm and PM&) and fine sulfate concentratiots).
the correlation betweengp at 450, 525, and 635nm and

PM; concentrations expressed in ugf Very good cor-

relations were observed with coefficients of determinationwhich can occur over a small time-scale. By including the
R? higher than 0.86. The slopes of the fitting lines repre-intercepts when fitting the hourly data of Figure 6a (not
sent the fine mass scattering cross sections (MSC) calculateshown) these intercepts assumed very low values ared@nd
in2.8+0.5mPg ' at635nm, 3.6:0.7nfg-tat525nmand —1Mm~L. Thus, in the hypothetical case of zero PM con-
4.5£0.8nF g~! at 450 nm. The reduction of MSC with in-  centration in the atmosphere also the scattering coefficients
creasing wavelength reflects the? dependence afsp (van approximated, within the errors, to very low values close to
de Hulst, 1957; Kokhanovsky, 2008). Values of fine massthe Rayleigh regimen only. Figure 6b shows the relation-
scattering cross sections at 550 nm of 3%gmt, 3.4nfg~%,  ship between the 24 h-averages) at the three wavelengths
and 4.9mMg! were recently measured in Mexico City and the 24 h-average fine (RMsulfate concentrations ex-
(Paredes-Miranda et al., 2009), Beijing (Bergin et al., 2001),pressed inpgme. A good correlation was observed also
and India (Mayol-Bracero et al., 2002), respectively. De-for fine sulfate particles with Rhigher than 0.82 after ex-
spite the good correlations observed in Fig. 6a the reportealuding specific days highlighted by the orange boxed areas.
data scattered considerably around the mean given by the fith these specific days the high measured scattering coeffi-
ting lines. This spreading of the data reflects the changesients were likely due to high concentrations of coarse crustal
in the microphysical properties of the measured aerosolgarticles &C>pm,,=8.5+12.7 ug m3) which favoured the

20 -

S0,” [ug/im’]
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Fig. 7. Correlation between the frequency distribution of aerosol scattering coefficients at 635 e concentration(b) backscatter-
ing coefficient,(c) backscattering-to-scattering (B/S) rat{d) Single Scattering Albeddg) Angstiom exponent(f) absorption coefficient,
(g) scattering-to-absorption ratifh) particle number concentration, a(ifiequivalent black carbon concentrations.

adsorption of species like S@nd the formation of coarse of 11.8£2.2nfg ! at 635nm, 15.62.8nf g1 at 525 nm,
SOE‘ (<SO§‘ >pMy, = 2.0£0.9 ug nr3), thus increasing the  and 20.8:3.4n? g~ at 450 nm were calculated (Fig. 6b).
scattering (Vrekoussis et al., 2005; Adams et al., 2005).

In fact, the mean<C>ppy,, and <SO2 >pmy, calcu-

lated over the points included in the f|tt|ng process were3-3 Correlation betweenosp and aerosol measurements
1.741.2pgnr3 and 0.70.5ugnt3, respectively. The
<C>pwm,, concentrations were calculated as the sum of

AI203’| St'olz 02%1 fCaa Ftell K, Mdg, III\{clrr: T _a?d F')th('seti and measured aerosol components or parameters, such as
Querol etal, ( ) for details) and all the points within € PM mass, backscattering coefficientdy), backscattering-

orange boxed areas were collected during the period Novenko -scattering ratio (B/S ratio), absorption coefficient, SSA,

belr tzogf) A%rél 20t1r:) Th? f|tt|ngt I|r;]eshof glg t6t(3:i were cal- & exponent, EBC concentration, and particle number den-
culated by adding the y-intercept which indicated a non-zero; sity (Fig. 7). Similar relationships among aerosol optical

scattering of light when fine sulfate concentration was close roperties were investigated by Delene and Ogren (2002).

to zero. Thus, even if dominated by fine sulfate particles, thé)rhe frequency distribution of hourlysp at 635 nm was cal-
measured scattering of light was due in part to other atmo- culated for values between 0 Mrh anpd 130 MnT? with a

spheric components than fine sulfate thus leading to the o bbln of 10MnTL. Given the low occurrence fars, higher
served positive values of the intercepts. MSC for fine sulfate than 130 Mt (.Flg 5), values higher than 130 Ii/?rﬁwere

In this section we studied the relationships betwegp
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excluded in this section. First of all it can be noted the were measured at MSY under the sea breeze circulation. At
log-normal distribution ofosp (Fig. 7) showing the typical the same time the Barcelona monitoring station was cleaned
long tile toward positive high values leading to median valuesby the sea breeze showing hourly concentrations ofi PM
lower than the mean and skewness higher than one (Table 13lightly lower than MSY and around 11-12 pgfbetween
As expected a good correlation was observed betwggn 13:00 GMT to 17:00 GMT when the sea breeze was fully de-
and PM concentrations (Fig. 7a), these latter also showingveloped. As reported in Fig. 8e the sea breeze was character-
low standard deviations. As they, increased, the PMin- ized by an increase in wind velocity which reached 2-3t s
creased monotonically. A similar behaviour was observedbetween 10:00 GMT and 17:00 GMT. As for the PNon-
for opsp @and SSA (Fig. 7b and d). If the intensity of light centrations, also the aerosol optical properties changed in
scattering increased, also the aerosol backscattering of lighthe late morning-afternoon at MSY. Aerosol scattering and
increased. However, the relative proportion of scattered andbackscattering coefficients increased by around 40 % when
backscattered light (Fig. 7c) was not constant being a functhe sea breeze was fully developed (13:00-17:00 GMT) if
tion of the amount of scattered light. Thus, asdggvalues ~ compared with the lower values observed at night-early
increased the B/S values were decreased indicating that theorning (00:00-08:00 GMT). The scattering coefficient at
total scattering of aerosols increased faster than the backsca#35 nm increased from about 22 Mthto 34 Mm1 and the
ter. Delene and Ogren (2002) also observed this systembackscattering coefficient from 3.7 Mrhto 5.2 MnT 1. The
atic decrease of B/S with increasingp,. This observed increase of the absorption coefficient was instead higher and
behaviour was likely due to the increasing importance ofcorresponding to about 100 % (from 1.9 Mfrto 3.9 M 1)
the forward scatteringd(~0°) compared to backscattering as a consequence of the strong increase in EBC concentra-
(6 ~180°) when oy increased. Furthermore, the decreasetions at MSY observed under sea breeze circulatie#00
in the & exponent observed as;, drops below 35 Mm? ng 3, Figure 8d). Also the particle number concentration
(Fig. 7€) suggests that during low aerosol concentration théncreased from values of about 20002500 ¢érim the early
MSY measurement site has more relatively larger particlesmorning to more than 6000 ci. As a consequence of the
present. This dependence &fwith osp was also observed increase observed in the values of the absorption coefficient
by Delene and Ogren (2002) at two continental stations. Figthe SSA reduced reachipg its minimum value of about 0.88
ure 7f shows that the absorbing properties of the aerosols inaround 13:00 GMT. TheéAngstdm exponent also changes
creased as a function efp as a consequence of the observed during the day reflecting the increase in the concentration
increase in EBC mass concentration in the atmosphere witlof fine anthropogenic aerosols in the afternoon at MSY. The
osp (Fig. 7i). Thus, following the relationships reported in minimum measured value was around 1.28 at 07:00 GMT
the Figures 6a and 7a foxp and PM, the concentration of ~ and the highest one of about 1.38 at 13:000 GMT. Thus, during
EBC is related to the concentration of PMHowever, the the sea breeze circulation the values of Argsttom expo-
observed increasing tendency of SSA witf (Fig. 7d) sug-  nentincreased at MSY indicating a higher load of fine parti-
gested that the mean scattering properties of the aerosols for@es in the atmosphere during the day compared with night.
given volume of sampled air increased faster that the absorpin Fig. 8c the diurnal cycle of thAngstdm exponent cal-
tion properties for the same volume of air (Fig. 7g). Similar culated from AERONET (the AERosol Robotic NETwork of
results were also presented by Delene and Ogren (2002). Fground-based sun- and sky-scanning radiometers; see for ex-
nally, as reported in Fig. 7h the particle number increasecample Holben et al., 1998) data collected at Barcelona was
with osp as expected from Mie theory (van de Hulst, 1957). also reported. The AERONEANgstiom exponent was cal-
culated from AOD (aerosol optical depth) data measured at
3.4 Diurnal cycles wavelengths of 440nm and 675nm and only diurnal data
were available. Over the study period the mean value of the
The diurnal cycles of the considered aerosol components an&ngstrbm exponent at Barcelona was higher than at MSY
parameters measured at MSY is reported in Fig. 8. Thewith a value of 1.4-0.3 this being consistent with the higher
diurnal cycle of PM concentrations simultaneously mea- load of fine aerosols expected at urban level compared with
sured at an urban background station in Barcelona (the closthe regional level. Moreover, the two report&dgstiom ex-
est big city to MSY station; Fig. 1) is reported for com- ponent’s diurnal cycles in Fig. 8c were clearly anti-correlated
parison with MSY in order to better interpret the results with low values measured at Barcelona under sea breeze cir-
(Fig. 8a). A detailed description of the Barcelona measur-culation. The possible explanation for the observed reduc-
ing station is given for example by Pey et al. (2008) andtion of ,&ngstr'c')m exponents at BCN were: a) the increase
Pérez et al. (2008b). As observed in Fig. 8a the levels atof the concentration of coarser marine aerosol in the atmo-
MSY during the 24 h were driven by the sea breeze whichsphere under sea breeze circulation, and b) the cleansing ef-
developed from around 09:00 GMT to 18:00 GMT (Fig. 8e) fect of the breeze over the coastline as also demonstrated by
transporting pollutants from the polluted coastline to the re-the PM; diurnal cycle at Barcelona of Figure 8a. Thus, Fig-
mote areas inland (Pey et al., 2010; Pandolfi et al., 2011)ure 8 gives a picture of the efficiency of the breeze circula-
The highest PN concentrations reaching around 12 pgim  tions in polluting remote areas in the WMB and shows that
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Fig. 8. Diurnal cycles for:(a) PM; (Montseny and Barcelonalbh) scattering coefficient (635 nm), hemispheric backscattering coefficient
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number concentrations, aifd) wind speed and velocity.

the anthropogenic pollution affects both the concentrationg44 days) with air masses coming from the Atlantic Ocean;

and the optical properties of PM. (b) Winter anticyclonic episodes (WAE) (25 days) causing
the stagnation of air masses around the WMB for a few
3.5 Cluster analysis days and subsequent accumulation of pollutants; (c) Saharan

dust intrusions (NAF) (13 days); and (d) Regional episodes
In order to interpret the variability of PM optical properties as (REG) (50 days) mainly recorded in summer and character-
a function of the main different air mass transports, differentized by frequent recirculation of air masses over the WMB
meteorological tools and aerosol maps were analyzed: backPérez et al., 2004; Pandolfi et al., 2011). Only clear episodes
trajectories of air masses (HYSPLIT4, Draxler and Rolph, without precipitations were selected for each category. As
2003); geopotencial height maps (NOAA/ESRL Physical reported in Fig. 9 the aerosol components and parameters
Sciences Division, Boulder Colorado from their Web site atused in this work show a clear dependence on the origin
http://www.cdc.noaa.goyy/ aerosol dust concentration maps Of air masses. The lowest daily RMevels at MSY were
(BSC/DREAM, NAAPS, and SKIRON); and satellite im- measured during AA episodes with mean Ptbncentra-
agery (NASA-SeaWiFS Project). These tools allowed for thetion of 5.74:2.8 ug n3. The effect of the Atlantic Advection
determination of the four main atmospheric scenarios use@pisodes was to clean the atmosphere reducing the concen-
in this work and affecting the MSY measurement site dur-tration of fine particles in the atmosphere. Consequently, the
ing the study period. Following the definition given in Pey et dsp, obsp andoap reached their minimum values during AA
al. (2010) these were: (a) Atlantic Advection (AA) episodes With 14.8:7.8 Mm™1, 2.8£0.9Mm™* and 1.8:1.0Mm™*,
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= PM BPM25-10 els of fine particles led to the observed hfghgstr‘c')m expo-
nent indicating that a high percentage of light was scattered
by submicron particles. A similar result was obtained under

the summer REG episodes<1.5+0.1). The REG episodes
i i were characterized by mean PM concentrations lower than
during WAE given the higher dilution of PM in summer

:iﬁ:é‘f;l?fn% & ”nmm s B Backscattring @ 6357 (x5) and the lack of strong inversions typical of the winter period
(Pey et al., 2010; Pandolfi et al., 2011). The NAF episodes

were characterized by the transport mainly of coarser parti-
cles rather than fine particles with measured mean el
(10.5+5.2 ug nT3) lying in the typical range of PMlevels
observed at MSY station (This work; Pey et al., 2010). The
" o A::;mmmmciem Fea Angstiom exponent under NAF was #0.4. As reported
100 16 in Fig. 9, under AA and NAF episodes the relative propor-

: r PP | tion of coarser (PMs_10) particles was higher than during
094 1 L IS WAE and REG episodes thus leading to the observed low
050 | J 13 Angstrbm exponent values. Low correlation with air mass
088 1 | foz origin was observed for the SSA which was almost similar
an T we | we | Reo ' during the four observed scenarios. Despite the increase in

—&— Equivalent Black Carbon Particle number

800 8000 the absorption coefficient observed under the WAE scenatrio,

500 [ the corresponding increase in Pbncentration was so high
- [ JI § to enhance the mean aerosol scattering properties thus lead-
V T I + 3000 8 ing to SSA values similar between WAE and AA. Moreover,

! Tom & the absorbing properties of Saharan dust (Vrekoussis et al.,
" T e Nar R 2005) could have accounted, at least in the present case, for
Episode the similarity observed between the SSA values during the
NAF and WAE episodes.

In order to study the dependence of the mass absorp-
tion coefficient (MAC) on the origin of the air masses, the
correlation between MAC and EC concentration was anal-
ysed as a function of the four defined scenarios. Mass ab-
sorption cross sections of 3.8 g1, 10.2:2.0nf g1,
10.741.8nfg 1, and 11.62.0n? g1 at 637 nm for AA,
respectively. The meafingst®m exponent during AA was NAF, REG and WAE scenarios respectively were calculated.
1.04+0.4 indicating the prevalence of coarser particles in theThus, the mass absorption cross sections for NAF, REG and
atmosphere and the corresponding reduction of the finest palWAE were relatively high and not significantly different,
ticles. Moreover, while EBC concentrations were on averagenhile a statistically-significant difference was observed for
low during AA (EBC = 185:100 ng nT3) the particle num-  the MAC value under AA scenario. The value of MAC esti-
ber density was high (42881971 cnm?) as a consequence mated under AA is similar to the value proposed by Bond and
of the enhanced nucleation in the clean atmosphere. Th&ergstrom (2006) of 7.54g 1 (at 550 nm), or 6.5rhg 1
opposite condition was observed under WAE episodes whemt 637 nm assuming 2~ dependence of MAC, for fresh
the highest PN (19.14:8.8 pg n3), osp (55. 0£33.6 MnT1),  light-absorbing carbon (LAC). As already stated, the AA
opsp (5.7£1.7 Mm™ b, oap (5.6£1.5 Mm1), Angstrom ex-  episodes, from one side, and WAE and REG episodes, from
ponent (1.8:0.1), EBC concentration (581152 ngnt?3) the other side, represent two extremes in terms of degree of
and number concentration (4788203 cn13) were mea-  pollution in the WMB. The strong winds blowing constantly
sured. The values afsp and opsp under WAE episodes at  from the West (from the Atlantic Ocean) under AA episodes
MSY were similar to the values registered for example byassure fresh clean air with low concentrations of pollutants
Pereira et al. (2011) in a small city affected by traffic, indi- at regional level, while the WAE and REG episodes in-
cating the importance of specific atmospheric events in polvolve the stagnation (WAE) and recirculation (REG) of air
luting remote/rural areas. Thus, relatively high aerosol scatimasses around the WMB for a few days with subsequent
tering and absorption coefficients were attributed to the transaccumulation of pollutants. Previous studies in the area
port, driven by the breeze, of anthropogenic pollution accu-based on both modelling and experiments showed that this
mulated for few days over the WMB under WAE scenarios recirculation/accumulation of pollutants can span for more
reaching the MSY measurement site (Pandolfi et al., 2011)than five days as long as this weather pattern is maintained
The presence of polluted air masses at MSY with high lev-(Mill an et al., 1992; Gangoiti et al., 2001; Pey et al., 2010).
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Fig. 9. Aerosol components and parameters as a function of air
mass origin: AA = Atlantic Advection; WAE = Winter Anticyclonic
Episode; NAF: Saharan dust outbreaks; REG = Regional stagnation
episodes.
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Consequently, the aerosols transported toward the MSY stabackscattering and absorption coefficients. On average high
tion under REG and WAE scenarios were mainly aged ratheé exponents (around 1.5) were measured under these polluted
than fresh. As reported in literature (see for example Knoxscenarios as a consequence of the increase in the concen-
et al., 2009; Bond and Bergstrom, 2006) an increase in masgation of fine particles. On the contrary a strong reduction
absorption cross section can be due to difference in coatingn the & values (around 1.0) were observed under Atlantic
thickness as a result of the aging of the aerosols. Bond efdvection episodes and Saharan dust outbreaks indicating
al. (2006) estimated that absorbing carbon can change its ofihat the optical properties of the aerosols were dominated by
tical properties by absorbing up to 50 % more light if coated the coarse mode. The calculatddgstom exponents were
with ammonium sulfate (Bond et al., 2006). In our study, also presented as a function of the fine-to-coarse PM ratios.
mean EC and sulfate concentrations in ggMilters under  The result was a clear relationship between PM ratios and
WAE and REG scenarios were 0.39 pg¥rand 2.49 ug m3 Angstrt')m exponent. Thus, hig&ngstrt')m exponentsx 1.4)

and 0.27 ugm® and 3.62 ugm3, respectively. Under the were clearly related with PM mass dominated by fine parti-
AA scenario mean EC and sulfate were 0.17 pgnand  cles in the sampled atmosphere. The aerosol absorption cross
1.04 ug m3 respectively. Thus, higher sulfate concentra- section (MAC) also changed as a function of the origin of air
tions were on average observed under WAE and REG commasses. A mean value of 18:2.0 n? g~ for MAC was cal-
pared with AA, thus probably explaining the observed dif- culated during the study period. Relatively small MAC value
ferences among the calculated MAC values. The relativelyof 7.5+1.8 nf g~1 at 637 nm was calculated under Atlantic
high sulfate burden observed under WAE and REG episodé\dvection episodes, while higher MAC (1#8.0n? g 1)

could also explain the small variations observed for SSA aswvas estimated during winter anticyclonic episodes (WAE).
a function of the air mass origin. Even if a higher absorption The WAE episodes were characterized by an accumulation
of light was observed under WAE compared to AA, the in- for a few days of PM and sulfate aerosols over the WMB
crease of WAE sulfate concentration enhanced the scatteringith consequent ageing of the particles.

of light thus probably leading to similar SSA for the WAE

and AA scenarios.
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