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Abstract

Further research is needed to reduce the existingrtainties on the effect that specific aerosdii@a sources have on light
extinction and consequently on climate. This stpdgsents a new approach aiming at quantifying thesnscattering and
absorption efficiencies (MSE and MAE) of differeagrosol sources at urban (Barcelona-BCN), regifiahtseny-MSY)
and remote (Montsec-MSA) background sites in thethmestern (NW) Mediterranean. An analysis of seurc
apportionment to the measured multi-wavelengtht lggattering ¢s;) and absorptiono(,) coefficients was performed by
means of a multilinear regression (MLR) model floe periods 2009-2014, 2010-2014 and 2011-2014 &t,BLSY and
MSA, respectively. The source contributions to JgMhass concentration, identified by means of theitiResMatrix
Factorization (PMF) model, were used as dependmihies in the MLR model. With this approach wedradsed both, the
effect that aerosol sources have on air qualitytaed potential effect on light extinction througite determination of their
MSE and MAE. An advantage of the presented appr&atiat the calculated MSE and MAE take into actdhe internal
mixing of atmospheric particles.

Seven aerosol sources were identified at MSA and/ M&hd eight sources at BCWineral, Aged marine, Secondary
sulfate, Secondary nitrate andV-Ni bearing sources were common at the three siteaffic, Industrial/metallurgy andRoad
dust resuspension sources were isolated at BCN, whereas mikedlstrial/Traffic and Aged organics sources were
identified at MSY and MSA. The highest MSE wereahsd forSecondary sulfate (4.5 and 10.7 Ag™, at MSY and MSA,
respectively) Secondary nitrate (8.8 and 7.8 Ag™) andV-Ni bearing source (8 and 3.57g™). These sources dominated the
scattering throughout the year with marked seaswaatls. The/-Ni bearing source, originating mainly from shipping in
the area under study, simultaneously contributeldoth o, andc,, being the second most efficient light-absorbingrse

in BCN (MAE=0.9 nfg?). TheTraffic source at BCN and tHedustrial/Traffic at MSY exhibited the highest MAE (1.7 and
0.9 nfg?, respectively). These sources were the major ibumars too,pat BCN and MSY, however at MS/Aecondary
nitrate exerted the highest influence og, (MAE=0.4 nfg?). The sources predominantly composed of fine atatively
dark particles, such abdustrial/Traffic, Aged organics, and V-Ni, were simultaneously characterized by low single
scattering albedo (SSA) and high scattering Angstexponent (SAE). Converselylineral andAged marine showed the
lowest SAE and the highest SSA, being scatteriegdibminant process in the light extinction. The djagreement found
between modeled and measured particle optical piepgallowed the reconstruction @f, ando,, long-term series over the
period 2004-2014 at MSY. Significant decreasingdsewere found for the modelegd, andc,, (-4.6 and -4.1 %%).
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1. Introduction

Atmospheric aerosol particles affect the Earthimate through the direct scattering and absorptiosolar radiation but
also through indirect processes acting as clouddeosation nuclei (IPCC, 2007). Precise measuremehtaerosol
properties are required to reduce the current taicgies on radiative forcing (IPCC 2007, 2013)d darther research
aiming at studying the relationship existing betweerosol optical and chemical properties is ne¢ddzbtter understand
the link air quality-climate. However, a thoroughantification of the direct and indirect aerosdieefs on the Earth’s
radiative budget is difficult to achieve (Ziegerabt 2012). The high spatial and temporal varigbdf atmospheric aerosols
along with the large differences in particle comfos and size (Andrews et al., 2011; Bond et 2013; Haywood et al.,
1999), results in a changing radiative forcing frlooal to global scales (Collaud Coen et al., 20T®) the global scale,
atmospheric aerosols are estimated to cool thehEyttem (Chen et al., 2011; IPCC, 2013). Most sroomponents
(mainly sulfate, nitrate, organics and mineral etscatter the sunlight causing a net coolindnattop of the atmosphere
(TOA); conversely other particles, such as blactbea (BC), absorb solar radiation in the whole hissispectrum, thus
leading to a net warming at TOA (Jacobson, 200an&hathan and Carmichael, 2008). Assessing theofaerosols on
climate forcing often requires reducing their plogshemical properties to a set of parameters thstribe their optical
properties (Hand and Malm, 2007). The mass scatfexnd absorption efficiencies (MSE and MAE, respely) are key
intensive optical parameters that relate the massentration of specific chemical species to theigla light scattering
(osp and absorptionat,) coefficients. These intensive optical parametipend on intrinsic aerosol properties, such as
particle effective radius, particle mass densityafractive index, and they are very useful todretarameterize the aerosols
direct radiative effect in atmospheric climate med&einfeld and Pandis, 1998). In fact, Obisole{2017) has recently
assessed the T-matrix optical code to simulate MfStfferent aerosol sources, considering the M&gorted in the present
study as reference parameters representative dfhd/lediterranean area.

Several studies have been published on the absworetiiciency of black carbon (BC) calculated as thtio betweem,,
and elemental carbon (EC) concentrations. GivenhBlais the most important light-absorbing partiziehe atmosphere,
its MAE has been extensively studied in literat(ire. Bond et al., 2013; Pandolfi et al., 2014aclreet al., 2011, among
others). In some cases, the MAE of BC has beenradiddéo change depending on the degree of theniaitenixing of BC
with non-absorbing material, such as sulfate agamic compounds (Jacobson, 2001b; Moffet and Pr&20€9; Ramana et
al., 2010; Zanatta et al., 2016). Recently, thepizal for organic carbon as an absorber of UV dsithle light through their
brown carbon (BrC) content, has been also repantéterature (i.e. Lu et al., 2015; Updyke et 2012).

The MSE of different chemical aerosol components Ihaen extensively reported for many locations Kvussis et al.,
2005; Titos et al., 2012; Cheng et al., 2015 arfiereaces therein). An example is the study perfdrimg the IMPROVE
(Interagency Monitoring of Protected Visual Envineents) program, which has been considered as r@nefefor reporting
mass extinction efficiencies depending on part@enposition (Hand and Malm, 2006 and 2007). GIOMSE for dry
ammonium sulfate [(NE,SO,], ammonium nitrate [NENO;z], organic matter (OM), soil dust and sea salt wabtained by
means of a multilinear regression (MLR) model.Ha tMPROVE modelgs, measurements (from 1990 to 2007) were used
as independent variable whereas the aforementiextednally mixed chemical species were used asrdigme variables. In
addition, the IMPROVE study demonstrated that theonstruction o, can be inversely computed by means of the
calculated MSE and the mass concentration of chamsjmecies. Revised versions of the IMPROVE alforihave been
published aiming at reducing the bias on the ptedivalues, which accounted for a 25% overestimhthe measureds,
coefficient (Ryan et al., 2005; Pitchford et aD0Z). However, none of the published studies dgaliith the estimation of
MSE have considered the internal mixing state ofiospheric aerosols, given that each chemical speai treated
separately from the other.

In the present study a different approach of theRMhethod is presented, where the aerosol sourdeilmaions obtained

by means of the PMF (Positive Matrix Factorizatiom)del, instead of the single chemical speciesewsed as dependent
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variables in the MLR model. An important charadtci of the PMF factors is that these take intooaat the internal
mixing of atmospheric particles. In fact, as evicksh by the PMF sources chemical profiles, theseanstituted by some
main tracers (which define the source) but are ats@hed in other chemical compounds. Receptoretsalich as PMF are
powerful and widely used techniques to design aality mitigation strategies (i.e: Belis et al.,13) Viana et al., 2008),
thanks to the capability of these models to idgriiy pollutant emission sources and calculater tbatributions to the
measured PM mass concentration. Thus, the MLR mapglglied using the PMF source contributions andntleasureds;,
and o, allows quantifying the potential of different asob particle sources to scatter or absorb visiiglet| and therefore
directly linking the air quality and climate effeatf airborne PM.

With this approach we estimated the MSE and MAEa@fosol particle sources identified at urban, mnegiand remote
environments in the NE of Spain. Furthermore, th@puted MSE and MAE were used to reconstruct tiécpecs,ando,,
over an 11l-year period at the MSY regional sitesthllowing trend analyses. Trend analyses of @artptical properties
are extremely relevant for the detection of change&tmospheric composition depending on changesaitural or
anthropogenic emissions, atmospheric processesiaksl (Collaud Coen et al., 2013). Several stub@ase shown that the
air quality abatement strategies adopted in thentegears have resulted in a decrease of anthrofogellutants in Europe
(EEA, 2013; Barmpadimos et al., 2012; Querol et 2014; Pandolfi et al., 2016). However, the cantb pollutant
emissions is currently conflicting involving a texdff between the impacts on environmental heaithtae Earth’s climate,
and therefore current mitigation strategies coulcréase climate warming while improving air qual{§hindell et al.,
2012). A relevant outcome of this new approacthé d¢hance to study the effects that air qualitygaiton strategies are

having on light extinction in the area under study.

2. Methodology

2.1 Sampling sites and meteor ology

The western Mediterranean Basin (WMB) is charapteriby warm summers and temperate winters withgurtes
precipitation rates throughout the year. In wintee location of the Azores high-pressure systenodewv the entry of
Atlantic advections that clears the atmosphere afupollutants. In summer, atmospheric dynamics tedigo local
orography result in local/regional circulations lwithe consequent accumulation of pollutants (Milénal., 1997).
Recirculation and aging of pollutants is favoureg weak gradient atmospheric conditions, scarce ipitation and
continuous exposure to solar radiation driving pbbemical reactions (Rodriguez et al., 2002; Péteal., 2004).
Additionally, large mineral dust contributions frd@aharan dust events may cause exceedances df thelity standards
(Escudero et al., 2007; Querol et al., 2009). Tdrgunction of all these processes surrounding tivBMead to a radiative
forcing among the highest in the word (Jacobsof12ap

PM chemical and optical measurements were performhédree sampling sites located in the NE Spaig. (). The large
coastal Barcelona urban area (BCN; 4IRR302°6E, 80 m a.s.l.) is one of the most populated aieathe NW
Mediterranean, resulting in a very high road traffensity. Additionally, the metropolitan area isrsunded by a broad
industrial area and host one of the major harbothé Mediterranean Basin, with a large numbemaise ships (Pey et al.,
2013). The conjunction of these emission sourcgklficontribute to the air quality degradation lire tarea (Querol et al.,
2001; Pey et al., 2008; Pérez et al., 2008; Amia#b. €2009; Reche et al., 2011; Dall'Osto et2013).

The Montseny regional background station (MSY; @1R]1 02°21E, 720 m a.s.l.) is located in the Montseny natpeak in
a densely forested area, 50km to the N-NE of theddana urban area and 25km from the Mediterrageast. Despite the
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site is far enough from the industrialized and pafad Barcelona metropolitan region, it can becéfé by anthropogenic
emissions transported to regional inland arease@Pétral., 2008).

The Montsec continental background site is a renhigl altitude emplacement (MSA; 42R3 0°44E, 1570 m a.s.l.)
placed in the southern side of the Pre-PyrenesheaMontsec d’Ares mountain range, located 140 &nthe NW of
Barcelona and 140 km to the WNW of MSY. Despite hiigh-altitude location and the frequent free trgitere conditions
during the cold season, the station can be slighflyenced by anthropogenic emissions during tlaemer period, when it
is positioned within the planetary boundary lay@BL), (Ripoll et al., 2014).

The three sites are members of the Catalonianuaility monitoring network. Additionally, MSY and MSare part of the
ACTRIS (Aerosol, Clouds and Trace gases ResearfraStructure) and GAW (Global Atmosphere Watch)woeks.
Aerosol optical properties at the sites are measfwowing standard network protocols (WMO/GAW, 18). Further
information characterizing physical, chemical angtiGal properties of atmospheric aerosols detailihg prevailing
atmospheric dynamics at the three stations camixedfin: Querol et al., (2001); Pey et al. (2008 2010); Reche et al.
(2011); Pandolfi et al. (2011 and 2014a); Cusaci.€P012) and Ealo et al. (2016).

2.2 M easurements and instrumentation

Aerosol light scattering coefficients were measuggdry 5 min at three wavelengths (450, 525 andré8pwith a LED-
based integrating nephelometer (model Aurora 3EIOTECH Pty, Ltd, Knoxfield, Australiajs, measurements were
collected at MSY for the period 2010-2014 (Tablg 8ding a PM, cut-off inlet. Measurements at MSA were carried ou
using a PMscut-off inlet from 2011 until March 2014, and theeplaced with a P cut-off inlet. 6, measurements at
BCN are not available. Calibration of the two ndpheeters was performed three times per year usifg & span gas,
while zero adjusts were performed once per daygusiternally filtered particle free air. The relati humidity (RH)
threshold was set by using a processor-controlléonaatic heater inside the Aurora 3000 nephelontetensure sampling
RH of less than 40% (GAW report 226}, coefficients were corrected for non-ideal illurrtioa of the light source and for
truncation of the sensing volumes following theqadure described in Miller et al. (2011a).

Aerosol light absorption coefficient at 637 nm (Miilet al., 2011b) was measured at 1 min resolutiith a Multi Angle
Absorption Photometer (MAAP, model 5012, Thermgemated in the heated sampling mode and connextedPiVi, cut-
off inlet. 65, measurements were collected at BCN, MSY and MSAtHerperiods 2009-2014, 2010-2014 and 2011-2014,
respectively.

Gravimetric PMy mass concentrations were determined by standardngetric procedures, according to UNE-EN 12341,
1999 protocol (Alastuey et al., 2011). Samples weokected every 3 to 4 days on 150 mm quartz riitrer filters
(Pallflex 2500 QAT-UP and Whatman QMH) using highlume samplers (DIGITEL DH80 and/or MCV CAV-A/MSH a
30 nt h™Y) for the periods 2004-2014 at BCN and MSY, andtierperiod 2010-2014 at MSA.

Chemical off-line filter analyses were carried atithe three sites following the procedure propdse@uerol et al. (2001).
A quarter of the filter was acid digested (HMNEF:HCIO,). The resulting solution was analyzed by Indudtiv€oupled
Plasma Atomic Emission Spectroscopy (ICP-AES; IRI@/antage TJA Solutions THERMO) for the determioatiof
major elements (Al, Ca, Fe, K, Na, Mg, S, Ti, Pyl &y Inductively Coupled Plasma Mass Spectromé€P{MS; X Series

I, THERMO) for the trace elements (Li, Ti, V, Gvin, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Cd, Sn, Sb, Bee earths, Pb, Bi,
Th, U). In order to examine the accuracy of thel atigestion, a few milligrams of the reference mateNIST 1633b were
added to a quarter of the blank filter. Another rtgraof each filter was water extracted to detegrsoluble anions. The
nitrate, sulfate and chloride concentrations wesoived by ion high-performance liquid chromatogsafHPLC) using a
WATERS ICpakTM anion column with a WATERS 432 coativity detector, and the ammonium concentratioiith \&n
ion selective electrode (MODEL 710 A+, THERMO Orjo®rganic carbon (OC) and EC concentrations weterchined
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by a thermal-optical carbon analyzer (SUNSET) follg the EUSAAR2 thermal protocol (Cavalli et &010). Blank
filters were analyzed together with the sampled, @ncentrations were subtracted from those foartle samples in order

to calculate the ambient concentrations.

2.3 Positive Matrix Factorization model (PMF)

The positive matrix factorization (PMF) model (PMF®, EPA) was individually applied to the daily ofieal speciated
data collected at BCN, MSY and MSA for source idfaration and apportionment to P Source contributions obtained
for BCN and MSY can be found in Pandolfi et al. 181 whereas sources identified at MSA are predeimehis study.
Detailed information describing the PMF model canfdund in literature (Paatero and Tapper, 1994td?a, 1997; Paatero
and Hopke, 2003; Paatero et al., 2005).

Briefly, the PMF model is a factor analytical tdidsed on the weighted least-squares method, wadtictes the dimension
of the input matrix (i.e. the daily chemical spéeth data) to a limited number of factors (or sosyce€alculation of
individual uncertainties and detection limits wéx@sed on the approach by Escrig et al. (2009) amdtd et al. (2009),
where both the analytical uncertainties and thedsted deviations of species concentrations in tlaakbfilters were
considered in the uncertainties calculation. Thiscpdure provides a criterion to separate the epeaihich retain a
significant signal from the ones dominated by nois#sed on the signal-to-noise S/N ratio definedPbgitero and Hopke
(2003). Species with S/N greater than 1 may ofteticate good signal, though this depends on hoventmiaties are
determined. In order to avoid any bias in the PMBults the data matrix was uncensored, i.e. negatiero and below
detection limit values were included in the anadyse

The PMF was run in robust mode (Paatero, 1997 )yatadional ambiguity was handled by means of thEAR parameter
(Paatero et al., 2005). The final number of soumas selected based on several criteria: invesimalhe variation of the
objective function Q (defined as the ratio betweesiduals and errors in each data value) deperminthe number of
sources (i.e. Paatero et al., 2002), studying thesipal meaningfulness of factor profiles and cbutions, and analyzing

the scaled residuals and the G space plots.

2.4 Multilinear regression model (MLR)

Previous studies based on the IMPROVE algorithrehagplied the multilinear regression (MLR) methodestimate the
mass scattering and extinction efficiencies (MSH RHEE) of chemical species (White et al.,1986; desdbncelos et al.,
2001; Hand and Malm, 2007). This kind of regressioodel between chemical species mass concentratidnaerosol
particle scattering or extinction coefficients asgs an externally mixed aerosol. However, the gpponent of scattering
by more than one specie to the total scatteringenidp on the assumption of the internal or extemiaing state of
atmospheric aerosols, as already noted previodsest(White, 1986). The assumption of internal mixamong chemical
species that form a single variable in the regogssiquation will reduce the possible collinearitycmg the dependent
variables of the MLR model, making at the same ttheregression coefficients less sensitive to datzrtainties (Hand
and Malm, 2007). As shown in the matrix correlatiorrig. S1, very low correlation was observed lestw pairs of aerosol
sources identified with the PMF model at the ttsiées considered here.

In this study, we used the Rjbource contributions (ugfhas dependent variables in the MLR and the meedsupeand
o4p COefficients (Mni?) as independent ones. Thus, the resulting regressiefficients of the model represent the MSE and
MAE (m? g*) of mixed aerosol modes, given that the sources fPMF take into account the possible internal ngjxi
among chemical species. Moreover, the MLR methsdrass that all the species contributingdpandog, are included in
the equation. Thus, a better model performancehggaed here given that we used the full ;Rdhemical speciation in the

PMF model for source identification and apportionté-ollowing equations 1 and 2 (as example for §|Ske partials,
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and o4, contribution of each source can be computed asptbduct between the Pl source contributions and the
corresponding MSE/MAE. Then, total aerosol liglyt andc,, can be modeled as the sum of the scattering @ratixsn

source contributions.

cép, PMy4 = (MSEéecondurysulfate '[Secondary SUIfate])"'(MSEéecondary nitrate -[Secondary nitrate])
+(MSEY.; [V-Ni1)+(MSE}geq organics -[Aged organics])+(MSE)nera -[Minerall)

+(MSE) ged marine -[Aged marine])+(MSE}, gustriay/rragsic -[Industrial/Traffic]) (Equation 1)

cgp, PMy, = (MAEéecondary sulfate .[Secondary SUIfate])"'(MAEéecondury nitrate .[Secondary nitrate])
+(MAE}.y; .[V-Ni1)+(MAE)geq organics -[Aged organics])+(MAE)e,q -[Minerall)

+(MAE) ged marine -[Aged marine])+(MAE), gusiriay/rragsic -[Industrial/Traffic]) (Equation 2)

It should be considered that changes in the sammonditions (i.e. RH or size cut-off) or differewxin the chemical
analysis methods used on sampled filters can attfeectntensive particle optical properties (Delamel Ogren, 2002), and
consequently the comparison among the computed MBEMAE. In fact, the resulting efficiencies cantiiased by the
cut-off inlet, given that absorbing aerosols temthé¢ predominately in the sub-micron fraction (Aes et al., 2011). In this
study bothos, ando,, were collected using a Plcut off inlet, thus guaranteeing uniformity amahg performed optical
measurements. An exception occurs at MSA, wherkl gsRut-off inlet was used until March 2014 and theplaced by a
PMyq inlet. Therefore, a slight overestimation of th&® obtained foAged marine andMineral sources at MSA might be
expected when sampling was performed through R2.5 inlet, given that particles contained in thesurces are mainly
present in the coarse fraction and significantlytdbute to PM.;omass concentration (Ripoll et al., 2015a). Howewer,
estimation of the influence of the inlet changetbe resulting MSE and MAE at MSA is difficult to ldeve, given the
relatively shorisspando,, time series available thus preventing performimg different MLR analyses for the two fractions.
Moreover, scattering RH was controlled below 409M&Y and MSA in order to minimize the hygroscoprogth of the
particles and then prevent a significant enhancenmethe scattering efficiencies. An overestimatiminthe scattering or
absorption efficiencies can also be due to thetfattthe MLR method tends to give more weightiwse variables that are
more accurately measured (such as sulfate), ancecsely, underestimates the regression coeffici@ntspecies with larger
uncertainty (i.e., organic matter) (White and Macia987). In the present study, a comparison betweedeled and
measured coefficients was performed using quangtatatistics. With this aim, the root mean squamer (RMSE) and
fractional bias (FB) were computed for modellinglenation. FB is described in Eq. 3 (Ryan et aIQSanherecsspSim is the

modeled scattering coefficient ang, is the measured value for each daily data point.

FB = 22 % (Equation 3)

Osp

A total of 303, 379 and 503 daily data points wesed in the MLR analysis for source apportionmefysis of absorption
at MSA, MSY and BCN, respectively, whereas 222 a0d daily data points were considered for MSE dat@mn at MSA
and MSY.

2.5 Statistical testsfor trends study

The Theil-sen slope estimate (TS) (Theil 1950; $888) is a non-parametric test which was investigidor the monthly
averages of light scattering and absorption in otol¢est for the occurrence of a non-null slopéhim data series during the

period 2004-2014 at MSY. The total and annual rédncof these optical parameters was investigatgidgubootstrap
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resambling for the monthly deseasonalized timeeserieducing the possible influence of outlierstremd estimates and
obtaining robust slope p-values.

A multi-exponential fit aiming to study temporaéirds in the mulkiexponential form (Shatalov et al., 2015), was used
representing the decomposed modeled monthly terhger&ées in: main component, seasonal componentrasidiual
component. Additionally, this technique allowedtasestimate the non-linearity (NL) parameter foe thends. An NL of
10% was used as threshold to define a linear tfihet10%).

3. Results
3.1 Sour ce profilesand contributionsto PM 1,

Seven aerosol particle sources were identified SANNh the PM,fraction by performing a PMF analysis for the pdrio
2010-2014. The chemical profiles and source cautiobs to the measured RjMnass are shown in Fig. 2 and Table 1.
These results will be studied together with thengisal profiles (Fig. S2) and source contributiofisifle 1) previously
guantified by Pandolfi et al. (2016) for BCN and ¥i®r the period 2004-2014. The highest jMverage concentration
was found at the BCN urban station, followed by thegional (MSY) and remote (MSA) background sit84.0+17.1,
16.7+9.3 and 9.6+8.2 pg inrespectively), consistent with the progressivatatice of the three stations from important
emission sources. On average, the most abundantesogontributing to PM mass concentration at MSA wefged
organics, followed, in this order, byMineral, Industrial/Traffic, Aged marine, Secondary sulfate, V-Ni bearing and
Secondary nitrate. Aged organics was mainly traced by OC and EC with maxima in s@mmointing to a large contribution
from biogenic emission sources, and accounted B£20 pg rit (29%) of the PNy mass concentration. The internal
mixing with EC suggests a contribution from commrssources to this source. However, figed organics source at MSA
can be considered to be dominated by secondaryicrgarosols (SOA) arising from biogenic volatilganic compounds
(VOCs) due to the predominance of OC in the chehpoafile. Furthermore, it should be considered ltigher summer
VOCs oxidative potential occurring in the Mediterean which enhances SOA concentrations, due tohiglier insolation
and tropospheric ozone concentration, (Fuzzi eR806). This assertion is in agreement with previstudies deployed at
MSA where SOA was found to be the foremost coreitiof PM organic aerosols (OA), especially in summer (90%)
(Ripoll et al., 2015a). Thdlineral source traced by typical crustal elements such as Al, [@g, Fe, Ti, Rb and Sr, was
related to both Saharan dust events and regiooal/laineral contribution and accounted for an ager@M,contribution

of 2.345.2 pg M (24%). Thelndustrial/Traffic source, primarily traced by Pb, Zn, As, Sb, Cu hiidcontributed 1.1+1.0
ng m® (11%). Aged marine source, mainly traced by Na and Cl, and in a mipaportion by Mg, S& and NO;,
contributed 1.1+1.3 pg ™(11%). Secondary sulfate, mainly traced by S§ and NH', andSecondary nitrate, traced by
NO; and NH, but also enriched in EC, contributed 0.9+1.0 pg (8%) and 0.7+1.0 pg t(8%), respectivelyV-Ni
bearing source, traced by V, Ni and $Q represented the direct emissions from heavyaitlustion, mainly shipping in
the study area, and contributed 0.8+1.0 |iy(B%). Differently from BCN and MSY, the-Ni bearing source at MSA was
not enriched in EC possibly because of the higtudk of this station and its position, far frometNW Mediterranean
coastline and shipping emissions.

Common sources identified at the three stationgwdineral, Aged marine, Secondary nitrate, Secondary sulfate andV-Ni.
The sources identified in BCN showed similar cdnttions, ranging from 10% to 17% of the total fghass concentration,
except for théndustrial source (3%) given that most of the secondary im@#iserosols are apportioned to other secondary
sources presented in this study. At BCN, sourcasett by pollutants from anthropogenic activitiesevmostly related to
fresh emissions from the Barcelona metropolitara giiee. Traffic and Road dust resuspension), from the surrounding
industrial zonelpdustrial) and from vessel traffic-Ni). However at MSY and MSA, representative of regleand remote

backgrounds, pollutants were transported togettan fBarcelona urban and industrial areas thus tieguin an aged
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aerosol mixed with local pollutants. Larger relatsontributions oMineral andAged organics sources were observed at the
MSA high-altitude site, due to a less direct expestdo anthropogenic emissions (Fig. 3c). In agregméth previous
studies (Ripoll et al., 2015b; Ealo et al., 20E6higher relativéMineral contribution was found at MSA (23%) compared to
MSY (16%) and BCN (14%). However, a higher absoMieeral contribution mainly originated from local sourceas
observed at BCN (4.6+5.3 pg¥n The Aged organics source also presented a higher relative conttbugit MSA (29%)
compared to MSY (23%). However, this source wasiawntified at BCN, where théraffic source explained the majority
of the measured OC. Thged marine source in Barcelona showed higher absolute aativelcontributions (5.7+£5.2 ug'm
3 17%) due to its proximity to the coast, compa@MSY (1.8+1.8 ug i, 11%) and MSA (1.1+1.3 pg t11%). Higher
relative contributions ofecondary sulfate andSecondary nitrate were found at MSY (24% and 8%) compared to MSA (9%
and 7%), likely because of the longer distance &AVto the Barcelona metropolitan area. Moreoves, ftee-troposphere
conditions typically occurring in MSA during the Ider months prevented the direct transport of adrparticles from
anthropogenic sources to the station. Vi bearing source showed similar absolute contributions aYM&7+0.7 pg m

3 4%) and MSA (0.8+1.0 pg th 8%) despite the longer distance of MSA to the Merhnean coast, pointing to a possible
influence of long range transport affecting the mtain-top site. It should be noted that the curienteasing shipping
emissions are highly contributing to air qualitygdedation in coastal areas (Viana et al., 2014),dts0 in regional and
remote environments as consequence of atmosphenigpbrt processes.

Overall, the impact of the identified aerosol sasrat the different background sites depended euligiance to important
emission sources and on the aging and transpaetrofol particles to regional and remote inlandsdiven by orography

and meteorology, thus mostly explaining the diffexes in the chemical profiles of the sources idiedtiat the three sites.

3.2 Seasonal variation of source contributionsto PM 1o

Monthly average source contributions to gMbtained at the three stations are shown in Figu8Y and MSA were
characterized by a marked Pjeasonal variation with higher concentrationsuimser (June, July and August) and lower
in winter (December, January, and February), ireagient with previous studies (Pérez et al., 20R®oll et al., 2014).
The summer increase is related with the highenfeaqy of Saharan dust events, the recirculaticrahasses that prevent
air renovation, the re-suspension processes dtietdryness of soils, the low precipitation, anel filrmation of secondary
aerosols (Rodriguez et al.,, 2002). The lower wirtencentrations can be explained by the high frequeof Atlantic
advections leading to a higher dispersion of patitg and to higher precipitation rates, compareslitomer. Moreover, the
reduced contribution from the PBL in winter duefriequent thermal inversions, also contributed t rilatively low PM,
mass concentration observed at MSY, and espec#llySA (Pandolfi et al., 2014a). It is remarkablee tPM,
concentration peak observed in February and MardidY, which might be attributed to the winter regal pollution
episodes typical of the WMB (Pandolfi et al., 20.4Buch scenarios are characterized by anticycloaiaitions which
favor the accumulation of pollutants close to thaeission sources, and the subsequent transportibftgas towards the
station with the daily increase of the PBL. Pandetfal. (2014b) and Pey et al. (2010) reportedh mgrate concentrations
during these atmospheric conditions at MSY, in agrent with the increased contributionsSe€ondary nitrate shown in
Fig. 3b during this time of the year period. Théatigely low PM,, concentration observed in August at BCN and MSY
could be partially explained by reduced anthropageativities in the Barcelona metropolitan andustlial areas as a result
of the holiday period in Spain. This result is soged by the minima absolute contributions obseriredAugust for
Industrial and Traffic sources at BCN (0.6+0.6 and 2.7+1.6 pg, mespectively) and for thindustrial/Traffic source at
MSY (0.9+0.7 pg ). The higher precipitation rates observed in Augasnpared to June-July (Perez et al., 2008) might

also contribute to reduce Rptoncentrations at MSY. Conversely at MSA, the higgl&M,, concentration was observed in
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August probably due to the frequent Saharan dusttevaffecting the mountain top site, in accordanith the highest
absolute contribution found for tidineral source in August (4.8+4.8 pgin

Higher relative contributions of\ged marine (23%), Mineral (18%), Secondary sulfate (16%) andV-Ni bearing (13%)
sources were observed on average in summer at BENontrast,Traffic (23%), Secondary nitrate (21%) andindustrial
(4%) sources maximized in winter (Fig. 3a). Thesseal variation ofSecondary sulfate and Secondary nitrate can be
attributed to a higher SOA contribution, the fawbfermation of sulfate, and the nitrate gas—aerpsalitioning leading to
the thermal instability oSecondary nitrate during the warmer period, as was already obseirvélte area under study using
off-line filter sampling (Pey et al., 2009; Ripdt al., 2015b) and on-line measurements (Ripodll.et2015a). Differently
from BCN, a higher relative contribution of secondsources, some of them related with natural peeg, was observed at
MSY and MSA (3b and 3c). Increased contributionSamondary sulfate were observed in summer (29% and 8% at MSY
and MSA, respectively), where&scondary nitrate maximized in winter (17% and 11%ged organics showed the highest
contribution in relative terms in winter (30% an8% at MSY and MSA, respectively); however the hgjhabsolute
contributions were observed in summer (4.8+2.8 4ridt1.9 pg ). This result is in agreement with the higher SOA
formation found at MSA (Ripoll et al., 2015a) andSM (Minguillon et al., 2015) during the warm periothe Mineral
source (19% and 27% at MSY and MSA, respectivelgkimized in summer, although high contributions evalso
observed in spring. Similarly to BChMged marine (14% and 13% for MSY and MSA, respectively) antlli bearing (5%
and 11%) sources showed the highest contributiosummer, whereas tHedustrial/Traffic source maximized in winter
(11% and 17%).

3.3 Mass scattering and absor ption efficiencies of aer osol sources

Source dependent mass scattering (at 450, 5253mdr6) and absorption (at 637 nm) efficiencies ioleté at the different
sites are shown ihiable 2. The MSE and MAE for some of the sourcesnted in this study cannot be directly compared to
MSE and MAE published in the literature for speciéhemical species, given that the sources idedtifiom PMF take into
account the possible particle internal mixing. $#8mMSE were observed f@econdary nitrate at MSY and MSA (8.8+0.4
and 7.8+0.8 g’ respectively, at 525 nm). These values are inugger range when compared to MSE reported in
literature for the ammonium nitrate specie cal@dathrough stoichiometry. Hand and Malm (2007) uieileed MSE of
3.2#1.2 M g* for dry PM,sammonium nitrate; Cheng et al. (2015) obtained emlaf 4.3+0.6 g’ under high mass
loading in Shanghai; Tao et al. (2014) found MSkgiag from 1.7+0.8 in summer to 6.7+1.8 gt in winter in Chengdu
(China); and Titos et al. (2013) observed a coiefficof 5+2 nig™ for nitrate ion in an urban area in southern SpsiSE
for Secondary sulfate were quite different between MSY and MSA (4.5+ar®l 10.7+0.5 fg™, respectively), probably due
to differences in the source origin and the relgtadicle size. Hand and Malm (2007) published lowadues for the total
mode of dry ammonium sulfate ranging between 0824 nig™, whereas a MSE of 3.5+0.5°mi* was found by Cheng et
al. (2015) in a polluted environment. Tao et aD1®) showed MSE of 4.4+0.7 and 5.7+0.3 g1l in winter a summer,
respectively, for the PMfraction in Chengdu. MSE for non-sea salt (nssjasellion were calculated at Finokalia and
Erdemli from the slope between total scattering assi sulfate concentration, showing values of 5®#ahd 5.7+1.4 Ag*
respectively (Vrekoussis et al., 2005). Higher M@8&re found in an urban background in the southpairs (Titos et al.,
2013) and in the Negev desert (Formenti et al., 1200+1 and 7+2 g™ respectively. Given that in our study sulfate
concentrations were mainly explained $gondary sulfate andV-Ni sources, significant differences were also obsefoed
the MSE of theV-Ni bearing source at MSY and MSA (8.0+1.5 and 3.5+0.5g%). The V-Ni bearing source at MSY
originated mainly from shipping emissions at regio(vessel traffic in the Mediterranean) and lo@&rcelona harbor)
scales. Conversely at MSA, located at higher aétuhis source might also be influenced by contisetransboundary
transport and then internally mixed with differehiemical species. In fact, as shown in Fig. 2aM&A and in Fig. S2 for

MSY, theV-Ni bearing source profile at MSA is enriched in OC, whici observed at MSY. Thiged marine source at
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MSA showed negative MSE at 525 and 635 nm. This W/ due to the larger distance from the codsM&A thus
preventing a strong signal from tAged marine source at this site, and/or due to the,Rtlit-off inlet used at the beginning
of the measurement period which prevented the sagpf coarse particles. However, MSE for #hged marine source at
MSY (1.2+0.3 mig™) exhibited values within the same range than theperted by Hand and Malm (2007) for coarse mode
sea salt (1.0 fig"). MSE for theMineral source (1.3+0.1 and 1.1+0.1°gi, respectively) was similar at MSY and MSA.
This similarity could be explained by the low regity of mineral dust particles which were mostbgternally mixed with
other chemical species. Thus, less chemical tramsfiton can be expected for mineral particles dytire transport towards
the stations. Lower MSE were found for mineral mxatty Hand and Malm (2007) (0.7+0.Z g1), by Titos et al. (2013) in
Granada urban background (0.2+0.3g1) and by Vrekoussis et al. (2005) in Erdemli (0. 2. Similar coefficients were
obtained by Vrekuossis et al. (2005) in Finokaliaxf g*), and by Pereira et al. (2008) and Wagner e2a09)for mineral
dust in Portugal, 1+0.1 and 0. gV, respectively. The MSE for th&ged organics source (1.4+0.2 and 1.3+0.3 gi') was
also quite similar at MSY and MSA, respectivelyplpably due to similarities in the processes thaegothe OA formation
at both sites, which originated mainly from locedfional biogenic emissions and SOA formation (Mifign et al., 2015;
Ripoll et al., 2015a). A similar MSE (1.4°m™) was reported by Hand and Malm (2007) for theltotade of primary
organic matter (POM). Higher MSE were found by Ghen al. (2015) during a pollution episode (4.5+6¢7% ") and by
Tao et al. (2014) in China (4.8 +0.8 and 6.5+0%gthin summer and winter, respectively). Thelustrial/Traffic source
showed similar MSE at MSY (2.1+0.8gi%) and MSA (2.3+0.5 Ag’Y). This similarity was related to the common origin
this source at both sites (i.e. emission from th#fit and industrial activities). It is remarkakileat MSE for some of the
sources identified in this work which highly cobtite to air quality degradation, suchladustrial/Traffic or V-Ni, are not
available in literature.

Prior studies dealing with the absorption efficigm aerosol particles referred mainly to BC pdeticand to the possible
effect of coating with non-absorbing material (Batdal., 2013; Ramana et al., 2010). Other stutbe® reported the MAE
of mineral matter (Linke et al., 2006) and OA (Luak, 2015; Updyke et al., 2012) due to the sigaiit contribution of
BrC to UV light absorption. However, to the autlsokhowledge, this is the first time that absorp#dficiencies, as well as
scattering efficiencies, are computed for aerosoligde sources. MAE values at 637 nm for the thaiées are summarized
in Table 2. The highest absorption efficienciesemebserved for th@raffic source identified at BCN (1.672+0.056 gi)
and for thelndustrial/Traffic source at MSY (0.867+0.047%mi1) and MSA (0.206+0.02 hg™), due to the internal mixing
with BC patrticles from fossil fuel combustion. TkeNi bearing source, which highly contributed to light scattegrimlso
exhibited high MAE at BCN (0.928+0.058°m") with decreasing coefficients at MSY (0.526+0.065g™") and MSA
(0.165 + 0.017 fig™).We have shown here that tkeNi bearing source, which is progressively becoming more @aievor
air quality degradation due to the increased shipgmissions in recent years (Viana et al., 20a) has an important
effect on light absorption as consequence of thermal mixing with combustion aerosols. The largéBobserved for
Secondary nitrate at MSA (0.364+0.023 AgY) was due to the fact that this source explainedirad 20% of the measured
EC concentration (Fig. 2a). Recently, Ripoll et(@015b) have shown the increased concentratiamtiEte, ammonium,
EC and traffic/industrial tracers at MSA under Epean scenarios. Such scenarios are characterizéldeblyansport of
polluted air masses at high altitude from centrad &astern Europe to the MSA site. This fact maglair the internal
mixing of BC particles in the chemical profile 8fcondary nitrate, and consequently the high MAE values found fds th
source at MSA. Lower MAE for thé&econdary nitrate source were observed at BCN and MSY (0.28+0.040 an
0.234+0.028 rhg™, respectively) compared to MSA. Lower MAE were efved for Secondary sulfate (0.359+0.035,
0.122+0.010 and 0.173+0.021%git) at BCN, MSY and MSA, respectively. Overall, higrabsorption efficiencies were
observed for the main anthropogenic sources at B@ére fresh primary pollutants, mostly composedarker particles,
are emitted within the metropolitan, industrial amarbor areas. However, lower MAE were found far ame pollutant

sources at MSY and MSA. This result points to arel@se in the absorption efficiency towards inlamdas, as a
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consequence of the mixing and aging of pollutantsng the transport towards the stations. Aerosarses dominated by
natural contributions, such &ged marine andMineral sources, showed the lowest MAE at MSY and MSA. Rbad dust
resuspension source, which was partially composed of mineraitenaexhibited the lowest MAE at BCN (0.062 +0.082
gh). TheMineral source presented MAE values of 0.09+0.05, 0.0@8¥0and 0.03+0.003 7g* at BCN, MSY and MSA,
respectively. Coefficients in the same order of niagle at 660 nm were found for the Sahara-Saha&l@obbi deserts,
ranging between 0.01 and 0.02 gt (Alfaro et al., 2004), and for El Cairo and Morog©.02+0.004 and 0.060.014 i,
respectively (Linke et al., 2006)Aged marine also exhibited low absorption efficiencies at BCMSY and MSA
(0.108+0.021, 0.027+0.018 and 0.015+0.0%@h respectively), being higher at BCN due to a pgaesinixing with darker
particles at urban level. Similarly to the resutserved for MSEAged organics showed similar MAE at MSY and MSA
(0.169+0.011 and 0.140+0.009 gT, respectively) due to the local/regional originthit source with similar composition at
both sites. The absorption efficiency of this latseurce was mainly explained by the EC containétiinvthe source
chemical profile, but also might be partially duethe presence of light absorbing material deteae®C, such as BrC
(Putaud et al., 2014).

3.3.1 SAE and SSA of aerosol sources

The source specific scattering Angstrém exponeBweE] were calculated as a linear fit of BISE in the 450—-635 nm range
(Table 2). The MSE values used for computing SA&Esiown in Table 2. The SAE parameter providesinétion on the
size of the particles; generally a SAE lower thaor higher than 2 indicates that the scatterindpiminated by large or fine
particles, respectively (Schuster et al., 20@6jed organics andV-Ni bearing sources showed the highest SAE at MSY (2.2
and 2.4, respectively) and MSA (3.6 and 2.2, rethgalg), pointing to a predominance of fine pamiglwithin these sources.
Previous studies have demonstrated the strongilootiom from shipping emissions to fine aerosol&fa et al., 2009), and
especially to ultrafine particles (Saxe and Larsz®04). As reported in Table 2, for both MSY and MSA, thAESof
Secondary sulfate (1.9 and 1.8, respectively) afdcondary nitrate (1.2 and 1.4, respectively) sources was lower et

to the SAE of theAged organics source. This was probably due to the contribubbrery fine primary organic aerosols
(POA) to theAged Organic source, whereas both SOA and secondary inorganisals are expected to strongly contribute
to the accumulation mode (Sun et al., 2016). Theetd SAE was observed ftineral (0.9 at MSY and MSApnd Aged
marine (0.01 at MSY) sources, which primarily consist ofacse mode particles. A relatively low SAE was fdar the
Industrial/Traffic source (0.6 and 0.8 at MSY and MSA, respectiveilylich could be related to specific industrial preses

in the area under study that include handling stylmaterials.

The single scattering albedo (SSA) coefficientsamtetd for each source at MSY are summarized inelfdbland provide
information on the relative importance of scattgror absorption in the light extinction processeTorresponding SSA to
each source was computed as the ratio betweenotireesspecific MSE and the sum of MSE and MAE (€ab). As
expected, the sources internally mixed with comnibuasparticles, such amdustrial/Traffic, Aged organics and V-Ni,
exhibited lower SSA, 0.74, 0.84 and 0.9, respebtiv@onversely,Aged marine and Mineral sources showed the highest
coefficients, 1 and 0.98, respectively, leadingatscattering dominance in the light extinction s Accordingly to
studies in the literature, tiineral source showed a SSA close to 1. Linke et al. (RBDB6erved values around 0.98-0.99 at
532 nm, and lower coefficients were found by Mu#érl. (2011c) for mineral dust (0.96) and mafi®5) aerosols at 530
nm. Note that equivalent wavelengths should beidensd when comparing SSA with coefficients in literature, due to

the strong wavelength dependence of mineral dutit|es.

3.4 Seasonal variation of source contributionsto scattering and absor ption
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Monthly source contributions to the total scattgramd absorption coefficients are shown in Figi3e Partialos, andc,,
apportioned to each source was calculated as thduptr between the aerosol source contribution &redcbrresponding
MSE or MAE (Eg. 1 and 2). According to the scattgrefficiencies previously reported in Table 2,rage scattering for
the whole period was mainly dominated Bgcondary sulfate (35% and 33% at MSY and MSA, respectively) and
Secondary nitrate (24% and 21%) (Fig. 3g and 3h). The annual cycl8eobndary sulfate and Secondary nitrate scattering
coefficients followed those of the R)ymass concentration, with maxima in summer (46% 2B at MSY and MSA,
respectively) and winter (42% and 29%), respectivEhe scattering contribution frodged organics accounted for 11%
and 16% of the totals, at MSY and MSA, respectively. Th&Ni bearing source exhibited substantial contributiorstgin
summer (16%), despite the relative low contributimn PM,y mass concentration (5% and 10% at MSY and MSA,
respectively). Less relevant were the scatteringtrdmutions fromIndustrial/Traffic (6% and 11% at MSY and MSA,
respectively) anélineral (7%) sources, peaking in winter and summer, resady.

The Traffic source at BCN and tHadustrial/Traffic source at MSY clearly exerted the major influencdight absorption
contributing 54% and 41% te,, respectively, despite the relative low RBMontributions (16% and 10%, respectively).
Maxima contributions were observed in winter at BfoNthe Traffic source (65%) and in October-January at MSY for the
Industrial/Traffic source (46%), whereas a lower influence rafustrial/Traffic was observed on average at MSA (18%)
(Fig. 3 d, e, f). Interestingly, thé-Ni bearing source also played an important role on light gltsmn, especially in summer
as a consequence of the increased vessel traffibeinviediterranean but also because of the moenget sea breeze
circulations transporting pollutants to inland @ws. Average contributions te,, in summer were 31% at BCN, 17% at
MSY and 16% at MSA. Therefor@raffic, Industrial/Traffic andV-Ni bearing sources, which highly influenced air quality,
also significantly contributed to,, and especially in those sites closer to the eamissourcesAged organics became a
relevant source in the absorption process at tfiemal and remote background sites contributingnearage 20% and 32%,
respectively, due to both its large contributionPtiel and it relatively large MAE compared to other sms Secondary
sulfate contributed on average 10%, 16% and 12% to tlz dgtat BCN, MSY and MSA, respectively, wheregesondary
nitrate showed increasing contributionsdg, towards inland areas (8%, 10% and 21%, respegjivelarkedly maximizing

during the colder months.

3.5 Reconstruction of scattering and absor ption coefficients

Scattering ¢s) and absorptiono,) time series were reconstructed by means of tme stithe partial scattering and
absorption contributions determined for each so(iEce 1 and 2). Strong correlations were found kbetwthe measured and
modeled extensive optical parameters at the thiteg @ig. 4). Results showed good agreementjpat 525 nm at MSY
(R’=0.88) and MSA (Ig\’:0.92).<5ap at 637 nm also exhibited good correlation when ganimg measured and predicted
coefficients at BCN (R=0.81), MSY (B=0.80) and MSA (B=0.93). Slopes were close to one in all the casdsranged
between 0.96 and 0.98. These results are consisignthe good agreement obtained in the MLR mddeMSE and MAE
calculation. A R of 0.96 was obtained for all the cases ensuriegaitturacy of the regression coefficients compéted
each site. The root mean square error (RMSE) wizsilated for the observed-modeled datasets, sholeiwgdispersion
and high accuracy in the modeled values. Scatteaimd) absorption coefficients were well reproducgdtiie model,
showing RMSE values of 8.76 and 6.06 Mfor o5, at MSY and MSA, and values of 2.61, 0.55 and 08" for o,,at
BCN, MSY and MSA, respectively. The fractional b{&8) between measured and predicted coefficieats aalculated for
each sampling site following equation 3. Resulessirown in Fig. 5, where the FB is broken down bintije from lowest
to highestos, and o,, values. According to published results (Ryan et 2005 and references therein), a consistent
overestimation was observed for all the modeledficaents in the lower range af, andc,, showing the highest bias in

the F'quintile. Biases were substantially reduced inrtfeglian range values, whereas a minor underestimatis observed
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for the highest,, ando,, values, A and %' quintiles, with negative FB. On average, a 3.8% 5u6% overprediction was
obtained for the modeled,, coefficients at MSY and BCN, using 503 and 375lyddata points in the analysiss,
overprediction at MSY pointed to 4% using 307 daitynts. However at MSAgs, ando,, coefficients biased by 30.9% and
19.9% the observed values, considering 220 andda@3 points in the analysis. A larger overestinmatid the measured
coefficients at MSA might be mainly explained by tless number of daily chemical data used in thé-Phbdel for the
quantification of source contributions, but alsedngse of the less number of scattering and absargtta points available
for the MLR analysis.

An independent subset of the study period was densi, in order to further evaluate the PMF-MLRhtéque and the
accuracy of the method to simulate optical properivhen chemical source contributions were avalaitherefore, a new
PMF was performed in order to obtain the sourcetrdmrtions for the period 2004-2015 at MSY. Withsttaim, the
simulation ofos, ando,, coefficients for the period January-December 284S carried out by means of the source specific
MSE and MAE previously obtained in the MLR analyfis the period 2010-2014. Good agreement was fdagtdieen
modeled and measured, (R?=0.85) andoyp (R?=0.76) coefficients, at 525 and 637 nm respectivaipwing slopes close to
one for the year 2015 at MSY (Fig. 6). This anaysonfirms the confidence of the PMF-MLR technidoeaccurately
estimateos, andoy, coefficients when chemical data is available.

As a result of the aforementioned sensitivity tksig-term time series afs, ando,, were satisfactory reconstructed for the
period 2004-2014 at BCN and MSY, and for the pe&od1-2014 at MSA (Fig. 7), when RMchemical speciated data was
available.

3.6 Long-term trendsin scattering and absor ption coefficientsat M SY

Long-term trends ofs, ando,, and their relationship with the trends of RMource contributions were investigated for an
11-year period at MSY (2004-2014). The trendsgfat BCN was not studied due to the change in thation of the BCN
sampling station in 2009 (Pandolfi et al., 2016hjck affected mainly the contribution from theaffic source. The short
time series available for chemical species conatiotr at MSA made unfeasible the analysissgfando,, trends at this
station.

Temporal trends of the deseasonalized monthly gesréor the modeleds, ando,, at MSY for the period 2004-2014 are
shown in Table 3. The multi-exponential (ME) apmtoallowed to decomposg, ando,, time series in main, seasonal and
residual components (Fig. 8). Linear trends wesstified foros, andogp, given that the non-linearly (NL) parameter was
less than 10% (Shatalov et al., 2015). Statisticsiljnificant decreasing trends were found for beghand c,, at MSY
(Table 3).0,, decreased by -4.1 %'y(-0.16 Mmi* y'*), whereas a reduction of -4.6 % ¢2.14 Mmi'" y™) was obtained for
ospat 635 Nm. Very similar trends were observedofgat 450 (-4.4 % yh) and 525 nm (-4.5 % V.

According to these results, decreasing trends aiseobserved for the majority of the RMource contributions identified
at MSY for the period 2004-2014, except fgged organics andAged marine sources (Pandolfi et al., 2016). A reduction in
the absorption coefficient was directly relatedhwibe significant decreasing trends found by Pdnhaolal. (2016) for
strong light-absorbing sources, suchiadustrial/Traffic (-5.09 % y') andV-Ni bearing source(-5.82 %7). The observed
scattering decreasing trend could be mainly aststisvith a reduction in the contributions from thosources which
scattered light more efficiently, i.8econdary nitrate and Secondary sulfate. In Pandolfi et al. (2016) these sources showed
reduction rates of -6.27 and -4.82 % yespectively. A marked decline was also obsefgeditrate and sulfate particles in
other European monitoring sites since 1990, asnewtlin the EMEP report 1/2016 (Colette et al.,®0Dther studies have
been published in the last years showing cleady ttiie concentrations of PM and other air polligastich as SCand NQ,
have markedly decreased during the last 15 yearsainy European countries (EEA, 2013; Barmpadimoal.et2012;
Cusack et al., 2012; Querol et al., 2014; amongrs)h Querol et al. (2014) and Pandolfi et al. @0hvestigated trends of
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PM chemical components and aerosol sources at M&WYjding further explanation on the causes leadinthe reduction
of the atmospheric pollutants in the area. Thenfina crisis affecting Spain from 2008 contributedreduce the ambient
PM concentrations. A decrease 8scondary nitrate can be explained by the reduction of ambientyN&hd NH
concentrations (Querol et al., 2014). The decrgasend of theSecondary sulfate source may be supported by the reduction
of sulfate particles, mainly attributed to the ghesulfurization at several facilities (Pandolfiadf 2016). A decrease in
secondary sulfate may be also explained by the i&sfaction of S@ concentration in the Barcelona harbor, supported b
the regulation of sulfur content in shipping eméssi in EU harbors from 2010 (Schembari et al., 20This regulation
together with the 2007 ban around Barcelona onutiee of heavy oils and petroleum coke for power g, which
contributed to a drastic decrease in V and Ni cotraions (Querol et al., 2014), were the main eaassupporting the
observed reduction of the contribution of ¥MeNi bearing source. This source was characterized by thenakenixing of
secondary sulfate and combustion aerosols, andiaasalready observed, contributed simultaneouslyoth 65, and o,
Thus, the abatement strategies adopted in the trgeans might have caused changes in the interndlira of particles
emitted from the/-Ni bearing source, and consequently in the contribution of fuiurce to light extinction.

Only few studies have been published in Europeraino study trends of particle optical properttatistically significant
downward trends of PM mass concentratiey, ., and SSA were found in the Po valley (Italy) foe theriod 2004-2010
(Putaud et al., 2014). A higher decreasing rate atserved fobg, (-2.8 % yF) compared t@.p (-1.1 % yr), likely due to
the increasing contribution of light-absorbing arigamatter to light absorption during cold monthghe Po Valley (Putaud
et al., 2014). In the present study, smaller déffees betweens, and c,, Were observed at MSY, accounting the total
reduction trends for -50% and -45%, respectivehisTact might be explained by the different backgrd sites considered;
whereas the Po Valley is a highly polluted area,YM$ representative of a cleaner environment whgoenass burning
emissions, which highly contribute to light absarpt are considerably lower (Minguillon et al., Z)Ealo et al., 2016).
Further research on light scattering and absorpting-term trends and its relation with changeatmospheric composition
is needed to better understand the role of aerasolsptical properties and on the climate systeaseld on the published
studies and the present results, further effortsiing on the reduction of atmospheric pollutamtstaining BC particles
(mainly emitted from fossil fuel combustion and fa@ss burning sources) need to be addressed. Gigenxicity of their
chemical tracers, as well as their large contrdsuto light absorptionndustrial/Traffic andV-Ni bearing sources must be
reduced through the implementation of win-win piekc aiming to improve air quality and public hbaland mitigate

climate warming.

4. Summary and conclusions

Mass scattering and absorption efficiencies (MSE& MAE) of different aerosol particle sources wereestigated at urban,
regional and remote backgrounds in the NW Mediteram, using unique large datasets of;Fd¥iemical speciation and
particle optical properties. For this purpose, avn@pproach was presented aiming to apportion the,Pddurce
contributions, arising from a PMF model, to the swad particless, ando,, coefficients.

Seven aerosol sources were identified at the Mon{MSA) mountain-top site, wherdged organics (29%) was the
foremost constituent of P} followed byMineral (24%), Industrial/Traffic (11%), Aged marine (11%), Secondary sulfate
(9%), V-Ni bearing (8%) and Secondary nitrate (7%). The same sources were found at Montseny (M&Yg)onal
background, showing the secondary aerosol sourigbetrelative PN, contributions at the background sites than at the
Barcelona (BCN) urban statioAged organics was not identified at BCN; however specific palot sources related to the
direct anthropogenic emissions were isolat&dffic, Industrial/metallurgy and Road dust resuspension). The impact of
aerosol sources and the different chemical profileained at the three sites depended on the distand transport of

pollutants to inland areas, driven by orography axedeorology.
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The highest absorption efficiencies were attributederosol sources internally mixed with BC paesc TheTraffic source
at BCN (MAE=1.7 mg?) and the mixedndustrial/Traffic source at MSY (MAE=0.87 fig’’) exerted the major influence
on light absorption, and reached the highest doutions during the colder period (65% and 46%, eespely). TheV-Ni
bearing source was the second most efficient light-absgrtsiource in BCN (MAE=0.93 fg!), showing also a notable
absorption efficiency at MSY and MSA (0.53 and Orfiig™, respectively). This source highly contributedsimmmer to
both o, (16% at MSY and MSA) and,, (31%, 17% and 16%, at BCN, MSY and MSA, respebfjvdue to the internal
mixing of sulfate and combustion aerosols. Thesahustion sources were relevant but not dominaM &Y and MSA,
where secondary aerosol sourcgsc@ndary sulfate, Secondary nitrate andAged organics) gained relative importance in the
light extinction process. A high spatial varialyilbof MAE was observed for most of the anthropogestiarces, from high
values at the BCN site to decreasing coefficiemttha background stations, pointing to the aging arixing state of
aerosols as key factors influencing light absomtibhe highest scattering efficiencies were obskfee Secondary sulfate
(4.5 and 10.7 Ag™ at MSY and MSA, respectivelyecondary nitrate (8.8 and 7.8 ™) andV-Ni bearing (8 and 3.5 g’

') sources, dominating the scattering throughoutytta with marked seasonal cycl8scondary nitrate highly contributed
in winter (42% and 29% at MSY and MSA, respectiyelyhereas in summesecondary sulfate (46% and 35%) was the
main contributor to scattering.

Sources internally mixed with relatively dark andef particles and highly contributing to light albstion, such as
Industrial/Traffic, Aged organics andV-Ni, were simultaneously characterized with low singlattering albedo (SSA) and
high scattering Angstrém exponent (SAE). Converseliyieral and Aged marine showed the lowest SAE and the highest
SSA, being scattering the dominant process in it lextinction. These findings for the intensivargmeters were
consistent at MSY and MSA. The observed variabitifythe intensive optical properties of aerosolrees provides
valuable constraints for future simulations of @etgarameters.

Significant decreasing trends were observed forntleeleled scattering (-4.6 %'y and absorption (-4.1 %"y series at
MSY for the period 2004-2014. The scattering reidumctvas mainly attributed to the decrease of thetrdmutions from
Secondary nitrate, Secondary sulfate andV-Ni bearing sources, whereas the absorption decreasing trasdnainly related
to the decrease dhdustrial/Traffic andV-Ni bearing sources. Given the toxicity of their chemical &es; as well as the
large contribution to light absorption, furtherats need to be addressed to reduce aerosol saontEning combustion
particles, such alndustrial/Traffic andV-Ni bearing sources. However, further studies focusing onsthey of long-term
trends of optical parameters and their relations¥ith changes in atmospheric composition are ne¢aledsess future win-

win mitigation strategies.

Findings from the PMF-MLR technique are summariasdollows.

- The apportionment of PM source contributions tdtecag and absorption allows the determinatioM&E and MAE
of atmospheric aerosol sources, taking into acctnparticle internal mixing.

- The knowledge of both MSE and MAE gives the posigibio study the relationship existing between gwirces
contributing to air quality degradation and theitgntial to absorb and scatter visible light. Angfwgenic sources such
as Secondary sulfate, Secondary nitrate, Traffic, Industrial/Traffic andV-Ni bearing source, which highly contribute to
air quality degradation, also revealed a substiaeiatribution to light extinction in the NW Medit@nean.

- To the author’'s knowledge, this work quantifies fbe first time the absorption efficiency exerteg the different
aerosol sources constituting the Bvhass concentration, differently from previous sadvhere light absorption was
entirely attributed to BC particles. Interestingbgcondary sulfate, secondary nitrate and orgarizsals, which light-
absorbing properties are poorly represented ireaticlimate models, significantly contributed tghli absorption due

to the internal mixing with BC or BrC particles,caespecially at regional and remote levels.
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- The proposed approach allowed a satisfactory réxeantion of s, ands,,compared to previous studies, given that the
sum of the source contributions used in the MLR ehodeached around 100% of the measured;,PMass
concentration. Correlation coefficients are higtiem 0.8 with slopes close to 1.0 between modetednaecasureds,
ando,,

- Statistically significant decreasing trends wereasbed for the modelesl, andc,,series, mirroring the effectiveness of
the mitigation strategies adopted to improve aialigyt The simultaneous analysis of the trends lohate relevant
aerosols parameterssf andc,y) together with the trends of PM source contrimsgi@llowed studying the effects that

the abatement strategies implemented in the lasty@e having on atmospheric composition and &gtihction.
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Figure captions

Figure 1. Map location and topographic profiles of BarceldfCN; urban background), Montseny (MSY; regional

background) and Montsec (MSA; remote mountain-tagkground) measurement sites.

Figure 2. (a) Source chemical profiles arfd) source contributions to Plyimass concentration obtained at MSA by means
of the PMF model. PM average concentration, and absolute (i amd relative (%) source contributions are regbfte
the study period (2010-2014).

Figure 3. Relative (%) monthly average source contributianftbl,, concentration (ug i) (a, b and ¢ at BCN, MSY and
MSA, respectively), absorption (Mt at 637 nm (d, e and f) and scattering (¥Jnat 525 nm (g and h). PMsource
contributions were obtained from the PMF model, nehs scattering and absorption contributions weydeted by means
of the PMF-MLR technique. The study period rangesmeen 2004-2014 at BCN and MSY and between 2014-20
MSA.

Figure 4. Relationship between modeled and measured optcahgeters: absorption at 637 nm (a, b, and ¢ foA MESY
and BCN respectively) and scattering at 525nm ¢tleafor MSA and MSY).

Figure 5. Average fractional bias (FB) calculated for the exfoed-modeled data pairs of scattering (Sc) andrpbien
(Abs) coefficients at BCN, MSY and MSA broken dowy quintile from the lowest to highest scatteringl aabsorption

coefficient values. “n” accounts for the numbedafly data points used in the FB calculation.

Figure 6. Relationship between modeled and measured (agsogtat 525 nm and (b) absorption at 637 nm at M&Yhe
period January 2015-December 2015.

Figure 7. Time series of the daily average modeled and medsextensive optical coefficients (scattering & 5gn and
absorption at 637 nm) for (a) BCN and (b) MSY dgrthe period 2004-2014, and for (c) MSA during fregiod 2010-
2014.

Figure 8. Temporal trends for the monthly average absormto837 nm and scattering at 525 nm series obtdigadeans

of the multi-exponential test at MSY during the ipdr 2004-2014. The time series were decomposedsimulated

coefficient (green), trend (red), main componetadk), seasonal component (blue) and residue (grey)
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Table 1. Absolute (ug i) and relative (%) average source contributionib fat BCN and MSY during the period 2004-

2014 (Pandolfi et al., 2016), and for MSA during fferiod 2010-2014.

(g s %) PMyo Aged marind  Mineral | Aged organich Sef:ondar Secondar Indust-rial. Industrial VNi Traffic Road dusl
nitrate sulfate Traffic Metallurgy resuspensio
34.0+17.1;| 5.73%5.2; | 4.61+5.3; 4.45%4.9; | 4.67+4.8,; 0.96+0.9; | 3.32+2.8; | 5.14+4.6; | 4.25+4.5;
BCN 100 16.9 13.6 13.1 13.7 2.8 9.8 15.1 12.5
16.7+9.3; | 1.76x1.8; | 2.70+4.9; | 3.78+2.7; | 1.31+2.1; | 3.95+3.7; | 1.43#1.1; 0.71+,0.7
MSY 100 10.6 16.2 22.7 7.9 23.7 8.6 4.3
9.74#8.2; 100 1.08+1.3; | 2.27+5.2;| 2.84+2.0; | 0.72+1.0; | 0.87+1.0; | 1.09+1.0; 0.79+1.0;
MSA 11.1 23.6 294 7.5 9.0 11.3 8.2
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Table 2. Scattering and absorption efficiencies (MSE and MaEg™?) calculated for the different aerosol sources tified
by PMF at BCN, MSY and MSA in the PMfraction. Scattering Angstrém exponent (SAE) amgjle scattering albedo
(SSA) coefficients were obtained for each sourdd@¥ and MSA. Note that SAE was not consideredttfierAged marine

source at Montsec due to the PMut-off inlet. The study period ranges between 22004 at BCN and MSY and 2011-
2014 at MSA.

*SAE for thelndustrial/Traffic source at MSY was calculated in the range 450-%25 n

Aged marine Mineral Aged organits Si(i:t(: 223 ary Szz(l)fg?:ry In_?:l:f;ir(i:all ll/ln:tL;Tltlzirzlyl/ V-Ni Traffic rezzzg::ssi;r
BCN | MAE 637 0.108 +0.021] 0.087 +0.050 0.284 +0.040 0.359 *0.035 0.138 + 0.1850.928 + 0.058 1.672 + 0.05(0 0.062 +0.084
MSE 450| 1.205 +0.385| 1.046+0.130 1.990 +0.288.456 + 0.494 5.860 + 0.256 | 2.241 + 0.982 10.844 +1.85p
MSE 525| 1.211 £0.316] 1.262+0.106 1.414 +0.7182783 +0.40§ 4.508 +0.210| 2.057 +0.805 8.029 + 1.516
MSE 635 1.201 +0.284| 1.429+0.096 0.916 +0.19R980 + 0.364 3.092 + 0.188 | 2.425 +0.723 4.687 + 1.367
MY MAE 637| 0.027 +0.018| 0.005+0.00f 0.169 +0.911.234 +0.02§ 0.122 +0.010 | 0.867 +0.047 0.526 + 0.063
SAE 0.010 -0.896 2.254 1.175 1.861 0.556% 2.451
SSA 0.978 0.997 0.844 0.968 0.962 0.736] 0.899
MSE 450| 0.036 +0.407| 0.931 +0.116 2.114 +0.39839 +0.978 13.825 +0.792 2.714 +0.644 4.823 + 0.659
MSE 525|(-)0.054 + 0.332 1.077 +0.093| 1.335 +0.27%.839 +0.797 10.699 + 0.537 2.354 +0.525 3.538 £ 0.537
MSA | MSE 635((-)0.036 + 0.268 1.276 +0.076| 0.617 +0.228.006 +0.64% 7.439 +0.522| 2.044 +0.4p5 2.274 +0.435
MAE 637| 0.015+0.010| 0.029+0.008 0.14+0.0p9 0.364028] 0.173 +0.021| 0.206 +0.016 0.165 + 0.017
SAE - -0.914 3.594 1.432 1.804 0.819 2.189
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Table 3. Theil-Sen (TS) trends at a 95% confidence levelfeseasonalized monthly averages of scattering gtiso time

series at MSY during the period 2004-2014. AR (¥%)= Average reduction; TR (%)= Total reductioteTsignificance
of the trends (p-value trend) was obtained by medngS method using monthly averages: ***yplue < 0.001), ** (p

value < 0.01), * (pvalue <0.05).

5 The Non-linearity parameter (%) was calculated ®ans of the multi-exponential (ME) test.

TS ME
p-value slope | AR (Mm™yr}) AR (% yr?) TR (%) NL (%)
*kk - - -
MSY Sc 525 2.14 4.57 50 5.56
Abs 637 i -0.16 -4.13 -45 4.17
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