
Dear Author,
 
Please, note that changes made to the HTML content will be 
added to the article before publication, but are not reflected 
in this PDF. 
 
Note also that this file should not be used for submitting 
corrections.
 



AUTHOR QUERY FORM

Journal: ATMOS Please e-mail or fax your responses and any corrections to:
Nambiar, Aparna
E-mail: Corrections.ESCH@elsevier.spitech.com
Fax: +1 619 699 6721

Article Number: 3307

Dear Author,

Please check your proof carefully and mark all corrections at the appropriate place in the proof (e.g., by using on-screen annotation
in the PDF file) or compile them in a separate list. Note: if you opt to annotate the file with software other than Adobe Reader then
please also highlight the appropriate place in the PDF file. To ensure fast publication of your paper please return your corrections
within 48 hours.

For correction or revision of any artwork, please consult http://www.elsevier.com/artworkinstructions.

We were unable to process your file(s) fully electronically and have proceeded by

Scanning (parts of) your
article

Rekeying (parts of) your article Scanning the
artwork

Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in the
proof. Click on the ‘Q’ link to go to the location in the proof.

Location in article Query / Remark: click on the Q link to go
Please insert your reply or correction at the corresponding line in the proof

Q1 Please confirm that given names and surnames have been identified correctly.

Q2 Your article is registered as a regular item and is being processed for inclusion in a regular issue of the
journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact
a.nambiar@elsevier.com immediately prior to returning your corrections.

Q3 The number of keywords provided exceeds the maximum allowed by this journal. Hence, the excess
keywords were removed. Please check if the ones captured are appropriate.

Q4 Citation “CEN, 2005a” has not been found in the reference list. Please supply full details for this
reference.

Q5 The citation “Integrated Pollution Prevention and Control (IPPC) (2008/1/EC)” has been changed to
match the author name/date in the reference list. Please check here and in subsequent occurrences, and
correct if necessary.

Q6 Supplementary caption was not provided. Please check suggested data if appropriate and correct if
necessary.”

Q7 Please provide the volume number and page range for the bibliography in 'Schmuck et al., 2013'.

Please check this box if you have no
corrections to make to the PDF file. □

Thank you for your assistance.

Our reference: ATMOS 3307 P-authorquery-v11

Page 1 of 1



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F1 Graphical abstract

Atmospheric Research xxx (2014) xxx–xxx
2 PM2.5 chemical composition in five European Mediterranean cities:
3 A 1-year study

4 Dalia Salameh⁎, Anais Detournay, Jorge Pey,
5 Noemi Pérez, Francesca Liguori, Dikaia Saraga,
6 Maria Chiara Bove, Paolo Brotto, Federico Cassola,
7 Dario Massabò, Aurelio Latella, Silvia Pillon,
8 Gianni Formenton, Salvatore Patti,
9 Alexandre Armengaud, Damien Piga, Jean Luc Jaffrezo,
10 John Bartzis, Evangelos Tolis, Paolo Prati,
11 Xavier Querol, Henri Wortham, Nicolas Marchand⁎

12

1414

Atmospheric Research xxx (2014) xxx
ATMOS-03307; No of Pages 1

http://dx.doi.org/10.1016/j.atmosres.2014.12.001
0169-8095/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Atmospheric Research

j ourna l homepage: www.e lsev ie r .com/ locate /atmos

Please cite this article as: Salameh, D., et al., PM2.5 chemical composition in five European Mediterranean cities: A 1-year study,
Atmos. Res. (2014), http://dx.doi.org/10.1016/j.atmosres.2014.12.001

http://dx.doi.org/10.1016/j.atmosres.2014.12.001
http://www.sciencedirect.com/science/journal/01698095
http://dx.doi.org/10.1016/j.atmosres.2014.12.001


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F1 Highlights

Atmospheric Research xxx (2014) xxx–xxx
2 PM2.5 chemical composition in five European Mediterranean cities:
3 A 1-year study

4 Dalia Salameh a,b,⁎, Anais Detournay a,c, Jorge Pey a,d, Noemi Pérez d, Francesca Liguori e, Dikaia Saraga f,g, Maria Chiara Boveh,
5 Paolo Brotto h, Federico Cassola h, Dario Massabò h, Aurelio Latella e, Silvia Pillon e, Gianni Formenton e, Salvatore Patti e,
6 Alexandre Armengaud i, Damien Piga i, Jean Luc Jaffrezo j, John Bartzis f, Evangelos Tolis f, Paolo Prati h, Xavier Querol d,
7 Henri Worthama, Nicolas Marchand a,⁎

8
9

a Aix Marseille Université, CNRS, LCE FRE 3416, 13331 Marseille, France
10

b French Environment and Energy Management Agency, 20 avenue du Grésillé-BP, 90406 49004 Angers Cedex 01, France
11

c NERC Centre for Ecology and Hydrology (CEH) Edinburgh, Bush Estate, EH26 0QB, Penicuik, United Kingdom
12

d Institute of Environmental Assessment and Water Research, IDÆA-CSIC, 08034 Barcelona, Spain
13

e ARPA Veneto, Via Lissa 6, 30171 Mestre-Venice, Italy
14

f University of Western Macedonia, Department of Mechanical Engineering, Environmental Technology Laboratory, Sialvera & Bakola Street, 50100 Kozani, Greece.
15

g Environmental Research Laboratory, Institute of Nuclear and Radiological Sciences & Technology, Energy& Safety, National Centre for Scientific Research “Demokritos”,
16 15310 Ag. Paraskevi, Athens, Greece
17

h Dipartimento di Fisica and INFN, via Dodecaneso 33, 16146 Genova, Italy
18

i AirPACA, Air Quality Observatory in Provence Alpes Côte d'Azur, Marseille, France
19

j Univ. Grenoble Alpes, CNRS, LGGE, F-38000 Grenoble, France

20

21 • PM levels are higher in the Eastern Mediterranean cities.
22 • Elevated PM2.5 concentrations are observed mainly in winter and fall.
23 • OMwas the most abundant component of PM2.5 mass except in Thessaloniki.
24 • PM pollution episodes are characterized by an enrichment of secondary ions.
25 • Five Mediterranean cities and five different PM2.5 pollution situations

Atmospheric Research xxx (2014) xxx
ATMOS-03307; No of Pages 1

http://dx.doi.org/10.1016/j.atmosres.2014.12.001
0169-8095/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Atmospheric Research

j ourna l homepage: www.e lsev ie r .com/ locate /atmos

Please cite this article as: Salameh, D., et al., PM2.5 chemical composition in five European Mediterranean cities: A 1-year study,
Atmos. Res. (2014), http://dx.doi.org/10.1016/j.atmosres.2014.12.001

http://dx.doi.org/10.1016/j.atmosres.2014.12.001
http://www.sciencedirect.com/science/journal/01698095
http://dx.doi.org/10.1016/j.atmosres.2014.12.001


Q6 Supplementary material

Query text:
Inserted Text
"Supplementary caption was not provided. Please check suggested data if appropriate and correct if necessary.”"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F1 PM2.5 chemical composition in five European Mediterranean

2 cities: A 1-year study

3Q1Q2 Dalia Salameh a,b,⁎, Anais Detournay a,c, Jorge Pey a,d, Noemi Pérez d, Francesca Liguori e,
4 Dikaia Saraga f,g, Maria Chiara Boveh, Paolo Brotto h, Federico Cassola h, Dario Massabòh,
5 Aurelio Latella e, Silvia Pillon e, Gianni Formenton e, Salvatore Patti e, Alexandre Armengaud i,
6 Damien Piga i, Jean Luc Jaffrezo j, John Bartzis f, Evangelos Tolis f, Paolo Prati h, Xavier Querol d,
7 Henri Worthama, Nicolas Marchand a,⁎

8 a Aix Marseille Université, CNRS, LCE FRE 3416, 13331 Marseille, France
9 b French Environment and Energy Management Agency, 20 avenue du Grésillé-BP, 90406 49004 Angers Cedex 01, France
10 c NERC Centre for Ecology and Hydrology (CEH) Edinburgh, Bush Estate, EH26 0QB, Penicuik, United Kingdom
11 d Institute of Environmental Assessment and Water Research, IDÆA-CSIC, 08034 Barcelona, Spain
12 e ARPA Veneto, Via Lissa 6, 30171 Mestre-Venice, Italy
13 f University of Western Macedonia, Department of Mechanical Engineering, Environmental Technology Laboratory, Sialvera & Bakola Street, 50100 Kozani, Greece.
14 g Environmental Research Laboratory, Institute of Nuclear and Radiological Sciences & Technology, Energy & Safety, National Centre for Scientific Research “Demokritos”,
15 15310 Ag. Paraskevi, Athens, Greece
16 h Dipartimento di Fisica and INFN, via Dodecaneso 33, 16146 Genova, Italy
17 i AirPACA, Air Quality Observatory in Provence Alpes Côte d'Azur, Marseille, France
18 j Univ. Grenoble Alpes, CNRS, LGGE, F-38000 Grenoble, France

19

a r t i c l e i n f o2 1 a b s t r a c t

22 Article history:
23 Received 29 July 2014
24 Received in revised form 20 October 2014
25 Accepted 1 December 2014
26 Available online xxxx

27The seasonal and spatial characteristics of PM2.5 and its chemical composition in the
28Mediterranean Basin have been studied over a 1-year period (2011–2012) in five European
29Mediterranean cities: Barcelona (BCN), Marseille (MRS), Genoa (GEN), Venice (VEN), and
30Thessaloniki (THE). During the year under study, PM10 annual mean concentration ranged from
3123 to 46 μg m−3, while the respective PM2.5 ranged from 14 to 37 μg m−3, with the highest
32concentrations observed in THE and VEN. Both cities presented an elevated number of
33exceedances of the PM10 daily limit value, as 32% and 20% of the days exceeded 50 μg m−3,
34respectively. Similarly, exceedances of the WHO guidelines for daily PM2.5 concentrations
35(25 μg m−3) were alsomore frequent in THE with 78% of the days during the period, followed by
36VEN with 39%. The lowest PM levels were measured in GEN. PM2.5 exhibited significant seasonal
37variability, withmuch higherwinter concentrations for VEN andMRS, in fall for THE and in spring
38for BCN. PM2.5 chemical composition was markedly different even for similar PM2.5 levels. On
39annual average, PM2.5 was dominated by OM except in THE. OM contribution was higher in
40Marseille (42%), while mineral matter was the most abundant constituent in THE (32%).
41Moreover, PM2.5 relative mean composition during pollution episodes (PM2.5 N 25 μg m−3) as
42well as the origins of the exceedances were also investigated. Results outline mainly the effect of
43NO3

− being the most important driver and highlight the non-negligible impact of atmospheric
44mixing and aging processes during pollution episodes.
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53 1. Introduction

54 Atmospheric particulatematter (PM) is nowadays one of the
55 most challenging environmental issues, mainly because of its
56 adverse effects on human health and its key role in atmospheric
57 processes and climate change (IPCC, 2007; WHO, 2006a).
58 Numerous studies including the Mediterranean region have
59 found that both short- and long-term exposures to ambient
60 PM2.5 are associated with increased risk of mortality as well
61 as respiratory illness, lung cancer, asthma and heart disease
62 (Corbett et al., 2007; Dockery, 2009; Perez et al., 2009; Pope and
63 Dockery, 2006; Samoli et al., 2014) and their effects depend on
64 particle size and composition. In order to limit these adverse
65 impacts and to develop efficient strategies for air quality control,
66 the knowledge of PM2.5 chemical composition is necessary.
67 The Mediterranean Sea is bordered by 21 countries, overall
68 accounting for more than 400 million of inhabitants in 2011,
69 ~6–7% of the total World population. These values rank the
70 Mediterranean basin among the most populous regions in the
71 World, akin to the population density found in the Indian
72 subcontinent or in the South–East of China. Moreover, the
73 population is predicted to reach 529 million by 2025 (UNEP/
74 MAP, 2012). The Mediterranean region's population is also
75 concentrated near the coasts. The population of the coastal
76 regions grew from 95 million in 1979 to 143 million in 2000
77 and could reach 174 million by 2025 (UNEP/MAP, 2012).
78 Furthermore, the Mediterranean Basin has experienced a rapid
79 growth in urbanization (urban population—towns with more
80 than 10,000 inhabitants—increased 1.9% per year during the
81 period 1970–2010, from 152 million to 315 million). The
82 high atmospheric PM loadings in many Mediterranean cities
83 reflect this important urban expansion (Andreae et al., 2002;
84 Gerasopoulos et al., 2011; Güllü et al., 2005; Kanakidou et al.,
85 2011; Querol et al., 2004a; Rodrı́guez et al., 2001; Saliba et al.,
86 2007).
87 Atmospherically, the Mediterranean Basin is a crossroad of
88 airmasses coming from Europe, Asia and Africa (Lelieveld et al.,
89 2002). Delimited to the north by the populated and highly
90 industrialized area of southern Europe and to the south by the
91 northern Africa continent, aerosol particle loading is therefore
92 largely affected by a number of natural and anthropogenic
93 sources: Saharan dust (Moulin et al., 1998; Ganor et al., 2010;
94 Israelevich et al., 2012; Querol et al., 2009; Pey et al., 2013b),
95 marine aerosols (Piazzola and Despiau, 1997; Viana et al.,
96 2014b), and anthropogenic emissions from the various urban
97 activities (vehicular traffic, biomass burning, fossil fuel
98 combustion, cooking activities) (El Haddad et al., 2011a,b;
99 Minguillón et al., 2011; Mohr et al., 2012; Pandolfi et al.,
100 2014; Reche et al., 2012), from industries and from the
101 increasing maritime traffic (Eyring et al., 2010; Marmer and
102 Langmann, 2005; Mueller et al., 2011; Pey et al., 2013a; Viana
103 et al., 2014a). Shipping emissions are a significant and growing
104 contributor to air quality degradation in coastal areas. Thereby,
105 emissions of exhaust gases and particles from the oceangoing
106 ships affect the chemical composition of the atmosphere,
107 climate and regional air quality (Eyring et al., 2005). On
108 average, shipping emissions contribute with 1–7% to PM10, 1–
109 20% to PM2.5, and with 8–11% to PM1 in coastal European areas
110 with a maximal contribution in the Mediterranean basin and
111 the North Sea (Viana et al., 2009, 2014a). Furthermore, Pey
112 et al. (2013a) have found that, within shipping emissions, aged

113products dominated over primary ones even in the vicinity
114of the source. Forest fires are also a major issue in the
115Mediterranean area, where an average of 40,000 fires occur
116per year (period 2000–2009) representing about 300,000 ha
117of damaged forest each year for, only, France, Spain, Italy
118and Greece (Schmuck et al., 2013).
119TheMediterranean basin is also characterized by a complex
120meteorology, which favors polluted air masses aging (Artíñano
121et al., 2001; Millán et al., 1997). During the cold season,
122atmospheric dynamics in the Mediterranean basin reflect the
123influence of synoptic conditions characterized by the preva-
124lence of westerly winds. On the contrary, mesoscale processes
125play a dominant role during the warm season: a) recirculation
126of air masses in the western side of the basin (Millán et al.,
1271997; Pey et al., 2009) and b) the prevalenceNEwinds over the
128eastern side (Tyrlis et al., 2012). Moreover, as discussed in
129Querol et al. (2009), Pey et al. (2013b) and Israelevich et al.
130(2012) Saharan dust outbreaks occur in different seasons in the
131west (frequently in summer) and in the east (more concen-
132trated in autumn and spring).
133With this in mind, the Mediterranean basin is particularly
134impacted by photo-oxidants. Lelieveld et al. (2002) forecasted
135summer O3 concentrations in the Mediterranean planetary
136boundary layer (PBL) around three times higher than in the
137northern hemisphere background PBL. In their study, they also
138pointed out the remarkably high tropospheric concentrations
139of formaldehyde, methanol and acetone leading to a large in
140situ production of peroxy radicals. Ozone measurements
141performed all around the Mediterranean Basin in the last
142decade have confirmed that the entire Mediterranean region is
143characterized not only by photochemical episodes in urban
144pollution plumes, but also by high background ozone concen-
145trations (EEA, 2013). The oxidative capacity of the Mediterra-
146nean atmosphere seems also to play an important role in terms
147of aerosol formation and aging. Hildebrandt et al. (2010, 2011)
148underlined the high degree of oxidation of the organic aerosol
149based on Aerosol Mass Spectrometer (AMS) measurements
150performed in the remote coastal site of Finokalia (island of
151Crete, Greece) during late summer and winter, respectively. In
152Mediterranean cities, high contributions of oxygenated organic
153aerosol (proxy of secondary organic aerosol, SOA) were also
154observed in Barcelona and Marseille (El Haddad et al., 2013;
155Minguillón et al., 2011;Mohr et al., 2012). InMarseille, the SOA
156contribution during summer 2008was estimated to account for
157~80% of the total organic aerosol concentrations (El Haddad
158et al., 2011b, 2013), with around 80% of such SOA non-fossil in
159origin despite extensive industrial and urban emissions. The
160prevalence of non-fossil carbon in the SOA is also observed in
161Barcelona (February to March 2009), where about 60% of the
162secondary organic carbonwas found to be originated fromnon-
163fossil origin (Minguillón et al., 2011). These unexpected results
164are inextricably linked to the prevalence of regional sources
165over local anthropogenic emissions.
166As part of the APICE project (Common Mediterranean
167strategy and local practical Actions for the mitigation of Port,
168Industries, and Cities Emissions; http://www.apice-project.eu/),
1691-year monitoring campaigns have been simultaneously
170organized in five European Mediterranean cities: Barcelona
171(Spain), Marseille (France), Genoa (Italy), Venice (Italy), and
172Thessaloniki (Greece). From these long monitoring periods,
173a detailed characterization of PM2.5 in terms of chemical
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174 composition was obtained. This paper attempts to provide an
175 overview on the aerosol phenomenology, its chemical compo-
176 sition and processes affecting its concentration throughout
177 the Mediterranean basin. Special focus is paid in highlighting
178 similarities and differences concerning PM characteristics
179 among these cities. In the following sections, we investigate
180 the air quality in these five Mediterranean cities during the
181 period of observation (2011–2012), the seasonal and the
182 spatial variability of PM2.5 chemical composition.

183 2. Methodology

184 2.1. Study areas and sampling strategies

185 Field campaigns were performed at five urban background
186 (UB) sites west to east across the European Mediterranean
187 coast (Fig. 1): Barcelona (BCN), Marseille (MRS), Genoa (GEN),
188 Venice (VEN), and Thessaloniki (THE). Table 1 specifies site
189 identification codes, geographical coordinates, and PM2.5

190 sampling periods and strategies. Although a detailed descrip-
191 tion of each site is provided in Appendix A (supplementary

192data), a brief description on instrumentation and sampling
193strategies is given here:

194BCN: 24 h PM2.5 samples (starting at 0 h UTC)were collected
195onto 150 mm-diameter quartz fiber filters (Tissu quartz,
196Pall), from February 2011 to December 2011 using a high
197volume sampler (Digitel DA80) operating at a flow rate of
19830 m3 h−1. Roughly, one filter was collected every 4 days.
199The total number of samples was 68.

200MRS: 24 h PM2.5 samples (starting at 0 h UTC) were
201collected onto 150 mm-diameter quartz fiber filters (Tissu
202quartz, Pall), from July 2011 to July 2012 using a high
203volume sampler (Digitel DA80) operating at a flow rate of
20430 m3 h−1. PM2.5 sampling was interrupted from 1 to
2052 weeks in each month in order to perform the regulatory
206measurements of PAHs (Polycyclic Aromatic Hydrocar-
207bons). The total number of samples was 216. Most of
208these samples were grouped together and resulted in 54
209composite samples. These composite samples were built
210according to the PM2.5 concentration and air mass origins.

Fig. 1. Map of the sites: BCN Barcelona, MRS Marseille, GEN Genoa, VEN Venice, and THE Thessaloniki. Yellow circles: PM2.5 mean concentration (2011–2012). Box-
whisker plots represent PM and main gaseous pollutants daily concentrations observed at each sampling site during the study period (Table 1). Each box plot shows
mean (marker), median (solid line of the box), 25th and 75th percentile (bottom and top lines of the box, respectively), as well as 10th and 90th percentile (lower and
upper end of the whisker lines, respectively). PM data capture during this 1-year period (see Table 1) was over 85%, for BCN (86% for PM10 and PM2.5), MRS (91% for
PM10 and95% for PM2.5), VEN (87% for PM10 and85% for PM2.5)while lowerdata coveragewas reported for GEN (59% for PM10; 50% for PM2.5) and for THE (62% for PM10

and 40% for PM2.5). Gaseous pollutants data capturewas over 82%, for BCN (82%),MRS (95%), VEN (99%) and THE (84%)while it covers only 64% for GEN, and for THE no
SO2 data available. Values listed above the PM box plots represent the percentage of days exceeding the limit value of 50 μg m−3 and 25 μg m−3, for PM10 and PM2.5

respectively, during the period under study.
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211 Note that all the available samples corresponding to a daily
212 PM2.5 concentration exceeding 25 μg m−3 were analyzed
213 individually.
214 GEN: 24 h PM2.5 sampleswere collected using a low volume
215 sampler (Skypost by TRC TECORA), which was designed
216 according to the CEN standards at Corso Firenze site,
217 selected based on the direction of the prevailing winds. The
218 sampler was operated almost continuously from March
219 2011 to September 2011 (with only three samples collected
220 in February 2011 and three other in October 2011), every
221 24 h beginning atmidnight, and alternating between Teflon
222 (PTFE, Pall: R2PJ047) and quartz fibers (Pallflex, 2500QAO
223 UP) filter membranes (47 mm). The number of collected
224 samples was 184.
225 VEN: 24 h PM2.5 samples (starting at 0 h local time) were
226 collected continuously from January 2011 to December
227 2011 onto 47 mm-diameter quartz fiber filters (Whatman
228 QMA,GEHealthcare) according to the EN 14907:2005 (Q4 CEN,
229 2005a) standards, using a low volume sampler (Zambelli
230 Explorer Plus). The total number of samples was 312.
231 THE: 24 h PM2.5 samples were collected onto 47 mm-
232 diameter quartz fiber filters (Whatman), mounted in a low
233 volume air sampling system (Derenda LVS3.1/PMS3.1-15
234 with a PM2.5 inlet). The air flow rate was set to 2.3 m3 h−1

235 for daily sampling, beginning at approximately 09:00 pm
236 and the total sampled volume per filter was approximately
237 55 m3. A hundred forty-nine samples corresponding to
238 about 7–28 filters permonthwere collected from June 2011
239 to May 2012.

240 PM10 and PM2.5 daily concentrations were obtained in
241 GEN, VEN and THE by gravimetric analysis on pre-weighted
242 and pre-conditioned filters for 48 h in a controlled room
243 (temperature: 20± 1 °C, relative humidity: 50± 5%). Before
244 and after conditioning, the filters were weighted using an
245 analytical balance (sensitivity: 0.1–1 μg). In BCN daily PM
246 measurements were achieved using a GRIMM-OPC corrected
247 with the gravimetric levels obtained similarly as in the other
248 sites, and in MRS a TEOM-FDMS (Tapered Element Oscillating
249 Microbalance equipped with a Filter Dynamic Measurement
250 System) was used to measure PM concentrations.
251 Concentrations of gaseous pollutants were measured
252 using the chemiluminescence analyzer for NO and NO2; the

253UV fluorescence analyzer for SO2; and the UV photometry
254analyzer for O3.

2552.2. Analytical techniques

256Different laboratory procedures and analytical techniques
257(Appendix B, supplementary data) have been applied for a
258comprehensive chemical characterization of PM2.5 composi-
259tion. Briefly, they are summarized as follows:

260• Organic carbon (OC) and elemental carbon (EC)
261For BCN, MRS and GEN, OC and EC fractions were quantified
262using the thermal optical transmittance (TOT) method, with
263a Sunset Lab analyzer, following the EUSAAR2 temperature
264protocol (Cavalli et al., 2010), while, in THE, the TOT analyzer
265was operating with the NIOSH 5040 temperature protocol
266(Chow et al., 2001). These protocols differ in their temper-
267ature set point, higher for NIOSH 5040 (up to 850 °C for the
268analysis of OC in 100% He and to 940 °C for the analysis of EC
269in 98% He + 2% O2) than EUSAAR2 (up to 650 °C for the
270analysis of OC in 100% He and to 850 °C for the analysis of EC
271in 98% He + 2% O2), and in the residence time (longer steps
272for EUSAAR2). Both thermal protocols gave similar concen-
273trations of total carbon (Chiappini et al., 2014; El Haddad
274et al., 2009). However, the EC (respectively OC) contribution
275to the TC measured by the EUSAAR2 method was higher
276(respectively lower) than the one measured by the NIOSH
277method, due to the lower temperature used for the last OC
278step in the EUSAAR2 protocol (Cavalli et al., 2010; El Haddad
279et al., 2009). Thus, a difference of about 20% for OC and EC is
280expected between these two methods (El Haddad et al.,
2812009).
282In VEN, only the total carbon (TC) fraction was analyzed
283using a TOC analyzer (Shimadzu, V-CPHmodel) coupledwith
284a SSM-5000A module. TC was quantified by a catalyzed
285oxidative conversion to CO2 at 900 °C, then analyzed with a
286NDIR (no dispersive infrared detector).
287• Ionic species
288Major ions (SO4

2−, NO3
−, Cl− NH4

+, Na+, K+, Mg2+, Ca2+)
289were analyzed by ionic chromatography after extraction of a
290fraction of the samples in ultra-purewater forMRS, GEN, VEN
291and THE (El Haddad et al., 2011a; Pey et al., 2013a; Tolis et al.,
2922014; Bove et al., 2014). For BCN only anions were analyzed
293by IC. Quantification of NH4

+ was achieved by a selective
294electrode.

t2:1 Table 1
t2:2 The study site locations, the time period and the PM2.5 sampling in the five Mediterranean cities.

t2:3 City (Code) Sampling sites (UB) (latitude; longitude) Time period PM2.5 sampling (N)a PM2.5 measuring method

t2:4 Barcelona (BCN) Palau Reial (41°23′14”N; 2°06′56”E) February 2011 to December 2011 HVS (500 L/min), every
4 days, Quartz (68)

GRIMM-OPC corrected
with gravimetric data

t2:5 Marseille (MRS) Cinq avenues (43°18′18.84”N; 5°23′40.89”E) July 2011 to July 2012 HVS (500 L/min), daily,
Quartz (216)

TEOM–FDMS

t2:6 Genoa (GEN) Corso Firenze (44°25′5.69”N; 8°55′38.97”E) March 2011 to September 2011 LVS (38.3 L/min), daily,
Teflon/quartz (184)

gravimetric

t2:7 Venice (VEN) Parco Bissuola (45°29′58.71”N; 12°15′40.55”E) January 2011 to December 2011 LVS (38.3 L/min), daily,
Quartz (312)

gravimetric

t2:8 Thessaloniki (THE) City hall (40°62′36.25”N; 22°95′38.27”E) June 2011 to May 2012 LVS (38.3 L/min),
7–28 days/month,
Quartz (149)

gravimetric

t2:9 a (N): number of collected PM2.5 filters.
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295 • Metals and trace elements
296 For the determination of the elemental compositions, a
297 second fraction of the filter was digested using a different
298 mixture of inorganic acids (e.g. HNO3–HF–HClO4 for BCN;
299 HNO3–HF for MRS; HNO3–HCl for VEN and THE). The
300 quantitative analysis of metals and trace elements was
301 performed using: a) ICP–AES (inductively coupled plasma–
302 atomic emission spectrometry) for major elements (Al, Ca,
303 Na,Mg, K, Fe, P) and an ICP–MS(inductively coupled plasma–
304 mass spectrometry) for trace elements (Cu, Ni, Pb, V, Zn) in
305 BCN (Pey et al., 2013a) ; b) an ICP–MS inMRS; c) and aGFAAS
306 (graphite furnace atomic absorption spectrometry) in VEN
307 and THE (Tolis et al., 2014). For GEN, elemental concentra-
308 tions were directly measured by ED-XRF (energy dispersive–
309 X-ray diffraction) technique (Ariola et al., 2006).

310 Finally, to guarantee the quality and the accuracy of the
311 analytical determinations, blank filters were also analyzed
312 following the same methodology, as well as small amounts of
313 reference material.

314 2.3. Chemical mass closure

315 Chemical components of PMwere grouped into nine classes
316 as follows: organic matter (OM), elemental carbon (EC), non-
317 seasalt sulfate (nss-SO4

2−), nitrate (NO3
−), ammonium (NH4

+),
318 sea-salt, mineral dust, non-dust elements and unaccounted
319 mass.
320 To account for associated oxygen and hydrogen mass, OM
321 was obtained by multiplying the measured concentration of
322 organic carbon (OC) by a conversion factor, which is the ratio of
323 the average molecular mass to the carbon mass for the organic
324 aerosol. In order to be consistent in our comparative study, a
325 single 1.4 conversion factor (Lonati et al., 2005; Putaud et al.,
326 2010; Sillanpää et al., 2006) was applied. Nevertheless, we are
327 aware that this simplicity might introduce some uncertainties
328 in the overall estimations of OM, since the OM-to-OC ratio is
329 very dependent on site location (higher for oxidized and aged
330 aerosol), aerosol sources and seasons. For VEN, only TC (total
331 carbon) concentration was measured. To balance properly the
332 PM2.5 mass, TC measured values needed to be corrected.
333 Therefore, for the other sites involved in this study (except
334 VEN), we have calculated the concentrations of measured
335 TC (TCmeasured = OC + EC), and corrected TC (TCcorrected =
336 OM + EC = 1.4 × OC + EC). Then, we have determined the
337 TCcorrected-to-TCmeasured ratios for each season, and the average
338 ratio of the four cities (1.28 ± 0.06) was used to roughly
339 estimate the corrected TC concentrations in VEN.
340 The non-sea salt sulfate (nss SO4

2−) was calculated
341 from the measured SO4

2− minus the sea-salt fraction of
342 SO4

2− (ss SO4
2− = 0.252 × Na+) (Seinfeld and Pandis, 1998).

343 Sea-salt concentrations were calculated from soluble sodi-
344 um concentrations, assuming that sea-salt mass is equal to
345 3.252 × Na+ (Grythe et al., 2014).
346 Mineral dustwas considered as the sumof Al2O3, SiO2, CO3

2−,
347 Ca, Fe, K, Mg, Mn, Ti and P, where Al2O3, SiO2 and CO3

2− were
348 indirectly determined using empirical equations (Al2O3 =
349 1.89 × Al; SiO2 = 3 × Al2O3; CO3

2− = 1.5 × Ca) (Pérez et al.,
350 2008; Querol et al., 2001). However, since only Fe concentra-
351 tions were determined in VEN, mineral dust in VEN was
352 determined using the ratio Fe-to-dust content calculated in the

353other four cities. This ratio ranged between 0.04 and 0.246, thus
354an average ratio of 0.143 was applied to reconstruct dust
355concentrations in VEN from Fe values.
356Non-dust elements correspond to the sum of the common
357measured trace elements (i.e., Cu, Ni, Pb, V, Zn) other than
358geological ones.
359The unaccounted mass is obtained as the difference
360between measured PM mass concentration and the recon-
361structed mass (i.e., the sum of aerosol component concentra-
362tions). This fraction could be attributed to analytical errors,
363such as the underestimation of the OM contribution; as well as
364to the estimation ofmineral dust (e.g. VEN).Moreover, a part of
365the unaccounted PM mass is likely to be ascribed to particle-
366bound water, especially if mass concentrations are determined
367at relative humidity (RH) N 30% (Putaud et al., 2010). Thewater
368content in PM samples will vary for different samples and
369measurement sites, depending on the particle composition and
370the ambient RH (e.g. average RH during the study period was
37163% inMRS and 67% in BCN) and temperature. It was estimated
372to vary between 20% and 35% of the PM2.5 mass (Tsyro, 2005).
373Indeed, some of the inorganic species (e.g. ammonium nitrate
374and ammonium sulfate) present in the ambient aerosol are
375mostly hygroscopic by nature and exhibit the property of
376deliquescence in humid air (Tang andMunkelwitz, 1994). They
377can retain water if the RH is increased which thus affects the
378physical and chemical properties of aerosol particles. (Perrino
379et al., 2013).

3802.4. Intercomparison campaign

381Before long monitoring campaigns in each city, a 6-week
382intercomparison campaign was organized in Marseille from
38301/25/2011 to 03/02/2011 at the urban background site “Cinq
384Avenues”. During this intercomparison exercise, all the part-
385ners of the project deployed the same instruments and/or
386samplers used thereafter within the framework of the long
387monitoring campaigns. Analyses of the samples were per-
388formed as described above (see Section 2.2). The main
389objective of that intensive campaign was to guarantee the
390consistence of the results as different instruments and
391analytical techniques were used by the different groups.
392For PM concentration measurements, an excellent agree-
393mentwas observed between partners with a standard deviation
394lower than 10% and a correlation coefficient (R2) greater than
3950.9 (n = 42). Sulfate, nitrate and OC showed also a very good
396agreement between groups with a standard deviation lower
397than 15% (R2 N 0.85). For EC, an excellent agreement was
398observed, but only between 3 groups (SD b 10%, R2 N 0.9). The
3994th group, which reported EC concentrations ~2 times lower,
400encountered an analytical issue, fixed thereafter, during the
401analysis of samples collected during the intercomparison
402campaign. Ammonium exhibited more discrepancies. Two
403groups measured the same concentrations of ammonium
404(±3%) and very close to the ammonium concentrations
405which can be predicted considering a full neutralization of
406sulfate and nitrate (±10%). The other two groups reported
407values 1.4 times lower and three times higher (on average)
408than the concentrations reported by the first two groups.
409For these two later groups, the ionic balance was thus not
410respected during the intercomparison campaign. Therefore, a
411special care has been taken for the ammonium data series and
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412 their consistency with sulfate and nitrate concentrations
413 provided by the two later groups for the long monitoring
414 campaigns. Only one dataset has been corrected by applying a
415 correction coefficient of 2.7 obtained from the intercomparison
416 campaign measurements.
417 Finally, the levels of trace metals showed a good agreement
418 between partners, within a classical analytical error range
419 (30%).

420 3. Results and discussions

421 3.1. Levels of PM10, PM2.5, and gaseous pollutants

422 Taking into consideration the PM2.5 sampling time periods
423 performed at each site (Table 1), we have plotted the daily PM
424 and the main gaseous air pollutant (NO, NO2, NOx, SO2 and O3)
425 concentrations in Fig. 1. During this 1-year period, PM data
426 coverage was over 85%, i.e., for BCN (86% for PM10 and PM2.5),
427 MRS (91% for PM10 and 95% for PM2.5), and VEN (87% for PM10

428 and 85% for PM2.5). However, lower data coverage is reported
429 for GEN (59% for PM10; 50% for PM2.5) and for THE (62% for
430 PM10 and 40% for PM2.5). Regarding the gaseous pollutants, the
431 data covered more than 82%: for BCN (82%), MRS (95%), VEN
432 (99%), and THE (84%) while in GEN it only covered 64%.
433 PM10 mean concentrations ranged from 23 to 46 μg m−3,
434 with THE (46) N VEN (36) NMRS (31) N BCN (27) N GEN (23).
435 Hence, the annual EU PM10 limit value of 40 μg m−3 is only
436 exceeded in THE. As reported in Fig. 1, exceedances of PM10

437 concentration over the EU PM10 24-h limit value of 50 μg m−3

438 were more frequent in THE and VEN (more than 35 times),
439 where 32% and 20% of the days had a PM10 concentration
440 greater than 50 μg m−3. Only GEN complied the PM10 EU short-
441 term air quality standard. However, owing to the relatively low
442 data coverage in some of the cities, the 90.4 percentile is also
443 assessed following the recommendations included in the
444 Directive 2008/50/EC. Results were in accordance with the
445 abovementioned exceedancedays and the PM10 90.4 percentile
446 ranged from 35 to 77 μg m−3, in the following order: THE
447 (77) N VEN (70) N MRS (48) N BCN (40) N GEN (35).
448 Similarly, the average PM2.5 concentration was significantly
449 higher in THE (37 μg m−3) and VEN (30 μg m−3), than that
450 observed in BCN (19 μg m−3), MRS (17 μg m−3), and GEN
451 (14 μg m−3). Moreover, PM2.5 levels recorded in THE and VEN,
452 were 1.2–1.5 times the EU annual target value for PM2.5

453 (25 μg m−3), breaching then the EU long-term air quality
454 standard. Regarding the PM2.5 24-h guideline of 25 μg m−3

455 (WHO, 2006a), it is well exceeded at all sites. The highest
456 number of days forwhich PM2.5 concentrationwas greater than
457 25 μg m−3, is recorded in THE (78% of the days), followed by
458 VEN (39%), BCN (22%), MRS (15%), and GEN (1%). It is worthy
459 to note that in the case of GEN, roughly 7 months of PM2.5

460 measurements are reported (data coverage 50%), which might
461 explain the lowest number of PM exceedances recorded at this
462 site. Nevertheless, the PM2.5 90.4 percentile ranged from 20 to
463 64 μg m−3, in the following order: VEN (64) N THE (58) N BCN
464 (30.8) ≈ MRS (30.7) N GEN (20).
465 Furthermore, in order to frame the state of particulate
466 pollution in these five Mediterranean cities, PM levels are
467 comparedwith previousmeasurements performed in the same
468 study areas, as well as with those from other European cities
469 over the past years as reported in Table 2. We remarked that

470PM concentrations observed during this study exhibited
471various behaviors in the five cities as follows: (i) close levels
472to those recorded previously are noted for MRS and GEN;
473(ii) lower levels for BCN; (iii) lower PM10 and similar PM2.5

474levels for VEN; (iv)while higher levels for both PM fractions are
475observed in THE. The absence of the PM decreasing trend in
476Thessaloniki could be attributed to the metro construction
477activities started in 2007, and which were, indeed, in progress
478during the campaign. The comparison of these data shows that
479PM concentrations in BCN, MRS and GEN fall within the mean
480annual ranges reported in the different European UB sites
481(Table 2), while in THE and VEN cities, PM concentrations
482were relatively higher and of the same order of magnitude of
483the most polluted cities in central Europe, such as Budapest
484and Prague. Moreover, recent studies (Cusack et al., 2012;
485Karanasiou et al., 2014; Masiol et al., 2014; Querol et al., 2014)
486on long-term PM trends across the Mediterranean basin
487revealed a significant decreasing trend for PM levels. These
488reductions can be attributed to the implementation of emission
489abatement strategies, such as the introduction of the Q5IPCC:
490Climate Change (2007) or the EURO standards on road traffic
491emission (1998/69/EC, 2002/80/EC, 2007/715/EC), but also to
492meteorological conditions. Nevertheless, the present study
493emphasizes that PM concentrations in THE and VEN were still
494relatively high compared to the other European cities (Table 2),
495and this may require appropriate control strategies for the
496reduction of PM emissions and the abatement of the public
497health hazard due to PM-associated morbidity and mortality.

t3:1Table 2
t3:2Average concentrations of PM10 and PM2.5 (for at least 1-year data) in different
t3:3European cities in comparison with this study (μg m−3).

t3:4Location Sampling
period

PM10 PM2.5 Reference

t3:5Madrid (Spain) 2005 32 14 Kassomenos et al.
(2014)

t3:6Valencia (Spain) 2004–2006 33 23 Pascal et al. (2013)
t3:7Barcelona (Spain) 2011–2012 27 19 This study
t3:8Barcelona (Spain) 2004–2006 37 27 Pascal et al. (2013)
t3:9Paris (France) 2009–2010 – 15 Bressi et al. (2013)
t3:10Lyon (France) 2004–2006 25 16 Pascal et al. (2013)
t3:11Marseille (France) 2011–2012 31 17 This study
t3:12Marseille (France) 2004–2006 30 18 Pascal et al. (2013)
t3:13Grenoble (France) 2000–2001 – 19 Götschi et al. (2005)
t3:14Amsterdam
t3:15(Netherland)

2002–2004 31 21 Lianou et al. (2011)

t3:16Basel (Switzerland) 2005–2008 21 16 Putaud et al. (2010)
t3:17Zurich (Switzerland) 2008 20 15 Putaud et al. (2010)
t3:18Genoa (Italy) 2011 23 14 This study
t3:19Genoa (Italy) 2009–2010 22 15 Cuccia et al. (2013)
t3:20Roma (Italy) 2006–2010 28 18 Karanasiou et al.

(2014)
t3:21Venice (Italy) 2011–2012 36 30 This study
t3:22Venice (Italy) 2009–2010 43 30 Pecorari et al. (2013)
t3:23Prague
t3:24(Czech republic)

2004–2005 37 – Schwarz et al. (2008)

t3:25Thessaloniki
t3:26(Greece)

2011–2012 46 37 This study

t3:27Thessaloniki (Greece) 2007–2008 36 21 Kassomenos et al.
(2011)

t3:28Budapest (Hungary) 2004–2006 48 34 Pascal et al. (2013)
t3:29Bucharest (Romania) 2004–2006 55 38 Pascal et al. (2013)
t3:30London (UK) 2004–2006 25 13 Pascal et al. (2013)
t3:31Birmingham (UK) 2002–2004 22 13 Lianou et al. (2011)
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498 Regarding the levels of gaseous air pollutants (Fig. 1), NO
499 and NOx annual average concentrations were also higher in
500 THE (49 and 72 μg m−3, respectively) and VEN sites (24 and
501 75 μg m−3, respectively), than in BCN (9 and 47 μg m−3,
502 respectively), MRS (9 and 46 μg m−3, respectively) and GEN
503 (11 and 51 μg m−3, respectively). However, NO2 annual mean
504 concentration was the highest in VEN (38 μg m−3) and the
505 lowest in THE (24 μg m−3). The annual limit fixed by the
506 European Union (40 μg m−3; EU, 2008) for NO2 has been
507 complied at all the sites. O3 presented annual mean concentra-
508 tions ranging between 43 μg m−3 (in THE) and 57 μg m−3 (in
509 GEN), with maximum daily values up to 134 μg m−3 in THE,
510 117 μg m−3 in VEN, 104 μg m−3 inMRS, 99 μg m−3 in BCN and
511 91 μg m−3 in GEN during summer.
512 SO2 annual average concentration recorded in GEN
513 (10.5 μg m−3) was significantly higher than those observed in
514 the four other cities (2–3 μg m−3). Such differences can be
515 explained because the Corso Firenze site is located immediately
516 outside of the harbor area and is more influenced by heavy
517 fuel oil combustion (e.g. shipping emissions). However, high
518 SO2 concentrations appear as a peculiarity of the atmo-
519 spheric pollution over GEN, since high SO2 concentrations
520 (12.3 μg m−3 on average) were also observed in another site
521 located in the city of GEN during the same period (data not
522 shown).

523 3.2. PM2.5 seasonal and spatial variation

524 Fig. 2 illustrates the seasonal distribution of PM2.5 concen-
525 trations (mean, median and percentiles). In order to compare
526 the seasonal differences in PM2.5, a one-way ANOVA approach
527 was used. The results showed that PM2.5 exhibited the strongest
528 seasonality in VEN, with a much higher mean concentration
529 in winter (53 μg m−3) than in summer (15 μg m−3) or fall
530 (34 μg m−3) (p b 0.05). Likewise, significant seasonal variability
531 was evident in MRS, with higher concentrations observed
532 during winter (24 μg m−3) than during summer (14 μg m−3)
533 (p b 0.05). Likewise, THE and BCN showed clear seasonal
534 variations but PM2.5 maxima are shifted to fall (45 μg m−3) and

535spring (25 μg m−3) seasons, respectively. On the other hand,
536PM2.5 concentrations in GEN were relatively steady along the
537year and no significant statistical differences can be highlighted.
538These differences can be assigned to the variability of local
539source strengths in combination with the influence of
540specific meteorological conditions. Moreover, the increased
541PM2.5 concentrations in winter and fall compared to the
542summer can be generally ascribed to the enhancement of
543some particular anthropogenic activities (e.g. heating sources
544or agricultural fires) associated with lower boundary layer
545heights. For instance, in the case of Thessaloniki, elevated PM
546levels recorded during cold season were mostly due to the
547burning of the less expensivewood/biomass,whichwaswidely
548used during the period of economic crisis in Greece (Saffari
549et al., 2013). In summer, lower PM2.5 concentrations are
550generally observed, as sea and land breezes are intensified
551and the mixing layer height is wider, both processes favoring
552atmospheric dispersion (Kassomenos et al., 2011).
553Fig. 2 also presents the number of days with PM2.5

554concentrations higher than 25 μg m−3 for the whole period
555(Table 1), and for collected and analyzed PM2.5 samples. As
556expected, the highest frequency of exceedances is observed in
557VEN and THE. With respect to the seasonality, the number of
558exceedances in THE, was relatively similar in all seasons,
559whereas for VEN andMRSmost of the exceedances occurred in
560winter and fall. For BCN, the exceedancesweremore frequent in
561spring while for GEN, only two exceedances were noted during
562the same season (Fig. 2) Once again, the data coverage in GEN
563(50%) prevents from drawing final conclusions regarding the
564occurrence of PM2.5 pollution events over the year.

5653.3. PM2.5 chemical composition and mass balance

566During this 1-year period, a total of 68, 216, 184, 312 and
567149 daily filters were collected in BCN, MRS, GEN, VEN, and
568THE, respectively (Table 1). These samples do not cover all the
569episodes of high concentration of PM2.5 (PM2.5 N 25 μg m−3)
570(Fig. 2). Therefore, for statistical representativeness purpose,
571we have determined the percentage of days presenting
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572 PM2.5 N 25 μg m−3, whose filters were collected and analyzed
573 with respect to the total number of days showing high PM2.5

574 concentrations during the study period. In BCN, from the 68 days
575 presenting PM2.5 concentrations higher than 25 μg m−3 along
576 the study period, 13 daily filters have been collected and
577 analyzed (i.e. 19.1%). In MRS, among the 53 days with high
578 PM2.5 concentrations, 12 samples have been collected and
579 analyzed (i.e. 22.6%). For GEN, VEN and THEwhere gravimetric
580 methods have been used to determine PM2.5 concentrations,
581 100% of the high PM2.5 concentration events have been
582 analyzed, but the data coverage for PM2.5 concentrations
583 were lower than that in BCN and MRS.
584 The statistical presentation of the analytical results for
585 major and trace components content in PM2.5 samples is
586 reported in Table 3, whereas the seasonal PM2.5 chemical
587 composition is depicted in Fig. 4(a–b).

588 3.3.1. Carbonaceous fraction
589 On an annual basis, OM mean concentration accounted for
590 4.2 μg m−3 (23% of the PM2.5 mass) in BCN, 8.6 μg m−3 (42%)
591 inMRS, 3.8 μg m−3 (27%) inGEN, and 9.2 μg m−3 (25%) in THE.
592 OM constituted the most important fraction of PM2.5 in MRS
593 and this contribution was comparable to the highest values
594 reported for urban sites in Europe (Putaud et al., 2010).
595 ECmean concentration ranged between 1.2 and 1.8 μg m−3,
596 and contributed between3.5% (in THE) and 10% (inGEN) to the
597 PM2.5. These results were in agreement with those reported in
598 other European urban sites (1.3–1.7 μg m−3 for larger cities or
599 those influenced by shipping emissions; Querol et al., 2013).
600 However, EC presented homogeneous concentration compared
601 to OM. This can be due to the existence of various sources of

602OM, including direct particle emissions and atmospheric
603oxidation of reactive organic gases; whereas EC is emitted
604from primary combustion sources (Lonati et al., 2005).
605Significant seasonal variations were observed for the
606carbonaceous fraction (OM + EC) in VEN, MRS, THE, and BCN
607as observed for PM2.5. OM + EC concentrations increased
608markedly duringwinter and fall seasons in MRS, VEN, and THE,
609whereas they raised during springtime in BCN (Fig. 4).

6103.3.1.1. OC-to-EC ratios seasonal variation. OC-to-EC ratio has
611been used in several studies as a useful tool that provides
612information on the origins of the carbonaceous fraction (Pio
613et al., 2011; Plaza et al., 2011; Na et al., 2004; Turpin and
614Huntzicker, 1991; Viana et al., 2007). The OC-to-EC ratios are
615strongly source dependent and quite variable for the different
616sources. Hence, the variation in this ratio may be used to
617determine changes in emission sources, aging evolution and
618the presence of secondary organic aerosol. EC is exclusively
619derived from primary combustion sources (e.g. fossil fuel
620combustion and biomass burning) and contains compounds
621with graphite-like structures, which can absorb light (warming
622effect) (Pöschl, 2005). OC has similar sources but also results
623from primary biogenic emissions such as leaf abrasion or sea
624spray and from secondary processes in the atmosphere
625involving volatile or semi-volatile organic compounds and
626oxidants (O3, OH, NO3, and NO2). OC fraction includes organic
627molecules and polymers, e.g. organic acids, which do not
628generally absorb visible light (cooling effect). OC-to-EC values
629can be used to evaluate the relative scattering and absorption
630and to estimate the radiative forcing induced by carbonaceous
631aerosols (Novakov et al., 2005).

t1:1 Table 3
t1:2 Arithmeticmean (AM), geometricmean (GM),minimum(Min), andmaximum(Max) concentration ofmajor and trace components of PM2.5 obtainedat each sampling
t1:3 site during the study period.

t1:4 BCN MRS GEN VEN THE

t1:5 AM GM Min Max AM GM Min Max AM GM Min Max AM GM Min Max AM GM Min Max

t1:6 μg m−3

t1:7 N(a) 68 54 184 312 148
t1:8 PM2.5

(b) 18.6 17.1 7.8 49.6 19.6 17.2 4.5 56.0 14.0 13.0 3.3 31.4 30.0 23.5 4.0 159 37.2 34.5 12.9 82.6
t1:9 OC 3.0 2.7 0.9 9.9 6.2 5.1 1.6 20.9 2.7 2.4 0.7 6.2 na na na na 6.6 5.6 1.6 17.7
t1:10 EC 1.2 1.0 0.3 4.3 1.8 1.6 0.6 3.8 1.4 1.3 0.4 4.1 na na na na 1.3 1.2 0.4 3.7
t1:11 OC/EC 2.9 2.7 1.0 11.2 3.5 3.1 1.3 10.7 2.1 1.9 0.4 5.0 na na na na 5.2 4.8 2.2 12.8
t1:12 TC 4.2 3.7 1.3 11.4 7.9 6.8 2.2 23.8 3.4 2.9 0.4 7.9 5.8 4.5 1.7 27.0 7.9 6.9 2.3 20.3
t1:13 TC/PM2.5 (%) 24.1 21.8 7.5 66.8 41.3 39.9 19.7 64.5 26.7 22.9 4.5 85.3 19.1 18.1 3.6 44.7 21.0 19.9 8.5 41.8
t1:14 Nss-SO4

2− 2.8 2.3 0.4 7.9 2.2 1.8 0.4 7.2 3.6 2.9 0.04 9.9 3.4 2.8 0.2 13.3 3.9 3.3 0.1 11.3
t1:15 NO3

− 1.0 0.4 0.01 10.5 1.7 0.9 0.2 6.9 0.5 0.3 0.1 6.1 5.4 1.8 0.2 60.2 2.4 1.9 0.1 10.2
t1:16 NH4

+ 1.0 0.7 0.1 5.4 1.5 1.1 0.1 5.2 1.4 1.2 0.02 4.4 2.3 1.4 0.1 18.6 2.1 1.6 0.1 6.4
t1:17 Nss-K+ na na na na 0.1 0.08 0.02 0.3 0.06 0.05 0.004 0.3 0.4 0.3 0.1 2.4 0.1 0.09 0.002 0.6
t1:18 Na+ 0.3 0.2 0.03 0.8 0.1 0.1 0.03 0.6 0.1 0.1 0.002 0.9 0.2 0.2 0.1 2.4 0.2 0.2 0.01 0.9
t1:19 ng m−3

t1:20 Ca 145 111 18 401 1092 639 31 4353 110 87 9 461 na na na na 2044 1519 25 6988
t1:21 Cr 1.3 1.0 0.1 3.9 2.1 1.3 0.2 7.1 na na na na 7 5 1 33 30 18 0.3 106
t1:22 Fe 155 132 32 490 265 207 36 750 142 124 11 376 357 298 102 1649 908 650 15 2531
t1:23 K 128 110 16 445 225 201 58 611 100 86 16 382 na na na na 433 213 1 1765
t1:24 Mg 47 39 6 141 144 130 49 290 36 31 6 107 na na na na 441 274 12 1547
t1:25 Mn 5 4 1 13 11 9 3 57 4 4 1 26 na na na na 91 72 4 243
t1:26 Cu 7 6 1 39 17 11 1 100 6 6 1 18 18 14 2 76 84 63 9 346
t1:27 Ni 3 2 0.4 12 4 4 1 15 7 5 1 26 4 4 2 19 26 16 1 100
t1:28 Pb 6 5 0.4 17 8 7 2 23 6 5 1 24 12 9 1 77 41 35 11 98
t1:29 V 6 5 1 30 6 5 1 21 14 11 1 71 7 5 1 18 11 7 0.2 75
t1:30 Zn 42 28 4 152 24 19 3 73 19 15 1 64 81 77 50 154 77 20 0.3 442

t1:31 na: not available.
t1:32 (a) Number of PM2.5 samples.
t1:33 (b) The highest PM2.5 mass concentration bolded.
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632 For on-road vehicle emissions, OC-to-EC ratios range
633 typically from 1.4 to 5 for gasoline catalyst light duty vehicles
634 and from0.3 to 1 for diesel light and heavy duty vehicles (Fujita
635 et al., 2007; Platt et al., 2013; May et al., 2014; Schauer et al.,
636 1999; Zielinska et al., 2004). In Europe, diesel vehicles
637 represent the major fraction of the vehicular fleet. According
638 to the World Bank database, the diesel fuel consumption
639 represented, in 2011, 81.9% for France (MRS), 81.7% for Spain
640 (BCN), 70.6% for Italy (GEN and VEN) and 41.5% in Greece
641 (THE) of the total fuel consumption per capita (road sector
642 only). For comparison purpose, this percentage is only 26.8% in
643 the US. In MRS, a tunnel study was performed by El Haddad
644 et al. (2009). They observed an OC-to-EC ratio ranging from
645 0.32 to 0.44 totally in line with the high proportion of diesel
646 vehicles. Thus, an OC-to-EC ratio of about 0.3–1.2 should be
647 expected if primary vehicular exhaust is the prevalent driver of
648 the OC-to-EC ratios in the ambient atmosphere of the cities.
649 This ratio for primary vehicular emission can be slightly
650 modified by the implementation of the new European emission
651 regulation (i.e. EURO5, released in 2009) and by the abundance
652 of scooters in the Mediterranean cities. The new emission
653 regulation significantly decreases the OC-to-EC ratio for
654 gasoline cars (May et al., 2014; Platt et al., 2013) and the
655 implementation of Diesel Particles Filter (DPF) seems to
656 increase this ratio for diesel car (May et al., 2014). However,
657 the drastic decrease of EC and OC emission rates from diesel car
658 equipped with a DPF will not modify the overall OC-to-EC ratio
659 (May et al., 2014). In addition, the percentage of EURO 5
660 vehicles was only 9% of the total vehicular fleet in France, in
661 2011. A peculiarity of theMediterranean area is the abundance
662 of two stroke scooters which have been recently qualified as
663 “asymmetric polluters” by Platt et al. (2014) (i.e. despite they
664 represent a small number of vehicles, they may dominate
665 vehicular pollution). For two stroke scooters the OC-to-EC ratio
666 is very high, ranging from 30 to 300 (May et al., 2014). The
667 influence of two stroke scooters could thus potentially change
668 significantly the OC-to-EC ratio from primary vehicular emis-
669 sions in the five cities under study. Primary wood combustion
670 aerosol particles, the second most important source of EC in
671 many urban areas, are characterized by an OC-to-EC ratio
672 ranging from 3 to 70 (Fine et al., 2001, 2002, 2004a,b; Schmidl
673 et al., 2008; Sheesley et al., 2007). This ratio is highly dependent
674 of the nature of the fuel burned (hardwood, softwood, presence
675 of leaves, among others) and the combustion conditions (open
676 burning, stove, among others) but is significantly higher than
677 those reported for vehicular emissions, especially in environ-
678 ments highly impacted by diesel emissions.
679 Thus, an increase of OC-to-EC ratio may be assigned to
680 several factors: (i) enrichment of OC from biomass burning
681 sources, (ii) additional contribution of secondary OC, for
682 example from biogenic SOA; and (iii) a condensation of semi-
683 volatile organic compounds favored at low temperature and
684 high PM concentrations.
685 The seasonal variation of the OC-to-EC ratios in the studied
686 sites is presented in Fig. 3 (see appendix C in supplementary
687 data for more details on OC and EC seasonal concentrations).
688 The annual mean OC-to-EC ratios ranged from 2.1 (in GEN) to
689 5.2 (in THE) and fall within the range reported for UB sites
690 throughout Europe (Querol et al., 2013). Except for BCN, the
691 lowest values of the ratio are observed during summer: 2.5 for
692 MRS, 1.9 for GEN and 3.7 for THE (Fig. 3). In BCN, the average

693OC-to-EC summer's ratio was 2.7; just slightly above the
694minimum observed during fall (2.1). In a first approach, these
695values can be regarded as the combination of the primary
696vehicular emissions and themaximum contribution of second-
697ary OC in the different cities. The highest value of the OC-to-EC
698ratio found in THE during summer compared to the other cities
699can possibly be explained by the higher proportion of gasoline
700powered vehicles in Greece, or to a higher contribution of
701biogenic and anthropogenic SOA. It should be noted that the
702higher OC-to-EC ratio observed in THE compared to the other
703cities can also be partly explained by the use of the NIOSH
704method (see Section 2.2). THE,MRS and, in a lesser extent, GEN
705were characterized by significantly higher OC-to-EC ratio
706during fall with 7.2, 3.6, and 2 respectively, and in winter
707with 5.4, 4.5 and 2.5 respectively. As the vehicular emissions
708can be assumed as constant all along the year, thehigh values of
709OC-to-EC observed in these cities in the seasons during which
710atmospheric oxidation processes are less intense than during
711summer can be explained by the additional contributions of OC
712rich sources such as biomass burning.
713Previous studies reported that soluble potassium may be
714a useful chemical marker of biomass burning aerosol due to
715its release during combustion processes (Andreae, 1983),
716whereas the combustion of fossil fuel seems to produce very
717little potassium (Ram and Sarin, 2010). Seasonal concentra-
718tions of the non-seasalt potassium (nss-K+) observed in the
719five cities are presented in Fig. 3. Furthermore, Pearson
720correlation coefficients between potassium and OC (TC for
721VEN) abundances were also determined. A strong correlation
722between nss-K+ and OC is observed in MRS during winter and
723fall (r = 0.94–0.96, p b 0.05), and in THE (r = 0.8, p b 0.05)
724during spring. Likewise, significant and strong correlation
725between nss-K+ and TC is observed in VEN during winter,
726spring and fall (r= 0.7-0.9, p b 0.05). Finally, BCN showed also
727a strong relationship between total potassium and OC during
728winter (r = 0.95, p b 0.05). These high correlations associated
729with high levels of potassium indicate that biomass combus-
730tion is an important source of OC and contributes to the high
731ambient OC-to-EC ratios. In Barcelona, previous studies based
732in AMS and levoglucosan measurements have demonstrated
733that the contribution of this source is around 20-30% of OC
734(Minguillón et al., 2011; Reche et al., 2012). Moreover, nss-K+

735concentration was significantly higher in VEN compared to the
736other cities, especially during fall and winter period, where the
737seasonal mean concentration reached 640 and 850 ng m−3,
738respectively (Fig. 3). These higher concentration observed in
739VEN are related to very stable conditions, associated with
740persistent thermal inversion at the ground, that are frequent
741during the cold season not only in the city but also in all the Po
742Plain (the North Italy basin of the Po river). These meteorolog-
743ical conditions favor the photochemical formation of aerosols
744and contribute to high levels of ammonium nitrate (see
745Section 3.3.2) and organic matter, and consequently make the
746biomass burningpollutionmore obvious inVENwith respect to
747the other cities.

7483.3.2. Inorganic aerosol (nss-SO4
2−, NO3

− and NH4
+)

749On an annual basis, the secondary inorganic fraction
750accounted for 4.8 μg m−3 (26% of PM2.5) in BCN; 5.4 μg m−3

751(27% of PM2.5) in MRS; 5.5 μg m−3 (39% of PM2.5) in GEN;
75211 μg m−3 (37% of PM2.5) in VEN; and 8.4 μg m−3 (23% of
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753 PM2.5) in THE. The nss-SO4
2− was the prevailing anion,

754 contributing between 10% (in THE) to 26% (in GEN) of the
755 PM2.5 mass, except in VENwhere NO3

−was the dominant anion
756 (5.4 μg m−3 contributing to 18% of PM2.5 mass). Compared
757 with other studies, the relative contribution of the secondary
758 inorganic aerosol to the PM2.5 mass were in agreement with
759 those observed at different urban sites throughout Europe
760 (Putaud et al., 2010; Querol et al., 2004b). Although, it isworthy
761 to note that the annual mean concentration of sulfate in GEN
762 was higher than that measured in BCN, MRS, VEN, and
763 comparable to THE. These results were consistent with the
764 high levels of SO2 measured in GEN (10.5 μg m−3) and
765 discussed previously (see Fig. 1 and Section 3.1). Therefore,
766 compared to the other cities, the relative contribution of the
767 nss-SO4

2− to the PM2.5 mass in GEN was accounting for 26% on
768 annual average with much higher contribution mainly during
769 the summer period.
770 The analysis of the seasonal variation (Fig. 4) of the
771 secondary inorganic fraction revealed that the nss-SO4

2−

772 relative contribution to the PM2.5 mass was, as expected,
773 higher during summer at all sites (except for MRS in spring),
774 and is the major component of PM2.5 in GEN (4.2 μg m−3 –

775 32%). This maximum summer sulfate might be due to: (a) an
776 enhanced photochemical activity, which increase the oxidation
777 of SO2 and its conversion rate to sulfate (Khoder, 2002;
778 Mihalopoulos et al., 2007); (b) an increased shipping emissions
779 at these coastal cities due to the large number of tourist ships at
780 the harbors during the holiday period (Vecchi et al., 2008); and

781(c) the stagnation of air masses over the Mediterranean Basin
782(Rodrı́guez et al., 2004).
783Conversely, nitrate aerosols are more sensitive to temper-
784ature and the shift in equilibrium from gas-phase ammonia
785and nitric acid to particulate phase ammonium nitrate is
786favored at lower temperatures. At all sites, the relative
787contribution of nitrate to the total PM2.5 mass peaked mainly
788during the winter period with the highest contribution
789observed in VEN (11.3 μg m−3, 21%). The larger availability of
790NOx gaseous precursor (e.g. NOx in VEN, 75 μg m−3; Fig. 1)
791released from combustion processes (Khare and Baruah, 2010;
792Prodi et al., 2009) during the cold season can also play a role.

7933.3.3. Sea-salt
794Sea-salt contribution to aerosol mass is highly dependent
795on the distance of the sampling site to the sea. It is a major
796contributor to the coarse fraction (Pérez et al., 2008). In our
797study, it contributed marginally to the PM2.5 mass. Annual
798relative contribution was relatively higher in BCN (4.7%) and in
799GEN (3.5%) and smaller at the remaining sites (e.g. 2.4% in VEN,
8002.3% in MRS and 1.9% in THE).

8013.3.4. Mineral dust
802Despite the fact that mineral matter is mainly in the coarse
803mode (Pérez et al., 2008), PM2.5 is also influenced by this PM
804component, especially in THE andMRS. On an annual basis, the
805relative contribution of dust matter to PM2.5 mass ranged from
8065 to 32% in the following order: THE (32%) NMRS (19%) N VEN

Fig. 3. Seasonal variability of the OC-to-EC ratios (upper panel) and nss-K+ concentrations (lower panel) at the five sites. The boxes andwhiskers denote the 10th, 25th,
medians, 75th and 90th percentile; the dots denote the mean value. For BCN nss-K+ was not measured and was replaced by the total K concentration.
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807 (8%) N BCN (7%) N GEN (5%), and was the predominant
808 constituent of PM2.5 in THE (12 μg m −3).
809 Moreover, mineral dust concentration exhibited strong
810 seasonal variability in THE and MRS, whereas a slight variation
811 is observed at the remaining sites (Fig. 4). A relatively clear
812 maximum contribution of the dust matter is observed in THE
813 during summer and fall (52% and 40% of the PM2.5 mass,
814 respectively), and in MRS largely during summer (37% of the
815 PM2.5 mass). Crustal PM contributions might derive from both
816 external (e.g. African dust outbreaks) and local sources (e.g. road
817 dust resuspension, construction activities) (Rodrı́guez et al.,
818 2004). However, during the sampling period, the occurrence of
819 African dust outbreaks over THE should not be enough to
820 explain the extremely high concentrations (Pey et al., 2013b).
821 This means that most of mineral matter is mainly related to
822 nearby sources, e.g. metro construction activities. Likewise, the
823 abundance of dust particles in MRS city was mostly due to
824 mineral matter released from the large renovation and devel-
825 opment activities implemented during the long monitoring
826 campaign, to develop the city elected the “European Capital of
827 Culture for 2013”. The comparison of MRS data with a previous
828 study (El Haddad et al., 2011a) carried out at the same sampling
829 site in summer, shows that the concentrations ofmineral dust in
830 our study are between one and two order of magnitude higher
831 than those reported in the abovementioned study (e.g. Ca
832 1843ng m−3 vs. 62 ng m−3 and Fe 331ng m−3 vs. 53 ng m−3).
833 These observations highlight the singularity of the study year

834and the impact of construction activities on PM levels over the
835whole city.

8363.4. Speciation of PM2.5 during exceedances of the WHO daily AQ
837guideline

838Asmentioned previously, frequent exceedances of theWHO
839daily AQ guideline of 25 μg m−3 are observed, especially in THE
840and VEN. However, a thorough knowledge of PM2.5 chemical
841composition during exceedance days is relevant. This investi-
842gation could highlight the components (or sources) that might
843play a key role in the occurrence of PM air pollution episodes. In
844Fig. 5,we reported the relativemean composition (in %) of PM2.5

845during the pollution episodes (PM2.5 N 25 μg m−3) compared
846to the non-exceedance periods (PM2.5 b 25 μg m−3). As shown
847in Fig. 5, during the pollution episodes, MRS, VEN and THE
848showed a relatively higher contribution of secondary inorganic
849ions. The secondary inorganic fraction accounted for 30% in
850MRS, 38% in VEN, and 22% in THE to the PM2.5 during the
851pollution episodes, while it contributedwith 23% inMRS, 32% in
852VEN, and 19% in THE to the PM2.5 during the non-exceedance
853periods, on a yearly average. However, the increased concen-
854tration of secondary inorganic ions during pollution episodes is
855mainly associatedwith an enhancement of NO3

− concentrations.
856This phenomenon has been described in detail for the Barcelona
857region (Pey et al., 2010), with ammonium nitrate pollution
858episodes occurring from November to March under stagnant

a)

b)

Fig. 4.Mean mass concentrations (in μg m−3) (a), and relative contributions (in %) (b) of PM2.5 chemical components at the five sampling sites.
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859 conditions affecting not only the urban centers but also
860 mountainous areas located in the vicinity.
861 Moreover, OM represents also a significant fraction of PM2.5

862 during the exceedance days, especially in MRS (49%), THE
863 (25%) and GEN (29%). The highest relative contribution of OM
864 observed in MRS, emphasizes once again the specificity of this
865 environment among the cities under study. It should also be
866 noted the greater relative contribution of dust during the non-
867 exceedance periods. This can be due to the higher mineral
868 load occurring during summer, characterized by lower PM2.5

869 concentrations and scarce precipitation (e.g. resuspension of
870 soil and road dust).
871 In order to go further and to limit the impact of external
872 factors, such as the temperature, the relative enrichment
873 factors (in %) for each component and season have been
874 calculated and reported in Fig. 6. These enrichment factors
875 reflect the change of the relative composition of PM2.5 during
876 pollution episodes compared with the average chemical
877 composition of PM2.5 during non-exceedance days for each
878 season. From Fig. 6, we observed that (i) nitrate is the most
879 heavily enriched component (up to 182%) with no clear
880 seasonal patterns; (ii) sulfate is the second enriched compo-
881 nent and exhibits higher enrichments in MRS during winter

882(53%) and in THE during winter (55%) and summer (15%);
883(iii) OM is also significantly enriched in MRS during fall (56%),
884most probably due to biomass burning influences; (iv) EC is
885enriched only in MRS during spring (19%); and finally (v) the
886dust matter is also enriched in THE (19%) during spring. For
887ammonium, the enrichments reflected its association with
888sulfate and nitrate. This presentation of results highlights the
889predominant role of the secondary ions, which appears as the
890main factor influencing the exceedances of the daily PM2.5

891WHO air quality guideline. By extension, it shows the influence
892of photochemical processes on PM2.5 pollution episodes even in
893large cities heavily impacted by fresh primary emissions. These
894results also point out that most abundant fractions of the PM2.5

895(i.e., OM inMRS, dust in THE or sulfate in GEN) seemnot to play
896a preponderant role in terms of occurrences of daily guideline
897exceedances. Thus, a decrease of NOx emissions appears as
898an efficient way for reducing the number of PM2.5 pollution
899episodes. Furthermore, significant attention should be paid to
900the sources of OMand EC, especially inMRSor its surroundings.
901OM and EC could derive both from biomass burning (e.g.
902residential wood combustion, green waste burning) and traffic
903emissions; and or secondary organics from biogenic VOCs in
904the case of OM.

Fig. 5. PM2.5 relative mean composition (in %) at each site, both in the case of pollution episodes (PM2.5 N 25 μg m−3) and for the non-exceedances periods
(PM2.5 b 25 μg m−3).
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Fig. 6. Seasonal enrichment (in %) of PM2.5 relative mean composition (left y-axis) during pollution episodes (PM2.5 N 25 μg m−3). The number of days whose daily
PM2.5 concentrationsmeasured is above 25 μg m−3 for the collected samples for whichwe have chemical data is also shownwith dashed bars. The relative enrichment
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%ð Þi PM2:5 N 25ð Þ− %ð Þi PM2:5b25ð Þ½ �
%ð Þi PM2:5b25ð Þ

x100; i element.
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905 Finally, as observed in Fig. 6, the non-dust trace elements
906 fraction (i.e. the sum of all trace elements measured other
907 than geological) did not contribute directly to the WHO AQG
908 exceedances. However, since this study is performed in
909 Mediterranean citieswith important harbor activities, shipping
910 emissions can play an important role in terms of NOx or SO2

911 emissions. Around 15% of global NOx and 5–8% of global SOx

912 emissions are attributable to oceangoing ships (Corbett et al.,
913 2007; Eyring et al., 2005). Vanadium and Nickel are widely-
914 used tracers of shipping emissions. According to Pandolfi et al.
915 (2011), V/Ni ratio around 3 is typical for shipping emissions.
916 Thus, in order to define the impact of the ships during the year,
917 a V/Ni ratio lying between 2.5 and 3.5 was considered, and an
918 evaluation of the ambient V/Ni ratios in the five cities was
919 performed (Mazzei et al., 2008). The results revealed that a
920 significant number of samples fall within this range, i.e., MRS
921 24%, GEN 21%, VEN 19%, BCN 17%, and THE 2%, highlighting the
922 influence of shipping emissions on the local air quality during
923 the measurement period. However, these samples do not
924 coincidewith the observed PM2.5 pollution episode days except
925 in the case of BCN where five days with PM2.5 N 25 μg m−3

926 presented a V/Ni ratio characteristic of shipping emissions
927 (2.5–3.5). Consequently, despite the impact of ship emissions
928 on air quality, this study shows that shipping emissions are not
929 the main trigger of PM pollution episodes encountered in the
930 Mediterranean basin. Nevertheless, regarding the relative
931 enrichment of Ni and V, it is worthy to note that Ni is highly
932 enriched in GEN (73%) during spring, in THE (60%) during
933 winter, and in MRS (25%) during spring. Nevertheless, V
934 presented relatively higher enrichment values in GEN (45%)
935 and THE (10%) during spring and in VEN during summer (18%)
936 and winter (9%). These findings suggest additional potential
937 sources for these two elements.

938 4. Conclusions

939 The present paper aims to evaluate the state of particulate air
940 pollution in five EuropeanMediterranean cities (Barcelona: BCN;
941 Marseille: MRS; Genoa: GEN; Venice: VEN; and Thessaloniki:
942 THE) over a 1-year period (2011-2012). Our results highlight the
943 complexity of the aerosol phenomenology in theMediterranean
944 region, in which several atmospheric pollution sources coexist
945 and in which atmospheric dynamics play essential roles.
946 Seasonal and spatial characteristics of PM2.5 concentrations as
947 well as similarities/differences in their chemical composition
948 between the above-mentioned cities were investigated, with a
949 special focus on PM2.5 mass and composition during pollution
950 episodes (PM2.5 N 25 μg m−3). PM10 and PM2.5 levelsmeasured
951 during the year under study were the highest in Thessaloniki
952 and Venice. Both cities showed also frequent daily exceedances
953 of the EU daily limit value for PM10 and theWHO AQ guideline
954 for PM2.5. ANOVA statistical test performed on PM2.5 concen-
955 trations shows significant seasonal variability with higher
956 winter concentration in VEN (53 μg m−3) and in MRS
957 (24 μg m−3). This maximum was shifted to fall in THE
958 (45 μg m−3) and to spring in BCN (25 μg m−3). These seasonal
959 differences in PM2.5 levels were assigned mainly to the
960 variability of local source strengths in combination with the
961 influence of the prevailing meteorological conditions. PM2.5

962 chemical composition was quite different even for similar
963 levels and showedboth intra- and inter-variability across cities.

964Onannual average, OMpredominates PM2.5masswith a higher
965contribution observed in MRS (42%), except in THE, where
966mineral matter was the predominant constituent (32% of the
967PM2.5mass), and ismainly linked to the contribution from local
968sources. Moreover, the evaluation of the seasonal OC-to-EC
969ratios highlights the contribution of three main sources:
970vehicular emissions (assumed constant along the year),
971secondary OC (mainly during summer), and biomass burning.
972The contribution of biomass combustion is also supported by
973the strong correlations observed between OC and K, except for
974Genoa. However, a detailed chemical speciation of organic
975markers is necessary to validate this observation. During
976pollution episodes, PM2.5 relative mean composition presented
977a relatively higher contribution of secondary inorganic ions,
978where NO3

− was the most heavily enriched component
979followed by sulfate. This result highlights the influence of
980photochemical processes on the occurrence of PM2.5 pollution
981episodes and outlines the role of NO3

− as the main driver of
982PM2.5 daily WHO AQ guideline exceedances.
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