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Abstract DAURE (Determination of the Sources of Atmospheric Aerosols in Urban and Rural Environments
in the Western Mediterranean) was a multidisciplinary international field campaign aimed at investigating
the sources and meteorological controls of particulate matter in the Western Mediterranean Basin (WMB).
Measurements were simultaneously performed at an urban-coastal (Barcelona, BCN) and a rural-elevated
(Montseny, MSY) site pair in NE Spain during winter and summer. State-of-the-art methods such as 14C analysis,
proton-transfer reaction mass spectrometry, and high-resolution aerosol mass spectrometry were applied for
the first time in the WMB as part of DAURE. WMB regional pollution episodes were associated with high
concentrations of inorganic and organic species formed during the transport to inland areas and built up at
regional scales. Winter pollutants accumulation depended on the degree of regional stagnation of an air mass
under anticyclonic conditions and the planetary boundary layer height. In summer, regional recirculation and
biogenic secondary organic aerosols (SOA) formationmainly determined the regional pollutant concentrations.
The contribution from fossil sources to organic carbon (OC) and elemental carbon (EC) and hydrocarbon-like
organic aerosol concentrations were higher at BCN compared with MSY due to traffic emissions. The relative
contribution of nonfossil OC was higher at MSY especially in summer due to biogenic emissions. The fossil
OC/EC ratio at MSY was twice the corresponding ratio at BCN indicating that a substantial fraction of fossil OC
was due to fossil SOA. In winter, BCN cooking emissions were identified as an important source of modern
carbon in primary organic aerosol.

1. Introduction

The Western Mediterranean Basin (WMB) is a very complex area where atmospheric dynamics, coupled to
local orography and the variety of anthropogenic and biogenic sources, give rise to high pollution levels.
Buildup of pollutants is favored by weak synoptic forcing characterized by anticyclonic conditions with calm
winds, scarce precipitation, and prolonged exposure to intense solar radiation [see, e.g., Lelieveld et al., 2002;
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Ichoku et al., 2002]. Atmospheric particulate matter (PM) and precursor gases in the WMB originate from
numerous areas along the coast where several large cities, industrial areas, and ports are located. Furthermore,
the WMB is affected by the transport of dust from North Africa which is most frequent during summer,
contributing seasonally to higher coarse particulate matter (PM) loading in the region [Escudero et al., 2005;
Rodríguez et al., 2001; Querol et al., 1998, 2009]. A number of studies have been published on atmospheric
pollution in the WMB at both coastal/urban and rural scales [e.g., Querol et al., 2004; Viana et al., 2005; Pérez
et al., 2008a; Pey et al., 2010]. These studies show that during typical winter anticyclonic episodes (WAE) and
summer regional recirculation scenarios, the WMB experiences severe pollution episodes affecting not only
coastal areas closest to the emission sources but also rural and remote inland areas. Under WAE hourly fine
PM (PM1; particulate matter with aerodynamic diameter< 1μm) concentrations at regional background (RB)
sites in the WMB may be occasionally higher than those simultaneously recorded at nearby urban
agglomerations [Pérez et al., 2008a; Pey et al., 2009, 2010]. On a daily basis around 10% of the days under WAE
typically register similar PM1 concentrations at regional and urban/coastal scales. Considering the PM
composition, high concentrations of nitrate species have been observed during these WAE episodes [Pey
et al., 2010]. In summer the pollution episodes lead to the accumulation of pollutants on a regional scale due
to the regional recirculation of air masses, whereas dilution and dispersion of PM is observed at the more
local urban/coastal scale [Pey et al., 2009; Pérez et al., 2004; Querol et al., 2004].

DAURE (Determination of the Sources of Atmospheric Aerosols in Urban and Rural Environments in the
Western Mediterranean) was a multidisciplinary international field campaign aimed at investigating the
sources and meteorological controls of PM in the Western Mediterranean Basin (WMB), with particular
attention to the carbonaceous fraction. Measurements were simultaneously performed at an urban-coastal
(Barcelona, BCN) and a rural-elevated (Montseny, MSY) site pair in NE Spain during winter (February to March
2009; DAURE-W) and summer (July 2009; DAURE-S). Main foci of the campaign were the study of the origin of
the pollution episodes and the emissions, formation, transport, and transformation of aerosols during these
pollution scenarios. Particular attention was devoted to quantitatively understand the sources and formation
mechanisms of secondary inorganic and organic aerosols (SIA and SOA) in the WMB and the effects of
anthropogenic activities on SOA formation at local and regional levels.

Several state-of-the-art methods such as 14C analysis [Szidat et al., 2007; Szidat, 2009], proton-transfer reaction
mass spectrometry (PTRMS) [Lindinger et al., 1998] for volatile organic compounds (VOCs) and high-resolution
time-of-flight aerosol mass spectrometry (HR-AMS) for fine-particle composition [DeCarlo et al., 2006; Ng et al.,
2011] were applied for the first time in theWestern Mediterranean region as part of DAURE, together withmore
traditional filter and impactor-based methods. While these state-of-the-art techniques have been applied for
source apportionment studies in Northern and Central Europe [see, for example, Jimenez et al., 2009; Zhang
et al., 2007; Lanz et al., 2010], it is unclear whether the results from these regions are applicable to the WMB due
to differences in emission sources, vegetation types, and meteorological conditions. Consequently, the DAURE
field campaign represents a unique opportunity for a better understanding of the behavior of regional PM
concentrations and chemistry in southwestern Europe.

In this paper we present an overview of the objectives, groups involved, measurements performed, and key
findings during the DAURE campaign which provides a framework for more detailed papers. In section 2 we
describe the study design, typical meteorological conditions in the WMB, measurements performed, and
modeling during the DAURE campaign together with a review of published results from the DAURE campaign.
Section 3 is dedicated to the analysis of the different meteorological scenarios detected during DAURE-W and
DAURE-S and of diurnal cycles of PM and chemical and gaseous compounds. Summary and conclusions are
reported in section 4.

2. The DAURE Campaign
2.1. Study Design

Measurements were simultaneously conducted at two sites in NE Spain during winter (DAURE-W: 23 February
to 27 March 2009, coincident with an EMEP (European Monitoring and Evaluation Programme)/EUCAARI
(European Integrated project on Aerosol Cloud Climate and Air Quality Interactions) Europe-wide campaign)
and summer (DAURE-S: 01–31 July 2009). The selected measurement sites were Barcelona (BCN), an
urban, coastal site (41°23′24.01″N 02° 6′58.06″E, 80m above sea level (asl)) and Montseny (MSY), a rural site
(41°46′45.63″N 02°21′28.92″E, 720m asl) (see Figure 1).
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The area selected for the DAURE campaign is a highly populated region with around 4.5 million inhabitants
mostly concentrated in the Barcelona metropolitan area. Barcelona (101 km2 with 1.6 million inhabitants) has
one of the highest car densities in Europe with more than 6000 vehicles per square kilometer (http://www.
dgt.es/portal/es/seguridad_vial/estadistica/parque_vehiculos/por_provincia_tipo_y_carburante). Moreover,
several industrial areas and power plants are present and numerous busy highways cross the area making it
one of the most polluted areas in theWMB [Pey et al., 2009]. According to the annual report of the Autonomous
Government of Catalonia, in 2009 in the BarcelonaMetropolitan Area exceedances of the European annual limit
values were observed for NO2 (annual limit value 40μg/m3; exceedances observed at 40% of the stations) and
PM10 (annual and daily limit values (DLV) 40μg/m3 and 50μg/m3 more than 35 days per year, respectively;
exceedances at 25% and 40% of the stations, respectively). Ozone exceedances of the threshold for the
protection of human health (180μg/m3 on hourly basis) were detected during a total of 60 h distributed in
25% of the stations in the whole Catalonia region. Currently, the PM10 DLV is exceeded in a smaller number of
stations compared with 2009, whereas NO2 concentrations are still exceeded in around 30% of the stations.
The implementation of European Union (EU) abatement strategies and national/local measures for pollutant
emission reduction led to a progressive reduction of PM concentrations at EU level [Cusack et al., 2012;
Barmpadimos et al., 2012]. Despite this, the EURO4 and EURO5 standards were less effective for the abatement
of NOx concentrations [Querol et al., 2013].

In Barcelona, traffic and residential (heating and cooking) emissions and activities such as construction and
demolition, in addition to industrial emissions, dictate the degree of air pollution although not with the same
contributions. Studies in Barcelona show traffic accounting for up to 50% of the average annual levels of PM
[Amato et al., 2009a], whereas about 70% of NOx emissions are produced by combustion from vehicles.

In Barcelona the measurements were conducted in the western part of the city, about 0.5 km away from the
Diagonal Avenue, one of the main roads of the city. This site is representative of urban background conditions,
influenced by vehicular emissions.

The Montseny site is part of the EUSAAR (European Supersites for Atmospheric Aerosol Research) network
(www.eusaar.net), succeeded inMarch 2011 by the ACTRIS network (Aerosols, Clouds, and Trace gases Research
InfraStructure Network), and was created to standardize and integrate the measurements of atmospheric
aerosol properties at European ground-based stations. MSY is a RB monitoring site located within a regional
natural park about 50 km to the NNE of the city of Barcelona and 25 km NW of the Mediterranean coast.

Figure 1. Location and altitude of Barcelona (BCN) and Montseny (MSY) measurement sites. Transection is also shown and
highlighted with the red color.
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A detailed description of the measurement sites and previous measurements of
aerosol concentration and composition can be found in the literature for the
MSY [e.g., Pérez et al., 2008a; Pey et al., 2009] and BCN stations [e.g., Pey et al.,
2008; Pérez et al., 2008b].

Main topographical features of the area under study include the following: (1) the
coastal plan which contains most of the cities in the Barcelona metropolitan area in
the 8 km strip of land between the sea and the first mountain range, (2) the coastal
mountain range with peaks around 500–650m, (3) the precoastal plan between the
mountain coastal ranges, and (4) the precoastal mountain range where the MSY
station is located (Figure 1).

2.2. Meteorology

The complex layout of the coast in the WMB and the frequently weak synoptic
forcing favors the development of mesoscale, thermally driven flows which
originate from the upslope winds driven by the sea breeze in the morning and
which return back to the sea in the evening. This pattern has the potential to form
stratified residual layers of aged pollutants which subside over the coastal area and
the sea [e.g., Millán et al., 1997; Gangoiti et al., 2001; Pérez et al., 2004]. In summer,
due to the intense and rapid solar heating of the lower atmospheric layers, the
convergence of surface winds from the coast to the central plateau injects polluted
air into the middle troposphere up to 3.5–5 km [Millán et al., 1991; Pérez et al., 2004].
The summer meteorology is highly influenced by the Azores high-pressure system
located over the Atlantic Ocean that induces very weak synoptic pressure gradients
over the WMB which allow the regional recirculation and accumulation of aerosol in
the absence of Atlantic advection. Moreover, African dust intrusions aremore frequent
during summer [Rodríguez et al., 2001; Querol et al., 1998; Pey et al., 2013].

Accumulation of PM over the WMB in winter takes place when the Azores high
moves toward the WMB, residing over this area for several days. This results in weak
synoptic winds, and stagnation of polluted air masses persists over theWMB allowing
emissions to accumulate and age over the region. Occasionally, the Azores high
moves south giving rise to the flow of Atlantic low-pressure and frontal systems
into the Mediterranean [Lopez-Bustins et al., 2008]. Advection of Atlantic air masses
during the cold season clears out the previously accumulated stagnated air masses,
leading to lower pollutant concentrations at regional scale.

2.3. Measurements

The participating research groups and the instruments deployed by each group during
DAURE are listed in Tables 1 and 2. Several state-of-the-art real-time instruments were
deployed including three HR-AMS (placed at BCN and MSYmeasurement sites and in a
mobile laboratory for on-roadmeasurements); one aerosol chemical speciationmonitor
(ACSM; deployed at MSY); two different proton transfer reaction mass spectrometers
(PTRMS): a proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS)
[Graus et al., 2010] at MSY in winter and a high sensitivity proton transfer reaction
quadrupole mass spectrometer (PTR-Quad-MS) [Lindinger et al., 1998; Filella and
Peñuelas, 2006] at MSY in summer and at BCN in both summer and winter.

The HR-AMS and ACSM performs real-time measurements of nonrefractory (NR)
submicron aerosol species including sulfate, nitrate, ammonium, chloride, and
organic aerosol (OA) [DeCarlo et al., 2006]. The sum of these chemical components
will be referred to as NR-PM1. The OA time series of the mass spectra from HR-AMS
can be further analyzed using positive matrix factorization (PMF) to apportion the total
OA to several components, representing different sources and processing. These
components include oxygenated OA (OOA), a surrogate for secondary OA;
hydrocarbon-like OA (HOA), a surrogate for primary chemically reduced OA (POA);Ta
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and biomass burning OA (BBOA) [Zhang et al., 2005; Jimenez et al., 2009; Lanz et al., 2010]. BBOA is thought to
be dominated by biomass burning (BB) POA (primary OA), while SOA (secondary OA) formed from BB
emissions is apportioned to the OOA [DeCarlo et al., 2010; Cubison et al., 2011].

The PTR-Quad-MS and the PTR-ToF-MS perform measurements of volatile organic compounds (VOCs)
emitted into the atmosphere from both natural and anthropogenic sources and involved in ozone (O3)
production and SOA formation. Measurements include the concentration of traffic-related compounds such
as toluene (m/z 93), benzene (m/z 79), the biomass-burning tracer acetonitrile (m/z 42), and the biogenic
compounds, monoterpenes (m/z 137) and isoprene (m/z 69). Other contributions to thesem/z are thought to
be minor [de Gouw and Warneke, 2007].

The fossil versus nonfossil fractions of organic carbon (OC) and elemental carbon (EC) at both field sites were
investigated by analyzing isotopic carbon ratios of the particles collected on PM1 filters with high-volume
samplers [Zhang et al., 2012; Minguillón et al., 2011; Szidat et al., 2007; Szidat, 2009].

These state-of-the-art methods were combined with classical PM measurements for the determination of
PMx loadings (PM10, PM2.5 and PM1) on a 1 h basis using real-time optical counters (Grimm) [Querol et al.,
2008a] and PMx gravimetricmeasurements (12h or 24h) with high-volume samplers (30m3/h) and appropriate
cutoff inlets. PMx samples collected on quartz fiber filters were analyzed following the experimental procedures
described in Querol et al. [2001] for the concentrations of major elements (Al, Ca, K, Mg, Fe, Ti, Mn, P, S, and Na)
and 46 trace elements, as well as NO3

�, SO4
2�, NH4

+, and Cl� ion concentrations. Concentrations of OC and EC
were determined from the filters following the EUSAAR2 protocol [Cavalli et al., 2010] with a Sunset OC/EC Field
Analyzer (RT 3080, Sunset Laboratory Inc., USA) [Bae et al., 2004]. The concentrations of organic matter (OM)
on filters were obtained by multiplying OC by the OM:OC ratios (method details in Aiken et al. [2008])
determined by elemental analysis of the HR-AMS mass spectra. OM:OC average ratios of 2.0 and 1.6 were
determined for MSY and BCN, respectively [Minguillón et al., 2011; Mohr et al., 2012]. Mineral matter was
calculated by summing Al2O3, SiO2 (calculated as 3 ×Al2O3), CO3

2�, Ca, Fe, K, Mg, Mn, Ti, and P, while marine
aerosol was the sum of Na and Cl. Marine sulfate contributes only little to marine aerosols in the area under
study [i.e., Querol et al., 2008b]. The indirect determination of CO3

2� concentrations was obtained using the
ion balance as described in Querol et al. [2009] and Karanasiou et al. [2008]. Several PM1 filter samples were
analyzed for organic tracer compounds after solvent extraction and chemical analysis by gas chromatography
coupled to mass spectrometry (GC-MS) [van Drooge et al., 2012].

Black carbon (BC) mass concentrations and particle number concentrations were measured with multiangle
absorption photometers (MAAP) and condensation particle counters (CPC), respectively, at both sites.

Table 2. Collaborating Groups During DAURE-W and DAURE-S Campaigns

Collaborating Groups Country Site Campaigns Tasks

GenCat (Departament de Medi Ambient,
Generalitat de Catalunya)

Spain BCN DAURE-W Gas phase measurements
MSY DAURE-S

FMI (Finnish Meteorological Institute) Finland BCN DAURE-W Llevoglucosan analyses from filters
in collaboration with CSICMSY DAURE-S

RJL (RJ Lee Group Inc.) US BCN DAURE-W Electron microscopy in collaboration with CIEMAT
MSY DAURE-S

NILU (Norvegian Institute for
Air Research)

Norway BCN DAURE-W FLEXPART trajectory model resultsa

MSY DAURE-S
CNR-ISAC (National Research Council – Institute
of Atmospheric Sciences and Climate)

Italy BCN DAURE-W Analysis of the water-soluble organic
carbon by NMRbMSY DAURE-S

University of Berne BCN DAURE-W 14C analysis
MSY DAURE-S

University of Aveiro Portugal BCN DAURE-W Analysis of molecular markers
MSY DAURE-S

University of Pannonia Hungary BCN DAURE-S Analysis of molecular markers
MSY DAURE-S

Agencia Nacional de Meteorologia, Instituto de Salud Carlos III,
Ministerio de Medio Ambiente

Spain DAURE-W As part of EMEP, they will analyze samples coordinated
with DAURE from stations in Huelva (Southwest Spain)

and Risco Llano (Central Spain)
DAURE-S

aThrough the EUCAARI (European Integrated project on Aerosol Cloud Climate and Air Quality Interactions) collaboration.
bNuclear magnetic resonance.
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The aerosol optical depth and the vertical profiles of aerosol backscatter and extinction coefficients were
measured at BCN with a Cimel sunphotometer, which is part of the NASA Aerosol Robotic Network [Holben
et al., 1998], and an elastic/Raman lidar (light detection and ranging) [Rocandebosh et al., 2000], which is part
of the European Aerosol Research LIDAR Network-Advanced Sustainable Observation System network
[Pappalardo et al., 2007] (now ACTRIS under the EC 7th Framework Programme; www.actris.net), respectively.
Both instruments were located about 600m east of the BCN measurement site.

Real-time measurements of gaseous pollutants were acquired by conventional air pollution monitors (Thermo
Scientific, Model 42i for NOx and MCV S.A., model 48AUV for O3).

Ground wind speed and direction, temperature, relative humidity, precipitation, and solar radiation were also
measured at both sites with conventional meteorological sensors. The vertical profiles of atmospheric
temperature, pressure, and relative humidity were obtained by radiosoundings performed twice per day (at
12:00 UTC and 00:00 UTC) at the radiosounding station also located 600m SW of the BCN site. Data from
radiosoundings were used for the determination of the mixing layer height (MLH at 12:00 UTC) and residual
layer height (RLH at 00:00 UTC) by means of the simple parcel method [Holzworth, 1964].

2.4. Modeling

DAURE measurements were complemented by meteorological and air quality forecasting, in addition to
postcampaign modeling. Details are given in Jorba et al. [2013]. Daily high-resolution meteorological and air
quality forecasts for the domain of study were provided by the CALIOPE (operational air quality forecasting
system for Spain) modeling system [Baldasano et al., 2008; Jorba et al., 2013], and high-resolution
meteorological fields were obtained from the WRF-ARW (Weather Research and Forecasting Model) model
v3.0.1.1 (meteorological driver of the CALIOPE system). The study of the transport of the sampled air masses
to the measurement stations was performed with the FLEXPART Lagrangian particle dispersion model [Stohl
et al., 2005] used in backward mode [Stohl et al., 2003]. The output of the FLEXPART (FLEXible PARTicle
dispersion model) simulations, using input data from the European Centre for Medium-Range Weather
Forecasts (ECMWF) at 1° × 1° resolution, is a time- and space-resolved emission sensitivity field, which is
proportional to particle residence time. Here we used the footprint emission sensitivity in the lowest model
layer (0–100m) to show where surface emission sources could have influenced the sampled air masses and
the total column emission sensitivity to better show the transport not only where the air had surface contact.
With the available input data from ECMWF, FLEXPART does not adequately resolve local-scale circulations
such as the sea breeze and its interaction with topography. However, it informs about the larger-scale transport
affecting the measurement stations. Given that FLEXPART does not resolve very well the relatively small
distance between BCN andMSYstations, the simulated transport to the two stations is inmost cases very similar
(not shown). Consequently, both the footprint emission sensitivity and the total column emission sensitivity will
be presented only for MSY station.

Saharan dust intrusions were identified by using back trajectories of air masses (HYSPLIT4 (Hybrid Single
Particle Lagrangian Integrated Trajectory Model)) [Draxler and Rolph, 2003]; geopotential height maps
(NOAA/ESRL - Earth System Research Laboratory Physical Sciences Division, Boulder, Colorado; http://www.
cdc.noaa.gov/); aerosol dust concentration maps (BSC-DREAM8b - Barcelona Supercomputing Center - Dust
REgional Atmospheric Model 8 bin: http://www.bsc.es/projects/earthscience/DREAM/, NAAPS - Navy Aerosol
Analysis and Prediction System: http://www.nrlmry.navy.mil/aerosol/ and SKIRON - Greek weather
forecasting modelling system: http://forecast.uoa.gr/dustindx.php); and satellite imagery (NASA-SeaWiFS
Project: http://oceancolor.gsfc.nasa.gov/SeaWiFS/).

2.5. HR-AMS Versus PM1 Filters

The comparison between secondary inorganic aerosols (SIA: SO4
2�, NO3

�, and NH4
+) and OM and OC

concentrations fromHR-AMS and from PM1 filters, are reported in Figure 2 for DAURE-W for BCN (Figure 2a) and
MSY (Figure 2b). The comparison of SIA components showed good correlation with correlation coefficients (R2)
ranging between about 0.76 and 0.90 for NO3

� and NH4
+ and about 0.9 for SO4

2� at both BCN and MSY. The
concentrations obtained with the filter analysis and HR-AMS were consistent for NH4

+ at both sites and for
SO4

2� at MSY, while NO3
� was higher for the HR-AMS at both sites, presumably due to some evaporation from

the filter samples during sampling. On average, SO4
2� measured by filter analysis was less than measured with

HR-AMS at BCN (around 34% less). The NO3
� HR-AMS/Filter ratios were about 1.7 at bothMSYand BCN. For OM,
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the slope of the regression line which can be interpreted as the organic-mass-to-organic-carbon (OM:OC)
ratio was higher at BCN (~3) compared with MSY (1.8). Recent studies support values ranging between 1.6
and 2.2 for this ratio [e.g., Zhang et al., 2005; Takegawa et al., 2005; Chen and Yu, 2007]. The OM:OC ratio from
HR-AMS/filters at MSY was close to the mean OM:OC (2.0) measured with the HR-AMS [Minguillón et al., 2011],
while at BCN theHR-AMS/filters OM:OC ratio doubled the ratiomeasured by the HR-AMS (1.6 [Mohr et al., 2012]),
For both comparisons R2 was high (~0.7 at MSY and BCN). We do not know the reasons for the discrepancies
between filters and AMS for OM:OC and SO4

2� at BCN. These may have been due to higher than usual
uncertainties in the HR-AMS or to possible underestimation of OC by Sunset instruments which may occur at
certain threshold carbon loads as recently reported by Zheng et al. [2014]. However, these discrepancies do
not affect the main conclusions reported in this work.

2.6. Review of Published DAURE Results
2.6.1. EC and OC Sources
Radiocarbon (14C) analysis combined with PMFanalysis of HR-AMS data showed that at BCN, 87% and 91% of
the fine EC, during DAURE-W and DAURE-S, respectively, had fossil origin, whereas at MSY these percentages
were 66% and 79%, respectively [Minguillón et al., 2011]. In absolute values, the difference is larger with
absolute concentration of fossil EC at the urban site (1.4μg/m3 during DAURE-W and 1.1μg/m3 during
DAURE-S), 6.3 and 4.5 times that at the rural site during DAURE-W and DAURE-S, respectively. The high
contribution of fossil fuel combustion to EC in BCN is mainly due to road traffic which strongly influences
concentration and evolution of EC (and BC) in Barcelona [Pérez et al., 2010; Reche et al., 2011a]. The higher
relative contribution of nonfossil EC in winter compared to summer was attributed to higher emissions from
residential wood-based heating and open burning of agricultural biomass (banned annually by law from 15
March to 15 October, Spanish Decree 64/1995). Wild fires were expected to have a low contribution (http://
www.fire.uni-freiburg.de/inventory/stat/es/fire_stat_es.htm).

The relative contribution of fossil sources to OC at BCN andMSY was 40% and 31%, respectively, in winter and
48% and 25%, respectively, in summer [Minguillón et al., 2011]. The absolute fossil OC concentrations in
winter at BCN (~1.4μg/m3) were slightly higher than in summer (~0.9μg/m3) due to stronger accumulation
of pollutants under reduced dispersion, whereas at MSY the concentrations (~0.5–0.6μg/m3) were similar for
both seasons. The higher nonfossil OC in winter at BCN (60%) than in summer (52%) was probably due to a
higher contribution of biomass burning in winter, whereas at MSY the nonfossil OC was higher in summer
(75%) compared to winter (69%) due to a higher contribution of biogenic emissions.

Figure 2. Comparison between SIA (SO4
2�, NO3

�, and NH4
+) and OM versus OC concentrations in PM1 at (a) BCN and (b) MSY as measured by HR-AMS and

conventional chemical procedure (12 h filters) during DAURE-W.
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During both seasons the lower BCN/MSY ratio for fossil OC concentrations (2.1–2.4) compared with the
corresponding fossil EC ratio (4.5–6.3) is consistent with formation of fossil SOA driven by photochemical
reactions during transport from urban and regional sources to the MSY site. Moreover, the fossil OC/EC ratio
at MSY (~2.3) for both seasons was double the corresponding ratios at BCN (~0.9) indicating that a substantial
fraction of the fossil OC may be due to fossil SOA formation [Minguillón et al., 2011].
2.6.2. HR-AMS PMF Analysis
PMFanalysis of high-resolution HR-AMS organic-mass spectra during DAURE-W identified five components of
OA at BCN [Mohr et al., 2012] and three components at MSY [Minguillón et al., 2011]. At BCN these components
were low-volatility oxygenated OA (28% of OA), related to regional, aged secondary OA; semivolatile
oxygenated OA (27%), a fresher oxygenated OA; hydrocarbon-like OA (HOA; 16%), related mainly to traffic
emissions and probably partially to ship emissions; biomass burning OA (BBOA; 11%) from domestic heating
or agricultural biomass burning activities; and cooking OA (17%). At MSY the three OA components were
OOA (86% of OA), HOA (4%), and BBOA (10%).

On the basis of the OM:OC ratios determined by high-resolution analysis of the AMS mass spectra, BCN fossil
OC was 47% primary and 53% secondary, whereas at MSY fossil OC was estimated to be 85% secondary
consistent with previous conclusions based on the higher fossil OC/EC ratio at MSY than at BCN [Minguillón
et al., 2011]. Moreover, the OOC (oxygenated organic carbon), a surrogate for total secondary OC, was found
to be mostly nonfossil at both BCN (~60%; mainly from biogenic sources, biomass burning, and urban
nonfossil sources) and MSY (~70%; from biogenic sources or biomass burning). The percentage of fossil OC at
both BCN and MSY was comparable to the contributions reported for central and northern Europe [Minguillón
et al., 2011]. Thus, although it may be expected that fossil sources may have a higher influence in the WMB due
to the lesser use of wood burning for residential heating, biogenic SOA from VOCs emissions driven by higher
temperatures inWMBmay compensate for the differences in both fossil and nonfossil OC sources. Furthermore,
for Barcelona the PMF-AMS analysis revealed the potential role of cooking emissions for the organic-mass
concentrations, a source which has not been fully investigated yet andmay be responsible for the high fraction
of modern carbon in primary organic aerosol in BCN [Mohr et al., 2012].
2.6.3. VOCs Measurements
At MSY, the short-chain oxygenated VOCs, and especially the biogenic isoprenoids (isoprene and
monoterpenes), were around 1 order of magnitude higher in summer (averages ~0.5 and 0.7 ppbv for isoprene
and monoterpenes, respectively) compared to winter (~0.04 and 0.03 ppbv, respectively) as a result of the
vegetation’s greater physiological activity and emission rates during the warm season [Seco et al., 2011, 2013].
The high concentrations of reactive VOCs and the increased photochemical activity led to higher maximum
diurnal concentrations of O3 in summer (64 ppbv) than in winter (47 ppbv) at MSY [Seco et al., 2011]. Some
aromatic VOCs, normally linked to anthropogenic sources, such as benzene and toluene had similar mixing
ratios in summer (averages ~0.07 and 0.27 ppbv for benzene and toluene, respectively) and winter (~0.14 and
0.18 ppbv, respectively). Among the measured VOC concentrations, the highest mixing ratios in both winter
and summer at the rural site were observed for methanol (averages of 4.9 ppbv in summer [Seco et al., 2011]).

During DAURE-W VOC mixing ratios at BCN were always higher than at MSY with the exception of acetone,
acetic acid, and ethanol which were detected in similar or slightly higher concentrations at MSY [Seco et al.,
2013]. Interestingly, the mixing ratios of isoprene (average ~0.23 and 0.04 ppbv at BCN andMSY, respectively)
and monoterpenes (~0.42 and 0.026 ppbv at BCN and MSY, respectively), both considered predominantly
biogenic, were higher at BCN. This may be due to the fact that the emissions of isoprene and monoterpenes
by the dominant tree species at MSY, holm oak, were very low in winter [Llusia et al., 2012], whereas emissions
from anthropogenic sources were relevant in urban locations. As reported by Seco et al. [2013], isoprene has
also known anthropogenic sources such as automobile exhaust which can be important in urban areas such
as BCN. The same is true for monoterpenes [Hellén et al., 2012; Seco et al., 2013]. In summer, though, both
emission rates and atmospheric mixing ratios of monoterpenes and isoprene increased by 1 order of
magnitude at the rural site [Seco et al., 2011], while the summer monoterpene mixing ratios at BCN were in
the same range as those in winter [Seco et al., 2013]. In BCN, the highest mixing ratios of most of the VOCs
(including isoprene) in winter occurred during rush hour, indicating that traffic was the main source of most
of the analyzed VOCs. Aromatic compounds, mainly toluene (average ~1.6 ppbv), benzene (0.4 ppbv), and C8
aromatics (~1.7 ppbv), have a clear traffic-related origin and were the most abundant VOCs in the urban
atmosphere. Other VOCs, such as the short-chain oxygenated VOCs, have multiple atmospheric sources [Seco

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021079

PANDOLFI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4986



et al., 2007], such as direct emissions by vegetation, vehicles, and secondary production by degradation of
other VOCs, and showed less sharp peaks during the rush hours. Monoterpenes concentrations (~0.4 ppbv)
also showed an increase during rush hours. However, the highest monoterpenes mixing ratio was observed
at night. Thus, other biogenic sources for monoterpenes cannot be ruled out [Seco et al., 2013]. At night the
lowering of the planetary boundary layer (PBL), the reduced wind speed, and the cessation of photochemical
destruction favored the accumulation of monoterpenes transported during the night from the nearby (~1 km
away) Collserola mountains or emitted by trees of a small urban park close to the measurement station.

At BCN, all VOCs had lower mixing ratios between the two peaks (morning and evening) related to the rush
hours. Reduced VOC mixing ratios in the afternoon in Barcelona were due to the cleansing effect of the sea
breeze and to the height of the PBL which rose during the day, thus helping to dilute the VOC concentrations.
Conversely, at the rural site, most of the measured VOCs were advected by the midday sea breeze which
transported polluted air masses from the coastal plains and the metropolitan area of Barcelona to MSY,
yielding the highest daily VOC mixing ratios (e.g., acetaldehyde, isoprene, benzene, and toluene with
averages up to 0.65, 0.07, 0.19, and 0.41 ppbv, respectively). At MSY, only biogenic monoterpenes showed a
clear local origin with concentrations rising before the development of the sea breeze.
2.6.4. BBOA Estimation
BBOA in the Barcelona region can be emitted by regional agricultural open fires and from wood-combustion
heating systems in suburban and rural areas [Reche et al., 2012]. Biomass burning contributions to OA during
DAURE-W and DAURE-S were estimated using different techniques, including 14C [Minguillón et al., 2011], factor
analysis of AMS organic spectra [Mohr et al., 2012; Minguillón et al., 2011], levoglucosan analysis [van Drooge
et al., 2012], and receptormodeling of offline filter PM1 and PM2.5 data [Minguillón et al., 2011; Reche et al., 2012].
The results from these techniques were consistent, with the different estimates highly ormoderately correlated.
Primary biomass burning (P-BBOA) contributions to OA from filter analyses by tracer-based method using
levoglucosan (levoglucosan/OCBBsource = 0.1) ranged between 0.2 and 1.4μg/m3 at MSY and from 0.3 to
1.0μg/m3 at BCN [van Drooge et al., 2012] and showed a moderate correlation (slope=1; R2 = 0.6) with BBOA
from AMS analysis. Correlations were also observed between the following: (i) the concentrations of n-alkanes
from PM1 filters and the HOA source contributions from PMF-AMS analysis (R2 = 0.5) and (ii) dicarboxylic acids,
mostly related to SOA formation [i.e., Heald et al., 2010], and OOA from PMF-AMS [van Drooge et al., 2012].
2.6.5. Trace Metals Concentrations
As with VOCs, diurnal cycles of trace metals of anthropogenic origin (associated with traffic and industrial
emissions: V, Pb, Cu, Zn, Mn, Sn, Bi, Sb, and Cd) all showed an increase during the morning at MSY to a single,
prolonged afternoon peak as contaminated air transported by the sea breeze moves into the mountains
[Moreno et al., 2011]. Mainly as a consequence of this transport, the concentrations of these inhalable
technogenic trace metals at MSY had upper continental crust (UCC) normalized values (ppmmetal in sample/
ppm metal in UCC) higher than 1 in both PM1 and PM10 fractions and during both seasons [Moreno et al.,
2011]. At MSY in winter the relative increase between night (21:00–09:00 UTC) and day (09:00–21:00 UTC) for
these technogenic metals ranged between around 140% for traffic-related elements such as Sn (average
~ 0.8 ng/m3 at night) and Sb (~ 0.4 ng/m3, night) to around 20% for Zn of industrial origin (~ 36 ng/m3, night).
In summer the mean concentrations of most PM10 inhalable metals at MSY were higher than in winter due to
the effect of a thicker PBL facilitating the intrusion of contaminated urban plumes higher into the mountains.
Conversely, during winter in Barcelona the average concentrations of Pb (11 ng/m3), Cu (26 ng/m3),
Zn (65 ng/m3), Mn (18 ng/m3), Bi (0.4 ng/m3), Sb (3 ng/m3), and Cd (0.3 ng/m3) in PM10 were all>40% higher
than in summer due to the higher dispersion in summer compared with winter.

At BCN, hourly metal concentrations were controlled either by traffic (rush hour double peak for Cu, Sb, Sn,
and Ba) or industrial plumes (morning peak of Zn, Ni, Mn, and Cr generated outside the city overnight)
[Moreno et al., 2011]. The roadside enrichment for primary traffic emission tracers such as EC, Fe, Ba, Cu, Sb, Cr,
and Sn of atmospheric pollutants at BCN were higher than 70% [Amato et al., 2011]
2.6.6. Modeling
Results from DAURE along with those of multiple other European sites were compared to the regional model
COSMO-ART (Online Coupled Regional Scale Model System to treat the Dispersion of Aerosols and Reactive
Trace Gases) by Knote et al. [2011]. The model captured the general features of the HR-AMS concentration
time series, driven by the meteorology, and tended to underpredict sulfate (due to lack of cloud processing)
and overpredict nitrate (partially due to the underprediction of sulfate). At MSY the simulated total organics

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021079

PANDOLFI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4987



Figure 3. Representativeness of the DAURE-W and DAURE-S campaigns for Barcelona for PMx and main chemical components concentrations; NO, NO2, O3, and
SO2 concentrations; aerosol optical thickness (AOT) at 675nm; temperature; relative humidity; solar radiation; and precipitation. The 2003–2008 averages (± 1σ) are
highlighted in green.
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are comparable throughout the period, although the PMF analysis [Minguillón et al., 2011] gives about 5%
mass contribution from urban primary organics, instead of about 30% as given in the model. On average
simulate nitrates were lacking the diurnal cycle visible in the measurement at MSY. As with MSY, in BCN the
model produced a similar variability of HR-AMS measurements, although it overestimates nitrate, whereas
sulfate levels were comparable at BCN with a large influence from shipping. OA concentrations were
overestimated at BCN due to a strong overprediction of POA, while SOA were underpredicted.

3. Results
3.1. Representativeness of DAURE-W and DAURE-S

In order to assess whether the atmospheric conditions during the DAURE campaigns at both BCN and MSY were
representative of the typical WMB winter and summer conditions, the levels of atmospheric components and
parametersmeasured duringDAURE-W andDAURE-Swere comparedwith previousmeasurements over the years
2003–2009 (Figures 3 and 4). This comparison was carried out for the parameters with long data records available
at BCN and MSY such as PMx (PM1 and PM1–10) concentrations and chemical composition, aerosol optical
thickness (AOT), gaseous pollutant concentrations, and meteorological data. In this comparison it should be
taken into account that a general decreasing trend of PMx over the last decade across Europe has been observed
due to a concomitance of factors including the implementation of EU abatement strategies and national/local
measures for pollutant emission reduction and meteorology [Cusack et al., 2012; Barmpadimos et al., 2011].

As shown in Figures 3 and 4most of the average values calculated during the DAURE-WandDAURE-S campaigns
are within one standard deviation of the 2003–2008mean values, thus demonstrating the representativeness
of the DAURE 2009 intensive measurements. Exceptions were observed for PM1–10 concentrations measured
at MSY, which were relatively high during DAURE compared with previous years likely due to the lack of
substantial precipitation during both DAURE-W and DAURE-S; and for PM1, mineral matter, NO3

� and NO
concentrations at BCN which were slightly lower during DAURE than recent averages. These differences may
be partially due to the new location selected for the BCN measurement station starting in 2009, which is less
affected by direct road traffic emissions. At both BCN and MSY slightly lower SO4

2� concentrations were also
observed. Finally, higher unaccounted PMmass (fraction unaccounted for by chemical analysis mainly due to
non-C atoms and water associated with particles) was observed for the PM1 fraction at BCN and for the PM10

and PM2.5 fractions at MSY during both DAURE-W and DAURE-S campaigns. In all these cases the unaccounted
PM mass was approximately 30% of PMx mass.

3.2. DAURE-W Campaign
3.2.1. PM1 Scenarios
Three types of winter scenarios, named A, B, and C, during DAURE-W were identified by comparing the PM1

concentrations measured at BCN and MSYas shown in Figure 5. Figure 5 also shows the wind speed measured
at both BCN and MSY and the MLH and RLH at BCN. The estimated MLHs and RLHs were assumed to be
representative of the area under study even though differences between BCN and MSY may exist given the
complex orography of the area. Mean meteorological conditions, PM1 concentrations, and MLHs and RLHs
during the entire DAURE-W campaign and the A, B, and C scenarios are reported in the supporting information.
3.2.1.1. A Scenario
The A scenario was defined as periods when concentrations of PM1 at MSY was similar (or even higher during
short periods) to those at BCN. These periods included themost severe pollution episodes affecting the regional
background site during DAURE-W. PM1 concentrations ranged from 12 (BCN) and 11μg/m3 (MSY) during the
20–23 March period to 42 (BCN) and 41μg/m3 (MSY) on 28 February (Table S1). As shown later, the high
variability in PM1 concentrations observed during the A episodes at both stations were likely related to the
degree of recirculation of air masses over the area under study before arriving at the measurement sites. The
mean PM1 concentration at MSY under the A scenario (18μg/m3) was higher than the annual mean PM1

concentrations (11μg/m3) measured during the period 2002–2008 [Pey et al., 2010]. A common characteristic of
the A scenarios was the position of the MSY station systematically within both the diurnal MLH (839–1780m)
and the nocturnal RLH (712–920m; Figure 5iii and Table S1). These high inversions caused the dilution of
pollutants at BCN and favored themixing of polluted air masses to theMSYaltitude. Thus, both stations were on
average affected by similar atmospheric dynamics and source emissions as indicated by the similarity of PM
concentrations at both sites (Figure 5). The days under A scenario were typically sunny at BCN except for the
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Figure 4. Representativeness of theDAURE-W and DAURE-S campaigns for Montseny for PMx andmain chemical components
concentrations and meteorological data. The 2003–2008 averages (± 1σ) are reported in the colored graphs. No previous
measurements of gas concentrations, AOT, and PM1 chemical composition were available before the 2009 DAURE
campaigns at the MSY site.
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period of 03–04 March when the presence
of clouds led to high relative humidity (RH)
(~77%) and low solar radiation (~133W/
m2) and wind speed (1.2m/s). Thus, the
effect of the sea breeze in transporting
pollutants toward MSY was reduced
under these cloudy days. Consequently,
the relative effect of more local sources,
the formation of aerosol species in clouds
at MSY, and/or photochemical SOA
production could be important as
suggested by the higher PM1 levels
measured at MSY (22μg/m3) compared
to BCN (18μg/m3). As shown in van
Drooge et al. [2012], the lowest hopanes
concentrations (μhopanes = 0.39ng/m3)
were measured under these cloudy days,
suggesting low influence of traffic at MSY.
Conversely, high BBOA and OOA
contributions were observed.
3.2.1.2. B Scenario
Conditions when the PM1 concentrations
were high at BCN and low at MSY defined
the B scenario. At BCN, mean PM1

concentrations under the two observed B
scenarios were 48μg/m3 and 36μg/m3,
much higher than the mean value of
about 19μg/m3 measured at BCN for all
seasons [Pérez et al., 2008b], whileMSYwas

much cleaner (6μg/m3 and 8μg/m3; cf. Figure 5i and Table S1). During the two observed B scenarios the MLHs
(378–678m) and RLHs (250m) were the lowest observed during DAURE-W indicating the presence of a strong/
medium atmospheric inversion producing the trapping of emissions in the boundary layer and thus leading to

high concentrations of PM1 at BCN. As
discussed in the next section, the
accumulation of pollutants was favored by
strong atmospheric anticyclonic
conditions, characteristic of the B scenario.
At the same time, the MSY station was
above the polluted PBL thus leading to a
decoupling of MSY from regional PBL and
thus the observed low PM1
concentrations at MSY. Also, the lowest RH
values (around 33–38%) were measured
at MSY during the two B scenarios
(contrary to 65–68% RHmeasured at BCN)
thus confirming that MSY was above the
PBL. Both temperature and solar radiation
were relatively high during the B episodes
due to clear sky conditions.
3.2.1.3. C Scenario
The C scenario was defined as the period
when the lowest PM1 values were

observed at both BCN (5μg/m3) and MSY

Figure 5. (i) PM1 Grimm corrected mass concentration levels at BCN and
MSY, (ii) wind velocity at BCN andMSY, and (iii) PBL heights over Barcelona.
Colored shadings indicate different atmospheric scenarios; MLH (mixing
layer height) and RLH (residual layer height) estimated from radiosondes
data at 00:00 and 12:00 GMT.

Figure 6. Cross correlation between simultaneous daily PM1 averages at
Montseny (MSY) and Barcelona (BCN) during DAURE-W episodes.
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(1.4μg/m3). The C scenarios were North Atlantic Advection episodes frequently observed during the
cold seasons in the WMB [e.g., Pey et al., 2010]. Relatively high wind speed (> 4.0m/s) and solar
radiation and relatively low temperatures and humidity characterized the C scenario. No correlation
between PM1 concentrations and MLH or RLH was observed during the C scenario because of the
dominant cleaning effect of the strong horizontal advection. Thus, the PBL was flushed by the advection, and
low PM concentrations were measured at both measuring stations regardless of the MLH and RLH.

The A, B, and C scenarios were punctuated by transition periods (1–2 days) in which the concentrations of
PM1 were always higher at the urban background and increasing at the regional background site during the
afternoon when PBL was high and the sea breeze fully developed. Thus, the transition periods were
characterized by relatively low RLHs (less than 500m) and high MLHs (820–1650m).

The comparison between the daily mean PM1 concentrations at BCN and MSY as a function of the defined
scenarios (Figure 6) shows good correlation for the A scenario (R2 = 0.89), with a regression slope close to 1,
again supporting the coupling of the airmasses at both sites, and for the transition period (R2 = 0.8) showing a
concentration ratio of 1:2 (MSY:BCN). During the B episodes the regression line is almost horizontal with high

Figure 7. (a–f ) FLEXPART column integrated and footprint emission sensitivities for MSY (upper/lower release height 720m) calculated during the first A and B
episodes on 25 February (00:00–03:00 GMT), 26 February (18:00–21:00 GMT), and 28 February (06:00–09:00 GMT); numbers within FLEXPART maps indicate the
location of the air masses in number of days before arriving at the measurement site; (g) range-corrected lidar signal (RCLS) and aerosol extinction vertical profile
from lidar measurement performed at BCN from 18:22 to 18:52 GMT on 26 February with horizontal line indicating MLH. Figures in the upper and lower right sketch
the position of MSY station within (A) or above (B) the PBL; (h) vertical profiles of potential temperature (Tpot) and absolute humidity (AH) from radiosounding
launched at BCN at 12:00 GMT on 26 February with horizontal dotted line indicating mixing layer height (MLH).
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PM1 concentrations at BCN always observed along with low simultaneous and rather constant PM1

concentrations at MSY. Finally, the small group (green triangles) around the center of the axes represent the
lowest PM1 concentrations measured at both stations during the C episode.
3.2.2. A, B, and C Meteorological Scenarios
The dominant meteorological conditions affecting the WMB during the A, B, and C scenarios are summarized
in this section by using the air mass back trajectories from the FLEXPART model, lidar measurements, and
radiosounde data. Since the top of the boundary layer is often associated with strong gradients of aerosol
content, the time evolution of the range-corrected lidar signals (RCLS) and the aerosol extinction vertical
profiles are used for the determination of the PBL heights. The PBL heights from lidar are compared with
the MLHs from radiosoundings.

Figure 7 presents several pieces of information about the atmospheric conditions during the first days of the
campaign (23–28 February 2009) when the first A and B episodes took place. At night on 25 February air
masses arrived from France and the UK (Figures 7a and 7b) and showed a tendency toward recirculation by
the end of the A episode on 26 February (Figures 7c and 7d). Correspondingly, the concentrations of PM1
increased with time at both stations (Figure 5i). The lidar measurements performed on 26 February, toward
the end of the first A episode, showed the presence of a high PBL around 900m with a mean AOT of 0.175
(Figure 7g). The reported AOT is consistent with themean AOT reported for Barcelona during February-March
from 3 years (2007–2009) of lidar measurements [Sicard et al., 2011]. The MLH from the radiosounding
launched 6 h before the lidar measurement was only slightly lower (855m), thus confirming a relatively
constant PBL height during this period (Figure 7h). During the B episode on 28 February the air masses
recirculated even more residing for about 3–4 days over the area under study (Figures 7e and 7f). The PM1

concentrations at BCN increased, while the decrease in the PBL height was responsible for the decrease of
PM1 at MSY despite the general strong anticyclonic conditions in the WMB (cf. Figure 5).

Figure 8. (a–d) FLEXPARTcolumn integrated and footprint emission sensitivities for MSY (upper/lower release height 720m) calculated on 28 February (15:00–18:00 GMT)
and 2 March (15:00–18:00 GMT); numbers within FLEXPART maps indicate the location of the air masses in number of days before arriving at the measurement site;
(e) range-corrected lidar signal (RCLS) and aerosol extinction vertical profile from lidar measurement performed at BCN on 2 March (18:05–18:35 GMT) with
horizontal line indicating MLH from lidar; (f ) vertical profiles of potential temperature (Tpot) and absolute humidity (AH) from radiosounding launched at BCN on
2 March at 12:00 GMT with horizontal dotted line indicating MLH from radiosounding.
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The pollutants accumulated during the B episode were transported to MSY as the PBL height increased during
the second A episode (28 February), causing the PM1 concentrations at MSY to reach their highest value during
DAURE-W (Figure 5i). The back trajectories in Figure 8 show that air was still pretty stagnant during the two
periods shown, residing for 2–3days over the Mediterranean Sea before arriving to the MSY station. On 28
February (Figures 8a and 8b), the relatively cleaner air mass advected toMSY, leading to the observed reduction
in PM1 concentrations at BCN while pollutants were rapidly transported to the regional background site.

Before 2 March (during the transition period) the air mass resided for 2days over the area under study causing
pollutant accumulation and the observed increase in PM1 concentrations at both stations (Figures 5i, 8c, and 8d).
The lidar measurement on 2 March (Figure 8e) showed a stratified atmosphere with a high AOT of 0.37 from the
presence of high aerosol load within the PBL and several aerosol layers above it due to the recirculation of
regional aerosols driven by the diurnal cycling of the land-sea breeze pattern. The aerosol extinction close to the
ground was about 0.3 km�1, higher than the value of about 0.17 km�1 measured on 26 February (Figure 7g).

Starting from about 5 March the North Atlantic advection scenario (Figures 9a and 9b) caused the decrease
observed in the concentrations of PM1 at both stations (Figure 5) and of AOT from lidar (0.016; Figure 9g).

Figure 9. (a–f ) FLEXPART column integrated and footprint emission sensitivities for MSY (upper/lower release height 720m) calculated on 5 March (15:00–18:00 GMT),
10 March (15:00–18:00 GMT), and 14 March (12:00–15:00 GMT); numbers within FLEXPART maps indicate the location of the air masses in number of days before
arriving at the measurement site; range-corrected lidar signal (RCLS) and aerosol extinction vertical profile from lidar measurement performed at BCN on (g) 5 March
(15:52–16:22 GMT) and (i) 3 March (18:08–18:39 GMT) with horizontal line indicating MLH from lidar; vertical profiles of potential temperature (Tpot) and absolute
humidity (AH) from radiosounding launched at BCN on (h) 5 March and (j) 10 March at 12:00 GMT with horizontal dotted lines indicating MLH from radiosounding.
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Both lidar and radiosounding (Figure 9h) detected the MLH at about 1 km. In the subsequent long-duration A
episode (8–12 March, cf. Figure 5), the PM1 concentrations started to increase again with time. The air mass
was transported relatively fast from the northwest at the beginning of this A episode on 10 March (Figures 9c
and 9d). The lidar measurement of 10 March (Figure 9i) measured an AOT of 0.09 and a high PBL height
(around 1300m) confirmed by radiosonde data (Figure 9j). The aerosol extinction close to the ground was
0.06 km�1 consistent with relatively low PM1 levels at BCN the same day (Figure 5i). Pollutants had less time to
accumulate in the air mass, thus explaining the reduction in PM1 at both BCN and MSY compared to the
previous A and B episodes. Then the accumulation of pollution increased with time until the strong

Figure 10. (i–xxviii) Mean diurnal cycles during the A and B scenarios for (left) BCN and (right) MSY.
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anticyclonic atmospheric conditions characterizing the second B episode on 14 March, with the air mass
residing over the area for 3 days with subsequent accumulation of pollutants (cf. Figures 9e and 9f).

During the first half of DAURE-W (26 February to 14 March), a degree of periodicity was observed with the two
B episodes preceded and followed by A episodes and with an Atlantic advection (C scenario) between the
two A-B pairs. Conversely, during the second half of the campaign, no B and C episodes were observed.
This period was mainly characterized by generally lower accumulation of PM with each air mass showing on
average ~1 day of recirculation over the WMB (not shown). Also, the measured wind speeds and solar

Figure 11. (i–xxvii) Mean diurnal cycles during the C and transition scenarios for (left) BCN and (right) MSY.
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radiation showed an increase toward the end of the campaign together with a general reduction of PM1

concentrations at both BCN and MSY (starting from 20 March).
3.2.3. PM Diurnal Cycles and Chemistry
The role of the mesoscale circulations on PM dynamics in the WMB is analyzed in this section by investigating
the diurnal cycles of some key atmospheric chemical components measured during DAURE-W. Figures 10
and 11 show the diurnal cycles of PM and gas phase components for BCN and MSY under scenarios A and B

Figure 12. Main PM1 and PM2.5–10 chemical components averaged over the (i) A scenarios, (ii) B scenarios, (iii) C scenarios, and (iv) transition scenarios. Three-
component diagrams comparing OC, NO3

�, and SO4
2� concentrations during the A, B, and C scenarios at (v) MSY and (vi) BCN. SO4

2� and NO3
� concentrations

were adjusted to place the abundances of the three elements in the center of the triangle.
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(Figure 10) and C and transition (Figure 11). Figure 12 shows the concentrations by scenarios of the main PM1

and PM2.5–10 chemical components during DAURE-W from the analysis of the 12h filters. Mean concentrations
for each scenario are reported in the supporting information.
3.2.3.1. A Scenarios
Under the A scenarios, the concentrations of PM1 at MSY (Figure 10ii) had a diurnal cycle driven by the sea
breeze which developed from about 10:00 GMT to 19:00 GMT coming from the southwest and transporting
pollutants from the coastal region towardMSY (Figure 10vi). Development of a sea breeze led to steady winds
(3–4m/s) transporting pollutants inland, causing the observed increase in the concentrations of PM1 at MSY.
At MSY PM1 concentrations reached 21μg/m

3 around 16:00–18:00 GMT (from around 17μg/m3 in themorning),
while lower PM1 concentrations were simultaneously measured at BCN. In BCN the increase of the diurnal PBL
height in combination with the cleaning effect of the sea breeze caused the decrease of PM1 concentrations
from a morning peak of ~25μg/m3 to ~18μg/m3 around 16:00–18:00 GMT (Figure 10i). During the night
(22:00–05:00 GMT), fairly constant PM1 concentrations around 17 and 20μg/m3 were measured at MSY and
BCN, respectively. The presence of residual pollution within the relatively high PBL at night coupled with low
wind conditions explained the high PM1 concentrations observed on regional scales at night.

The concentration of SO4
2� from the HR-AMS at both sites was similar (2.0 and 2.7μg/m3 at MSY and BCN,

respectively; cf. Table S3) due to its more regional nature [Querol et al., 2008b]. However, the mean NO3
�

concentrations at MSY from HR-AMS (5.5μg/m3) were double those measured at BCN (2.7μg/m3) likely due
to the lower ratio temperature/relative humidity (T/RH; cf. Table S1) at MSYand the formation of NO3

� during
the transport of air masses toward MSY station. Filter analysis in Figures 12i, 12v, and 12vi showed that the
concentrations of fine and coarse NO3

� were higher at MSY than in BCN during the A scenario, with a mean
MSY/BCN NO3

� ratio from PM1 filters around 1.4. Moreover, similar concentrations of fine and coarse SO4
2�

and organic matter (OM) from filters were measured at both stations.

On average, concentrations of NR-PM1 from the HR-AMS of 14.9μg/m3 (32% OA, 67% SIA) and 13.4μg/m3

(48% OA, 50% SIA) were measured at MSY and BCN, respectively, during the A scenario. Similar concentrations
of OOA were measured at MSY (3.9μg/m3, 83% of OA) and BCN (3.2μg/m3, 49% of OA), indicating the regional
nature of SOA, consistent with previous studies [e.g., Zhang et al., 2007]. The HOA concentrations from PMF
analysis were instead much higher at BCN (0.9μg/m3, 14% of OA) compared with MSY (0.2μg/m3, 4% of OA)
mainly due to traffic emissions. Similarly, themean EC concentration from filters was higher at BCN (~1.2μg/m3)
compared with MSY (~0.3μg/m3) (cf. Figure 12i). At BCN the diurnal cycles of NO3

� and HOA were similar to
that of PM1 with peaks around 7:00–9:00 and 19:00–21:00 GMT corresponding to the busiest traffic of the day
within the city [Amato et al., 2009b] (Figure 10ix). Traffic-related increases in black carbon concentration (BC;
Figure 10xvii), toluene and benzene (Figure 10xxi), and NO and NO2 (Figure 10xxv) were also observed. The
concentrations of acetonitrile which is usually used as a tracer for biomass burning [Bange and Williams, 2000]
increased during rush hours in BCN, suggesting contribution from fossil fuel combustion during these peaks
[Seco et al., 2013].

Relatively low and similar BBOA concentrations (around 0.4–0.5μg/m3) were measured at both stations
(Figures 10xiii and 10xiv), while VOC mixing ratios were higher at BCN with the exception of acetone which
showed similar concentrations (around 1.1–1.2 ppbv) (Figures 10xxi and 10xxii). As reported in Seco et al.
[2011], the polluted air masses reach the MSY site after passing over urban and industrial areas surrounding
the Barcelona metropolitan area, where they were enriched in VOCs of biogenic and anthropogenic origin
causing the observed increase in VOCs concentrations in the afternoon.

The mean value of the toluene/benzene ratio during the A scenario was 4.0 ± 2.0 and 1.4 ± 1.0 at BCN and
MSY, respectively, indicating the presence of fresher vehicular emissions at BCN compared to those at MSY
[Cubison et al., 2006]. At BCN the values of the toluene/benzene ratio did not show amarked diurnal cycle (not
shown), while at MSY the higher ratios (toluene/benzene = 2.0) were observed in late morning through the
whole afternoon compared with night-early morning (toluene/benzene= 0.8) likely due to the transport of
fresher vehicular emissions advected by the sea breeze.

The diurnal cycle of coarse PM (PM2.5–10) at BCN had a large diurnal cycle with night lows (6μg/m3) and daytime
highs (25–29μg/m3) (Figure 10i). Construction and traffic-induced resuspension are thought to be responsible for
the observed diurnal cycles of the PM2.5–10 fraction at BCN [Reche et al., 2011a; Amato et al., 2009b] like in other
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areas [Barmpadimos et al., 2011]. Both processes mainly emit coarse particles during the busiest traffic and
construction hours within the city. Figure 12i shows that themain component of the PM2.5–10 fraction at BCNwas
mineral matter followed by the unaccounted part. Continuous emission of coarse particles is needed to sustain
the high PM2.5–10 concentrations because of the simultaneous cleansing effect of the breeze. The importance of
traffic resuspension of PM in urban environments has been discussed elsewhere [e.g., Thorpe and Harrison, 2008;
Amato et al., 2009a; Bukowiecki et al., 2010]. At MSY the coarse PM2.5–10 concentrations, mainly consisting of
mineral matter, followed by secondary nitrate particles (cf. Figure 12i), showed a different diurnal cycle driven by
the sea breeze circulation with concentrations increasing from late morning through the afternoon followed by a
decrease from 19–24h to almost constant levels during the night and midmorning (Figure 10ii).
3.2.3.2. B Scenarios
Under the B scenarios, the effect of the strong inversion at BCN led to an accumulation of PM1 concentration,
on average high throughout the day, reaching values higher than 50μg/m3 and showing a slight decreasing
trend starting from 14:00 GMTwhen the sea breeze was fully developed (Figure 10iii). Under these atmospheric
conditions the sea breeze showed a reduced effect in cleaning the urban site. Compared with the A scenario,
the primary tracers of traffic emissions, such as BC (Figure 10xix), aromatic VOCs (Figure 10xiii), NO, NO2

(Figure 10xvii), and HOA (Figure 10xv), showed a more distinct and greater morning and evening peak under
the B scenario in BCN. Secondary aerosol species such as OOA (Figure 10xv), SO4

2�, and NO3
� (Figure 10xi)

did not show a clear morning peak as during the A scenario. The low O3 levels measured at BCN during the B
scenario were due to the strong titration by the high NO concentrations (Figure 10xxvii).

Under B scenarios the concentrations of all reported chemical components were strongly elevated in the fine
mode at BCN compared with the other scenarios, with the highest concentrations of OM, EC, and SIA
measured during DAURE-W (Figure 12ii). The coarse mode at BCN mainly showed high concentrations in
crustal material and secondary nitrate. Figures 12v and 12vi show that the highest differences between BCN
and MSY in the relative contributions of OC, SO4

2�, and NO3
� to PM1 were observed under the B scenario

compared with A and C scenarios. The relative contribution from NO3
�was high in BCN, whereas the relative

contribution from organics was higher at MSY compared with BCN.

Mean NR-PM1 concentrations at BCN were 39.5μg/m3 with relative fractions of NR species (48% OA, 50% SIA)
similar to those under the A scenario. PMF analysis resolved OOA, HOA and BBOA as 50%, 14% and 17% of OA
mass, respectively, at BCN during the B scenarios, in agreement with the values reported from Mohr et al.
[2012] for the entire DAURE-W campaign. At MSY average NR-PM1 concentrations were only 2.6μg/m

3 (52%
OA, 48% SIA), due to its location above the inversion. Multiple pollutants showed an increasing trend from
around 15:00 until 19:00 GMT at MSY likely due to transport of pollutants by the sea breeze.

The concentrations of VOCs at BCN under the B scenario were the highest measured during DAURE-W with
mixing ratios higher than at MSY by factors ranging from 2 for acetone up to 25 for monoterpenes (cf. Table S3).
At MSY the concentrations of the biogenic isoprenoids (monoterpenes and isoprenes) and acetone were similar
to those measured under the A scenario. Toluene and benzene at MSY were around 50% higher under the A
scenario compared with the B scenario. High ambient air temperature and solar radiation and calm winds
observed under the B scenario (Table S1) may explain the similar concentrations of isoprenoid VOCs at MSY
under A and B scenarios. Also, acetonitrile concentrations were similar for the A and B scenarios at MSY, while
toluene, benzene, NOx, and BC were lower under the B scenario compared with those under A (by around
50, 50, 30, and 70%, respectively) as a consequence of the location of the MSY station above the inversion.

Mean toluene/benzene ratios under the B scenario (4.6 ± 1.2 and 1.4 ± 1.0 at BCN andMSY, respectively), were
similar to those measured under the A scenario. As reported in Figure 10, local emissions at MSY caused a
slight increase in pollutants around 17:00 GMT (Figures 10iv, 10xii, 10xx, and 10xxiv). The local origin of these
pollutants is demonstrated by the cessation of the sea breeze and the reduction in wind speed at 17:00 at
MSY (Figure 10viii). These conditions do not allow the transport of pollutants from the Barcelona metropolitan
areas and industrialized valleys toward MSY. The mean toluene/benzene ratio around 17:00 GMT at MSY
under the B scenario was around 3.5. After excluding the data around 17:00, the toluene/benzene ratio at
MSY dropped to a mean value of around 1.2 due to the position of the MSY station in the more aged free
troposphere. Finally, under the B scenario the mean BBOA concentration at BCN was greater than 3μg/m3

compared with 0.1μg/m3 measured at MSY probably due do the decoupling of MSY from boundary layer
biomass burning sources.
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3.2.3.3. C Scenario
Under the C scenario winds came
constantly from the west with
relatively high speeds (> 4m/s; cf.
Figures 11v and 11vi) cleaning the
atmosphere, and the lowest PM1

concentrations were observed at both
measurement sites (Figures 10i and 10ii).
Also, the mean NR-PM1 concentrations at
BCN (3.5μg/m3, 62.1% OA, 36.6% SIA)
and at MSY (1.5 μg/m3, 47.7% OA, 51.0%
SIA) were the lowest registered during
DAURE. The relative contributions to
PM1 of OC, NO3

�, and SO4
2�was similar

at both stations with reduced relative
contributions from NO3

� at both BCN
and MSY (Figures 12v and 12vi).
Interestingly, O3 and particle number
concentration were similar to those
during A scenarios. For the former this
may indicate that O3 is largely
controlled by the Northern Hemisphere
background rather than photochemical
production during winter and for the
latter condensation or increased new
particle formation due to reduced aerosol
surface area. The lowest mean toluene/
benzene ratios of 2.8 ± 1.4 and 0.5 ± 0.4
at BCN and MSY, respectively, were

measured under the C scenario indicating less fresh vehicular emissions compared with A and B scenarios at
both sites.

3.3. DAURE Summer Campaign

The aerosol composition data obtained for the summer DAURE campaign was less comprehensive than the
data obtained during the winter campaign. For example, during the summer DAURE campaign high-
resolution data from HR-AMSwere not available, while PTRMS data were available for 4 days during the period
25 July to 10 August at MSY and for 5 days during 16–24 July at BCN. However, measurements/modeling from
many groups reported in Table 1 were replicated during the summer campaign, thus allowing a good
comparison of the summer and winter aerosol phenomenology.
3.3.1. PM1 Scenarios
Figure 13 shows the concentrations of PM1 (Figure 13i), wind speed (Figure 13ii), and PBL heights (Figure 13iii)
measured at BCN and MSY during DAURE-S. Mean concentrations of PM1 during DAURE-S were 12 ± 4 μg/m3

at BCN and 11 ± 5 μg/m3 at MSY (Table S5 in supporting information). These summer concentrations were
around 50% and 20% lower than the levels measured during DAURE-W at BCN and MSY, respectively. An
important difference was observed by comparing the summer (Figure 13i) and winter (Figure 5i) PM1 time
series. PM1 concentrations at MSY and BCN during summer were always similar, mainly as a consequence of
the lack of the strong inversions commonly observed in winter which led to the clear decoupling between
BCN and MSY stations. This difference demonstrates the potential of the strong winter pollution episodes in
increasing the fine PM concentrations at BCN during winter and the higher dispersion of pollutants within the
higher PBL heights in summer. During DAURE-S, MSY was always within the PBL at 12:00 GMT due to strong
summertime diurnal convection. On the contrary, during the night MSY was on average above the PBL. As
shown in the next paragraph, the presence of aerosol layers above the PBL from summertime recirculation
explained the high concentrations of PM1 measured at MSY during the day.

Figure 13. (i) PM1 Grimm corrected mass concentration levels at BCN
andMSY, (ii) wind velocity at BCN andMSY, and (iii) PBL heights over BCN.
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3.3.2. Meteorological Scenarios
Due to the similarity between the PM1 concentrations observed at BCN and MSY during DAURE-S, the
different scenarios were defined by using the FLEXPART back trajectories. During the first 2weeks of the
campaign (01–13 July) a typical summer regional recirculation scenario was observed (D1 and D2 scenarios
in Figure 13). Under the D1 scenario (01–07 July) the air masses came from the central/southern part of the
Iberian Peninsula (Figures 14a–14f), while the air masses passed over the north of Spain under the D2
scenario (07–13 July; Figure 15). In both cases, air masses showed at least 2 days of accumulation, over the
coastline in the first case (D1) and over Northern Spain in the second case (D2). The lidar measurement
performed on 02 July from 18:14 to 18:44 GMT (Figure 14g) showed the presence of aerosol layers with
different aerosol loadings above the PBL (located at around 700m; cf. Figures 14g and 14h) up to an altitude
of about 4.5 km leading to an AOT of 0.13. These layers formed from regional recirculation of polluted air
masses. No lidar measurements were available over the D2 scenario.

Three separate African dust events (F scenarios) were observed during DAURE-S for a total of 14 days, while
no major African dust outbreaks were registered during the winter period [Jorba et al., 2013].

Figure 14. (a–f ) FLEXPART column integrated (left) and footprint emission sensitivities (right) for MSY (upper/lower release height 720m) calculated during the
first D1 episode on 1 July (00:00–03:00 GMT), 2 July (18:00–21:00 GMT), and 5 July (12:00–15:00 GMT); numbers within FLEXPART maps indicate the location of
the air masses in number of days before arriving at the measurement site; (g) range-corrected lidar signal (RCLS) and aerosol extinction vertical profile from
lidar measurement performed at BCN on 2 July from 18:14 to 18:44 GMT with horizontal line indicating MLH from lidar; (h) vertical profiles of potential
temperature (Tpot) and absolute humidity (AH) from radiosounding launched at BCN on 2 July at 12:00 GMT with horizontal dotted line indicating mixing layer
height (MLH) from radiosounding.
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Figure 16 shows the FLEXPART back trajectories calculated on 13 July (Figures 16a and 16b) and 17 July
(Figures 16c and 16d) during Saharan dust outbreaks. The lidar measurements performed on 13 July around
12:00 GMT (Figure 16g) showed a strong aerosol layer in the free troposphere between 1.7 and 4 km related
to dust transport from Africa. Dry deposition of Saharan dust within the PBL caused the mean PM1/PM10 ratio
at MSY site (0.4 ± 0.1) to be lower than during D1 and D2 scenarios (0.6 ± 0.1) indicating higher concentration
of fine particles under regional episodes and higher concentrations of coarse particles under F scenarios. On
13 July the AOT was 0.18, higher than the AOT measured by lidar under D1 (Figure 14g). The E episode was
characterized by air masses coming relatively fast from theWest as evidenced by FLEXPART back trajectories for
19 July (Figures 16e and 16f ). However, the wind velocity measured during the E scenario at both BCN and
MSY did not show an increase compared to the D1, D2, and F scenarios, and it was much lower than the
mean wind velocity measured during the Atlantic advection episode observed during DAURE-W (cf. Tables
S1 and S2). Nevertheless, the lowest PM1 concentrations (5.6 μg/m

3 at BCN and 4.6 μg/m3 at MSY) and AOT
(0.08; Figure 16g) were measured during the E scenario attributable to the origin of the air masses over the
Atlantic Ocean.
3.3.3. PM Diurnal Cycles and Chemistry
Figures 17 and 18 show the diurnal cycles of PMx, wind direction and speed, particle number concentration,
BC, and gaseous pollutants grouped by the different scenarios observed during DAURE-S. The average
concentrations of the main PM1 and PM2.5–10 chemical components from filters analyses separated by the
four observed summer scenarios are reported in Figure 19. For the D1 scenario (Figure 19i), only the PM2.5

fraction was reported as no PM1 measurements were available for the MSY station during the first week of
the campaign.

Figure 15. (a–d) FLEXPART column integrated (left) and footprint emission sensitivities (right) for MSY (upper/lower release
height 720m) calculated during the D2 episode on 7 July (00:00–03:00 GMT) and 12 July (00:00–03:00 GMT); numbers
within FLEXPART maps indicate the location of the air masses in number of days before arriving at the measurement site.
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In summer the PM diurnal cycles showed some similar characteristics to those observed in winter. In general,
the land-sea breezes played an important role in modulating the PM1 concentrations at MSY (Figures 17ii,
17iv, 18ii, and 18iv). The effect of the sea breeze also caused the increase observed in the afternoon for BC
concentrations at MSY (Figures 17ix, 17xi, 18x, and 18xii). At the BCN site, the diurnal variation of the PM1

concentrations in summer was less pronounced than in winter and mainly during the D1 and D2 scenarios.
This was due to the higher dispersion of pollutants within the PBL and the presence of relatively more
polluted air masses over the sea in summer due to the recirculation [Millán et al., 1997; Rodriguez et al., 2003],
leading to a reduced cleansing effect of the breeze over the coastal site.

Figure 16. (a–f ) FLEXPART column integrated (left) and footprint emission sensitivities (right) for MSY (upper/lower release height 720m) calculated during the first
F episode on 13 July (12:00–15:00 GMT) and 17 July (00:00–13:00 GMT) and during the E episode on 19 July (00:00–03:00 GMT); numbers within FLEXPART maps
indicate the location of the air masses in number of days before arriving at the measurement site; range-corrected lidar signal (RCLS) and aerosol extinction vertical
profile from lidar measurement performed at BCN (g) on 13 July from 12:07 to 12:37 GMT and (i) on 19 July from 01:16 to 03:46 GMT with horizontal line indicating
MLH from lidar; vertical profiles of potential temperature (Tpot) and absolute humidity (AH) from radiosounding launched at BCN on (h) 13 July and (i) 19 July at 12:00 GMT
with horizontal dotted line indicating mixing layer height (MLH) from radiosounding.
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Figure 17. (i–xv) Mean diurnal cycles during the summer D1 and D2 scenarios for BCN (left) and MSY (right).

Figure 18. (i–xvi) Mean diurnal cycles during the summer E and F scenarios for BCN (left) and MSY (right).
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Figure 19. Main PM1 and PM2.5–10 chemical components averaged over the (i) D1 scenarios, (ii) D2 scenarios, (iii) E scenarios, and (iv) F scenario. Three-component
diagrams comparing OC, NO3

�, and SO4
2� concentrations during the D1, D2, E, and F scenarios at (v) MSY and (vi) BCN. SO4

2� and NO3
� concentrations were

adjusted to place the abundances of the three elements in the center of the triangle.
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The coarse particle mode at BCN was driven by traffic resuspension and construction within the city
with the highest concentrations observed during the late morning through the whole afternoon. The
lowest PM2.5–10 concentrations at BCN (around 5 μg/m3) were measured during the E scenario as a
consequence of the transport of clean air from the ocean, as demonstrated by the reduction of PMx

observed also at the MSY site, and the reduction in traffic and construction emissions at BCN given that
the E scenario occurred during the weekend (Friday–Sunday). The highest coarse PM concentrations
were observed at both BCN (16 μg/m3) and MSY (11 μg/m3) during the F episode, when air masses from
Africa affected the WMB.

The particle number concentrations increased in the early morning at BCN related to traffic emissions and
around midday due to nucleation episodes occurring when gaseous pollutants and particle concentrations
are diluted and maximum insolation and O3 levels occur leading to new secondary particle formation [Reche
et al., 2011b]. As reported in the supporting information, the highest number concentration at both BCN and
MSY was observed during the short advection E episode in correspondence with the cleanest atmospheric
conditions favoring nucleation processes and new particle formation.

During DAURE-S the concentrations of the main chemical PM components in Figure 19 were on average
similar at BCN and MSY in both the fine and coarse modes (cf. supporting information, Table S6). A difference
was observed for EC concentrations which were substantially higher at BCN (around 0.9μg/m3 in PM1) than
at MSY (0.2μg/m3), whereas similar OM were measured at both stations suggesting the importance of SOA
formation at the regional background station. Relative contributions to PM1 of OC, SO4

2�, and NO3
� were

highly variable at both stations (Figures 19v and 19vi). At MSY a difference was observed between D1 and D2
scenarios, with SO4

2� relative contributions higher during D2 than during D1, likely due to the air masses
origin during D2 moved over the north of Spain. Ozone concentrations during D2 were around 40% lower
compared with the mean O3 concentrations measured during DAURE-S. Moreover, D2 was characterized by
a large thunderstorm offshore the eastern coast of Spain with cumulus clouds developed during daytime
producing intense precipitation events over the sea [Jorba et al., 2013].

The average PM2.5–10 concentrations observed during DAURE-S (13 ± 16μg/m3 at BCN and 9 ± 6μg/m3 at
MSY) were similar to the concentrations measured in winter (15 ± 17μg/m3 at BCN and 10 ± 5μg/m3 at MSY,
cf. supporting information) despite the general absence of precipitation in the WMB and the high frequency
of African dust transport in summer. This similarity was due to the efficiency of the observed winter pollution
episodes in increasing the average PM concentrations at both BCN (B scenario) and MSY (A scenario) and the
relatively low intensity of the Saharan dust episodes observed during summer.

The availability of VOCs measurements during DAURE-S at BCN and MSY was limited to two short periods (cf.
supporting information, Table S5). Important differences between the two stations were observed mainly for
toluene and benzene, as concentrations were lower at MSY (269 and 66 pptv, respectively) compared with
those at BCN (887 and 142 pptv, respectively); for monoterpenes concentrations were much higher at MSY
(679 pptv) compared to those at BCN (246 pptv). Conversely, in winter monoterpenes and also isoprene
concentrations were higher at BCN compared to those at the MSY site [Seco et al., 2011, 2013].

The mean toluene/benzene ratios were higher at both sites during DAURE-S compared with those during
DAURE-W with mean values of 6.1 ± 3.4 at BCN and 3.6 ± 1.8 at MSY (compared to 3.9 ± 1.7 and 1.1 ± 0.9 at
BCN and MSY, respectively, in winter). Again, a pronounced daily cycle for the toluene/benzene ratio was
observed at MSY compared with that at BCN (not shown).

The higher toluene/benzene ratio in summer may be explained by a strong evaporative and therefore
temperature dependent toluene source compared with benzene which concentrations mainly result from the
nonambient temperature dependent exhaust pipe emissions [Schnitzhofer et al., 2008]. As concluded by
Schnitzhofer et al. [2008], this seasonal variation must be taken into account whenever this ratio is used to
determine the chemical age of an air mass. Moreover, toluene has been reported to be emitted by plants in
summer [i.e., White et al., 2009], thus likely contributing to the high toluene/benzene ratio in summer at MSY.

4. Conclusions

The DAURE campaign showed that the concentrations of PM in the WMB are strongly influenced by both
local and regional emissions, as well as meteorological conditions. The densely populated areas along the
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WMB coastline contribute to the aerosol load by large pollutant emissions, and atmospheric dynamics plays
an important role determining the dispersion, transport, or accumulation of pollutants. During both winter
and summer pollution episodes the concentrations of fine PM (PM1) at regional level (MSY) are similar or even
higher than those simultaneously measured at urban/coastal level (BCN), due to SIA and SOA formation, as
well as the transport and accumulation of primary pollutants.

In winter the intensity of the pollution episodes at BCN and MSY depended mainly on the degree of
recirculation of air masses (i.e., time for pollutant accumulation) over the area under study under anticyclonic
atmospheric conditions (AAC) and the height of the PBL. At MSY in winter the highest PM1 concentrations
(similar or even higher than at BCN) occurred during medium AAC/high PBLs (A scenario), whereas at BCN
strong AAC/low PBLs (B scenario) led to the highest concentrations of fine PM.

Higher NO3
� concentrations, formed during the transport of air masses toward theMSYstation, weremeasured

at MSY compared with BCN under regional pollution episodes in winter (A scenario). OM concentrations were
also high at MSY under these episodes. The absolute oxygenated OA concentrations were similar at MSY and
BCN indicating the regional nature of SOA. Around 85% of OC at MSY was of secondary origin. The importance
of fossil SOA formation at regional level was demonstrated by the higher fossil OC/EC ratio at MSY compared
with BCN and the lower BCN/MSY ratio of fossil OC compared with the corresponding fossil EC ratio. Higher
HOA concentrations were detected in BCN compared with MSY due to traffic emissions, whereas BBOA
concentrations were similar at both sites during the A scenario. VOCs mixing ratios were always higher at BCN
than at MSY during winter regional pollution episodes with the exception of acetone, which showed similar
concentrations at both stations due to the importance of acetone emissions from natural sources. At MSY
under A scenario a single, prolonged afternoon peak was observed for all pollutants as contaminated air
transported by the sea breeze moves into the mountains with the exception of NO3

�which showed reduced
concentrations in the afternoon due to volatilization at higher temperature. In BCN the concentrations of
NO3

� and OM and of toluene, benzene, BC, and NO2 emitted by vehicles showed diurnal cycles similar to that
of PM1 with peaks in the morning and late afternoon related to the rush hours. The concentrations of
acetonitrile which is usually used as tracer for biomass burning also increased during rush hours suggesting
contribution from fossil fuel during these peaks.

Under conditions of strong AAC/low PBLs (B scenario) the concentrations of PM and chemical components in
BCN were the highest measured during DAURE-W. Conversely, the MSY station was above the polluted PBL,
andmuch lower concentrations were measured compared with the A scenario. On average the concentrations
of VOCs at BCN showedmixing ratios higher than at MSY. During the B scenario, a higher proportion of OA and
lower proportion of SIA in PM1 were observed at MSY compared with the A scenario due to the relative
importance of OA formation from local biogenic sources when MSY is above the polluted PBL. Indeed, at MSY
the concentrations of biogenic isoprenoids (monoterpenes and isoprene), acetone, and acetonitrile during the
B scenario were similar to those measured during the A scenario. Conversely, toluene and benzene
concentrations at MSY were around 50% lower during the B scenario than during the A scenario.

Finally, in winter the advection of Atlantic air masses (C episode) was observed between the two A-B scenario
pairs leading to the dispersion of the accumulated pollution at both sites with consequent reduction of the
concentrations of all pollutants. Interestingly, both number of particles and O3 concentrations under the C
episode were similar to those measured during the A scenario at both sites indicating that O3 is largely
controlled by the Northern Hemisphere background [Schnitzhofer et al., 2009] and that condensation or new
particle formation due to reduced aerosol surface area may enhance under clean atmospheric conditions.

In summer the strong recirculation of air masses in the WMB and the lack of strong inversions observed
during DAURE-W led to dilution of pollutants at BCN and their accumulation at MSY. As a result during
DAURE-S the concentrations of PM1 at MSY were similar to those measured at BCN. The MSY station was on
average within the PBL at midday, due to the strong summer diurnal convection, and above the PBL at night.
Nevertheless, the concentrations of PM1 at night were comparable with those measured at BCN likely due to
the presence of aerosol layers above the PBL. The lidar measurements clearly showed the presence of
multiple aerosol layers above the PBL during summer recirculation. As a consequence of both the layering
and enhanced SOA formation at regional level in summer, PM concentrations at MSY often peaked higher
than at BCN. The main chemical PM components were on average similar at BCN and MSY during DAURE-S
with higher concentrations of EC, toluene, and benzene concentrations at BCN than those at MSY due to
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localized traffic emissions. However, the importance of SOA formation at the regional background station led
to similar OM concentrations at both sites. Indeed, the concentrations of monoterpenes at MSY were roughly
3 times higher than those at BCN with isoprene and acetone having similar or higher concentrations at MSY
compared with those at BCN. Moreover, themonoterpenes and isoprene concentrations were around 1 order
of magnitude higher in summer than in winter at MSY.

During both seasons the fossil contribution to EC and OC was higher at BCN than at MSY due to higher fossil
fuel combustion from traffic at urban level. In winter the nonfossil relative contribution to EC was higher than
in summer at both BCN and MSY due to higher emissions from residential wood-based heating and open
agricultural biomass burning. In BCN the nonfossil contribution to OC also was higher in winter than in
summer, whereas at MSY the nonfossil OC was higher in summer probably due to higher contributions of
biogenic emissions. The OOC was mostly nonfossil at both BCN and MSY. Cooking emissions in BCN, which
accounted for 17% of OA as revealed by the PMF analysis of HR-AMS spectra, may be also responsible for the
high fraction of modern carbon in BCN. BBOA contributions during both seasons estimated with different
techniques (14C analysis, PMF analysis of HR-AMS organic spectra, levoglucosan analysis, and PMF on offline
filter PM1 data) were consistent with correlation coefficients higher than 0.6 and were generally lower than
the BBOA contribution to OC measured at similar environments in Central and Northern Europe. The relative
contribution from fossil sources to OA at both BCN andMSYwas comparable to the contributions observed in
Central and Northern Europe. Thus, despite the lesser use of wood burning for residential heating in the area
under study, the biogenic SOA from high VOCs emissions under high temperature in Spain may compensate
for the differences in fossil and nonfossil OC sources.
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