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Abstract

This study investigates the contribution of potential sources to the sub-micron (PM1)
organic aerosol (OA) simultaneously detected at an urban background (UB) and a
road site (RS) in Barcelona during the 30 days of the intensive field campaign of SA-
PUSS (Solving Aerosol Problems by Using Synergistic Strategies, September–October5

2010). 103 filters at 12 h sampling time resolution were collected at both sites. Thirty-six
neutral and polar organic compounds of known emission sources and photo-chemical
transformation processes were analyzed by Gas Chromatography-Mass Spectrometry
(GC-MS). The concentrations of the trace chemical compounds analyzed are herein
presented and discussed.10

Additionally, OA source apportionment was performed by Multivariate Curve
Resolution-Alternating Least Squares (MCR-ALS) and six OA components were iden-
tified at both sites: two were of primary anthropogenic OA origin, three of secondary
OA origin while a sixth one was not clearly defined. Primary organics from emissions of
local anthropogenic activities (Urban primary organic aerosol, Urban POA) contributed15

for 43 % (1.5 µg OC m−3) and 18 % (0.4 µg OC m−3) to OA in RS and UB, respectively.
A secondary primary source – biomass burning (BBOA) – was found in all the samples
(average values 7 % RS; 12 % UB; 0.3 µg OC m−3), but this component was substan-
tially contributing to OA only when the sampling sites were under influence of regional
air mass circulation. Three Secondary Organic Aerosol (SOA) components (describ-20

ing overall 60 % of the variance) were observed in the urban ambient PM1. Products
of isoprene oxidation (SOA ISO), i.e. 2-methylglyceric acid, C5 alkene triols and 2-
methyltetrols, showed the highest abundance at both sites when the city was under
influence of inland air masses. The overall concentrations of SOA ISO were similar at
both sites (0.4 and 0.3 µg m−3, 16 % and 7 %, at UB and RS, respectively). By contrast,25

a SOA biogenic component attributed to α-pinene oxidation (SOA BIO PIN) presented
average concentrations of 0.5 µg m−3 at UB (24 % of OA) and 0.2 µg m−3 at RS (7 %),
respectively, suggesting that this SOA component did not impact the two monitoring
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site at the same level. A clear anti correlation was observed between SOA ISO and
SOA PIN during nucleation days, surprisingly suggesting that some of the growth of ur-
ban freshly nucleating particles may be driven by biogenic α-pinene oxidation products
but inhibited by isoprene organic compounds. A third SOA component was formed by
a mixture of aged anthropogenic and biogenic secondary organic compounds (Aged5

SOA) that accumulated under stagnant atmospheric conditions, contributing for 12 %
to OA at RS (0.4 µg OC m−3) and for 18 % at UB (0.4 µg OC m−3).

A sixth component, formed by C7–C9 dicarboxylic acids and detected especially dur-
ing daytime, was called “urban oxygenated organic aerosol” (Urban OOA) due to its
high abundance in urban RS (23 %; 0.8 µg OC m−3) vs. UB (10 %; 0.2 µg OC m−3), with10

a well-defined daytime maximum. This temporal trend and geographical differentiation
suggests that local anthropogenic sources were determining this component. How-
ever, the changes of these organic molecules were also influenced by the air mass
trajectories, indicating that atmospheric conditions had an influence on this compo-
nent although the specific origin on this component remains unclear. It points to a15

secondary organic component driven by primary urban sources including cooking and
traffic (mainly gasoline) activities.

1 Introduction

Atmospheric aerosols influence on the atmospheric visibility (Watson, 2002), are rele-
vant in climate forcing (Forster et al., 2007) and have several adverse effects on human20

health (Brunekreef et al., 2005). They contain a significant and variable fraction of or-
ganic material, ranging from 20 to 90 % of the submicron (<1 µm in particle size) par-
ticulate matter (PM1) mass (Kanakidou et al., 2005). Such organic material divides into
two broad categories termed primary and secondary. Primary organic aerosols (POA)
in urban areas are emitted from combustion sources, including heavy and light duty25

vehicles, wood smoke, cooking activities, industries and others. Such primary particles
can be modified in the presence of various atmospheric oxidants (Donahue et al., 2009)
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yielding more oxygenated products that change their original physico-chemical prop-
erties. By contrast, secondary organic aerosols (SOA) are formed from reactions of
both anthropogenic and biogenic volatile organic compounds (VOC). They are mainly
composed of oxygenated organic species (Hallquist et al., 2009). Overall, the knowl-
edge about sources, fate and mutual interaction of gasphase and aerosol organics – of5

which it is estimated that there are between 10 000 and 100 000 different compounds –
is still limited (Schauer et al., 2007; Goldstein and Galbally, 2007; Bi et al., 2008). Par-
ticularly, the composition and behaviour of SOA in the atmosphere are not completely
well known. For example, several studies showed that diluted emissions from diesel
emissions or biomass burning produce large quantities of SOA (Grieshop et al., 2009;10

Sage et al., 2008), while other field measurements showed the enhanced formation of
SOA from gasoline emissions over diesel emissions (Bahreini et al., 2012).

Such complexity of the atmospheric aerosol system is pushing the development of
measurement techniques and instrumentation (Pratt and Prather, 2012). On this re-
gard, the Aerosol mass spectrometer (AMS) has recently revolutionised the field of15

atmospheric science because it allows chemical speciation, sizing and mass detection
of submicron non-refractory PM at high time resolution (Canagaratna et al., 2007). This
technique has demonstrated that large part of the organic aerosol is highly oxidized and
probably formed by SOA (Jimenez et al., 2009; Kanakidou et al., 2005). Recently, a lot
of emphasis has been put in the importance of cooking activities for ambient air quality20

(Allan et al., 2010; Mohr et al., 2012).
However, a main disadvantage of such on-line technique is the limited organic

aerosol speciation provided (Pratt and Prather, 2012). By contrast, the combination
of off-line filter techniques in combination with gas chromatography-mass spectrom-
etry (GC-MS) allows a wider organic compound speciation, although covering a very25

small fraction (often <5 %) of the organic aerosol mass detected. However, the rela-
tively small number of tracer compounds analyzed can be used as input for chemo-
metric methods with the aim to re-construct the emissions from different sources of
atmospheric components (Schauer et al., 2007; Stone et al., 2009). The number of
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existing source apportionment techniques is relatively large, including Principal Com-
ponent Analysis (PCA, Jollife, 2002), Chemical Mass Balance (CMB, US-EPA, 1987)
and Positive Matrix Factorization (PMF, Paatero et al., 1994). PCA uses orthogonal
constraints and environmental interpretation of score and loading profiles is sometimes
cumbersome. CMB requires the previous knowledge of the emission source profiles,5

and therefore it is unable to identify unknown sources. PMF integrates natural con-
straints like non-negativity and uncertainty estimations in a rigorous non-linear opti-
mization of the distribution and composition source profiles. In this work we deploy the
Multivariate Curve Resolution Alternating Least Squares (MCR-ALS) method (Tauler
et al., 1995; Tauler, 1995; Jaumot et al., 2005) that has previously been applied for10

environmental source apportionment (Salau et al., 1997; Terrado et al., 2009). MCR-
ALS is based on an alternating linear least squares optimization under non-negativity
constraints which produces physically better profiles than PCA and it has been shown
to produce analogous results to PMF (Tauler et al., 2009; Staminirova et al., 2011).

The objective of this study is to characterize the submicron PM (PM1) organic aerosol15

component sampled during the SAPUSS intensive field study conducted in Barcelona
(Spain) during the period September–October 2010. This manuscript is part of the
SAPUSS special issue (Dall’Osto et al., 2012a). The current study is unique in regards
of a large dataset of more than 100 PM1 filters collected simultaneously at an urban
background site (UB) and an urban road site (RS). The urban study area of Barcelona20

has some unique features. It is characterized by one of the highest density of vehicles in
Europe as well as a densely populated city center. Moreover, its geographical position
(western Mediterranean basin) favors photo-chemical reactions and accumulation of
secondary aerosols (Querol et al., 2008; Perez et al., 2010; Pey et al., 2009).

Past studies at an urban background site in Barcelona (same UB location used in25

this SAPUSS study), showed that a large fraction (56 %) of the OA consisted of oxy-
genated OA (Mohr et al., 2012). Moreover, radioactive carbon analysis showed that
about 60 % of the organic carbonaceous atmospheric matter in this background site
has a non-fossil origin (Minguillón et al., 2011). However, there are evidences that
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biomass burning contributes to only a small part (∼15 %) of the urban background
OA which is mainly related to the winter season or wild fire events (Mohr et al., 2012;
Reche et al., 2012; van Drooge et al., 2012a). This gives way to the hypothesis that
other non-fossil sources should account for an important part of the OA. Indeed, Mohr
et al. (2012) attributed 17 % of the OA to primary food cooking emissions after AMS5

analysis in the UB site. Nevertheless, there is still a lack of information upon the chem-
ical speciation of this source. Furthermore, the contribution of different types of SOA
of both anthropogenic and biogenic origins is still highly uncertain in the urban area of
Barcelona.

In summary, the simultaneous analysis of selected organic tracer compounds ana-10

lyzed from the PM1 filter samples collected at the UB and at the RS sites is herein
presented. Furthermore, a source apportionment of the OA is also carried out and
discussed.

2 Materials and methods

2.1 Sampling sites15

Detailed information on the urban sites studied in Barcelona is given elsewhere
(Dall’Osto et al., 2012a). The urban background site (UB; 41◦23′15′′ N; 02◦07′05′′ E;
80 m a.s.l.) was situated at the Western periphery of the city centre in a small park.
The road site (RS; 41◦23′18′′ N; 02◦09′00′′ E; 40 m a.s.l.) was located in a car park next
to Urgell Street within the square-grid street network (Eixample) (Fig. 1). The road,20

which cuts the city from South East to North West, is a street canyon composed by
a two-way cycling path and a one-way four lane vehicle road. Vehicle intensity for the
month of measurements was about 17 000 vehicles per day. The two monitoring sites
are located within 3 km from each other.

The meteorological data were measured in the sampling sites by means of automatic25

weather stations (Dall’Osto et al., 2012a). Air mass back trajectories were calculated
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daily during the sampling campaign. Four main air mass scenarios were identified dur-
ing the SAPUSS field study (Dall’Osto et al., 2012a): Atlantic advection (2 periods; 7
days), North African-West (2 periods; 3 days), North African-East (1 period; 3 days),
and Regional (2 periods; 8 days).

2.2 Organic compounds analyzed5

The applied extraction method and instrumental analysis offers a selective sight on the
total mass of the ambient air PM1. The usage of organic solvent mixture allows the
extraction of wide range of organic compounds with different polarities. Moreover, the
instrumental analysis allows the detection of semi-volatile organics. During the years
many of these compounds have been detected in emissions and ambient air samples,10

and therefore certain organic compounds can be used as tracers for sources and at-
mospheric processes. Table 1 shows the 36 organic compounds that were analyzed
in the present study. They were selected based on their representativeness of primary
organic aerosol emission sources and secondary organic aerosol formation. Briefly:

– Polycyclic aromatic hydrocarbons (PAH, 12 in total). They are toxic components15

of fossil fuels and primary products of incomplete combustion of fossil fuels and
biomass (Rogge et al., 1993; Schauer et al., 2007).

– Hopanes (17(H)α-21(H)β-29-norhopane and 17(H)α-21(H)β-hopane). They are
molecular markers for mineral oils, and their presence can be related to un-
burned lubricating oil residues from primary vehicles emissions (Rogge et al.,20

1993; Schauer et al., 2007).

– Nicotine. This alkaloid is present in high concentrations in environmental tobacco
smoke. Although it is mainly present in the gas-phase due to its relatively high
volatility, it can be detected at trace levels on PM filter samples (Rogge et al.,
1994; Bi et al., 2005).25
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– Levoglucosan, galactosan and mannosan. They are monosaccharide anhydrides
generated by thermal alteration of cellulose and hemi-cellulose. They are emit-
ted in large quantities during biomass burning (Simoneit et al., 2002; Fine et al.,
2004).

– Dicarboxylic acids (DCA), hydroxy-DCA and aromatic-DCA (11 in total, Table 1).5

They can be emitted from various primary sources (mobile emission, meat cook-
ing, etc.) although atmospheric photochemical formation is probably the main
source (Jang et al., 1997; Kerminen et al., 2000; Heald et al., 2010; Sheesley
et al., 2010; Paulot et al., 2011).

– Cis-pinonic acid, 3-hydroxyglutaric acid and 3-methyl-1,2,3-butanetricarboxylic10

acid (MBTCA). They have been identified in aerosols and related to the photo-
chemical oxidation of biogenic volatile compounds such as α-pinene (Claeys et
al., 2007; Szmigielski et al., 2007). 3-MBTCA is formed by OH-initiated oxidation
of cis-pinonic acid (Szmigielski et al., 2007) and was first detected in aerosol sam-
ples from Amazonia and Belgium (Kubatova et al., 2000). It is worth to note that15

the most abundant monoterpene in the study area presented in this manuscript is
α-pinene (Seco et al., 2011).

– 2-methylglyceric acid and polyols, such as C5 alkene triols and 2-methyltetrols.
They have been related to isoprene oxidation (Claeys et al., 2004; Hallquist et al.,
2009), a major volatile organic compound emitted from land vegetation.20

2.3 Analytical procedure

Digitel-DH80 HiVol samplers were used to collect 103 PM1 filters (Pall Life Sciences;
TISSUEQUARTZ 2500QAT-UP), each encompassing 12 h sampling hours, between
09:00 and 21:00 (UTC), at a sampling rate of 30 m3 h−1. More information can be found
elsewhere (Dall’Osto et al., 2012a). All filters were preheated at 450 ◦C overnight before25

sampling. 1/8 section of each filter was preserved for analysis of organic compounds.
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This section was ultrasonically extracted with (2 : 1, v/v) dichloromethane:methanol
(3×5 mL; Merck, Germany) for 15 min. Before extraction 25 µL of the surrogate stan-
dards levoglucosan-d7, n-C24d50 (Cambridge Isotopic Laboratories, UK), succinic acid-
d4 (Sigma Aldrich), anthracene-d10, benz[a]anthrancene-d12, benzo[k]fluoranthene-d12
and benzo[ghi]perylene-d12 (Dr. Ehrenstorfer) were added. The extracts were filtered5

over 0.45 µm teflon membrane filters (Whatman) in order to remove insoluble particles.
Then, they were concentrated to 1 mL under a gentle N2-gas stream.

Anhydro saccharides, acids, polyols and nicotine were analyzed following a pro-
cedure that was similar to others described previously (El Haddad et al., 2011;
Medeiros et al., 2007; van Drooge et al., 2012a). Briefly, an aliquot of the ex-10

tract (25 µL) was evaporated under a gentle N2 stream until dryness. Then, 25 µL
of bis(trimethylsilyl)trifluoroacetamide (BSFTA)+trimethylchlorosilane (99:1) (Supelco)
and 10 µL of pyridine (Merck) were added for derivatization of the saccharides, acids
and polyols to their trimethylsilyl esters at 70 ◦C during 1 h. Before injection into a gas
chromatograph coupled to a mass spectrometer (GC-MS) 25 µL of the internal stan-15

dard, pyrene-d10 were added to the vial.
For the analysis of polycyclic aromatic hydrocarbons and hopanes, the remaining

extract was evaporated to almost dryness under a gentle N2-gas stream and re-
dissolved in 0.5 mL hexane + dichloromethane (9 : 1 v/v) (Merck, Germany). Then,
it was cleaned-up by adsorption column chromatography on 1 g of aluminum ox-20

ide (Merck, Germany) that was activated overnight at 120 ◦C. The analytes were
eluded with 4 mL of (9 : 1 v/v) hexane : dichloromethane and 4 mL of (1 : 2 v/v) hex-
ane : dichloromethane, respectively (Merck, Germany). The collected fraction was con-
centrated under a gentle N2-gas stream to 50 µL, and the internal standard, pyrene-d10,
was added before injection into GC.25

Sample extracts were injected into a Thermo GC/MS (Thermo Trace GC Ultra –
DSQ II) equipped with a 60 m fused capillary column (HP-5MS 0.25-mm×25-µm film
thickness). The oven temperature program started at 60 ◦C held for 1 min, and then
it was heated to 120 ◦C at 12 ◦C min−1 and to 310 ◦C at 4 ◦C min−1 where it was held
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for 10 min. The injector, ion source, quadrupole and transfer line temperatures were
280 ◦C, 200 ◦C, 150 ◦C and 280 ◦C, respectively. Helium was used as carrier gas at
0.9 mL s−1. The MS selective detector was operated in fullscan (m/z 50–650) and
electron impact (70 eV) ionization modes.

Besides comparison of retention times, levoglucosan and mannosan were identi-5

fied with ion m/z 204, galactosan with ion m/z 217 and nicotine with ion m/z 84.
Acids, polyols and 2-methyltetrols were identified with the following ions: malonic acid
(m/z 233), succinic acid (m/z 247), glutaric acid (m/z 261), pimelic acid (m/z 289),
suberic acid (m/z 303), azelaic acid (m/z 317), glyceric acid (m/z 292), malic acid
(m/z 233), tartaric acid (m/z 292), phthalic acid (m/z 295), tricarballytic acid (m/z10

377), cis-pinonic acid (m/z 171), 3-hydroxyglutaric acid (m/z 349), 3-methyl-1,2,3-
butanetricarboxylic acid (MBTCA) (m/z 405), 2-methylglyceric acid (m/z 219), C5-
alkene triols (m/z 231), 2-methylthreitol and 2-methylerythritol (m/z 219). No stan-
dards for 3-hydroxyglutaric acid, MBTCA, C5 alkene triols, 2-methylthreitol and 2-
methylerythritol were available and their chromatographic peaks were identified by15

comparison of their mass spectra to literature and library data (Claeys et al., 2007;
Kourtchev et al., 2005; Cleemens et al., 2007). Quantification was performed with the
external standard calibration curves. The concentrations were corrected by the recov-
eries of the surrogate standard succinic acid (m/z 251) and levoglucosan-d7 (m/z
206).20

PAH were identified by retention time comparison of the peaks with the following
ions in SIM mode: phenanthrene (m/z 178), anthracene (m/z 178), fluoranthene
(m/z 202), pyrene (m/z 202), benz[a]anthracene (m/z 228), chrysene+triphenylene
(m/z 228), benzo[b]fluoranthene (m/z 252), benzo[k]fluoranthene (m/z 252),
benzo[e]pyrene (m/z 252), benzo[a]pyrene (m/z 252), indeno[1,2,3-cd]pyrene (m/z25

276), benzo[ghi]perylene (m/z 276) and coronene (m/z 300). 17(H)α-21(H)β-29-
Norhopane and 17(H)α-21(H)β-hopane were identified in the m/z 191 mass frag-
mentogram and the corresponding retention times. Quantification was also per-
formed by the external standard method and the calculated concentrations were
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corrected for the recoveries of the above mentioned surrogates: anthracene-d10 (m/z
188), benz[a]anthrancene-d12 (m/z 240), benzo[k]fluoranthene-d12 (m/z 264) and
benzo[ghi]perylene-D12 (m/z 288).

In all cases the recoveries of the surrogate standards were higher than 70 %. Field
blank levels were between 1 % and 30 % of the sample levels. All concentrations were5

corrected for blank levels. Limits of Quantification (LOQ) were calculated by dividing the
lowest measured levels in the standard calibration curves by the volumes of the ana-
lyzed sample fraction. These were 0.1 ng m−3 for the anhydrosaccharides, 0.06 ng m−3

for the acids and 0.005 ng m−3 for PAHs and hopanes.

2.4 Chemometrics10

MCR-ALS method has been successfully used in the analysis of environmental
datasets, both in contamination studies of surface waters (Terrado et al, 2009) and
in air source apportionment studies (Salau et al., 1997; Tauler et al., 2009). One of the
main advantages of MCR-ALS is that it decomposes the data matrix by applying more
natural constraints than PCA, such as non-negativity, and, therefore, results interpre-15

tation is more straightforward.
MCR-ALS is based on a bilinear decomposition of the original data set. In matrix

form, it is expressed as D(I ×J) = U(I ×N)VT (N×J) + E(I ×J), where D is the original
data array, with I rows (samples) and J columns (compounds); U is the matrix of scores
of dimensions I×N, where N is the reduced number of components; VT is the matrix of20

loadings with dimensions N × J and E is the matrix of residuals not modelled by the N
components. The MCR-ALS method decomposes the data matrix using an Alternating
Least Squares algorithm under a set of constraints such as non-negativity, unimodality,
closure, trilinearity or selectivity (Tauler et al., 1995; Tauler, 1995; Jaumot et al., 2005).
The variance explained by the different components is overlapped and not orthogonal25

(non-overlapped) as in PCA (Jolliffe, 2002). Natural sources in the environment are
rarely orthogonal, thus the MCR methods may have a physically sounder interpretation
than orthogonal database decomposition methods.
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For the multivariate data analysis, the experimental data were stored in 12 h peri-
ods between 22 September and 18 October 2010 at the two sites. This generated
data matrices of 52 and 51 samples for UB and RS stations and the number of com-
pounds analyzed in each was 35. Indeno[123-cd]pyrene was finally excluded from the
databases because 20 % of the sample concentrations was below LOQ. The merged5

matrix (52×35 for UB and 51×35 for RS) allows a better comparison of potential
source apportionment profiles than the individual matrices. The observed sources are
representative of the two monitoring sites. The joint dataset was imported into MATLAB
7.4 (The Mathworks, Natick, USA) for subsequent calculations using MATLAB PLS 5.8
Toolbox (Eigenvector Research Inc, Masson WA, USA).10

3 Results

3.1 Chemical analysis of PM1 filter samples

Means, standard deviations (±1σ), maximum and minimum concentration values of the
compounds analyzed are described in Table 1.

3.1.1 PAH15

The total concentrations of the 12 PAHs analyzed was two times higher at the RS
(1.91 ng m−3) than at the UB site (0.89 ng m−3), reflecting a stronger influence of
residues from fossil fuelled vehicles at the former site. This difference was similar to
that observed for the concentrations of NOx (46 vs. 33 µg m−3) and elemental carbon
(1.4 vs. 0.7 µg m−3) (Dall’Osto et al., 2012a). Despite these differences in concentra-20

tions, there were significant a moderate positive correlation between the PAH concen-
trations at the two sites (r2 = 0.55, P <0.05). These can be interpreted to reflect the
atmospheric conditions affecting the distributions of primary atmospheric pollutants in
the urban area under study.
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The average isomeric ratios fluoranthene vs. pyrene (Fl/(Fl+Pyr), benz[a]anthracene
vs. chrysene (BaA/(BaA+Chr), benzo[e]pyrene vs. benzo[a]pyrene (BeP/(BeP+BaP),
indeno[123cd]pyrene vs. benzo[ghi]perylene (IP/(IP+BgP): 0.42±0.05, 0.43±0.03,
0.68±0.06 and 0.26±0.09, respectively, were very similar among all analyzed samples
at both sites. These ratios are consistent with a dominance of fossil fuel combustion5

inputs from traffic related activities (Galarneau et al., 2008).
At the RS, the detected PAH of high molecular weight (PAH high, m/z >228, see Ta-

ble 1) showed higher concentrations during day time than to night time (1.3, P <0.05),
whereas no difference was found for PAH of low molecular weight (PAH low, m/z >228,
see Table 1). By contrast, at the UB site no day/night difference was found for all the10

PAH detected. Several factors could be responsible for the day/night pattern of PAH
concentrations at the RS site, including traffic intensity, vehicle fleet (e.g. diesel, gaso-
line) and meteorological conditions (e.g. temperature). Although the traffic intensity
showed a marked day/night trend (ratio 2.4), the PAH concentrations did not corre-
late with such intensity. Such low correlation may be due to gas to particle partition-15

ing of PAH compounds, which has a stronger influence on the more volatile PAH low
(Lohmann et al., 2004).

The observed
∑

PAH concentrations in Barcelona were in the range of the ones ob-
served in other urban areas of the USA (Ning et al., 2007; Submarian et al., 2006).
However, the relative composition of the PAH compounds in the ambient air PM in20

Barcelona was found enriched with lower molecular weight PAH (PAH low; phenan-
threne until pyrene; m/z <228), whereas the PM1 in the uban areas in the USA were
more enriched with higher molecular weight PAH (PAH high; benz[anthracene until
coronene; m/z >228). These differences between the urban locations could be due
to the higher proportion of diesel engine vehicles over gasoline vehicle in Barcelona in25

comparison to the sites in the USA, where gasoline vehicles dominate (Rogge et al.,
1993; Zielinska et al., 2004).

Finally, it is worth to note that the PAH concentrations were about a factor 1.5 higher
during weekdays in comparison to weekends/holidays days at both sites (Table 1),
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and such factor was found to be similar to the one of vehicle intensities near the two
monitoring sites (1.4; Dall’Osto et al., 2012a).

3.1.2 Hopanes

Total hopanes concentrations were 0.75 ng m−3 and 0.50 ng m−3 at RS and at the
UB sites, respectively (Table 1), reflecting – likewise the PAH concentrations – the5

strong influence of fossil fuel vehicles combustion at the former site. Temporal trends
of hopanes were also found to be moderately correlated between the two monitoring
sites (r2 = 0.65, P <0.05). There were no differences between day and night periods,
likewise the PAH low concentrations. The relationship between PAH low and hopanes
reflects the primary emissions of diesel vehicles (Rogge et al., 1993; Zielinska et al.,10

2004). Higher concentrations were observed during weekdays in comparison to week-
ends/holidays (factor 1.6 at UB, 2 at RS; Table 1).

3.1.3 Nicotine

This alkaloid was found in all filter samples. Much higher concentrations (58 ng m−3)
were observed at the RS site than at UB (7 ng m−3). This eight-fold difference points to15

a very strong outdoor cigarette consumption nearby RS which is situated next to a busy
street and an exit of an underground metro station. The UB sampling station is situated
in a local park and is away from streets and pedestrian people. It is worth to note
that Spain rank among the countries of highest cigarette consumption in the European
Union and in the World (WHO, 2010). High outdoor gas-phase nicotine concentrations20

were previously measured in Barcelona in summer 2010 between 0.5 and 1.5 µg m−3

(Sureda et al., 2012).
Nicotine concentrations showed a moderate correlation (r2 = 0.4, P <0.05) between

the two monitoring sites, suggesting that the whole urban atmosphere of Barcelona was
generally influenced by outdoor tobacco smoke. At RS nicotine concentrations had a25

day/night ratio of 1.5 (P <0.05) at the RS, whereas a statistically difference was not
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found at the UB site. Significant higher nicotine concentrations were detected during
weekdays than to weekends/holidays days (ratio of 1.8 and 2.5 at UB and RS, respec-
tively, P <0.05; Table 1). This indicates that the nicotine concentrations are more af-
fected by anthropogenic working activities during daytime of the weekdays rather than
leisure ones occurring during weekends. This result is in line with other SAPUSS stud-5

ies of single particle Aerosol Time-Of-Flight Mass Spectrometry showing that nicotine
concentrations correlate with traffic activities and not with gastronomic ones (Dall’Osto
et al., 2012a).

3.1.4 Anhydro saccharides

In this group of compounds, mannosan and galactosan showed low concentrations10

(about 2–4 ng m−3), and also the levoglucosan concentrations were relatively low (9
and 5 ng m−3 at UB and RS, respectively, Table 1). These levels are similar to previous
studies in the same region during the summer season (van Drooge et al., 2012b) and
in European background sites with low influence of biomass burning (Puxbaum et al.,
2007). In contrast, higher levoglucosan concentrations were found at the UB site in15

former studies conducted during wintertime (35–60 ng m−3, Reche et al., 2012; van
Drooge et al., 2012a). In the present study, these high levels were only observed at
both sites at the end of the sampling period (about 35 ng m−3, 15–20 October 2010).
This increase was coincident with the legal permission of burning biomass waste in
regional background fields from 15 October and onwards (DOGC, 1995) as well as20

with a stagnant regional anticyclonic conditions (Dall’Osto et al., 2012a). The temporal
concentration changes of the anhydro saccharides compounds at both sites were very
similar (r2 = 0.88, P <0.05).

However, the higher levels found at the UB site relative to the RS site (ratio 1.9;
P <0.05) are likely due to the higher exposure of the UB site from regional sources25

because the RS site is located within a network of streets that reduce natural ventila-
tions. This difference between the two stations was more defined in the last period of
the sampling when higher concentrations were detected.
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3.1.5 Dicarboxylic acids (DCA), hydroxy-DCA and aromatic-DCA

Mean concentrations of individual DCA compounds were found ranging between 1 and
14 ng m−3 and between 1 and 10 ng m−3 at the UB and RS, respectively. The highest
individual mean concentrations at both sites were observed for malic acid (14 ng m−3

at UB; 10 ng m−3 at RS) and succinic acid (7 ng m−3 at UB; 6 ng m−3 at RS). Such5

range of concentrations is similar to those measured during winter time at the UB site
(Van Drooge et al., 2012a). The higher ratio of malic acid/succinic acid was previously
observed in other sites influenced by anthropogenic emission sources (Yang et al.,
2008a). Phthalic acid – a secondary organic tracer for fossil fuel combustion – showed
similar mean concentrations at both sites (4 ng m−3, Table 1). As regard of the temporal10

trends of the DCA concentrations during SAPUSS, the majority of them were found
similar between the two monitoring sites (0.2< r2 <0.8, P <0.05, Table 1).

Most DCA concentrations were found slightly higher at the UB site relative to the RS
one (UB/RS about 1.2), with the exception of the C7–C9 dicarboxylic acids (pimelic,
suberic and azelaic acids) which were found to possess a ratio UB/RS of 0.5. More-15

over, in contrast to any of the other analyzed compounds, C7–C9 dicarboxylic acids
showed a clear daytime maximum in their concentrations, especially at the RS site
(Table 1). Among the C7–C9 DCA analyzed, azelaic acid showed the highest concen-
trations (3 ng m−3 and 6 ng m−3 at UB and RS, respectively). The presence of azelaic
acid in ambient air PM has been related to fast oxidation of un-saturated fatty acids, i.e.20

oleic acid, by ozone (Gogou et al., 1994; Moise et al., 2002). The oxidation of biogenic
precursors can also be an important source of C7–C9 dicarboxylic acids (Kawamura
and Gagosian, 1987; Stephanou and Stratigakis, 1993; Mochida et al., 2003; Zhang et
al., 2010; Ho et al., 2011). Oleic acid in the urban atmosphere may have many sources,
such as food cooking, traffic and biogenic sources, including the marine environment25

(Fang et al., 2002; Schauer et al., 2002; Robinson et al., 2006). In the present study,
oleic acid was identified in all samples (including field blank filters) at low concentra-
tions (<2 ng m−3). The lack of substantial oleic acid concentrations in the samples may
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be due to the chemical instability of this unsaturated fatty acid and/or a fast oxidation to
other compounds in the urban atmosphere. Further considerations on possible sources
and atmospheric processes responsible for the elevated azelaic acid concentrations
detected are given in Sect. 3.2, where an aerosol source apportionment is attempted.

3.1.6 α -pinene SOA tracers: cis-pinonic acid, 3-hydroxyglutaric acid5

and MBTCA

Cis-pinonic acid, 3-hydroxyglutaric acid and MBTCA, the three biogenic SOA tracers
for α-pinene oxidation, were detected in all samples. Cis-pinonic acid was found in
two times higher concentrations at the UB sites (15 ng m−3) than at RS site (8 ng m−3).
The other two tracer compounds (3-hydroxyglutaric acid and MBTCA) showed lower10

average concentrations (3–5 ng m−3) (Table 1) but still statistically higher at UB. All
the observed SOA pinene tracer concentrations are similar to the ones measured by
El Haddad et al. (2011) in a nearby French Mediterranean urban area. There was
no substantial correlation between the temporal concentration trends of cis-pinonic
acid and the other two tracer compounds (r2 = 0.1), whereas there was a very good15

correlation between 3-hydroxyglutaric acid and MBTCA in the two different monitoring
sites (r2 = 0.65; 0.75, P <0.05). The same correlations between these three biogenic
SOA tracers were recently discussed by Ding et al. (2011). Oxidation of α-pinene –
emitted mainly by coniferous trees – form pinic acid and cis-pinonic acid. Previous
studies proposed that cis-pinonic acid and pinic acid could further photo-degrade to20

MBTCA (Claeys et al., 2007; Szmigielski et al., 2007). Although MBTCA has other
precursors apart from α-pinene (Szmigielski et al., 2007), the significant correlations
among MBTCA and 3-hydroxyglutaric acid suggest that α-pinene is probably its major
precursor.

The ratio of cis-pinonic acid to MBTCA (P/M) can be employed to estimate the aging25

of α-pinene SOA (Ding et al., 2011). The P/M ratios at the UB and at the RS were 4.0
and 2.8, respectively, indicating that overall the α-pinene SOA tracers were relatively
fresh during our campaign. It is important to note that cis-pinonic acid was found to
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possess the highest ratio between the two sites (UB/RS = 1.9) of all the 36 detected
organic compounds in this study, implying this fresh SOA oxidation product may be
further oxidized in the more urban city centre (RS site).

3.1.7 Isoprene SOA tracers: C5-alkene triols, 2-methylglyceric acid,
2-methylthreitol and 2-methylerythritol5

It is generally considered that the main atmospheric source of isoprenoid VOCs is the
direct emission from vegetation (Guenter et al., 1995). However, tailpipe sources may
also contribute a non-negligible amount of isoprene in urban areas (Borbon et al., 2001;
Park et al., 2011). Indeed, previous studies in the metropolitan region of Barcelona
described the human-related sources of isoprene (Seco et al., 2012). However, whilst10

the predominately anthropogenic origin is mainly seen in winter months, during the
summer ones (including September and October, this study) a mainly biogenic origin
is apportioned (Filella and Penuelas, 2006).

During SAPUSS, all the isoprene related markers concentrations were found higher
at the UB site than the more anthropogenically influenced RS site (Table 1). Whilst it is15

not possible to uniquely attribute isoprene markers only to biogenic sources, previous
urban air quality studies point suggests that the majority of isoprene SOA should be of
biogenic origin. For example, Langford et al. (2010) concluded that as much as 80 %
of isoprene in London has biogenic sources. Schneidemesser et al. (2011) concluded
that isoprene does not have very important role in atmospheric chemistry in London20

or Paris. However, given the unknown anthropogenic contribution, we leave this SOA
isoprene aerosol source without a clear biogenic labeling.

During this study, C5-alkene triols concentrations (about 1 ng m−3) were slightly lower
than those reported in other European sites (Kourtchev et al., 2005) and much lower
than the levels of 300 ng m−3 in sites located in the southeastern USA (Lin et al.,25

2012). The 2-methylglyceric acid (2-MGA) concentrations were in the same range as
those observed in Marseille (about 2 ng m−3, El Haddad et al., 2011), whereas the
levels of 2-methyltetrols (2-MT) were higher in the present study (about 2 ng m−3).
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2-methylerythritol concentrations were 2.5 times higher than 2-methylthreitol concen-
trations. They were highly correlated within each other at both sites (r2 = 0.9; P <0.05),
as previously observed in other studies (Edney et al., 2005; Ion et al., 2005; El Had-
dad et al., 2011). Overall there were good correlations between C5-alkene triols and∑

2-methyltetrols (r2 = 0.8; P <0.05), as well as between 2-MGA and C5-alkene triols,5

and
∑

2-methyltetrols (r2 = 0.6 and 0.7, respectively; P <0.05). Overall, there was no
day/night or weekdays/weekend significant difference at both monitoring sites for all
the SOA isoprene markers. The concentrations of 2-MGA at UB were not significantly
different than those observed at RS, where as the 2-MT concentrations were about 2
times higher at UB.10

Although both 2-MT and 2-MGA originate from the photo-oxidation of isoprene, NOx
concentrations and aerosol acidity (Surratt et al., 2010) may affect their formation pro-
cesses and consequently their relative abundances. Moreover, relative abundances
of these organic compounds can evolve as they can undergo further photochemical
processing or heterogeneous reactions upon their formation (Robinson et al., 2007).15

2-MT are formed by photooxidation of isoprene under NO-limited conditions (Lin et al.,
2012), while it is known that 2-MGA can also be formed by the further oxidation of
volatile methacryloylperoxynitrate (MPAN), a major second-generation products of iso-
prene oxidation under initially high-NO conditions (Surratt et al., 2010). In summary, it
is likely that the different traffic conditions encountered at the two monitoring sites, with20

higher NO at RS than UB, can impact the concentrations of 2-MGA and 2-MT.

3.2 Multivariate data analysis

Principal component analysis (PCA) was applied on a matrix of scaled concentrations
to explore the amount of variance that could be explained by a reduced number of
components and to identify the most determinant associations amongst the organic25

tracer compounds analyzed in this study. A six-component solution was selected from
the analysis involving a 96.5 % of explained variance. Addition of a seventh component
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(97.2 % of explained variance) did not show any further relevant environmental infor-
mation.

Following the optimal number of components obtained by PCA, MCR-ALS was ap-
plied to the scaled column-wise data matrix (i.e. without mean-centering) and non-
negativity constraints, resulting in six components which accounted for 96.2 % of the5

total data variance.
Although many compounds were distributed between different MCR-ALS compo-

nents for many of the chemical compounds, an insight of the contributions of the dif-
ferent OA sources can be seen in Fig. 2. The average organic carbon concentrations
(OC, determined separately by the Sunset EC/OC instrument, Dall’Osto et al., 2012a)10

were found to be 3.5 µg m−3 at the RS and 2.1 µg m−3 at the UB site (Dall’Osto et al.,
2012a). There was a very good correlation between the total OC concentrations of PM1

and
∑

scores of component for each sampled days (r2 = 0.9, P <0.05), indicating that
the selected organic components described in this study can be representative for the
contributions to the organic fraction sampled during the SAPUSS project. The percent-15

ages of OA contribution of each of the six components obtained were calculated from
the relative contribution of the individual MCR-ALS resolved component with respect
to the

∑
score of the six components. The mass contribution of OC per volume for

each component (Fig. 2) was calculated by multiplying the relative contributions with
the OC concentrations from Dall’Osto et al. (2012a). The following sections discuss the20

unique features of the six OA sources identified, as well as the temporal trend of the
scores. The percentages presented in brackets after the molecular markers represent
the proportion of such marker among all six MCR-ALS profiles, and not the percentage
of such marker among the total signal of the individual MCR-ALS profile.

3.2.1 Urban Primary Organic Aerosol (POA Urban)25

This component is defined by strong contributions from PAH (43 %), hopanes (43 %)
and nicotine (79 %) and account for 32 % of the explained variance. The relative larger
contribution to the component of LMW PAH in combination with the hopanes, points
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to diesel vehicles as an important emission source. Among the six components this is
the one showing the best correlation with traffic intensity (r2 = 0.5), pointing to traffic as
a major contributor to this component. The temporal changes of this source between
the two sites were correlated r2 = 0.5 (P <0.05). Urban POA accounted for 0.35 and
1.5 µg m−3 OC at UB (18 % of total OC) and RS (43 % of OC), respectively. This obser-5

vation is consistent with a previous study (Mohr et al., 2012) in which 16 % of the OA
was attributed to primary organic aerosol at UB. Urban POA was higher during week-
days, especially on Wednesday and Thursday, whilst the lowest values were recorded
during weekends and holidays (Fig. 2). There was no clear day-night fluctuation for this
component, which is in accordance with the absence of such fluctuation in the LMW10

PAH and hopanes. The scores of this component are nearly equally divided among the
four main air mass scenarios (Fig. 3), suggesting that it is less dependent on regional
air mass transport and that local emissions are mainly responsible for the presence of
such primary atmospheric pollutants in the urban area.

3.2.2 Primary regional Biomass Burning Organic Aerosol (BBOA Regional)15

This component is essentially formed by levoglucosan (68 %), mannosan (75 %) and
galactosan (79 %), several markers of primary biomass burning. The component also
contains an important part of glyceric acid (45 %), which could be emitted after biomass
burning or formed during atmospheric transport. Moderate contributions (about 20 %
of the total signal) from other DCAs and PAH are also observed (Fig. 2).20

This component accounted for 15 % of the total variance and its values in the two
sites were strongly correlated (r2 = 0.85). The highest score values in both sites were
observed in the last sampling period of the SAPPUSS campaign (15–17 October,
Fig. 2) coinciding with regional recirculation air masses (Fig. 3, 70 %) as well as with the
permission to burn litter from fields surrounding the urban area of Barcelona (DOGC,25

1995).
Although the relative contribution of BBOA was higher at UB (12 %) than at RS (7 %),

both monitoring sites presented roughly similar concentrations (about 0.3 µg m−3).
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Mohr et al. (2012) also found a moderate contribution of 11 % for BBOA in winter
2009 by AMS analysis, which were correlated with off-line filter analysis of levoglu-
cosan (Van Drooge et al., 2012a). The contribution of BBOA was very similar to the
0.4 µg m−3 estimated for the UB site after year round measurements in 2009 (Reche et
al., 2012). It is important to remember that organic tracers for biomass burning may to5

be susceptible to oxidation (Hennigan et al., 2011; Hoffmann et al., 2010; Kessler et al.,
2010). However, the analysis of inorganic species during the SAPUSS study (Dall’Osto
et al., 2012b) also found a similar apportionment at the two monitoring sites, although
slightly higher at the UB site.

3.2.3 Isoprene Secondary Organic Aerosol (SOA ISO)10

C5 alkene triols (65 %), 2-MGA (42 %) and the 2-MTs (60 %) represent the SOA tracers
of isoprene oxidation and they are grouped in one component that accounts for 11 %
of the explained variance. Based on the high NO levels in the city centre (Dall’Osto
et al., 2012a), one would expect larger differences between the two monitoring sites
as seen for some of the isoprene markers (see Sect. 3.1.7). Nevertheless, the overall15

contributions of SOA ISO were similar at both sites (0.4 and 0.3 µg m−3 at UB and RS,
respectively), suggesting mainly a regional origin. Indeed, about 50 % (Fig. 3) of the
concentrations detected were recorded during regional air masses, while considerably
lower contributions were observed when the air mass came from the Mediterranean
Sea. The regional apportion of the SOA ISO is also reflected in the temporal trend of20

this component (Fig. 2), which was found very similar between the two sites (r2 = 0.7,
P <0.05).

3.2.4 Biogenic α -Pinene Secondary Organic Aerosol (SOA BIO PIN)

Another component is dominated by a strong signal associated to cis-pinonic acid
(72 %), a first generation product of α-pinene oxidation and minor contributions from 2-25

methyltetrols (24 %), succinic acid and glutaric acid (22 %). Hopanes were also found to
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contribute to this aerosol source (35 % of the total hopanes signal) and could be related
to biogenic hopanoid precursors produced by microbiota (Yan et al., 2008). Other sec-
ond generation products of α-pinene oxidation (i.e. 3-hydroxyglutaric acid and MBTCA)
did not contribute to this component, implying it is relatively fresh (see Sect. 3.1.6). The
SOA BIO PIN component accounted for 10 % of the explained variance, with average5

concentrations estimated to be 0.5 µg m−3 at UB (24 % of OA) and 0.2 µg m−3 at RS
(7 %), respectively. The temporal trends at both sites were poorly correlated (r2 = 0.3,
P <0.05), suggesting this SOA component did not impact the two monitoring site at
the same level. This can be due to different reasons; including the fact that α-pinene
SOA probably undergoes further oxidation in the city center. This is in contrast to the10

previous SOA described (SOA ISO) where no difference was found between the two
monitoring sites.

The present study shows a remarkable temporal trend (Fig. 2): the highest SOA BIO
PIN scores at both monitoring sites were recorded on 5 October 2010 when a strong
urban new particle formation (NPF) event was detected (Dall’Osto et al., 2013). Fur-15

thermore, high levels can also be seen on 25–27 September when other minor NPF
events were detected. Cis-pinonic acid has been linked to nucleation processes in
forested areas as a first step in the formation of aerosols from organic vapors (O’Dowd
et al., 2002; Laaksonen et al., 2008). Further considerations on the matter are dis-
cussed later in Sect. 4.20

3.2.5 Aged Secondary Organic Aerosol (SOA Aged)

SOA tracer compounds of both anthropogenic and biogenic origin, including C3–C5
DCA (40 %), C7–C9 DCA (20 %), phthalic acid (26 %), hydroxy-DCA (45 %) and tricar-
ballytic acid (75 %) were defining this component. It is interesting to note the absence
of cis-pinonic signal, suggesting that this SOA component is more aged than the SOA25

BIO PIN. Indeed, 3-hydroglutaric acid and MBTCA can be seen in this SOA Aged profile
(Fig. 2) as products from further photo-chemical reactions of cis-pinonic acid (Szmigiel-
ski et al., 2007). The higher contribution of C3–C5 DCA over C7–C9 DCA also indicates
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the more aged character of this component, since the higher carbon numbered DCA
tend to photo-chemically degrade to smaller DCA (Yang et al., 2008b). Further support
from the high degree of “aging” of this component also comes from the trend seen for
the isoprene SOA markers, with the 2-MGA score being the strongest among all iso-
prene markers. In other words, when comparing this SOA Aged component with the5

SOA ISO one (Fig. 2), whilst 2-MGA is found the least important tracer among the four
main ones describing such component, the opposite trend is seen for SOA Aged.

This component accounted for 18 % of the explained variance and was related to
SOA tracers. Similar concentrations (0.4 µg m−3 OC) were found at both sites (18 % of
OA at UB; 12 % at RS). There was a good correlation between the scores of the two10

sampling sites (r2 = 0.5), suggesting this SOA component is impacting the two sites at
similar level. The temporal trend of this component (Fig. 2) was air mass dependent,
with lowest values observed during windy North Atlantic advections (Fig. 3).

3.2.6 Oxidized Organic Aerosol of mainly urban origin (OOA Urban)

Contrary to the previously described five OA sources, it is not known at this stage if this15

OOA Urban source has a primary and/or a secondary component, hence the name
does not include any specification on this regard. The unique feature of this aerosol
source is the strong association with pimelic (65 %), suberic (61 %) and azelaic (55 %)
acids (C7–C9 DCA). It is also interesting to note the presence of PAHs (21 % of to-
tal PAH signal), with particular evidence for coronene (39 %, strongest signal of all20

six sources) and minor ones from benzo[ghi]perylene (32 %) and benz[a]anthracene
(33 %). This source has also the peculiarity to contain the remaining 20 % of the
nicotine signal which in this study is mainly apportioned by POA Urban (80 %, see
Sect. 3.2.1 and Fig. 2). OOA Urban was found to have an average concentration of
0.8 µg m−3 (23 %) at the RS site and of 0.2 µg m−3 (10 %) at the UB site. A temporal25

correlation of this OA source was not found between the two monitoring sites. The con-
sistently higher abundance of this component at the city centre site (RS) with respect
to the urban background site (UB), as well as a daytime maximum (Fig. 2), suggest
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that local urban emissions sources were involved. The strong PAH high component
(benzo[ghi]pyrene and coronene) suggests that motor vehicle emissions, previously
associated mainly to primary gasoline-powered vehicles could be involved (Rogge et
al., 1993; Zielinska et al., 2004). On the other hand, C7–C9 DCA are often associated
with oxidation of unsaturated fatty acids (e.g. oleic acid, Moise et al., 2002). A major5

source for primary emissions of oleic acid in an urban environment is food cooking
(Schauer et al., 2002; Robinson et al., 2006) so this source could also be related to the
one reported by Mohr et al. (2012), attributing 17 % of the atmospheric organic PM1
due to primary food cooking emissions in the same location.

However, a complex air mass dependency of this source at both monitoring sites10

suggests that this component is also related to atmospheric processes. Figure 3 shows
that at both sites the higher scores of OOA Urban were observed under North African
air masses from the Mediterranean Sea (NAF East, with maximum at both monitoring
sites between 7th and 10th October, Fig. 2). During this period, the concentrations at
the two monitoring sites were highly correlated (r2 = 0.9) and the increase of the OOA15

Urban coincided with the increase of SOA Aged. However, in two other REG. periods of
elevated SOA Aged concentrations (29 September–3 October and 14–17 October) the
OOA Urban component was found at relatively low concentrations and not correlated
between the two monitoring sites. Whilst during NAF East air mass type the nitrate
concentrations was at minimum, the opposite scenarios was found for the REG air20

mass types (Dall’Osto et al., 2012a). Yang et al. (2008b) previously reported that the
nitrate ions play a major role in accelerating the photo-oxidation of azelaic acid by
increasing OH concentration. This could be a possible explanation on why OOA Urban
can accumulate during “sulphate high – nitrate low” air masses (NAF East) whereas
much lower concentrations are found during “sulphate low – nitrate high” air masses25

(REG.) at both sites.
In summary, it seems that certain atmospheric conditions are responsible for the

abundance of OOA Urban OA source. This aerosol component is the least charac-
terized of the six ones apportioned in this study. It points out to compounds related
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to gasoline vehicle emissions and cooking activities, and the different behaviors un-
der different air masses suggest its abundance depend on the atmospheric conditions
encountered during its emission.

4 Implications and conclusions

The application of MCR-ALS on a database generated from off-line GC-MS analysis of5

36 organic tracer compounds in 103 PM1 filter samples collected simultaneously in two
sites from Barcelona during 30 successive days allowed the identification of six organic
aerosol components in the two sites that explained 96 % of the total database variance.
The specific study of these components provides information on the environmental
sources and processes responsible for the organic aerosol constituents.10

Two of the aerosol components (POA Urban and BBOA Reg.) could be linked directly
to primary anthropogenic emission sources. At the RS site, the primary emissions from
anthropogenic sources explain 43 % of the variance of the OA, whereas only 28 % at
the UB site. Overall, the regional BBOA component had little influence on the air quality
in the city.15

The sum of the three SOA components (SOA Aged, SOA ISO and SOA BIO PIN)
contributed to 60 % of the OA at the UB, in line with the 55 % calculated by Mohr et
al. (2012) in the same location during winter 2009. At the RS, the SOA component
was found to be only of 27 %. Two of them were represented by products of isoprene
and α-pinene oxidation, while the third was composted by a mixture of more oxidized20

compounds from anthropogenic and biogenic origin. Most of the SOA formed from bio-
genic sources are believed due to isoprene and monoterpenes emissions because of
their high emission rates from various vegetated surfaces. Biogenic contributions to
SOA were previously expected to be relatively low in urban areas. However, the com-
plex emissions in urban settings have been shown to accelerate oxidation of biogenic25

VOCs and thus production of biogenic SOA (Goldstein and Galbally, 2007; Liao et al.,
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2007). Our study suggests that the overall biogenic SOA component at the UB and RS
was at least 42 % and 15 %, respectively, with a ratio ISO/PIN of about 3.

An unexpected sticking result of this work is the relationship between SOA ISO, SOA
BIO PIN and the NPF events during the SAPUSS project. Briefly, a clustering analysis
of aerosol size distributions data collected at a UB site in Barcelona revealed that5

ultrafine particles often fail to grow above 10 nm (Dall’Osto et al., 2012c). However, NPF
originating within the city centre can growth to larger sizes while transported away from
the city to the urban-regional background (Dall’Osto et al., 2013). Previous laboratory
results showed that the high reactivity of isoprene with OH leads to suppression of
new particle formation (Kiendler-Scharr et al., 2009). Large isoprene emissions can10

also suppress NPF formation in forests although the underlying mechanism for the
suppression is unclear (Kanawade et al., 2011). Although the role of biogenic VOC in
limiting oxidant levels is established, the influence of OH remains uncertain (Taraborrelli
et al., 2012).

Figure 4 summarise a key finding of our study during the SAPUSS project. A clear15

anti correlation between SOA ISO and SOA BIO PIN can be seen for the plotted PM1
daytime samples. Additionally, the five days characterised by NPF events are all dis-
tributed in the top left part of the panel. In other words, our results suggest that large
isoprene emissions can suppress NPF formation in urban areas. Furthermore, the very
high percentages of SOA BIO PIN in the PM1 mass detected during the NPF events20

suggest that biogenic compounds could be partially responsible for the growth of ultra-
fine particles in the urban area of Barcelona. Such results goes in the same direction
of recent finding in the same area showing that the majority of OA is of non fossil origin
(Minguillón et al., 2011).

The third SOA component (SOA Aged) contains a mixture of both biogenic and an-25

thropogenic SOA tracers. Therefore, it was not possible to estimate the contribution
of non-fossil and fossil organic carbon in this component. By considering BBOA Reg.,
SOA BIO PIN of non-fossil origin, then this was about 37 % at the UB (0.8 µg m−3) and
15 % at the RS (0.5 µg m−3). It is likely that SOA ISO is mainly biogenic during the
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studied period although a possible influence of an anthropogenic contribution in the
urban sites could not be excluded. Nevertheless, adding SOA ISO to the non-fossil OA
would lead to contributions of 54 % and 22 % at UB and RS, respectively. The rela-
tive large contribution of non-fossil SOA in this study is in agreement with the isotopic
carbon data from former studies in the same urban area (Minguillón et al., 2011).5

What remains unclear in the present study is the exact meaning of the OOA Urban
component. It is composed mainly of C7–C9 dicarboxylic acids, with contributions of
PAH high compounds. Our results suggest that the presence of this aerosol source of
anthropogenic origin depends on a number of unknown conditions. When analyzing
the MCR-ALS seven solution (see Supplement), two new components appears. POA10

Urban 1 (PAH high and nicotine) and POA Urban 2 (PAH low and hopanes) somehow
take away all the primary OA component from Urban OOA, leaving it with only the C7–
C9 signature (Fig. S1). Unfortunately, the solution with seven components worsen all
other external correlations with all the other existing factors and therefore it cannot be
chosen as the correct one. Nevertheless, this is suggesting that both Urban POA and15

Urban OOA somehow hide some unknown OA sources or processes not distinguish-
able in this study. The 12 h sampling time resolution used in this study does not allow
us to fully apportion urban OOA to traffic or cooking emissions. Although the linkage
of this component to traffic can not be excluded, the chemical composition formed by
the C7–C9 dicarboxylic acids suggests that cooking activities could play an important20

role in this component. Nevertheless, the component is represented only by the less
volatile products of the oxidation of unsaturated fatty acids (Moise and Rudich, 2002).
The air mass dependence of the component indicates that its abundance cannot be
directly linked to any emission source, but could be related to oxidation processes in
the urban centre.25

This study reveals that 66 % and 28 % of the OA detected at the RS and UB (respec-
tively) has an urban origin, leaving a substantial contribution of biogenic components
in the studied urban area. However, the urban atmosphere seems to be responsible for
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the transformation of OA (Donahue et al., 2009) creating difficulties in fully assigning
OA sources with the traditional definitions of primary and secondary organic aerosol.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/11167/2013/
acpd-13-11167-2013-supplement.pdf.5
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R., Worsnop, D. R., Riekkola, M.-L., Hyötyläinen, T., and Viisanen, Y.: The role of VOC ox-
idation products in continental new particle formation, Atmos. Chem. Phys., 8, 2657–2665,
doi:10.5194/acp-8-2657-2008, 2008.25

Langford, B., Nemitz, E., House, E., Phillips, G. J., Famulari, D., Davison, B., Hopkins, J. R.,
Lewis, A. C., and Hewitt, C. N.: Fluxes and concentrations of volatile organic compounds
above central London, UK, Atmos. Chem. Phys., 10, 627–645, doi:10.5194/acp-10-627-
2010, 2010.

Liao, H., Henze, D. K., Seinfeld, J. H., Wu, S., and Mickley, L. J.: Biogenic secondary organic30

aerosol over the United States: Comparison of climatological simulations with observations,
J. Geophys. Res., 112, D06201, doi:10.1029/2006JD007813, 2007.

11200

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/11167/2013/acpd-13-11167-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/11167/2013/acpd-13-11167-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-11-6013-2011
http://dx.doi.org/10.5194/acp-5-2761-2005
http://dx.doi.org/10.5194/acp-8-2657-2008
http://dx.doi.org/10.5194/acp-10-627-2010
http://dx.doi.org/10.5194/acp-10-627-2010
http://dx.doi.org/10.5194/acp-10-627-2010
http://dx.doi.org/10.1029/2006JD007813


ACPD
13, 11167–11211, 2013

Source
apportionment of

submicron organic
aerosol

M. Alier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Lin, Y.-H., Zhang, Z., Docherty, K. S., Zhang, H., Budisulistiorini, S. H., Rubitschun, C. L., Shaw,
S. L., Knipping, E. M., Edgerton, E. S., Kleindienst, T. E., Gold, A., and Surratt, J. D.: Isoprene
epoxydiols as precursors to secondary organic aerosol formation: Acid-catalyzed reactive
uptake studies with authentic compounds, Environ. Sci. Technol., 46, 250–258, 2012.

Lohmann, R. and Lammel, G.: Adsorptive and absorptive contributions to the gas-particle5

partitioning of polycyclic aromatic hydrocarbons: State of knowledge and recommended
parametrization for modeling, Environ. Sci. Technol., 38, 3793–3803, 2004.

Medeiros, P. M. and Simoneit, B. R. T.: Analysis of sugars in environmental samples by gas
chromatography-mass spectrometry, J. Chromatogr. A, 1141, 271–278, 2007.

Minguillón, M. C., Perron, N., Querol, X., Szidat, S., Fahrni, S. M., Alastuey, A., Jimenez, J. L.,10

Mohr, C., Ortega, A. M., Day, D. A., Lanz, V. A., Wacker, L., Reche, C., Cusack, M., Amato,
F., Kiss, G., Hoffer, A., Decesari, S., Moretti, F., Hillamo, R., Teinilä, K., Seco, R., Peñuelas,
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Szmigielski, R., Surratt, J. D., Gómez-González, Y., Van der Veken, P., Kourtchev, I., Vermeylen,30

R., Blockhuys, F., Jaoui, M., Kleindienst, T. E., Lewandowski, M., Offenberg, J. H., Edney, E.
O., Seinfeld, J. H., Maenhaut, W., and Claeys, M.: 3-Methyl-1,2,3-butanetricarboxylic acid: an

11204

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/11167/2013/acpd-13-11167-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/11167/2013/acpd-13-11167-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acpd-12-30909-2012


ACPD
13, 11167–11211, 2013

Source
apportionment of

submicron organic
aerosol

M. Alier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

atmospheric tracer for terpene secondary organic aerosol, Geophys. Res. Lett., 34, L24811,
doi:10.1029/2007GL031338, 2007.

Taraborrelli, D., Lawrence, M. G., Crowley, J. N., Dillon, T. J., Gromov, S., Groß, C. B. M.,
Vereecken, L., and Lelieveld, J.: Hydroxyl radical buffered by isoprene oxidation over tropical
forests, Nat. Geosci., 5, 190–193, 2012.5

Tauler, R.: Multivariate curve resolution applied to second order data, Chemom. Intell. Lab.
Syst., 30, 133–146, 1995.

Tauler, R., Smilde, A., and Kowalski, B.: Selectivity, local rank, 3-way data-analysis and ambi-
guity in multivariate curve resolution, J. Chemometr., 9, 31–58, 1995.

Tauler, R., Viana, M., Querol, X., Alastuey, A., Flight, R. M., Wentzell, P. D., and Hopke, P. K.:10

Comparison of the results obtained by four receptor modelling methods in aerosol source
apportionment studies, Atmos. Environ., 43, 31–58, 2009.
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Table 1. Summary of the concentrations (µg m−3) of analyzed organic tracer compounds. The
results indicated in bold showed significant (t-test, p<0.05) differences between sites, day and
night, or between weekday (WD) and weekends/holidays (WE).

UB RS UB vs. RS ratio day/night ratio WD/WE

mean sd (min–max) mean sd (min–max) ratio r2 UB RS UB RS

po
ly

cy
cl

ic
ar

om
at

ic
hy

dr
oc

ar
bo

ns phenanthrene 0.05 ± 0.02 (0.01–0.12) 0.09 ± 0.03 (0.04–0.17) 0.6 0.5 0.8 0.9 1.6 1.4
anthracene 0.01 ± 0.00 (0.00–0.02) 0.02 ± 0.01 (0.01–0.04) 0.5 0.4 1.0 1.1 1.5 1.6
fluoranthene 0.06 ± 0.03 (0.02–0.14) 0.13 ± 0.04 (0.06–0.21) 0.5 0.4 0.8 0.9 1.7 1.4
pyrene 0.08 ± 0.05 (0.02–0.22) 0.20 ± 0.07 (0.10–0.38) 0.4 0.4 0.8 0.9 1.9 1.5
benz[a]anthracene 0.05 ± 0.03 (0.02–0.12) 0.13 ± 0.05 (0.04–0.24) 0.4 0.4 0.9 1.3 1.7 1.8
chrysene 0.07 ± 0.03 (0.02–0.14) 0.16 ± 0.07 (0.05–0.31) 0.4 0.5 0.9 1.2 1.6 1.7
benzofluoranthenes 0.13 ± 0.07 (0.03–0.37) 0.17 ± 0.09 (0.03–0.48) 0.7 0.3 1.0 1.2 1.3 1.5
benzo[e]pyrene 0.15 ± 0.08 (0.05–0.37) 0.33 ± 0.16 (0.07–0.73) 0.4 0.5 0.9 1.3 1.7 1.9
benzo[a]pyrene 0.06 ± 0.04 (0.01–0.20) 0.18 ± 0.09 (0.03–0.40) 0.4 0.4 0.9 1.3 1.6 2.1
indeno[123cd]pyrene 0.04 ± 0.03 (0.01–0.12) 0.11 ± 0.06 (0.02–0.27) 0.4 0.2 0.9 1.2 1.0 1.5
benzo[ghi]perylene 0.12 ± 0.05 (0.04–0.26) 0.30 ± 0.13 (0.07–0.56) 0.4 0.4 0.9 1.4 1.4 1.9
coronene 0.04 ± 0.02 (0.01–0.08) 0.09 ± 0.03 (0.03–0.17) 0.5 0.2 1.0 1.4 1.2 1.5

hopanes 17a(H)21β(H)-29-norhopane 0.52 ± 0.22 (0.20–1.11) 0.73 ± 0.37 (0.20–1.70) 0.7 0.5 1.1 1.1 1.5 2.0
17a(H)21β(H)-hopane 0.46 ± 0.22 (0.19–1.16) 0.79 ± 0.41 (0.20–1.88) 0.6 0.5 1.0 1.1 1.6 2.0

alkaloid nicotine 7.0 ± 5.6 (0.5–20.0) 58.1 ± 39.8 (9.2–164) 0.1 0.4 1.3 1.5 1.8 2.5

anhydro- levoglucosan 9.4 ± 9.4 (1.7–40.0) 5.3 ± 5.8 (0.6–30.5) 1.8 0.8 0.9 0.9 0.7 0.8
sugars galactosan 1.3 ± 1.6 (0.2–7.1) 0.7 ± 0.9 (0.1–4.4) 1.8 0.8 0.9 0.9 0.6 0.9

mannosan 1.2 ± 1.4 (0.2–5.6) 0.6 ± 0.7 (0.1–3.8) 1.9 0.8 0.8 0.9 0.6 0.7

ac
id

s,
po

ly
ol

s,
m

et
hy

lte
tr

ol
s

malonic acid C3 1.5 ± 1.5 (0.3–8.1) 1.6 ± 1.0 (0.4–4.9) 1.0 0.5 1.1 1.3 0.9 1.2
succinic acid C4 7.3 ± 4.8 (3.1–24.7) 6.2 ± 3.0 (2.5–14.8) 1.2 0.3 1.1 1.0 0.9 0.9
glutaric acid C5 2.0 ± 1.3 (0.6–7.5) 1.5 ± 0.7 (0.6–3.2) 1.3 0.3 1.3 1.2 1.0 1.0
pimelic acid C7 0.6 ± 0.3 (0.2–2.1) 1.3 ± 0.6 (0.6–3.7) 0.5 0.5 1.3 1.6 0.9 1.0
suberic acid C8 0.9 ± 0.5 (0.4–3.0) 1.7 ± 0.7 (0.7–3.9) 0.5 0.2 1.2 1.5 1.0 1.0
azelaic acid C9 2.9 ± 1.3 (1.0–7.3) 6.1 ± 2.6 (2.4–13.0) 0.5 0.2 1.2 1.7 1.0 1.2
glyceric acid 3.2 ± 2.9 (0.7–15.2) 3.4 ± 2.0 (1.1–9.8) 0.9 0.5 1.0 1.1 0.9 1.1
malic acid 14.2 ± 14.3 (1.2–72.7) 9.9 ± 8.5 (1.2–33.6) 1.4 0.7 1.2 1.0 1.0 0.9
tartaric acid 2.1 ± 2.8 (0.0–12.2) 1.8 ± 1.7 (0.1–7.0) 1.2 0.6 1.5 1.2 0.9 0.9
tricarballytic acid 3.9 ± 3.3 (0.3–15.3) 3.0 ± 2.4 (0.4–11.6) 1.3 0.6 1.2 1.2 1.1 0.9
phthalic acid 3.9 ± 2.4 (0.9–11.4) 3.6 ± 1.6 (1.3–9.3) 1.1 0.7 1.4 1.2 1.1 1.1
3-hydroxyglutaric acid 4.5 ± 3.5 (0.5–20.2) 3.1 ± 2.1 (0.8–8.6) 1.5 0.7 1.1 1.0 1.0 1.1
MBTCA 5.5 ± 4.5 (1.0–23.5) 4.1 ± 2.4 (0.7–10.3) 1.4 0.6 1.3 1.3 1.2 1.2
cis-pinonic acid 15.4 ± 8.4 (3.6–49.7) 8.0 ± 2.9 (3.1–18.4) 1.9 0.6 1.0 1.1 1.0 1.0
C5-alkene triols 1.0 ± 0.7 (0.1–3.0) 0.7 ± 0.5 (0.1–2.2) 1.4 0.7 1.1 1.0 1.2 1.4
2-methylglyceric acid 2.1 ± 1.3 (0.4–6.4) 1.9 ± 1.1 (0.6–4.5) 1.1 0.5 1.2 1.1 1.1 1.3
2-methylthreitol 2.8 ± 1.6 (0.6–7.8) 1.4 ± 0.9 (0.1–3.8) 1.9 0.6 1.1 1.0 1.2 1.1
2-methylerythritol 6.5 ± 4.1 (1.7–20.7) 3.5 ± 2.4 (0.6–9.5) 1.9 0.6 1.1 1.0 1.2 1.2
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Fig. 1. Location of the sampling sites in Barcelona.
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Fig. 2. MCR-ALS resolved profiles applying non-negativity constraints. Column on the left
shows the loading organic compound composition of the six selected components. Column
in the middle shows the temporal trend of the score values of the six components. Column
on the right shows the relative contribution of the scores (%) as well as the estimated mass
contribution of organic carbon to volume (µg OC m−3).
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Fig. 3. Relative scores of the components in UB and RS in relation to the different air mass
scenarios; NAF W: north African air mass from the west; Atl.: Atlantic Advection; Reg.: Regional
air circulation; NAF E: North African from the East over the Mediterranean Sea (Dall’Osto et
al., 2012a).
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Fig. 4. MCR-ALS scores values for SOA Isoprene and SOA BIO Pinene for day time samples
(09:00–21:00) collected during SAPUSS. Please note the rectangular in figure includes the five
nucleation days seen during SAPUSS (25, 26, 27 September, 5 and 18 October 2010).
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