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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Water-soluble OA concentrations were 
significantly higher in BCN compared to 
MSY. 

• The relative compositions was similar 
between BCN and MSY, but OA sources 
differed. 

• 5 common sources of organics were 
found in PM10, three primary, and two 
secondary. 

• SOA accounted for over 50 % of the OA 
at both stations. 

• BCN was a mix of biogenic and anthro-
pogenic SOA, while MSY was primarily 
biogenic.  
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A B S T R A C T   

Organic aerosols (OA) have recently been shown to be the dominant contributor to the oxidative potential of 
airborne particulate matter in northeastern Spain. We collected PM10 filter samples every fourth day from 
January 2017 to March 2018 at two sampling stations located in Barcelona city and Montseny Natural Park, 
representing urban and rural areas, respectively. The chemical composition of PM10 was analyzed offline using a 
broad set of analytical instruments, including high-resolution time-of-flight mass spectrometry (HR-ToF-AMS), a 
total organic carbon analyzer (TCA), inductively coupled plasma atomic emission spectrometry (ICP-AES), 
inductively coupled plasma mass spectrometry (ICP-MS), ion chromatography (IC), and thermal-optical carbon 
analyzer. Source apportionment analysis of the water-soluble organic content of the samples measured via HR- 
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ToF-AMS revealed two primary and two secondary sources of OA, which included biomass-burning OA (BBOA), 
sulfur-containing OA (SCOA), as well as summer- and winter‑oxygenated OA (SOOA and WOOA). The presence 
of hydrocarbon-like water-insoluble OA was also identified based on concentration trends in black carbon and 
nitrogen oxides. The results from the source apportionment analysis of the inorganic composition were correlated 
with different OA factors to assess potential source contributors. Barcelona showed significantly higher average 
water-soluble OA concentrations (5.63 ± 0.56 μg m-3) than Montseny (3.27 ± 0.37 μg m-3) over the sampling 
period. WOOA accounted for nearly 27 % of the averaged OA in Barcelona compared to only 7 % in Montseny. In 
contrast, SOOA had a greater contribution to OA in Montseny (47 %) than in Barcelona (24 %). SCOA and BBOA 
were responsible for 15–28 % of the OA at both sites. There were also seasonal variations in the relative con-
tributions of different OA sources. Our overall results showed that local anthropogenic sources were primarily 
responsible for up to 70 % of ambient soluble OA in Barcelona, and regulating local-scale emissions could 
significantly improve air quality in urban Spain.   

1. Introduction 

Air pollution is the single largest environmental risk to public health 
worldwide (World Health Organisation (WHO), 2021). These health 
issues are primarily driven by exposure to high levels of airborne par-
ticulate matter (PM), which causes both short- and long-term health 
effects, such as cardiovascular and respiratory illnesses, cancer, and 
prenatal issues (Chen and Hoek, 2020; Mukherjee and Agrawal, 2017; 
WHO, 2021; Zhang et al., 2018a). PM <10 μm in aerodynamic diameter 
(PM10) consists of a broad range of primary and secondary components 
(e.g., carbonaceous species, metals, and salts); the contributions of these 
sources vary at different locations (Bozzetti et al., 2017; in ’t Veld et al., 
2021; Jia et al., 2017; Querol et al., 2004a, 2004b, 2006, 2014; Vlachou 
et al., 2018; Zhang et al., 2018b). 10 – 40 % of PM10 is composed of 
organic aerosol (OA) that is either directly emitted into the atmosphere 
(primary organic aerosols; POA) or formed within the atmosphere via 
secondary oxidative processes (secondary organic aerosols; SOA) (Der-
went et al., 2010; Kanakidou et al., 2005). Characterizing the chemical 
composition of PM10 is important for the interests of public health since 
metals (e.g. Fe, Cu, As, Cd, Ni, and V) and organic constituents (often 
associated with black carbon (BC)) are major drivers of PM10 toxicity 
(Chowdhury et al., 2019; Decesari et al., 2017; Delfino et al., 2010; Heal 
et al., 2012; Jia et al., 2017; Kelly and Fussell, 2012; Li et al., 2019; Park 
et al., 2018; Qi et al., 2020; Zhang et al., 2018a). 

A considerable number of studies have investigated the sources of 
bulk PM, while others have identified the major sources of PM in both 
urban and rural areas in NE Spain (Amato et al., 2009b; Brines et al., 
2019; Escudero et al., 2015; in ’t Veld et al., 2021, 2023; Pandolfi et al., 
2016; Querol et al., 2001, 2006, 2007). However, these datasets lacked 
information about OA speciation and only measured the total amount of 
organic carbon and elemental carbon (henceforth referred to as OC and 
EC, respectively). While the provenance of EC was mostly attributed to 
traffic emissions (Amato et al., 2009a; in ’t Veld et al., 2021, 2023; 
Pandolfi et al., 2016), no clear source was identified for OC. This rep-
resents a significant gap in the literature: between 2009 and 2018, the 
relative contribution of OA to ambient PM —especially PM2.5 — 
increased by 12 % and 9 % in urban and rural parts of the region, 
respectively (in ’t Veld et al., 2021). Previous research focused on OA 
speciation in Barcelona, NE Spain, found that 60 – 80 % of ambient OA 
was formed via secondary pathways (Van Drooge et al., 2022; Via et al., 
2021). Identifying the sources of secondary OA in this region is impor-
tant, especially since OA was recently shown to be the dominant 
contributor to PM10 toxicity, significantly influencing the toxicity of fine 
particulates (in ’t Veld et al., 2023). This requires an understanding of 
the chemical composition of OA in order to quantify the relative 
importance of air pollution sources, as well as constrain their impacts on 
the environment and public health. 

In this study, we investigated the OA source contributions of PM10 in 
NE Spain by analyzing PM10 filter samples with a high-resolution time- 
of-flight aerosol mass spectrometer (HR-ToF-AMS), which has been 
widely used for the characterization of OA (Bozzetti et al., 2017; Crippa 
et al., 2014; Daellenbach et al., 2016, 2017; Huang et al., 2015; 

Srivastava et al., 2021; Vlachou et al., 2018). By constraining the sources 
of urban and rural OA in the Barcelona region, our work provides in-
sights into the mitigation strategies that should be enacted in the area. 

2. Materials and methods 

2.1. Site description and sampling 

PM10 filter samples were obtained from two stations in the conur-
bation of Barcelona in the western Mediterranean Basin (Fig. 1). One of 
the two stations is a rural background station located in a forested area 
in Montseny Natural Park (MSY; 41◦ 46’ 45.63’ ‘N, 02◦ 21’ 28.92” E; 
720 m a.s.l.). The MSY station is located 50 km NNE of Barcelona and 25 
km from the Mediterranean coast. This station is located at a sufficient 
distance and elevation such that it is unaffected by urban anthropogenic 
emission sources and has been shown to be representative of the 
regional ambient background (Minguillón et al., 2015; Pandolfi et al., 
2016; Yáñez-Serrano et al., 2021). However, it can be affected by 
emissions from urban and industrial areas during anticyclonic atmo-
spheric conditions; these conditions were not observed during this study 
(Cusack et al., 2012; Ealo et al., 2017, 2018; Gangoiti et al., 2001; in ’t 
Veld et al., 2021, 2023; Millán et al., 1997, 2002; Pandolfi et al., 2013, 
2014, 2016; Pérez et al., 2008; Pey et al., 2009; Ripoll et al., 2015). The 
MSY station is also part of the European Aerosols, Clouds, and Trace 
Gases Research InfraStructure Network (ACTRIS) and the Global At-
mosphere Watch (GAW). The station located in Barcelona city at the 
Institute of Environmental Assessment and Water Research (IDAEA- 
CSIC) is an urban background air quality station (BCN; 41◦ 23′ 14.5″ N, 
2◦ 06′ 55.6″ E; 68 m a.s.l.). It is situated close to Diagonal Avenue — one 
of the main traffic arteries of the city — and is surrounded by a broad 
range of commercial buildings (Amato et al., 2009a; Cusack et al., 2012; 
in ’t Veld et al., 2021, 2023; Pandolfi et al., 2014, 2016; Pérez et al., 
2008; Pey et al., 2009; Querol et al., 2004a, 2004b, 2014; Ripoll et al., 
2015). 

24-h (12.00 am – 11.59 pm) PM10 samples were collected at both 
stations every fourth day between January 2017 and March 2018. The 
samples were collected using DIGITEL DH80 high-volume samplers (30 
m3 h− 1) equipped with 15-cm diameter ultrapure quartz microfiber 
filters (PALL). Each filter sample was weighed before and after sampling; 
samples were stabilized for 48 h at 20 ◦C and 50 % RH to obtain the 
gravimetric PM mass. The sampled filters were subsequently cut into 
quarters for subsequent analysis. 

2.2. Offline aerosol mass spectrometry 

One portion of the filter sample was used to characterize the chem-
ical composition of the OA using a high-resolution time-of-flight aerosol 
mass spectrometer (HR-ToF-AMS, henceforth shortened to AMS). The 
operating principles and calibration steps of the AMS instrument are 
described in (DeCarlo et al., 2006), while offline analysis protocols used 
can be found in (Daellenbach et al., 2016). In brief, 2 cm2 punches of 
filter material were extracted in 10 mL ultrapure milliQ water (18.2 MΩ 
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cm, total OC > 5 ppb, 25 ◦C) by sonicating the samples at 30 ◦C for 20 
min followed by 1 min of vortexing. The extracts were filtered using 
0.45 μm nylon membrane syringe filters and spiked with known quan-
tities of labeled ammonium nitrate (NH4

15NO3) and ammonium sulfate 
((NH4)2

34SO4) standards. The extracts were subsequently nebulized 
using an auto sampler (ESI) with synthetic air from the laboratory, dried 
with a Nafion diffusion dryer, and measured using the AMS at a 30-s 
time resolution. Each sample was nebulized for 8 min, which allowed 
for the collection of 16 mass spectra per sample. To minimize memory 
effects, milliQ water was nebulized for 6 min before each sample as a 
systematic blank. The AMS data was analyzed using high-resolution 
peak fitting procedures using the Squirrel v1.52L (SeQUential Igor 
data RetRiEvaL) and Pika v1.10C (PeakIntegration by Key Analysis, D. 
Sueper) modules in the IGOR Pro software package (Wavemetrics, Inc., 
Portland, OR, USA). Peaks were fitted to high-resolution data for each 
mass-to-charge ratio (m/z) in the range between 12 and 125. We also 
corrected for the interference of NH4NO3 in the CO2

+ signal, previously 
described by Pieber et al. (2016) and presented in Eq. 1: 

CO2,actual = CO2,meas −

(
CO2,meas

NO3,meas

)

NH4NO3,pure

*
(
NO3,meas + j15NO3,meas

)
(1) 

We added j15NO3 to the equation to account for the labeled nitrate 
(containing the 15N isotope) which we used as an internal standard for 
our sample extracts. The correction slope, (CO2/NO3)NH4NO3, pure, was 
obtained by nebulizing five different concentrations of pure NH4NO3 
and measuring their spectra using the AMS instrument. This slope only 
varied by ~2 – 3 % throughout the entirety of the measurement period. 

2.3. Source apportionment of organic aerosol 

The OA was source apportioned using positive matrix factorization 
(PMF). PMF describes the observed temporal dynamics in OA concen-
trations through linear combinations of the product of the static factor 
profiles (ƒj,k) and their time-dependent contributions (Ck,t) with the re-
sidual matrix (rj,t) as shown in Eq. 2. 

Cj,t =
∑n

k=1
Ck,t.ƒj,k + rj,t (2) 

The index j represents an ion, t is a specific point in time and k is a 
factor. The input data and error matrices consisted of 302 distinct 
sample spectra acquired from AMS measurements, each with 300 
organic fragment ions. Each row of the data matrix represents a sample- 
specific mass spectrum obtained from averaging the 10 mass spectra that 
showed the most consistent spectral features per sample in AMS mea-
surements. The ultrapure milliQ water blanks that were nebulized 
before each sample were subtracted from the sample spectra. The 
sample-spectra were then normalized to their total signal intensity and 
scaled with the total water-soluble organic matter (OM) concentration 
(Eq. 3) to determine the ambient concentrations of fragment ions per 
sample. 

Cj,i =
xi,j

∑

i
xi,j

*OCi*
(

OM
OC

)

i
(3) 

Here, Cj,i is the ambient concentration of fragment ion j in sample i, 
and OC and OM/OC are the sample-specific water-soluble OC concen-
trations and OM/OC ratio, respectively. The OC was measured using a 

Fig. 1. Locations of the measurement stations in the Catalonia region of NE Spain where the sampling of PM10 was carried out. a) The location of the Barcelona 
urban (BCN) station (41◦ 23′ 14.5″ N, 2◦ 06′ 55.6″ E; 68 m a.s.l.). b) The location of the Montseny rural (MSY) station (41◦46′45.63″N, 02◦21′28.92″E, 720m a.s.l.). c) 
The topographic profile between BCN and MSY. Image credits: ©Google Earth & Institut Cartogràfic i Geològic de Catalunya (ICGC). 
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Shimadzu total OC analyzer and the OM/OC ratio was calculated from 
the AMS measurements. Uncertainties can be estimated from the input 
error matrix by calculating the standard deviation, accounting for var-
iabilities in water blanks; the primary uncertainties in this experiment 
are associated with ion-to-ion signal variability at the detector as well as 
ion counting statistics. The calculation of the standard deviation (sj,i) is 
shown in Eq. 4, where Cj,i is the of fragment ion j in sample i; Cj,m is the 
mean concentration, and n is the total number of samples. 

sj,i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(
Cj,i − Cj,m

)2

n − 1

√
√
√
√
√

(4) 

We also observed that some of the AMS runs per sample were auto- 
correlated; we corrected for its enhancing effect on uncertainty by 
adjusting the number of runs per sample during the calculating of the 
standard deviation for the error matrix. The effects of autocorrelation on 
temporal measurements are described in detail in (Ziȩba and Ramza, 
2011). Briefly, an auto-correlation coefficient (rk) was first calculated 
and subsequently averaged over the concentrations of all species in a 
sample (Xi) at different lags (k, where k = 1, 2, 3, …n) as follows (Eq. 5): 

rk =

∑n− k

i=1
(Xi − Xm) (Xi+k − Xm)

∑n

i=1
(Xi − Xm)

2
(5)  

rk decreases with increasing k since the similarities reduce as the lag 
increases between samples. We identified the lag number, k, corre-
sponding to the last positive value of rk and denote it as nc. Conse-
quently, the effective sample count (neff) to be used for the calculation of 
the standard deviation can be determined as shown in Eq. 6: 

neff =
n − 2nc − 1 + nc(nc + 1)/n

1 + 2
∑nc

k=1
rk

(6) 

The corrected standard deviation (sc) can then be calculated based on 
the effective sample count (Eq. 7): 

sc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
neff

neff − 1

√

*s (7) 

Hence, the standard error (sec) to be used as the input for the error 
matrices in the PMF model can be determined as follows (Eq. 8): 

sec =
sc
̅̅̅̅̅̅̅neff

√ (8) 

The PMF model was configured using the Source Finder toolkit (SoFi 
Pro v.8.0; Canonaco et al., 2021; Crippa et al., 2013a), developed in the 
Igor Pro software package (Wavemetrics, Inc., Portland, OR, USA). The 
PMF algorithm was solved using a multilinear engine-2 solver (ME-2 
solver; (Paatero, 1999)) and an unconstrained source apportionment 
analysis was performed. The model was run for different numbers of 
factors until a solution with interpretable factors was identified. Factors 
contributing to the water-soluble OC were identified based on the extent 
of their explained variation of C2H4O2

+ (for biomass-burning organic 
aerosol) and CH3SO2

+ (for sulfur-containing organic aerosol) ions, as 
well as winter–summer seasonality. Winter and summer seasonal factors 
were further correlated with typical secondary seasonal factors, such as 
inorganic nitrate and sulfate. 5- and 6-factor solutions were also inves-
tigated. However, these included additional, highly oxygenated factors 
that were not seasonal and showed unstable chemical profiles over 
several iterations. Furthermore, the mass spectra of these additional 
factors also did not have significant contributions from typical marker 
species (e.g., C2H4O2

+). Finally, the 4-factor solution corresponding to 
water-soluble organic aerosol was selected, and bootstrapped over 2000 
iterations to confirm the stability of the solution (Fig. S1). 

2.4. Calculation of recovery fraction 

As it is difficult to completely extract water-soluble OC from a filter 
sample, the recovery fractions for the water-soluble factors obtained 
from PMF analysis were calculated using the multilinear regression 
model shown in Eq. 9 and solved using a Stan model in Python: 

Total OCi − HOCi ∼ Normal
(

Wi

βi
, σ2

)

(9)  

where Total OCi represents total bulk OC measured in a filter sample, 
HOCi is the hydrocarbon-like water-insoluble OC, Wi represents the in-
dividual water-soluble factors obtained from PMF analysis, βi is the 
water recovery fraction of factor i (0 < β < 1), and σ2 is the relative error 
of the measurements. To calculate the recovery (βi) of each factor, the 
multivariate regressions were iterated over 400 times. Seasonal summer 
and winter secondary factors associated with SOA exhibited the highest 
recoveries, ranging between 65 and 85 %, while the sulfur-containing 
factor exhibited the lowest recovery (~20 %; Fig. S2). 

2.5. Black carbon measurements and estimation of hydrocarbon-like 
organic carbon 

The mass concentration and aerosol light absorption coefficient at 
seven different wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) 
of BC were obtained using an aethalometer (Magee Scientific, USA, type 
AE33). Data were collected at both the BCN and MSY sites following 
procedures described in (Drinovec et al., 2015). Briefly, over the study 
period, samples were collected every 5 min on a TFE-coated glass filter 
tape. The aethalometer was then used to measure the transmission of 
seven different wavelengths of light through two sample spots (of which 
one was a reference spot). The mass of the BC was calculated based on 
the change in optical attenuation at 880 nm, a wavelength at which 
other aerosol particles exhibit significantly less absorption (Drinovec 
et al., 2015 and references therein). The parameters used to obtain the 
absorption and BC measurements were taken from Yus-Díez et al. 
(2021). Sandradewi et al. (2008) developed an aethalometer model that 
allowed for the source apportionment of the BC data using light ab-
sorption at 470 nm and 950 nm, which can be attributed to BC com-
ponents originating from fossil fuels and the burning of biomass, 
respectively. Using this ratio, the fraction of BC originating from fossil 
fuel and wood burning could be determined; these fractions—as well as 
the BC concentrations obtained at 880 nm—were used to calculate the 
concentrations of both fossil fuel BC (BCff) and wood burning BC (BCwb) 
(Alfoldy et al., 2023; Sandradewi et al., 2008). It should be noted that 
the aethalometer-based source apportionment model has been estimated 
to have an uncertainty of 35 % (Healy et al., 2017). The BC source 
apportionment was performed on the entire MSY dataset, but only on a 
subset of the BCN dataset (June 2017–March 2018) due to instrumen-
tation issues between January and May 2017. Instead, the BCff at the 
BCN site during this period was estimated using NOx data by extrapo-
lating the linear relationship observed between BCff and NOx during 
June 2017–March 2018 measurements (Fig. S3). 

Hydrocarbon-like OC (HOC) was calculated from the concentration 
of fossil fuel-based EC using Eq. 10 (Casotto et al., 2022): 

HOCEC,ff = ECff .

(
OA
EC

)

HOA
.

(
OA
OC

)− 1

HOA
(10)  

where (OA/EC)HOA = 0.61 (Crippa et al., 2013a; Healy et al., 2013) and 
(OA/OC)HOA = 1.24 (Mohr et al., 2012); these values were both esti-
mated from online measurements. 

2.6. Auxiliary offline analytical techniques 

The three remaining quarters of the filter samples were used to 
determine the chemical speciation. A 1.5 cm2 subsample was punched 
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from one quarter and used to measure the OC/EC concentrations of the 
samples using a thermal-optical carbon analyzer (SUNSET) following 
the EUSAAR2 protocol (Cavalli and Putaud, 2010). 

A second quarter was digested in acid (HNO3:HF:HClO4; 1:2:1) and 
analyzed using inductively coupled plasma atomic emission spectrom-
etry (ICP-AES, ICAP 6500 Radial View, Thermo Fisher Scientific) to 
determine the concentration of major elements (i.e. Al, Ca, Cu, Fe, K, 
Mg, Mn, Na, P, and S), as well as inductively coupled plasma mass 
spectrometry (ICP-MS, iCAP-RQ, Thermo fisher Scientific), which was 
used to characterize a broader suite of trace elements (Li, Be, Sc, Ti, V, 
Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, 
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tv, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, 
TI, Pb, Bi, Th, and U; Querol et al., 2001). The accuracy of the ICP-AES 
and ICP-MS measurements was assessed by analyzing 10 mg of a fly ash 
reference material (National Institute for Standards and Technology- 
1633b) loaded on a 150-mm blank filter (Amato et al., 2009a; Escrig 
et al., 2009). In cases where the detected chemical species could have 
multiple sources (e.g., sea salts and planetary crust), individual fraction 
contributions of such species were derived based on calculations 
described in more detail in Section S.1 of the SI. 

The final quarter of the filter sample was leached in ultrapure MilliQ 
water to determine the concentration of ions present in the sample, 
including nitrate (NO3

- ), sulfate (SO4
2-), and chloride (Cl-), using ion 

chromatography (IC; Dionex Aquion, Thermo Fisher Scientific). The 
calculated Cl- concentrations have previously been identified as unreli-
able due to a change in the detector which significantly affected the Cl- 

concentrations (in ’t Veld et al., 2021). Thus, the Cl- measurements have 
been removed from the source apportionment analysis. The accuracy of 
the IC measurements was determined by performing a batch-wise 
quality control test for each batch containing ~7 samples. This proto-
col included the measurement of an instrument blank, a standard of 
known concentration, and a quality control sample, removing un-
certainties related to instrument contamination and performance, and 
mass calibration. Finally, the concentration of NH4

+ was determined 
using a specific electrode (ORION 9512HPBNWP ammonium selective 
electrode, Thermo Fisher Scientific) and a potentiometer (ORION 4-Star 
potentiometer, Thermo Fisher Scientific). The detection limits of 
different species were calculated as described by Amato et al. (2009a, 
2009b) and Escrig et al. (2009) using Eq. 11: 

LoDj = 3*
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

a + σ2
BLK

√

Vj
(11) 

Here, the limit of detection of species j is calculated using the un-
certainty associated with the analytical procedure, σa, the uncertainty of 
the blank measurements, σBLK, and the air volume sampled, Vj. The limit 
of detection of the ICP-AES, IC, and the thermal-optical carbon analyzer 
was determined to be 0.01 μg. The limit of detection of the ICP-MS was 
found to be 1.44E-5 μg for the relevant species. 

The data from the auxiliary measurements was used to perform a 
source apportionment analysis using the U.S. Environmental Protection 
Agency’s PMF v5.0 software (Norris et al., 2014). The exact methodol-
ogy used is described in Section S.2 of the SI. To correlate the found 
sources with the sources obtained from the AMS a multilinear regression 
model was used as described in Section S.3. of the SI. 

2.7. Analysis of wind trajectories and regional fire spots 

2.7.1. Wind trajectories 
The trajectories of air masses entering the Barcelona region during 

the sampling period were estimated using the FLEXPART v10.4 model 
(Pisso et al., 2019), which uses a Lagrangian approach to track the 
dispersion of individual particles. The model was initiated with 4000 
aerosol tracer particles that were released from two receptor sites every 
hour. The model also calculated the backward trajectories of these 
aerosol particles, accounting for meteorological conditions. 

Meteorological data were obtained from the U.S. National Atmospheric 
and Oceanic Administration’s Global Forecast System (GFS), which had 
a 1◦ x 1◦ spatial resolution. The model domain had a horizontal reso-
lution of 0.1◦ x 0.1◦ with a vertical extent of 30,000 m. The model 
produced particle trajectory outputs at a 1-h time resolution. No 
chemical packages were invoked in the model. The output from FLEX-
PART simulations described the potential influences from any regional 
sources that overlapped with the wind trajectories prior to arriving at 
the receptor sites as a 4-D function of potential emission sensitivity (PES) 
(Stohl et al., 2007). We assumed that the atmospheric pollutants were 
primarily emitted from ground- or near-ground-based sources; thus, the 
effective PES was derived from a so-called footprint layer (defined as 
0–300 m in this study) and summarized as done in previous studies 
(Hüser et al., 2017; Lal et al., 2014). 

2.7.2. Fire spots 
The spatial distribution of open-fires (including wildfires and wood- 

and biomass-burning emissions) around the receptor sites during our 
sampling period was investigated using the information from the Visible 
Infrared Imaging Radiometer Suite (VIIRS) sensor on the Suomi National 
Polar-orbiting Partnership (S-NPP) satellite (EarthData, 2021). The 
distribution of fire spots was plotted over a regional map to assess the 
influence of wood- and biomass-burning events on the samples collected 
from the two measurement locations used in this study. 

3. Results and discussion 

3.1. Source contributions to bulk PM10 in Barcelona and Montseny 

The average PM10 urban background concentration at the urban BCN 
station (16.1 ± 7.17 μg m-3) was ~2 times higher than at the rural MSY 
station (8.5 ± 4.24 μg m-3) (Fig. 2). It should be noted that there were no 
days that exceeded the European standard of 50 μg m-3 (EC, 2008, 
2011). The bulk organic composition revealed that the sum of the OM 
and EC constituted 36 % of the PM10 collected at BCN, which was 
slightly lower than their average contribution to the MSY PM10 (42 %), 
likely due to the diverse urban source contributions at BCN. Secondary 
inorganic aerosols (BCN: 30 %; MSY: 28 %) and mineral aerosols (BCN: 
25 %; MSY: 26 %) were also important sources with comparable con-
tributions at both locations. Sea spray aerosols (BCN: 7 %; MSY: 4 %) 
had a slightly greater contribution to the PM10 measured at the BCN site 
due to its proximity to the coast as well as its lower altitude relative to 
the mean sea level. Additional calculations with tracer inorganic species 
for select subgroups are reported in Section S.1 of the SI. Other minor 
inorganic contributions identified during source apportionment 
included trace elements (BCN: 1 %; MSY: 0 %) and biomass burning 
(BCN: 1 %; MSY: 0 %). These results suggest that the PM10 composition, 
especially the inorganic chemical species and the bulk organics, was 
very similar between the two stations. This was consistent with the 
source apportionment of the inorganic fractions (described in detail in 
Sections S.2 and S.4 of the SI), which identified nine common sources 
between the two stations: these included aerosols derived from an OC- 
rich source, secondary sulfates, secondary nitrates, combustion, road 
dust, heavy oil, industry, mineral, and sea spray (Figs. S4-5). It is 
important to note that the PMF analysis of inorganic and bulk organic 
constituents was not sufficient to isolate biomass-burning as a distinct 
source due to the absence of specific biomass-burning tracers such as 
levoglucosan and monosaccharide anhydrides. A more detailed inves-
tigation of the contributions of biomass-burning based on AMS mea-
surements is presented in Subsections 3.2.1. 

3.2. OA source contributions in Barcelona and Montseny 

The OA concentrations at BCN and MSY exhibited significant sea-
sonal differences (Fig. 3a). The highest concentrations observed at BCN 
occurred during the winter, which exceeded summertime values by a 
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Fig. 2. Time series data of the PM10 concentrations (in μg m-3) at Barcelona (BCN) and Montseny (MSY) sites between January 2017 and March 2018. The dashed 
line indicates the acceptable ambient concentration limit for PM10 set by the European Union (EU) (EC, 2008). 

Fig. 3. Time series of the (a) total OA concentration and (b-f) the contributions of five different factors to the total OA observed at the Barcelona and Montseny 
measurement stations between January 2017–March 2018. 
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factor of three. In contrast, MSY exhibited the opposite seasonal trend, 
with OA peaking during summer (June – August 2017) and decreasing 
by a factor of ~2 – 3 during the winter. Overall, the average OA at BCN 
(5.63 ± 0.56 μg m-3) was significantly higher than at MSY (3.27 ± 0.37 
μg m-3) over the entirety of the sampling duration. Source apportion-
ment analysis revealed four factors contributing to the water-soluble OA 
mass (Fig. 3b–e). Based on the distinct mass spectra attributed to each 
factor, these were identified as sulfur-containing OA (SCOA), biomass- 
burning OA (BBOA), summer oxygenated OA (SOOA), and winter 
oxygenated OA (WOOA) (Fig. 4). We note that SOOA and WOOA were 
named based on significant seasonal enhancements in their contribu-
tions to water-soluble organic aerosol, yet they were not limited to 
specific seasons. In addition, a hydrocarbon-like water-insoluble organic 
aerosol (HOA) factor was also identified based on traffic-related EC and 
NOx measurements using Eq. 10 (Fig. 3f, S1). Upon accounting for the 
recovery fractions, the total OC that could be attributed to these factors 
summed to the separately measured bulk OC concentrations in our filter 
samples (Fig. S6), suggesting that our OC measurements achieved mass 
balance. These factors were classified into primary (BBOA, SCOA, and 
HOA) and secondary (SOOA and WOOA) and are discussed in detail in 
Subsections 3.2.1 and 3.2.2. 

3.2.1. Primary OA 

3.2.1.1. Biomass-burning OA. BBOA was identified based on the prom-
inence of the C2H4O2

+ (m/z 60) and C3H5O2
+ (m/z 73) ions in the AMS 

spectra, which are chemical fingerprints of levoglucosan (Daellenbach 
et al., 2017). Levoglucosan is produced from the pyrolysis of cellulose 
and is a tracer for biomass-burning sources (Alfarra et al., 2007; Crippa 
et al., 2013b; Daellenbach et al., 2018; Via et al., 2021; Zotter et al., 
2014). BBOA mass spectra exhibited an OM:OC ratio of 2.07 as well as a 
ƒ44:ƒ60 ratio of 5 with a ƒ44 value of 0.07, suggesting fresh emission 

contributions. BBOA exhibited some seasonal variations at the BCN site, 
where it peaked during winter but exhibited relatively reduced sum-
mertime signals. Furthermore, the wintertime BBOA remained consis-
tently higher at BCN than at MSY. Our results suggest that local-scale 
anthropogenic sources (e.g., wintertime domestic heating via wood 
burning) could be a major source of BBOA at BCN (Minguillón et al., 
2011; Mohr et al., 2012; Viana et al., 2013). An analysis of the wind 
trajectories of air masses crossing into BCN also showed significantly 
reduced atmospheric transport during winter, supporting our hypothesis 
that wintertime BBOA was mostly dominated by local sources that 
originated within the local urban environment (Fig. 5). 

The BBOA trends at MSY were the opposite of those observed at BCN, 
with higher BBOA levels observed during summer compared to winter. 
The lower BBOA concentrations during winter could be attributed to 
meteorological effects, specifically the change in the height of the 
boundary layer. The MSY measurement station is located 720 m a.s.l. in 
Montseny Natural Park, which is characterized by mountainous terrain 
(Fig. S7) and remains mostly above the well-mixed boundary layer 
during winter months, which prevents the transport of anthropogenic 
pollutants from the BCN region to the MSY site. However, the boundary 
layer reaches the MSY sampling station in summer, resulting in 
improved mixing that vertically extends to the site, resulting in a higher 
BBOA signal between June – August 2017 (Minguillón et al., 2015; 
Pandolfi et al., 2013; Pey et al., 2010). It is also important to note that 
the summertime BBOA observed at BCN and MSY were comparable, 
indicating common source contributions at both locations. Since resi-
dential wood burning for heating is limited to winter periods, a likely 
source of summertime BBOA was open fires, especially regional wildfire 
events, which, owing to atmospheric mixing, would have affected both 
measurement stations. This is consistent with the increased number of 
open fire events near BCN and MSY between May – September 2017 
relative to the winter period of that year, as well as the broader regional 
influence of air parcels arriving at the sampling locations (Fig. 5). The 
peak BBOA readings at MSY exceeded that observed at BCN on several 
days during the summer periods, likely due to the proximity of the MSY 
station to regional wildfires that affected forested areas. The BBOA at 
BCN was most strongly correlated with potassium ion (K+) concentra-
tions that are frequently emitted from wood-burning activities 
(Figs. S8–9). The BBOA at MSY was also relatively well-correlated with 
the total OC as well as ammonium and secondary sulfate, which was 
probably due to their similar seasonal prevalence in the atmosphere. At 
BCN, BBOA had a relatively high contribution to ambient OA concen-
trations (up to 30 %), but only had a 10 % contribution on less polluted 
days (Fig. S10a). However, at MSY, ambient OA concentrations were 
consistently composed of 20 – 35 % BBOA (Fig. S10b). When averaged 
over the entire sampling period, BBOA accounts for 15 ± 5 % of OA at 
BCN and 26 ± 8 % at MSY, with comparable concentrations at both sites 
(BCN: 0.84 ± 0.26 μg m-3; MSY: 0.85 ± 0.26 μg m-3). Via et al. (2021) 
found that BBOA exhibited similar relative contributions to PM1 (rela-
tive contribution of 6 % of OA at BCN). The concentrations were 
significantly lower with 0.2 μg m-3 due to the smaller PM size. 

3.2.1.2. Hydrocarbon-like OA. HOA accounted for 4 – 6 % of the total 
OA at BCN and MSY, which was comparable to previously published 
HOA contributions to the OA in PM10 (3 – 15 %) in other areas of Europe 
(Bozzetti et al., 2016, 2017; Casotto et al., 2022; Daellenbach et al., 
2016, 2017, 2020; Qi et al., 2020; Vlachou et al., 2018). However, this 
was much lower than its relative contribution to PM1, which was 12 % 
(Via et al., 2021). 

The average HOA concentration at BCN (0.36 μg m-3) was three times 
higher than at MSY (0.12 μg m-3). Furthermore, HOA concentrations 
exhibited some seasonality at BCN, with concentrations spiking during 
the winter, but no significant seasonal trends were observed at MSY. In 
winter, the urban environment around BCN accounts for the very strong 
correlations between HOA, traffic, and road dust PMF sources (r > 0.9 

Fig. 4. Mass spectra of the (a) BBOA, (b) SCOA, (c) SOOA, and (d) WOOA 
sources as determined by the source apportionment of the water-soluble frac-
tion of PM10 organic aerosol. Note: The numbers on individual mass spectra 
show the maximum value of the m/z 44 ion signal on each spectrum. 
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over the entire year), as well as the correlation between EC and their 
respective tracer metal species (Fe, Cr, Cu, Sn, and Sb), consistent with 
the idea that mobile sources are major contributors of HOA in Barcelona 
city (Figs. S8–9). However, the HOA concentrations at MSY were 
comparatively less well-correlated with tracers of traffic-related sources 
and road dust during both winter and summer periods (r = 0.6 – 0.7). 
This was likely due to the spatial separation between the rural MSY 
station and the high density of urban mobile sources surrounding BCN. 

3.2.1.3. Sulfur-containing OA (SCOA). SCOA exhibited a high OM:OC 
ratio of 2.82 and was identified during source apportionment based on 
the presence of CHSO+ (m/z 61) and CH3SO2

+ (m/z 79) in its mass 
spectra. These ions have been previously shown to originate also from 
sources other than methane sulfonic acid (MSA), which is a tracer for 
marine sources (Bozzetti et al., 2017; Daellenbach et al., 2017, 2020; 
Vlachou et al., 2018). SCOA was the dominant contributor at BCN and 
accounted for 28 ± 6 % (1.59 ± 0.35 μg m-3) of the measured OA on 
average. However, it contributed up to 70 % of the OA mass at BCN on 
days with low ambient OA concentrations (Fig. S10a). Its magnitude was 
considerably lower at MSY (0.56 ± 0.17 μg m-3), though it still 
accounted for 17 ± 5 % of the measured OA. SCOA can originate from a 
variety of sources, ranging from primary non-exhaust traffic emissions, 
such as the resuspension of road dust containing tire wear, which is an 
important vehicle-related source of PM10 (Amato et al., 2009a, 2009b), 
to the secondary atmospheric processing of various precursor emissions 
(Daellenbach et al., 2020; Qi et al., 2020). The significant correlations (r 
= 0.5 – 0.7) between SCOA, road dust and mineral-related factors at 
BCN further support this observation (Figs. S8–9). We also confirmed the 
statistical significance of these correlations via p-value tests at individual 
sites and for a combined dataset, which showed p < 0.05 for all sce-
narios. No significant correlations were observed with other sectors (i.e. 
heavy oil, industry, traffic or sea spray sources) (Fig. S8). Moreover, size- 
resolved measurements in Barcelona showed that CH3SO2

+ concentra-
tions in PM10 samples were 2 – 10 times higher than in PM1 samples that 

were collected on selected few days across the sampling period. One 
would expect MSA to be mostly present in fine mode. So the appearance 
in the coarse mode is more consistent with tire wear-laden road dust 
resuspension being an important contributor to SCOA (as proposed in 
Daellenbach et al. (2017) for Swiss sites), although some contribution 
from MSA is not ruled out due to proximity of Barcelona to the coast. In 
addition, its poor correlations with EC, secondary sulfate, and total 
sulfate measurements suggest that the SCOA recorded at BCN was not 
influenced by traffic-related tailpipe emissions and inorganic sulfate. 
SCOA exhibited a stronger correlation with road dust at MSY during 
winter periods (r = 0.7 – 0.9). The strong correlation with road dust 
suggests that the non-exhaust contribution from mobile sources was 
more important in MSY, whereas the strong correlation between SCOA 
and the aforementioned sources at BCN suggests that SCOA may, in 
general, originate from a variety of sources. 

3.2.2. Secondary OA 

3.2.2.1. Summertime oxygenated OA (SOOA). The SOOA factor was 
named based on seasonality, as it had significantly enhanced contribu-
tions to OA concentrations in summer that correlated with an increase in 
other prominent summertime chemical species (e.g., secondary sulfate). 
However, its contributions to OA, though minor, were also observed in 
other seasons. Seasonality as a differentiation technique has also been 
applied in previous offline AMS studies (Bozzetti et al., 2016; Daellen-
bach et al., 2017). The mass spectra of SOOA was characterized as highly 
oxidized aerosol with an OM:OC ratio of 2.68; over 25 % of the ion signal 
could be attributed to the CO2

+ fragment ion. While SOOA and WOOA 
had comparable CO2

+ signals, the CO2
+/C2H3O+ ratio of SOOA (~7) was 

significantly lower than that of WOOA (~14), suggesting that SOOA was 
less aged than WOOA. This could be due to the increased magnitude of 
precursor biogenic emissions under higher temperature summertime 
conditions, which can relatively easily partition into the particle phase 
with some degree of oxidation (Canonaco et al., 2015; Daellenbach 

Fig. 5. The regional influence of open fires at the Barcelona and Montseny sampling stations based on incoming wind trajectories (a-c: FLEXPART v10.4) during (a) 
winter 2017, (b) summer 2017, and (c) winter 2018. (d-f) Total open-fire instances in Catalonia over each seasonal period based on satellite data. Note: In each panel, 
the blue squares represent the location of Barcelona city. Panels d-f magnify the eastern-most parts of Spain to focus on open-fires in areas near sampling stations 
estimated by wind trajectories. 
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et al., 2017). Previous ambient measurements have reported production 
of semi-volatile oxygenated organic aerosol during summer with similar 
or lower ƒ44 values than winter but higher ƒ43, which is consistent with 
our measurements (Canonaco et al., 2015). SOOA was the largest 
contributor to OA at MSY with an average concentration of 1.51 ± 0.18 
μg m-3, accounting for 46 ± 6 % of the OA concentration observed at 
that station compared to its 24 ± 4 % contribution at BCN (1.33 ± 0.23 
μg m-3). It accounted for up to 75 % of the total ambient OA mass at MSY 
on relatively polluted days. On a few of the most polluted days, BBOA 
and SOOA collectively accounted for nearly all of the OA concentrations 
observed (Fig. S10b). However, SOOA had a comparatively modest 
contribution to OA concentrations at BCN (20 – 50 %). SOOA increased 
exponentially with the temperature at MSY, and the measured total OC 
was strongly correlated with SOOA during the summer periods (r > 0.8). 
This suggested that summertime increases in SOOA concentrations at 
MSY could be attributed to enhanced photochemical effects coupled 
with the increased emissions of terpenes and other biogenic VOCs in 
summertime conditions (Minguillón et al., 2011; Pérez et al., 2008; 
Querol et al., 2009, 2013; Rodríguez et al., 2002; Seco et al., 2011). 
Overall, given its exponential relationship with temperature, SOOA at 
MSY was dominated by biogenic secondary OA formation (bSOA) 
(Fig. 6), which is consistent with previous observations at other, similar 
locations (Bozzetti et al., 2017; Canonaco et al., 2015; Daellenbach 
et al., 2016; Leaitch et al., 2011; Vlachou et al., 2018). 

We also evaluated the SOOA at BCN against the ambient temperature 
reported at MSY. This comparison was justified because while the 
ambient temperature of Barcelona city is influenced by low tree cover 
and the urban heat island effect, most biogenic sources in the region are 
located in the mountains, where temperatures would be more consistent 
with MSY than BCN. The SOOA at BCN also showed an exponential 
increase with the temperature recorded at MSY and was consistent with 
the previously reported temperature-dependence of bSOA by Leaitch 
et al. (2011) (Fig. 6). This suggested that the SOOA at BCN likely also 
originated from regional biogenic sources. Furthermore, SOOA time 
series data at both BCN and MSY were strongly correlated, suggesting 
common source contributions. However, SOA from other precursor 
emissions promoted by enhanced photochemical oxidation during the 
summer could also contribute to SOOA (Fig. S2). 

3.2.2.2. Wintertime oxygenated OA (WOOA). The WOOA factor was 
also named based on seasonality with significantly enhanced wintertime 
contributions to ambient OA, and minor contributions at other times 
during the sampling period. WOOA showed slightly lower OM:OC ratio 
of 2.41 compared to SOOA, and remained higher at BCN than at MSY 
throughout the year. It had an average concentration of 1.51 ± 0.27 μg 
m-3 (27 ± 5 % of average PM10 organic mass concentration) at BCN, 
which exceeded the average 0.23 ± 0.05 μg m-3 (7 ± 2 %) measured at 
MSY. The wintertime WOOA concentrations at BCN ranged between 0.1 
and 6 μg m-3, with peak concentrations between four to eight times 

higher than those observed in summer. WOOA accounted for up to 50 % 
of ambient OA mass at BCN on more polluted days (Fig. S10a); indeed, 
WOOA and BBOA were responsible for 60 – 70 % of OA on polluted days 
at BCN. A different seasonal variation was observed at MSY, which 
exhibited negligible summertime WOOA concentrations (ranging be-
tween 0 and 1 μg m-3) compared to winter peaks of ~2.5 μg m-3 (Figs. 3, 
S1). Our results suggest that WOOA originates from SOA sourced from 
local urban anthropogenic precursor emissions, which have a very 
limited influence at MSY due to reduced vertical mixing in wintertime 
conditions. Furthermore, the WOOA mass spectra exhibited some 
C2H4O2

+ signals, which, coupled with high ƒ44, suggested the influence of 
aged biomass-burning emissions, consistent with seasonal household 
heating patterns. A reasonable correlation (r: ~0.6) between WOOA and 
biomass-burning-related BC during winter further supports the influence 
of biomass burning at the BCN site (Fig. S9). However, it should be noted 
that this correlation was not observed at MSY, likely due to meteoro-
logical effects. WOOA at BCN and MSY were also well-correlated with 
secondary nitrate (r: ~0.7) as well as other trace elements (Fig. S8–9), 
supporting an anthropogenic interpretation of SOA sources. WOOA and 
SOOA were also both highly aged with comparable ƒ44 values, though 
some differences in mass spectra were observed: SOOA possessed 
greater contributions from CxHyO+ and CxHyO>2

+ fragments relative to 
WOOA across its spectrum, indicating a larger contribution of freshly 
formed SOA during summertime conditions. For example, SOOA 
exhibited a C3H5

+:C2H3O+ fragment ratio of 3 at m/z 41; this same ratio 
had a value of 11 in WOOA. Similarly, the entire m/z 43 signal in SOOA 
could be attributed to C2H3O+; this was in comparison to a relative 
contribution of 60 % in the WOOA mass spectra, with the remaining 40 
% attributed to C3H7

+. The temporal variations in WOOA at both mea-
surement locations suggested that anthropogenic sources contributed 
more to WOOA at the urban BCN site, while the OA concentrations at the 
rural MSY site were driven more strongly by regional highly aged 
aerosol during winter, with only a limited influence from anthropogenic 
sources located in Barcelona. 

3.2.2.3. Importance of OA sources. The sum of the OM and EC contri-
butions accounted for a significant fraction (36 – 42 %) of the bulk PM10 
composition at both sites over the entire sampling period (Fig. 7a, 7b). 
The OM comprises three primary (HOA, BBOA, and SCOA) and two 
secondary (SOOA and WOOA) factors. When averaged over the sam-
pling period, the BBOA (BCN: 0.84 ± 0.26 μg m-3; MSY: 0.85 ± 0.28 μg 
m-3) and SOOA (BCN: 1.33 ± 0.23 μg m-3; MSY: 1.51 ± 0.18 μg m-3) 
concentrations were comparable at both stations (Fig. S10c). However, 
BBOA had a relatively larger contribution at MSY (26 %) relative to BCN 
(15 %) due to the increased influence of diverse sources at BCN. HOA, 
SCOA, and WOOA together accounted for 3.46 ± 0.44 μg m-3 of the OA 
at BCN, significantly exceeding their 0.91 ± 0.17 μg m-3 contribution at 
MSY. This difference can be attributed to the differences in urban and 
rural conditions, with BCN more influenced by local anthropogenic 

Fig. 6. Variation in BCN and MSY SOOA concentrations with ambient temperature measured at (a) Montseny, (b) Barcelona, and (c) individual sites.  
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sources relative to MSY; this also resulted in winter-averaged OA con-
centrations at BCN exceeding those observed at MSY by >100 %. 
However, the summer-averaged OA concentrations were comparable at 
both stations, though it should be noted that the relative source con-
tributions were different at each station (Fig. 7e). The increased sum-
mertime OA concentrations at MSY could be primarily attributed to 
SOOA, which was strongly impacted by bSOA. In contrast, the sum-
mertime SOOA at the BCN site was comparatively less dominant due to 
its distance from the biogenic sources of SOOA, which were concen-
trated at higher altitudes (Fig. S7). The increased vertical convective 
transport during summer likely restricted their influence in low-lying 
areas; thus, SOOA was more prominent at MSY than BCN during this 
period. 

At both stations, WOOA and SOOA were found to have contributed 
nearly half of the total OA mass (BCN: 51 %; MSY: 54 %) over the 
sampling period. This is only slightly lower than PM1 studies conducted 
in BCN, which estimated that 60 % of the total OA could be attributed to 
SOA (Via et al., 2021). These contributions were mostly driven by SOOA 
(46 %) at the MSY site, while SOOA (24 %) and WOOA (27 %) both 
made comparable contributions at the BCN site (Fig. 7c-d). SCOA was 
the single largest contributor (28 %) to OA at BCN but had a reduced 
contribution at MSY (17 %), likely due to reduced non-exhaust traffic 
sources at MSY. The HOA was the lowest contributor to OA at both 
stations (BCN: 6 %; MSY: 4 %). 

4. Conclusion and future work 

We characterized the sources of OA in Catalonia accounting for the 
differences between urban (Barcelona) and rural (Montseny) regional 
influences. While the relative chemical composition of PM10 was similar 
at both the urban and rural stations, significant differences were 
observed in the OA composition at each station. While traffic-related 
sources and wood burning were the primary sources of EC, the OM 
originated from a variety of primary and secondary sources, including 
biomass-burning, sulfur-containing, and biogenic emissions. Among 
these, biomass-burning emissions associated with residential heating 

were the dominant contributions to OA in Barcelona, especially during 
winter when vertical mixing was typically restricted by low boundary 
layer conditions. During the summer, regional wildfires became 
important sources of BBOA; these were capable of influencing the OA at 
the MSY site due to enhanced vertical mixing under warmer conditions 
as well as the closer proximity of the MSY station to wildfire events. The 
SOOA component was likely related to biogenic precursor emissions due 
to its summer seasonality and its exponential relationship with the 
temperature at both stations, which are typical features of biogenic 
emissions. The rural MSY site exhibited larger SOOA contributions and 
was thus more strongly influenced by biogenic OA due to its closer 
proximity to the biogenic sources that were concentrated in the moun-
tains in this region, as well as its separation from primary urban sources. 
In contrast, WOOA exhibited strong seasonal variations, especially in 
winter, and was identified to be of secondary anthropogenic origin due 
to its correlation with secondary. Our overall results show that the OA 
concentrations at BCN can be effectively reduced by regulating the 
anthropogenic emissions within the city, such as wood burning. This is 
because most of the wintertime OA sources at BCN were judged to be 
local, and consequently had a very limited influence on wintertime 
measurements at MSY. 

OA-focused regulatory policies are also likely to have a positive 
impact on public health since several studies have linked the oxidative 
potential of ambient aerosol to its oxygenated anthropogenic organic 
constituents. However, effective policies require a detailed under-
standing of different OA sources. In this study, we successfully identified 
primary and secondary contributors to OA; however, the sources 
contributing to SOA in this region need to be further constrained in 
future work, such as by investigating the chemical composition of OA at 
the molecular level. For example, a previous study found that cooking- 
related OA contributed 14 – 18 % to OA (accounting for source- 
specific relative ionization efficiencies around 10 %) (Via et al., 2021), 
while such organic aerosol was not identified in the present analysis. 
Given the relatively small contribution to OA and its limited solubility, 
cooking-related OA is likely mixed with other urban OA sources here. 
Alternatively, filter sampling at higher time resolutions (e.g., 12-h 

Fig. 7. The relative source contributions to (a, b) bulk PM10 mass chemical composition and (c, d) organic aerosol averaged over the entire measurement period (Jan 
2017–March 2018) for the Barcelona (BCN) and Montseny (MSY) sites as determined by PMF-based source apportionment analysis. (e) Seasonally averaged source 
contributions to total organic aerosol at Barcelona and Montseny. Note: The two columns in (e) correspond to BCN and MSY measurements in the left and right 
columns, respectively. 

M. in ’t Veld et al.                                                                                                                                                                                                                              



Science of the Total Environment 902 (2023) 166440

11

samples) would capture diurnal variations in OA composition, which 
can be used to investigate the role of the different SOA formation pro-
cesses. Online and offline gas-phase measurements can also be used to 
identify precursor emissions leading to the formation of SOOA and 
WOOA, especially given their large contribution (~50 %) to the total OA 
mass in PM10. Finally, the relative importance of different OA sources 
can be established by the characterization of the chemical speciation of 
PM2.5 and PM1, since certain factors (e.g., SCOA) are more prevalent in 
larger particles but have minimal contributions to PM2.5 (Daellenbach 
et al., 2020; Qi et al., 2020). 
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