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In thiswork, time-series analyses of the chemical composition and source contributions of PM2.5 fromanurbanback-
ground station in Barcelona (BCN) and a rural background station in Montseny (MSY) in northeastern Spain from
2009 to 2018 were investigated and compared. A multisite positive matrix factorization analysis was used to com-
pare the source contributions between the two stations, while the trends for both the chemical species and source
contributionswere studiedusing theTheil–Sen trend estimator. Between2009 and2018, both stations showeda sta-
tistically significant decrease in PM2.5 concentrations, which was driven by the downward trends of levels of chem-
ical species and anthropogenic source contributions,mainly fromheavy oil combustion,mixed combustion, industry,
and secondary sulfate. These source contributions showed a continuous decrease over the study period, signifying
the continuing success of mitigation strategies, although the trends of heavy oil combustion and secondary sulfate
haveflattened since 2016. Secondary nitrate also followed a significant decreasing trend in BCN,while secondary or-
ganic aerosols (SOA) very slightly decreased in MSY. The observed decreasing trends, in combination with the ab-
sence of a trend for the organic aerosols (OA) at both stations, resulted in an increase in the relative proportion of
OA in PM2.5 by 12% in BCN and 9% in MSY, mostly from SOA, which increased by 7% in BCN and 4% in MSY. Thus,
at the end of the studyperiod, OA accounted for 40% and 50% of the annualmean PM2.5 at BCNandMSY, respectively.
This might have relevant implications for air quality policies aiming at abating PM2.5 in the study region and for pos-
sible changes in toxicity of PM2.5 due to marked changes in composition and source apportionment.
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1. Introduction

Air pollution is a major environmental issue around the world
(IHME, 2020, 2018; WHO, 2016). The World Health Organization
(WHO) reported that, in 2016, more than 4.2 million premature deaths
in the world (7.6% of all deaths) were in part attributable to air quality
impairment by high levels of atmospheric particulate matter (PM) oc-
curring every year (WHO, 2018). The European Environmental Agency
(EEA, 2020) reported 379,000 premature deaths in EU-28 countries at-
tributable to PM2.5 (particulate matter of diameter < 2.5 μm) in 2018,
54,000 attributable to NO2, and 19,400 attributable to O3. However, var-
ious initiatives have forced a reduction in PM2.5 concentrations since
1990, reducing the impact on mortality attributed to PM2.5 by one
third as of 2018 (EEA, 2020, 2018).

Moreover, apart from its effects on human health, PM also has
climatic and ecological effects. The latter include direct deposition into
the soil, which affects nutrient cycling; its acidic and alkaline content
can cause leaf surface injury in plants (Grantz et al., 2003). These
are major concerns as the impacts of PM on the environment and
human health might increase with climate change (Dias et al., 2012;
Ministerio para la Transición Ecológica, 2018). The health effects of
these particles depend on their chemical compositions and physical
properties (size, particle number, and surface area) (WHO, 2013). The
chemical composition of PM is an important factor that determines its
toxicity (Jia et al., 2017). The composition of PM2.5 consists of a multi-
tude of primary and secondary components, containing variable pro-
portions of carbonaceous compounds, metals, and salts, depending on
the major emission sources and the atmospheric conditions driving
the variability of PM levels at a given site (Jia et al., 2017; H. Zhang
et al., 2018a).

As PM is a pollutant harmful to health and the environment, efforts
have been made to reduce ambient levels of PM during the last few de-
cades. The European Aerosols Monitoring and Evaluation Program
(EMEP) evaluated air quality trends for 1990–2012 in Europe, finding
a decrease of approximately 30% for both PM10 and PM2.5 between
2000 and 2012 and reductions of 60% to 90% and 30% to 40% for sulfate
(SO4

2−)- and nitrate (NO3
−)-bearing pollutants in PM10, respectively

(EMEP/CCC, 2016; ETC/ACM, 2016). In spite of this decrease in the levels
of PM and gaseous pollutants, EEA (2020) reported that in 2018, 48%
and 74% of the EU-28 urban population were exposed to PM10

andPM2.5 concentrations that exceeded theWHOAir QualityGuidelines
(AQG) (WHO, 2006) of 20 μgm−3 for annual average PM10 and
10 μgm−3 for annual average PM2.5, respectively.

In Spain, a number of policy actions have been implemented to
achieve a significant reduction in PM pollution, as described elsewhere
(Pandolfi et al., 2016; Querol et al., 2014). The 2000–2012 decreasing
trend in PM10 and PM2.5 for Spain was observed and interpreted by
Querol et al. (2014). They reported a gradual decrease until 2008,
when a marked drop in concentrations was measured, after which
(since 2010) the concentrations did not change significantly, likely indi-
cating the attainment of a lower limit. Similar trendswere seen for other
major pollutants, such as SO2, NO2, and NOx.

While the ambient concentrations have been reduced over time, the
relative toxicity of PM (normalized per unit of concentration) may or
may not have varied because this depends upon the PM chemical
composition (Jia et al., 2017). Thus, because emissions of SO2 and, in
lower proportions, NOx have decreased, the concentrations of SO4

2−

and NO3
− might have decreased in PM2.5 with time when compared

with other PM components. Thismay have resulted in increased relative
concentrations of more toxic compounds in PM2.5. Although currently
no clear hierarchy in toxicity of PM components has been found due
to their complex compositions and interactions with other pollutants,
studies have indicated that organic carbon (OC), elemental carbon
(EC), and metals such as Ni and V appear to have a larger impact on
the overall toxicity of PM2.5, while there is less evidence to connect sec-
ondary inorganic aerosols (SIA)with health effects in laboratory studies
2

(Hime et al., 2018; Kelly and Fussell, 2012; Park et al., 2018) and epide-
miology studies (Bell et al., 2014;W. Zhang et al., 2018b). Nevertheless,
WHO (2013) stated that SIA species alsomay have health effects associ-
ated with them.

W. Zhang et al. (2018b) demonstrated for New York State in the USA
that even if the premature mortality attributable to PM2.5 markedly de-
creased in parallel with the ambient PM2.5 abatements, the normalized
excess risk rate for premature mortality increased by a factor of 3 for
PM2.5 for the period 2014–2016 compared to 2005–2013. This was
most likely caused by a change in relative composition in PM2.5, mostly
attributed to the increase in relative secondary organic carbon (SOC),
which is a strong oxidant (Emami et al., 2018; Squizzato et al., 2018;
W. Zhang et al., 2018b). Jiang et al. (2016) found that anthropogenic
aged secondary organic aerosols (SOA) have a relatively high oxidative
potential compared with other PM components. Similar results have
been found by Tuet et al. (2017), Arashiro et al. (2018), Wang et al.
(2018), Chowdhury et al. (2019), and Daellenbach et al. (2020),
among others. SOA is closely linked to ozone (O3), whose urban concen-
trations increased over the years (Querol et al., 2014, 2016). The higher
O3 levels increased the readily available hydroxyl and nitrate oxidizing
radicals (OH• and NO3

• ) in the urban atmosphere of Madrid by 60% and
100%, respectively, in the last 7 years (Saiz-Lopez et al., 2017). In addi-
tion, the decrease in SO2 and NOx in the cities also decreased the con-
sumption of these oxidizing radicals to generate SIA, so that more
oxidizing radicals were available, which creates an environment more
prone to generating SOA. In fact, Via et al. (2021) compared measure-
ments with an Aerosol Chemical Speciation Monitor (ACSM) between
May 2014–May 2015 and Sep 2017–Oct 2018 in Barcelona, showing
an increase in the relative content of SOA in particulate matter of diam-
eter < 1 μm (PM1) and a higher degree of oxidation in the later period.
Two other factors might have contributed to a higher relative propor-
tion of OC, and especially SOA, in PM2.5. First, an increase in the number
of sport utility vehicles (SUV) in the global vehicle fleet might have re-
sulted in enhanced SOA formation due to the higher emission rates of
volatile organic compounds (VOC) and NOx (Frey, 2018; Zhao et al.,
2017). Furthermore, most cars are now equipped with gasoline direct
injection engines, which produce larger SOA mass concentrations
(Wang et al., 2020). Second, the increase in domestic biomass burning
in Europe might have accounted for an increase in emissions of organic
matter-enriched PM (EEA, 2018). These are all sources and processes for
emission and generation of carbonaceous material, potentially produc-
ing more toxic PM2.5 (Cassee et al., 2013; Jia et al., 2017; Kelly and
Fussell, 2012).

This paper focuses on northeastern (NE) Spain, an area that has been
identified as one of the regions recording the highest O3 levels in Spain
(Querol et al., 2016). We specifically focus on Barcelona (BCN) (NE
Spain; 4.6 million inhabitants in the metropolitan area), which is a
seaside city with numerous anthropogenic emission sources of air pollut-
ants, such as road traffic, industrial plants, and shipping (Amato et al.,
2016; Pandolfi et al., 2020), and on theMontseny (MSY)Massif northeast
of Barcelona (Cusack et al., 2012; Pandolfi et al., 2016). A previous com-
parison of the trends in PM2.5 levels and compositions in BCN and MSY
was performed by Pandolfi et al. (2016), but they were not able to deter-
mine the trends for most primary PM components in BCN as these were
affected by the relocation of the BCN station in 2008 to approximately
600 m north of the previous location, which mostly influenced the min-
eral components and consequently the trends in both PM10 and PM2.5.
To the authors' knowledge, this will be the most recent long-term com-
parison between the two stations since the relocation of the BCN station.

Themain aim of this paper is to evaluate a time-series analysis of the
chemical species and source contributions of PM2.5 between 2009 and
2018 in NE Spain to determine if the relative composition of PM2.5 has
changed during this period. Data on PM2.5 concentrations and chemical
compositions were obtained from the above twin urban and regional
background stations andwere evaluated using the Theil–Sen trend esti-
mator to determine the trends. A positive matrix factorization (PMF)
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model was used to apportion PM2.5 concentrations into main sources/
factors at both stations. These results are expected to give insight into
the causes of changes in the levels and chemistry of PM2.5 over this
time period, and therefore to yield relevant information for improving
the efficiency of further pollution abatement actions.

2. Methodology

2.1. Measurement stations and sampling protocol

Barcelona is located in NE Spain, in a narrow corridor between the
Mediterranean Sea to the east and the Collserola Mountains to the
west.With 4.6 million inhabitants in themetropolitan area and 1.7mil-
lion in the city, it is the second biggest city in Spain and the fifth most
populous urban area in the European Union (Demographia World
Urban Areas, 2020). The emissions from the city are characterized by
various industrial zones, power plants, a harbor, and road traffic,making
it one of the areas with the highest density of atmospheric pollutant
emissions in the Western Mediterranean Basin (WMB) (Amato et al.,
2009b; Pandolfi et al., 2016; Querol et al., 2004a, 2004b, 2014). The
BCN urban background station is located in the city of Barcelona
(Fig. 1, red), within the Consejo Superior de Investigaciones Científicas
institute (41°23′14.5”N, 2°06′55.6″E, 68 m a.s.l.). The location of the
site is in proximity of Diagonal Avenue (Fig. 1, in black), which is one
of the main traffic arteries of the city. The distance from Diagonal
Avenue (220 m) is enough to be considered as an urban background
site. However, when sea breezes are developed, traffic pollution from
Diagonal Avenuemight influence PM levels at the site. It is worth noting
that the monitoring station was moved to a new location in 2012
(approximately 200 m to the west), but this did not affect concentra-
tions significantly, as the immediate environments of both locations
are similar. The MSY station (Fig. 1, green) is located at the Montseny
Massif (41°46′45.63”N, 02°21′28.92″E, 720 m a.s.l.), and is representa-
tive of the regional background of theWMB. The station is 50 km north-
east of BCN and 25 km from theMediterranean coast. The station is part
Fig. 1. The locations of the Barcelona (BCN) urban station (41°23′14.5”N 2°06′55.6″E, 68 m a
located in NE Spain, in the Catalunya region. Images were obtained from Google Earth.

3

of the European Aerosols, Clouds, and Trace Gases Research Infrastruc-
ture Network (ACTRIS) and the Global Atmosphere Watch (GAW).

The period considered for the present study is from 04/01/2009 to
29/12/2018. PM2.5 samples were collected over a period of 24 h at a
sampling rate of 1 every 4 days simultaneously at the BCN andMSY sta-
tions. Samplingwas carried out by using DIGITEL andMCV high volume
samplers (30 m3h−1 in both cases) and 15 cm diameter Pall ultrapure
quartz microfiber filters.

To prevent selection bias and interference from theNorth African dust
(NAF) episodes affecting NE Spain, 98 samples from days with dust
outbreaks over BCN, determined according to EU guidelines (European
Commission, 2011), have been removed from the dataset to improve
the quality of the trend analysis and modeling. Additionally, the gaps in
the dataset can produce a yearly or seasonal bias in the data. To prevent
this, years and/or seasonswere removed from their respective trend anal-
yses if less than 75% of the samples (at a sampling rate of 1 sample every
4 days) were available in the given year or season. For both stations, 75%
represents at least 70 samples on a yearly basis and at least 15 samples on
a seasonal basis. These requirements resulted in the removal of autumn
2010 from the seasonal averages of BCN and the removal of the summers
of 2016 and 2017 from the seasonal trend analysis of MSY. Furthermore,
2016 was also removed from the yearly trend analysis of MSY. In total,
852 samples were used for the BCN trend analysis and 633 for the MSY
trend analysis during the period of 2009 to 2018. Table S2 shows the
number of samples selected at each station per month.

2.2. Chemical composition data

The filters were cut into four quarters for subsequent analyses. An
area of 1.5 cm2 was punched from one quarter to measure the levels
of OC and EC by thermal-optical carbon analyzer (SUNSET), using the
EUSAAR 2 protocol (Cavalli and Putaud, 2010). The second quarter
underwent acid digestion with HNO3:HF:HClO4 (2.5:5.0:2.5 mL) ac-
cording to the protocol of Querol et al. (2001b). The resulting solutions
were analyzed using an inductively coupled plasma atomic emission
.s.l.) and the Montseny rural (MSY) station (41°46′45.63”N, 02°21′28.92″E, 720 m a.s.l.),

Image of Fig. 1
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spectrometer (ICP-AES, ICAP 6500 Radial View, Thermo Fisher Scientific)
to determine the concentrations ofmajor elements and a number of trace
elements (Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, S, Ti, V, and Zn); andwith an in-
ductively coupled plasma mass spectrometer (ICP-MS, iCAP-RQ, Thermo
Fisher Scientific) for trace elements (Li, Be, B, 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, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, TI, Pb, Bi, Th, and U).
The third quarter was leached in 30 mL of Milli-Q water for 6 h to deter-
mine the concentrations of NO3

−, SO4
2−, and Cl− using ion chromatogra-

phy (IC). A change in IC instrumentation occurred in 2015 from the
Waters 1525 HPLC Pump (Water Corporation) to the Dionex Aquion
(Thermo Fisher Scientific). The difference between the two pieces of
equipmentwas significant due to the different sample pre-treatments, re-
agents, standards, columns, detectors, and software. To determine the im-
pact of this change, a year-long comparison was made between the
results of a co-located ACSM (Q-ACSM, Aerodyne Inc.) for PM1 in
2014–2015 and 2017–2018 in BCN and PM1 filter samples during the
same periods. The method used for the ACSM was described by Via
et al. (2021). In the comparison of the two methods, SO4

2− showed good
agreement with the ACSM results; the slope of the relationship between
SO4

2− concentrations from the filters and the ACSM was 1.13 (R2 =
0.87) in 2014–2015 and 0.95 (R2 = 0.91) in 2017–2018. NO3

− also
showed good agreement, giving a slope of 1.57 (R2 = 0.91) in
2014–2015 and 1.62 (R2 = 0.84) in 2017–2018. The higher concentra-
tions of NO3

− of the ACSM is due to the loss of nitrate during filter sam-
pling and the ACSM including organic nitrate (Chow et al., 2005). In
both cases, the good correlation in both periods implies that the instru-
mentation change had no major effects on the results for NO3

− and
SO4

2−. The Cl− concentrations, however, showed poor agreement, with a
slope of 0.05 (R2 = 0.18) in 2014–2015 and 18.67 (R2 = 0.17) in
2017–2018. The dramatic change in slope implies that the instrumenta-
tion change had a major impact on the Cl− concentration, but the poor
correlation with the ACSM in both periods means we cannot determine
which of the three measurements is correct. Hence, the Cl− results for
the whole period were not included in the analysis. Finally, NH4

+ was de-
termined in the leachates by using an ion-specific NH4

+ electrode (ORION
9512HPBNWP ammonium selective electrode, Thermo Fisher Scientific)
and potentiometer (ORION 4Star potentiometer, Thermo Fisher Scien-
tific). The remaining quarter of each sample was archived. Finally, the
PM2.5 concentrations were calculated using the sum of the chemical spe-
cies. The more common gravimetrical mass method includes unac-
counted PM mass that the sum of the chemical species analyzed here
does not include, such as non-C atoms in organic aerosols (OA) and/or
measurement artifacts. However, the unaccounted mass also includes
unwanted artifacts, as a part of the unaccounted mass originates from
the influence of moisture and the formation and crystallization of water
on particles. This artifact will increase the weight of the filter, which in
turn will affect the gravimetrical determination of PM2.5 (Tsyro, 2005).
Tsyro (2005) determined that the particle-bound water could constitute
20% to 35% of annual PM2.5 concentrations. Including the unaccounted
mass in the research would obstruct the analysis of trends, especially
trends in the relative composition as it could reach in a number of
samples up to 50% of the chemical composition (especially in the period
2016–2018), which origin is unknownbut related to the humidity control
in weighting samples. A comparison between the PM2.5 concentrations
(without unaccounted mass) for the BCN site with the one from the
same site including the unaccounted and with those from two official
urban background AQ monitoring sites is presented in Fig. S1.

2.3. Indirect calculations

Various PM components used for the determination of the PM2.5

chemical composition were determined indirectly from other direct
measurements.

The OA and EC concentrations were calculated according to the cal-
culations from Turpin (Eqs. (1)–(4)), who determined that OC should
4

be multiplied by 1.7 in urban areas and by 2.1 in rural areas to estimate
OA (Turpin et al., 1997; Turpin and Lim, 2001). These values are close to
the experimentally determined values of 1.6 in BCN (Mohr et al., 2012)
and 2.0 in MSY (Minguillón et al., 2011), which were determined be-
tween February and March 2009.

OAþ ECð Þ ¼ n ∗ OC þ 1:1 ∗ EC ð1Þ

OAurban ¼ 1:7 ∗ OC ð2Þ

OArural ¼ 2:1 ∗ OC ð3Þ

ECtotal ¼ 1:1 ∗ EC ð4Þ

The SOAwas calculated using the EC tracer method, which has been
used in previous studies to estimate SOA concentrations (Castro et al.,
1999; Dinoi et al., 2017;Wu and Yu, 2016; Yu et al., 2004). This method
calculates the SOA according to the following equation:

SOA ¼ OA−
OC
EC

� �
min

∗ EC ð5Þ

The (OC/EC)min was determined by taking the 2nd percentile of OC/
EC ratios at BCN andMSY, which corresponded to 1.16 for BCN and 2.92
for MSY.

Some of the measured compounds can originate from both sea salt
and from the crust of the Earth. Therefore, various indirect calculations
were performed on the Na, Ca, Mg, K, and SO4

2− measurements to
estimate the amount originating from sea salt (ss) and the crustal
layer (dust). The Nadust concentration was estimated by multiplying
the concentrations of Al, which has no sea salt origin, by the ratio of
Na/Al in the crust (Haynes et al., 2017). Once Nadust is calculated, it is
possible to calculate the Nass:

Nadust ¼ Al ∗ 0:287 ð6Þ

Nass ¼ Natotal − Nadust ð7Þ

Kdust values were calculated using the same method.

Kdust ¼ Al ∗ 0:254 ð8Þ

The calculated concentrations of Nasswere then used to calculate the
concentrations of SO4

2−
ss , Cass, Mgss, and Kss, based on the known ratios

between Na and each chemical in seawater (DOE, 1992).

SO2−
4 ss ¼ Nass ∗ 0:273 ð9Þ

Cass ¼ Nass ∗ 0:037 ð10Þ

Kss ¼ Nass ∗ 0:037 ð11Þ

Mgss ¼ Nass ∗ 0:120 ð12Þ

With these values obtained, the concentration of the crustal concen-
trations could be calculated for each of the remaining compounds.

Cadust ¼ Catotal − Cass ð13Þ

Mgdust ¼ Mgtotal − Mgss ð14Þ

The non-sea salt (nss) SO4
2− could be determined in a similar

manner.

SO2−
4 nss ¼ SO2−

4 total − SO2−
4 ss ð15Þ

K could also be used as a biomass burning tracer (Kbb) and was cal-
culated as the difference between measured K and the sum of Kss and
Kdust (Pachon et al., 2013; Reche et al., 2012; Yu et al., 2018).
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Kbb ¼ Ktotal − Kss − Kdust ð16Þ

The concentrations of the carbonates in the crustal matter were cal-
culated using stoichiometric ratios.

Al2O3 ¼ 1:8868 ∗ Aldust ð17Þ

Fe2O3 ¼ 1:4297 ∗ Fedust ð18Þ

TiO2 ¼ 1:6685 ∗ Tidust ð19Þ

CaO ¼ 1:3992 ∗ Cadust ð20Þ

MgO ¼ 1:6583 ∗ Mgdust ð21Þ

K2O ¼ 1:2046 ∗ Kdust ð22Þ

P2O5 ¼ 2:2914 ∗ Pdust ð23Þ

Finally, SiO2 concentrations were indirectly estimated from Al2O3

concentrations (Querol et al., 2019).

SiO2 ¼ 2:5 ∗ Al2O3 ð24Þ

2.4. Theil–Sen trend estimation

To statistically assess the pollution trends over the years, the Theil–
Sen estimator was used (Sen, 1968; Theil, 1950). This method estimates
the slope between N pairs of x, y values in the dataset and computes the
slope between all pairs of points. The Theil–Sen estimate of the slope is
themedian of all the slopes (Carslaw, 2019). In this paper, the trends are
based on a yearly average to determine the trend between 2009 and
2018 but also on a seasonal average to determine trends that occur dur-
ing certain seasons and/or to avoid seasonal influences on certain spe-
cies. The values of the Theil–Sen trend estimation were obtained using
the OpenAir software package in R (Carslaw, 2019; Carslaw and
Ropkins, 2012).

The trends in the chemical composition were separated into differ-
ent groups of chemicals:

1) OA and one of its constituents, SOA.
2) EC.
3) SIA, which consists of NO3

−, NH4
+, and SO4

2−
nss.

4) Mineral aerosols, calculated as the sum of CO3
2−, Al2O3, SiO2, Fe2O3,

MgOdust, Na2Odust, K2Odust, TiO2, P2O5, MnO, and Cadust.
5) Sea spray aerosols, which include Nass, Cass, Kss, Mgss, and SO4

2−
ss .

6) The sum of the trace elements (excluding P, Ti, and Mn, as these are
included in the indirect calculations of the mineral aerosols). Only
the few constituents of the trace elements that have significant
trends and are known to be tracers of specific sources of PM will
be discussed in the trend analysis.

7) Biomass burning, traced by Kbb.

For the seasonal trend analysis, the seasons are divided into spring
(March, April, May), summer (June, July, August), autumn (September,
October, November), and winter (December, January, February). In this
study, December was considered to belong to the winter of the next
year (i.e., December 2014 was considered winter 2015).

2.5. Positive matrix factorization

A PMF model (Paatero and Tapper, 1994) was applied using the
PMFv5.0 software (EPA, Norris et al., 2014). PMF is a multivariate factor
analysis tool that decomposes amatrix, in this case PM2.5 chemical com-
positions on different days, into two matrices: factor contributions and
factor profiles. With these results, the PMF model could be used to
5

identify the sources and the quantities of their contributions to the col-
lected PM2.5. The uncertainties and detection limits of the different spe-
cies were calculated as described by Amato et al. (2009a) and Escrig
Vidal et al. (2009). The analytical uncertainties, the standard deviations
of the different species in the blank filters, and the % above detection
limit were considered in the uncertainty calculations.

To select species to be included in the model, a signal to noise (S/N)
ratio of >1.5was defined as a criterion indicating a strong species, while
an S/N ratio between 1.5 and 0.5 indicated a weak species. Weak spe-
cies' uncertaintieswere increased by a factor of 3. In total, three separate
PMF analyses were performed: one for each station separately and a
multisite analysis with both stations in which both datasets were com-
bined into a single dataset. The main advantage of the multisite PMF is
that this analysis includes a larger dataset compared to the separate
single-site PMF models and that the profiles to compare sites are the
same. This will produce more robust results, allowing us to include
source contributions with low concentrations that could not be identi-
fied in a single-site PMF, and the identified sources will represent the
sources that affect both sampling sites and will focus more on general
phenomena instead of local variations. Constraints in this analysis
exist due to the distance between the two stations, possible differences
in sources, and different source profiles for the same sources (Escrig
Vidal et al., 2009). Pandolfi et al. (2020) has previously demonstrated
the feasibility of using the multisite PMF for this study area. The species
included for each PMF are listed in Table S3, but a few exceptions to the
stated criteria were included in the analysis. In the BCN PMF, Cl− has
been excluded, as noted earlier in this section, even though it had a S/
N ratio of 0.5. Furthermore, Al had a low S/N ratio but is a known tracer
for mineral aerosols and was therefore included as a weak species. Fi-
nally, both Sn and Se were removed from the data set. In the case of
Se, this was due to the lower analytical noise after installation of a colli-
sion cell in the ICP-MS in early 2018, and in the case of Sn, its inclusion
resulted in a “ghost” Sn factor in PMF, without any physical meaning.

In theMSYPMF, Cl− and Sewere removed for the same reasons as in
BCN. In addition, a few tracers such as Al, K, and Ni were added as weak
species even though they had S/N ratios below 0.5, because these spe-
cies are known tracers in BCN and MSY (Amato et al., 2009a, 2009b;
Brines et al., 2019; Pandolfi et al., 2016; Pérez et al., 2016).

For the combined multisite PMF analysis, from the elements having
S/N < 0.5, only Al was included, and Se and Sn were again excluded for
the same aforementioned reasons. The inclusion of the known traces
(Al, K, Ni) aided with identifying the sources, but their inclusion had
no significant impact on any of the PMF solution, as removing them re-
sulted in the same solution being presented.

Every model underwent 50 runs with 117 as the seed number. The
optimal number of sources was selected by inspecting Q values, resid-
uals, G space plots, and the physical meaning of the factors using previ-
ous expertise on PMF results in BCN and MSY. To confirm the optimal
factor profiles of the PMF model, the data was also bootstrapped. Each
dataset was bootstrapped 100 times with a minimum correlation R-
value of 0.6. Finally, the model error was estimated using the base
model displacement method. The results from the PMF analysis were
also used in a Theil–Sen trend estimation to determine the trends of
the source contributions.

2.6. SOA source verification

In the PMF analysis, most sources had been previously detected in
BCN and MSY (Amato et al., 2016, 2009b; Cusack et al., 2012; Pandolfi
et al., 2016; Pérez et al., 2016; Pey et al., 2013; Querol et al., 2004a,
2007, 2008, 2009a, 2009b, 2014) and were therefore identified based
on prior knowledge. However, the SOA source has not been previously
identified as a separate source when using PM filter samples without
the use of additional organic compounds (Brines et al., 2019). Although
the source was detected in the current study, it might be a well-known
positive OC artifact from the trapping of VOCs by the quartz fibers,
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forming artifact SOA (Kirchstetter et al., 2001; Watson et al., 2009). To
evaluate this, a correlation study was performed between the SOA
source contribution in PM2.5 from the present PMF analysis and the
SOA contribution in PM1 determined from ACSM data for overlapping
periods. The comparison period was from 21/09/2017 to 31/10/2018
for the BCN station (Via et al., 2021) and from 14/06/2012 to 09/07/
2013 for the MSY station (Minguillón et al., 2015).

3. Results

3.1. 2009–2018 trend analysis

Table 1 summarize the results of the Theil–Sen trend estima-
tion of the major and trace components of PM2.5 for BCN and
MSY. The complete Theil–Sen trend estimations are presented in
Appendix A.

• The annual mean PM2.5 concentrations in BCN and MSY showed sta-
tistically significant decreases of−2.8% yr−1 and−3.3% yr−1 between
2009 and 2018, respectively. The seasonal averages showed that there
was only a statistically significant decrease during spring and summer
in BCN, and during spring and autumn in MSY.

• The SIA showed a statistically significant decrease of −4.9% yr−1 in
BCN and −3.5% yr−1 in MSY. This trend was significant during all
seasons except winter in BCN, and during spring and summer in
MSY. These decreasing trends were mostly driven by SO4

2−
nss, which

decreased by −5.1% yr−1 and −4.0% yr−1 for BCN and MSY, respec-
tively, on an annual basis. The decreasing trend is a result of various
Table 1
Concentrations (in μg m−3) of PM2.5 and its chemical constituents in 2009 and 2018 and their r
eraged and seasonal averaged data in BCN (top) andMSY (bottom) between 2009 and 2018. Th
for p < 0.1, and ns for not significant. The trends are presented on the annual data, but also th

Barcelona Concentrations (μg m−3) Annual trends (μgm−3 yr−1) (α)

Species 2009 2018 Annual

PM2.5 12.62 8.92 −0.33940 **
OA 3.57 3.55 ns
SOA 2.21 2.63 ns
EC 1.17 0.79 ns
Crustal 1.86 1.08 ns
Fe2O3 0.21 0.20 ns
MnO 7.46 × 10−3 4.43 × 10−3 ns
Nass 0.15 0.10 ns −
SIA 5.08 3.2 −0.23337 * −
SO4

2−
nss 2.63 1.63 −0.12244 *** −

NO3
− 1.36 0.94 −0.04564 *

NH4
+ 1.09 0.63 −0.06337 ***

Tracers 0.09 0.04 −0.00500 *** −
V 6.61 × 10−3 3.22 × 10−3 −0.00033 ** −
Ni 3.10 × 10−3 1.20 × 10−3 ns −
Kbb 0.14 0.08 −0.01333 + −

Montseny

PM2.5 7.54 5.55 −0.23501 ** −
OA 3.06 2.83 ns
SOA 2.43 2.38 ns
EC 0.21 0.15 −0.00469 *
Crustal 0.58 0.38 ns
Al2O3 0.10 0.05 −0.00469 +
Fe2O3 0.05 0.04 ns
MnO 4.75 × 10−2 1.34 × 10−3 ns
Na2Odust 0.02 0.01 −0.00143 +
K2Odust 0.02 0.01 −0.00113 +
TiO2 6.88 × 10−3 1.58 × 10−3 −0.00037 *** −
Nass 0.10 0.04 ns −
SIA 3.02 2.11 −0.10138 *
SO4

2−
nss 1.70 1.11 −0.06536 **

NH4
+ 0.80 0.50 −0.01267 +

Tracers 0.03 0.01 −0.00161 *
V 1.62 × 10−3 0.98 × 10−3 −0.00008 **
Ni 0.82 × 10−3 0.20 × 10−3 ns
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SO2 (and then associated secondary sulfate) abatement strategies in
power generation, shipping and industry, which have worked effi-
ciently on both a local and regional level (European Parliament; Coun-
cil of the European Union, 2001; Pandolfi et al., 2016; Pérez et al.,
2016; Querol et al., 2009a, 2014; Viana et al., 2014). SO4

2−
nss also

showed a seasonal pattern with higher concentration in the warmer
months, and lower concentrations during the colder months at both
stations. This seasonal variability is caused by the low oxidation ratios
of SO2 (the precursor to SO4

2−
nss) during winter of <1% h−1 compared

to 6% h−1 in the summer in the Mediterranean area (Querol et al.,
1999a, 1999b). By contrast, NO3

− showed themostmoderate decrease
with−3.2% yr−1 in BCN, only significant during spring, and no statis-
tically significant trends in MSY. The difference in trends is attributed
to the fact that NOx, the precursor to NO3

−, has amostly anthropogenic
origin, originatingmainly from traffic in BCNbut also frompower gen-
eration, industry, and the domestic sector (Pandolfi et al., 2020, 2016).
Various initiatives to reduce NOx emissions in BCN had a significant
impact in abating NOx, decreasing NO concentrations by −28.8% and
NO2 by −20.6% between 2005 and 2017 (Massagué et al., 2019;
Pandolfi et al., 2016). But due to its distance from the city, MSY was
not significantly affected by these changes. Finally, NH4

+ followed an
intermediate trend that was closer to the one described for SO4

2−
nss,

with annual decreasing trends of −5.9% yr−1 and −2.2% yr−1 for
BCN and MSY, respectively. Both stations showed the most marked
decreases in spring, but a statistically significant decreasewas also ob-
served during the summer in BCN.

• For the carbonaceous aerosol components, no statistically significant
trends were identified for the annual trends of OA, SOA, or EC in
espective Theil-Senn trend estimate (%yr−1) between 2009-2018 based on the annual av-
e statistical significance is represented by *** for p < 0.001, ** for p < 0.01, * for p < 0.05,+
e season specific data.

Seasonal trends (μg m−3 yr−1) (α)

Autumn (SON) Winter (DJF) Spring (MAM) Summer (JJA)

ns ns −0.64026 * −0.35454 **
ns ns ns ns
ns ns ns ns
ns ns ns −0.02514 **
ns ns ns ns
ns ns ns +0.00809 **
ns ns ns −0.00022 **

0.00779 + ns ns ns
0.12274 + ns −0.44991 *** −0.18916 *
0.10105 * ns −0.15926 ** ns

ns ns −0.14758 * ns
ns ns −0.1914 *** −0.15522 *

0.00620 * ns −0.00620 * −0.00460 *
0.00044 ** ns −0.00033 ** −0.00047 **
0.00015 * ns ns ns
0.01414 * ns ns ns

0.15255 * −0.13999 * −0.38486 ** ns
ns ns ns ns
ns ns ns ns
ns ns ns −0.00761 +
ns ns −0.03135 + ns
ns ns −0.00903 *** ns
ns ns −0.00117 * ns
ns ns ns −0.00007 +
ns ns −0.00185 *** ns
ns ns −0.00146 *** ns

0.00033 + ns −0.00023 * ns
0.00363 ** −0.00506 * ns ns

ns ns −0.13724 * −0.19307 *
ns ns −0.09410 * −0.14629 *
ns ns −0.04026 * ns
ns −0.00162 * −0.00191 * ns
ns ns ns ns
ns ns +1.76 × 10−7 + ns
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BCN. For MSY, only EC showed a statistically significant decrease. The
seasonal concentrations of EC only followed a statistically significant
decrease during summer at both stations.

• The mineral aerosols showed no statistically significant annual trends
in both BCN and MSY, with only MSY showing a statistically signifi-
cant decrease during spring. The lack of a trend in BCN is attributed
to both the impact and recovery of the financial economic crises dur-
ing the study period, as a part of thematerial arises from construction
and demolition emissions (Amato et al., 2009a, 2016; Pandolfi et al.,
2016; Querol et al., 2001a). Most of the major constituents did not
show trends on a yearly basis, but some constituents showed statisti-
cally significant trends in the seasonal analysis (Table 1), mostly dur-
ing spring in MSY and summer at both stations.

• K2Obb showed a statistically significant decreasing interannual trend
of −6.7% in BCN, with a statistically significant decrease during au-
tumn. The origin of this continuous decrease observed for Barcelona
is unknown. The city has natural gas as major source for heating,
being used for residential heating in about 96% of the homes (Amato
et al., 2016). The progressive use of low emissions biomass stoves in
the region and suburban areas might have caused this trend; how-
ever, no trends were observed inMSY. Biomass burning contributions
to total OC was estimated using a combination of AMS-14C tools in
14–15% in winter and 10–11% in summer for both sites (Minguillón
et al., 2011).

• The sea spray aerosol trends cannot be discussed in this paper because
of unreliable Cl− data, as mentioned in the Methodology section
(Section 2.2). Here, we only evaluated trends in Nass. Aswas expected,
interannual trends for Nass were not evident for either BCN or MSY.
Nass only showed a smooth statistically decrease of−5.7% yr−1 during
autumn for both BCN and MSY, but also showed a statistically signifi-
cant trend of −8.5% yr−1 during winter in MSY.

• The sum of all trace elements showed statistically significant de-
creases over the study period −5.2% yr−1 and −9.3% yr−1 for BCN
and MSY, respectively. These decreases were seen in BCN during all
seasons but winter and in MSY during spring and winter. One of the
constituents, V, which together with Ni is a tracer for heavy oil com-
bustion, showed a statistically significant decrease of −6.2% yr−1 in
BCN and −5.4% yr−1 in MSY, which was seen over all seasons except
winter in BCN and in summer andwinter inMSY. Ni showed no statis-
tically significant decrease. The seasonal trends showed a significant
decrease of Ni only in autumn in MSY. The lack of a significant Ni
Table 2
Relative composition of PM2.5 chemical species (in %) in 2009 and 2018 and their respective Th
seasonal averaged data in BCN (top) and inMSY (bottom) between 2009 and 2018. The bottom
represented by *** for p < 0.001, ** for p < 0.01, * for p < 0.05, + for p < 0.1, and ns for not sig

Barcelona Relative composition Annual trends (%yr−1) (α)

Species 2009 2018 Annual Autumn

OA 30% 41% ns +1.04
SOA 18% 30% +0.65 * +0.96
EC 10% 9% ns ns
Crustal 13% 12% ns ns
SIA 39% 34% −1.03 * ns
SO4

2−
nss 22% 18% −0.58 * ns

NO3
− 9% 10% ns ns

NH4
+ 8% 7% −0.29 ** ns

Tracers 1% 1% −0.04 + −0.04

Montseny

OA 41% 50% ns ns
SOA 32% 40% ns ns
EC 3% 3% ns ns
Crustal 8% 7% ns ns
SIA 37% 38% ns ns
SO4

2−
nss 21% 19% ns ns

NO3
− 6% 10% +0.41 * ns

NH4
+ 10% 9% ns ns

Tracers 1% 0% ns ns
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decrease might indicate an additional source of Ni (such as metal-
lurgy, see below).

Given the different trends followed by different PM2.5 components,
it is also necessary to evaluate the trends of the relative contributions
of these to the bulk PM2.5 concentrations. To this end, Table 2 presents
the relative concentrations of each PM2.5 major component and the
existing significant trends on both an annual and seasonal basis.

3.2. PM2.5 source contributions and their respective trends

The chemical profiles of all PMF analyses are presented in Fig. 2.
These nine sources were all identified previously in either of the
single-site PMFs of BCN and MSY. Eight major sources were identified
for BCN (Fig. 2a; Fig. S2, left), with the secondary sulfate and SOA
sources mixed together, while seven sources were identified for MSY
(Fig. 2b; Fig. S2, right), as it was not possible to differentiate between
non-exhaust vehicle emissions and combustion emissions because
these are mixed when transported toward the regional background.
This was also the case for the sea salt and the heavy oil combustion
sources (mostly from shipping), which were mixed in the same source
in MSY. In the multisite PMF, all these sources were identified sepa-
rately. The bootstrap of all PMFs could correctly map the bootstrap
factors to the base factors for over 96 out of 100 runs, with no errors
found in the basemodel displacementmethod. The annual and seasonal
Theil-Senn trends and the relative contribution of the nine sources are
presented in Table 3. Furthermore, a direct comparison of the concen-
trations between 2009 and 2018 are presented in Fig. 3, while the
seasonal variance of each source being presented in Fig. 4. The nine
source contributions were identified, quantified, and listed below, in
order of the largest to the smallest source.

1. SOA were traced by OC. This source contribution was attributed to
secondary aerosols formed in the atmosphere from VOCs of both an-
thropogenic and biogenic origins. The secondary origin of this OC-
rich source contribution was further supported by comparison with
ACSM OOA data (end of Section 3.2). This source was only detected
in the MSY PMF, whereas in BCN it was mixed with the secondary
sulfate and traffic exhaust sources. The difference in the source pro-
file between the multisite and the MSY PMFs was that in MSY there
was a significant contribution of Ca, Na, and Mg attributed to this
eil-Senn trend estimate (in %yr-1) between 2009-2018 based on the annual averaged and
of the table states the statistically significant trends of each source, with the significance

nificant.

Seasonal trends (%yr−1) (α)

(SON) Winter (DJF) Spring (MAM) Summer (JJA)

+ ns +1.01 + ns
+ ns ns ns

ns +0.23 * ns
ns +0.75 * ns
ns −1.60 * −0.87 **

−0.37 * −0.65 * −0.67 **
ns ns ns
ns −0.64 ** −0.25 *

* ns −0.03 * ns

ns ns +1.82 *
ns ns +1.94 *
ns ns ns
ns ns ns
ns ns −1.12 *
ns ns −1.05 *
ns ns ns
ns ns ns
ns ns ns



Fig. 2.Chemical profiles of the PMF analysis in (a) BCN, (b)MSY, and (c) themultisite analysis. Chemicals are shownon the x-axis; the concentrations at the source are shownon the y-axis,
presented in blue bars in μgm−3; relative contributions in% are shown as red squares on the secondary y-axis.
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source that was not seen in the multisite PMF. The impact of this dif-
ference was only minor as similar average concentrations were
found for this source contribution during 2009–2018 (with average
concentrations being 3.2 μgm−3 and 3.7 μgm−3 for theMSY andmul-
tisite PMF, respectively). However, both solutions included a contri-
bution of K to this source (20% in MSY and 14% in the multisite
PMF). While the other minerals were removed from the multisite
8

solution, the fact that K remainedmight indicate that aminor contri-
bution of biomass burning is included in this solution (Viana et al.,
2013). Biomass burning is discussed further in detail in Section 4.8.
The solution from the multisite analysis did allow us to measure
and evaluate the trends in secondary (anthropogenic + biogenic)
OA in BCN. The seasonal variability of the two stations showed an op-
posing trend, with higher levels during the winter months in BCN,

Image of Fig. 2


Table 3
Theil-Senn trend estimate (%yr−1) and relative contribution, and its respective trend, of the 9 PMF sources determined by the multisite PMF, between 2009-2018 based on the annual
averaged and seasonal averaged data in BCN (top) andMSY (bottom) between 2009 and 2018. The resulting slope of the trend is presented in μgm−3yr−1, with its statistical significance
represented by *** for p < 0.001, ** for p < 0.01, * for p < 0.05, + for p < 0.1, and ns for not significant.

Barcelona Annual trends (μgm−3 yr−1) (α) Seasonal trends (μg m−3 yr−1) (α) Relative contribution

Species Annual Autumn (SON) Winter (DJF) Spring (MAM) Summer (JJA) 2009 2018 Trend (%yr−1) (α)

SOA ns ns ns ns ns 21% 30% ns
Sec. SO4 −0.3172 ** ns ns −0.4179 ** −0.2865 * 29% 21% −1.3068 *
Sea Spray ns ns ns ns ns 11% 10% ns
Non-exhaust ns ns ns ns ns 11% 17% +0.5744 +
Sec. NO3 −0.0428 + ns −0.0212 * ns −0.0241 * 4.5% 4.6% ns
Crustal ns ns ns ns ns 8.8% 10% +0.6201 *
Heavy Oil −0.0531 + −0.0772 *** ns −0.0513 ** −0.0895 * 7.3% 3.6% −0.2066 +
Combustion −0.0197 + ns ns −0.1033 + ns 4.5% 3.4% ns
Industry −0.0277 *** −0.0251 * −0.0245 * −0.0365 *** −0.0250 ** 2.2% 0.7% −0.1689 **

Montseny Annual trends (μgm−3 yr−1) (α) Seasonal trends (μg m−3 yr−1) (α) Relative contribution

Species Annual Autumn (SON) Winter (DJF) Spring (MAM) Summer (JJA) 2009 2018 Trend (%yr−1) (α)

SOA −0.0521 * ns ns ns −0.0521 * 37% 44% ns
Sec. SO4 −0.1458 * ns ns −0.1745 * −0.1458 * 34% 29% ns
Sea Spray −0.0676 * ns ns ns −0.0676 * 9.8% 6.9% ns
Non-exhaust ns +0.0196 + ns ns ns 1.9% 5.6% ns
Sec. NO3 ns ns ns ns ns 3.4% 5.5% ns
Crustal ns ns ns ns ns 8.5% 5.6% ns
Heavy Oil −0.0160 * -0.0098 + −0.0114 * ns −0.0231 * 2.6% 1.2% −0.1008 *
Combustion −0.0034 + ns ns ns −0.0059 * 1.4% 1.2% ns
Industry −0.0065 *** −0.0063 + ns −0.0094 * −0.0029 * 1.3% 0.8% −0.0392 +
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compared to the higher levels during the summer months in MSY.
This stark difference originates from the different sources of OC at
each station. In BCN the sources of OC mostly originate from fossil
fuel combustion,whichhas higher levels inwinter compared to sum-
mer due to stronger accumulation of pollutants during the cold sea-
sonwith lower atmospheric dispersion, and higher fossil combustion
for residential heating. Simultaneously, non-fossil OC at Barcelona
also showed a seasonal variability due to higher contribution of bio-
mass burning and reduced mixing in the winter (Minguillón et al.,
2011; Querol et al., 2013). Meanwhile at MSY, the higher concentra-
tions in the summer are a result of higher biogenic emissions of VOCs
(Minguillón et al., 2011; Querol et al., 2009a, 2013; Seco et al., 2011),
lower renewal of the atmospheric air masses at the regional scale in
summer (L. Pérez et al., 2008b; Rodríguez et al., 2002), and higher
secondary aerosol formation ratios due to enhanced summer photo-
chemistry. Minguillón et al. (2011) confirmed this as well, conclud-
ing that ≈47% of the fossil-OC in BCN is primary while in MSY ≈
85% is secondary. The source contribution at both stations stayed
quite stable over the study period; higher contributions were found
in BCN compared to MSY, with average concentrations of 4.3
μgm−3 (27%) and 3.7 μgm−3 (41%), respectively. A statistically signif-
icant decrease was found in MSY of −0.05 μgm−3 yr−1 (*; −1.4%
yr−1) on an interannual basis, but nonewas found during any partic-
ular season. It is very probable, as shown by Table 3, that there has
been an increase of +9% in the relative compositional contribution
of SOA to PM2.5 in BCN and +7% in MSY from 2009 to 2018.

2. Secondary sulfate was traced by SO4
2−
nss and NH4

+, which were also
present in the PMFs of both stations. This factor incorporates the for-
mation of regional and long-range transported secondary sulfate
aerosols, such as ammonium sulfate ((NH4)2SO4)) (Pérez et al.,
2016). Levels of SO4

2−
nss dramatically decreased in 2008 due to the im-

plementation of the EU Directive for Large Combustion Plants (2001/
80/EC) (European Parliament; Council of the European Union, 2001)
in Spain, which reduced SO2 emissions by 90% from a major
European SO2 emission source located 200 km southwest of Barce-
lona. All three PMF solutions attributed the same compounds to
this source profile with slightly different percentages of SO4

2−
nss,

NH4
+, and OC. This resulted in similar concentrations being found in

BCN, with 4.0 μgm−3 (26%) and 3.8 μgm−3 (24%) for the single and
multisite solutions, respectively. However, a larger difference was
9

found in MSY, with 2.00 μgm−3 (22%) and 2.77 μgm−3 (31%) for
the single and multisite solutions, respectively. The difference in
MSY was due to less SO4

2−
nss being attributed to this source, as a

significant amount was instead attributed to the mixed marine and
heavy oil source. The seasonal variability of secondary sulfate is char-
acterized by higher concentrations in the summer due to a combina-
tion of low air mass renovation, enhanced photochemical activity
and an increment of the summermixing layer depth favoring the re-
gional mixing of polluted air masses (Marmer and Langmann, 2005;
Pérez et al., 2016; Querol et al., 2009a; Viana et al., 2014). Data from
both stations also showed statistically significant decreases of
−0.32 μgm−3 yr−1 (**; −6.9% yr−1) and −0.15 μgm−3 yr−1 (*;
−4.5% yr−1) at BCN and MSY, respectively, which were very similar
to those found for the single-site PMFs (−0.35 μgm−3 yr−1; ***;
−7.1% yr−1 for BCN; and −0.12 μgm−3 yr−1; *; −4.9% yr−1 for
MSY). Both stations also showed statistically significant trends
during spring and summertime (−0.42 μgm−3 yr−1; **;
−7.6% yr−1 and −0.29 μgm−3 yr−1; *; −4.6% yr−1 for BCN; and
−0.18 μgm−3 yr−1; *; −5.1% yr−1 and −0.16 μgm−3 yr−1; *;
−3.2% yr−1 for MSY, respectively).

3. (Aged) sea spray aerosolwas a chemical profile dominated byNa and
Mg, which also contained a significant contribution of SO4

2−
nss. This

factor accounts for sea spray emissions. This source mostly included
sea salt but also included a fraction of shipping-derived sulfate. This
source was detected in the BCN PMF, with a similar source profile,
which resulted in a similar average concentration of 2.1 μgm−3

(13%) being found in the BCN PMF compared to 1.8 μgm−3 (11%) in
the multisite PMF. This source was not identified in the single-site
MSY PMF as it was mixed with the heavy oil source. Comparing the
concentrations between BCN and MSY in the multisite PMF, we ob-
tained contributions of 1.8 μgm−3 (11%) and 1.0 μgm−3 (11%) for
BCN and MSY, with a seasonal pattern of higher concentrations dur-
ing summer. The contribution of SO4

2−
nss to this source resulted in a

similar seasonal pattern to the one of secondary sulfate, which is
characterized by increased levels during summer due to an increase
enhanced photochemical activity, low air mass renovation, incre-
ment of the summermixing layer depth favoring the regionalmixing
of polluted airmasses, but also the possible higher summer contribu-
tions of secondary sulphate from DMS oxidation. During summer
(Pérez et al., 2016; Querol et al., 2009a). However, only MSY showed



Fig. 3. Time series comparing the concentrations in μgm−3 of the nine identified major
sources of the multisite PMF in BCN (blue) and MSY (orange).
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a statistically significant decrease of −0.07 μgm−3 yr−1

(*; −5.2% yr−1), exclusively significant during summertime
(−0.08 μgm−3 yr−1; *; −4.3% yr−1).

4. Non-exhaust vehicle emissions were traced by Fe, Cu, and Sb. This
factor accounts for non-exhaust vehicle emissions such as brake
and tire wear (Amato et al., 2009a; Pérez et al., 2016), although a
minor contribution from exhaust cannot be disregarded, as EC and
OC were also attributed to this source. This source was detected in
the PMF of the BCN station but not in the PMF for the MSY station,
where these tracers were part of the mineral and combustion
sources. The BCN and multisite source profiles were mostly similar,
10
but the multisite PMF attributed 9% more EC (22% and 31% for BCN
and the multisite, respectively) and 7% more OC (10% and 17%) to
this source. These, in addition to some differences in trace elements,
might explain the difference in concentrations found between the two
PMF solutions, with 1.4 μgm−3 (8.7%) being attributed to this source
on average during 2009–2018 in BCNand 2.2 μgm−3 (14%) in themul-
tisite PMF. Nevertheless, this source had a higher contribution in BCN,
where the average concentration was 2.2 μgm−3 (14%) compared to
0.2 μgm−3 (2.4%) in MSY. This was expected, as the BCN station is lo-
cated in an urban area. The seasonal variance at both stations confirms
this as well, with a clear seasonal variance in BCNwith higher concen-
tration in winter. But no seasonal variance was observed at the MSY
station due to the distance from a traffic source. No statistically signif-
icant trend was found at any of the stations, with the exception of
autumn in MSY, which showed a statistically significant increase of
+0.02 μgm−3 yr−1 (+;+15% yr−1). It is also notable that, at both sta-
tions, this was the only source whose concentrations have increased
since 2009 (Fig. S3).

5. Mineral aerosols were traced by Al, Ca, Fe, Ti, Rb, and Sr, arising from
both natural and anthropogenic dust sources (Amato et al., 2009b,
2016; Pandolfi et al., 2016; Pérez et al., 2016; Pey et al., 2013;
Querol et al., 2001b, 2004a, 2009b). This source was detected in all
PMF analyses. Comparing the concentrations of the single-site
PMFs to the multisite PMF showed similar results, giving values of
1.7 μgm−3 (11%) and 1.3 μgm−3 (8.4%), respectively, for the single-
site and multisite solutions in BCN and 1.0 μgm−3 (10%) and
0.6 μgm−3 (7.2%) for MSY. At both stations, the trends resembled
those found in the mineral trend analysis described in Section 3.1.
Neither PMF solution showed a statistically significant trend for ei-
ther station. In MSY, a seasonal pattern with higher concentrations
during summerwas detected, but BCNdid not show a significant sea-
sonal pattern. The different seasonal patternswere a result of the dif-
ferent sources of mineral aerosols at both stations, with BCN being
more affected by local emissions such as construction and traffic
(Amato et al., 2009a, 2016; Pandolfi et al., 2016; Querol et al.,
2001a) (Pandolfi et al., 2016). MSY on the other hand, is more af-
fected by the regional mineral patterns that are known for having
strong seasonal variability with higher levels in the summer due to
the elevated dust resuspension of local and regional origin because
of high convective dynamics and low rainfall, and an increase in
African dust episodes frequency. Even though an attempt was
made to remove the dust episode, its influence might still affect the
results slightly because deposited African dust is continuously
resuspeneded during days after the dust outbreak (N. Pérez et al.,
2008a; Querol et al., 2009a).

6. Secondary nitrate was identified by NO3
− and NH4

+ and was previ-
ously detected at both stations. This factor accounts for the secondary
NO3

− formed in the atmosphere, mostly occurring as NH4NO3, but
also as CaNO3 andNaNO3 in summer, associatedwith the coarse frac-
tion (Amato et al., 2009a, 2016; Pandolfi et al., 2016; Pérez et al.,
2016; Querol et al., 2001a). Secondary nitrate showed a strong sea-
sonal pattern, with relatively high concentrations in winter and
very low (<0.05 μgm−3) concentrations during summertime at
both stations due to the higher ambient temperatures favoring
volatilization of NH4NO3 into HNO3 and NH3 in the hot Barcelona
summers (Querol et al., 2001a, 2009a). The source profiles were sim-
ilar between the three PMFs, with only the BCN PMF mapping 6.8%
OC onto this source, compared to the 2.9 and 2.2% of the MSY and
multisite PMFs. This is probably the cause of the difference seen in
concentrations between the single-site and multisite PMFs of BCN,
with 1.5 μgm−3 (9.6%) attributed to this source in the single-site
PMF and 0.8 μgm−3 (4.9%) in the multisite PMF. All three PMF
solutions also showed a contribution of K from this source, which
again might indicate a minor contribution of biomass burning
beingmixed in this source (Brines et al., 2019). Themostly anthropo-
genic source of nitrate is seen in the comparison between the two
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stations: concentrations were 2.5 times higher in BCN (0.8 μgm−3

(4.9%)) than in MSY (0.3 μgm−3 (3.5%)). Of the two sites, only BCN
showed a statistically significant decrease of −0.04 μgm−3 yr−1

(+;−4.6% yr−1) on an annual basis, whichwas only detected during
springtimewith amagnitude of−0.10 μgm−3 yr−1 (+;−9.3% yr−1).

7. Heavy oil was traced by V and Ni, which were detected only in BCN,
and mixed with sea spray in MSY. Currently, in and around Barce-
lona, this factor mostly originates from shipping emissions (Amato
et al., 2009a, 2016; Pandolfi et al., 2020; Pérez et al., 2016). This
clear seasonal variation is a result of an seasonal increase of i) the
higher summer sea breeze frequency, but also to ii) the increase of
touristic cruises, other passenger vessels, small vessels, and container
ships (Jalkanen et al., 2016; Pérez et al., 2016; Pey et al., 2013). The
BCN single-site and multisite PMFs produced similar source profiles
for this source, resulting in similar concentrations of 0.7 μgm−3

(4.6% and 4.7%, respectively for the single-site and multisite) being
attributed to this source. Comparing the concentrations of the two
stations showed that the contributions were significantly higher in
BCN, with an average of 0.7 μgm−3 (4.7%), compared to 0.2 μgm−3

(2.2%) inMSY. A statistically significant decreasing trend could be ob-
served at both sites with values of −0.05 μgm−3 yr−1 (+; −6.3%
yr−1) in BCN and−0.02 μgm−3 yr−1 (*;−6.5% yr−1) in MSY, consis-
tent over all seasons (from −0.05 to −0.09 μgm−3 yr−1; * to ***;
−5.1 to −8.1% yr−1 for spring, summer, and autumn in BCN; and
from −0.01 to −0.02 μgm−3 yr−1; + to *; −4.1 to −9.6% yr−1 for
summer, autumn, and winter in MSY).

8. Mixed combustion was traced by EC and Sb. This source was detected
in both single-site PMFs as traffic exhaust in BCN and as the mixed
combustion source in MSY. The differences between the single-site
PMFs and the multisite PMF were quite significant here, with all
three PMFs attributing different contributions of EC and OC to this
source (Fig. 2). The low levels of OC in the multisite PMF probably
mean that this source only includes primaryOA from traffic in themul-
tisite PMF. Thus, SOA from traffic is included in the secondary organic
aerosols source in the multisite analysis and not in this combustion
source. The seasonal variance of both stations portray higher concen-
trations during thewinter, and lower during the summer caused by in-
creased biomass burning (Minguillón et al., 2011), higher
anthropogenic emission rates and lower atmospheric dispersive con-
ditions (Viana et al., 2006). Much higher concentrations were found
in BCN compared toMSY (0.6 μgm−3 (3.6%) and 0.1 μgm−3 (1.1%), re-
spectively). This was expected due to the proximity of various anthro-
pogenic sources to BCN compared to MSY. Nevertheless, both stations
showed a statistically significant decrease of −0.02 μgm−3 yr−1 (+;
−3.3% yr−1) and −3.4 × 10−3 μgm−3 yr−1 (+; −2.8% yr−1) respec-
tively in BCN and MSY, and also showed a statistically significant de-
crease during summer (−0.02 μgm−3 yr−1; +; −5.0% yr−1 and
−0.01 μgm−3 yr−1; *; −5.2% yr−1 for BCN and MSY). BCN also had a
significant decrease during winter (−0.02 μgm−3 yr−1; *; −3.2%
yr−1). The single-site PMF of BCN only showed a trend during sum-
mertime, of −0.13 μgm−3 yr−1 (+;−3.5% yr−1), and MSY had a sta-
tistically significant decrease of −0.02 μgm−3 yr−1 (+; −1.8% yr−1)
on an interannual basis, but no other trends were detected during
any particular season.

9. Industry was traced by Mn, Zn, Cd, and Pb. This source represents a
mixture of common tracers in BCN from industrial activities, such
as smelters and cement kilns (Amato et al., 2009b; Cusack et al.,
2012; Pandolfi et al., 2016; Pérez et al., 2016; Querol et al., 2007,
2014) and emissions from various industries on a regional scale
(Cusack et al., 2012; Pandolfi et al., 2016). The source profiles of the
multisite and BCN PMFs seemed consistent with this source, with a
significant difference from MSY: the MSY PMF also attributed Co,
Ni, and much more Cu to this source, among other tracers (Fig. 2).
The difference between the three PMF solutions is also reflected in
the difference between the single-site and multisite PMFs, with
0.2 μgm−3 (1.4%) and 0.3 μgm−3 (1.8%) attributed to this source in
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the BCN PMF and the BCN multisite PMF, respectively, and 0.5
(5.3%) and 0.1 μgm−3 (0.94%) in theMSY PMF and theMSYmultisite
PMF, respectively. This indicates that in themultisite PMF, this source
is mostly from metallurgy, while regional industry was detected in
the MSY single-site PMF. In 2009, the concentrations were much
higher in BCN compared to MSY (0.3 μgm−3 (1.8%) compared to
0.1 μgm−3 (1.1%), respectively), but the concentrations of this source
steadily decreased over time in BCN,with a steep decrease starting in
2014,whileMSY showed a constant decrease. At the end of 2018, the
concentrations of this source were very similar (0.1 μgm−3 (0.6%)
in BCN and MSY. This was also observed in the statistically
significant decreases detected in both stations, with values of
−0.03 μgm−3 yr−1 (***; −7.5% yr−1) and −0.01 μgm−3 yr−1 (***;
−5.8% yr−1), respectively, for BCN and MSY. This was measured
over all seasons (except winter in MSY), with varying significance
(from −0.03 to −0.04 μgm−3 yr−1; * to ***; 6.0 to 9.8% yr−1

in BCN; and −2.9 × 10−3 to −0.01 μgm−3 yr−1; + to *; −3.6 to
7.7% yr−1 in MSY). A seasonal pattern could be observed at both sta-
tions, with concentrations relatively higher during the winter com-
pared to the other seasons. The increased concentrations during the
cold months of the year are a result of prevalent stagnant atmo-
spheric conditions in which local pollutants dominate (Moreno
et al., 2011; Pérez et al., 2016; Pey et al., 2010). The rate of decrease
strengthened sharply since 2013 on a per-year basis, following the
recovery from the financial crisis (see discussion).

In order to confirm the identification of an SOA source, a correlation
studywas performed between the ACSMmeasurements of OOA and the
filter sample PMF source contributions over a year-long period (Fig. 5).
Using the daily averaged values, a relatively good year-round correla-
tion was obtained for BCN, with a slope of 0.73 for the Filter-PMF/
OOA-ACSM relationship with the intercept set to 0 (R2 = 0.85). The
disaggregation of the data into summer and winter revealed a higher
correlation during summer (when SOA increased markedly), with a
slope of 0.94 (R2= 0.92), and a slope of 0.58 (R2= 0.87) duringwinter.
Similar results were found in MSY, with a year-round slope of 0.67
(R2 = 0.77), and slopes of 0.84 (R2 = 0.92) during summertime and
0.15 (R2 = 0.78) during wintertime. All correlations had a p-value <
0.01. The divergence between the two seasons can have a variety of
reasons. First, the PMF solution of the ACSM differs between the two
seasons, where during summer two secondary OA factors were found
(LO-OOA and MO-OOA), but during winter a single OOA factor was
extracted, but also included the presence of a biomass burning factor
(Via et al., 2021). Furthermore, the difference between the twomethods
(Fig. S4) could stem from the two different measuring principles, as
different PM size cutoffs (PM1 in ACSM and PM2.5 in filters), measuring
principles, and PMF analyses were applied. However, the high correla-
tions overall indicated that the source was well identified.

4. Discussion

Combining the results of the Theil–Sen trend estimation and PMF
source contribution analyses while comparing the two stations allowed
determination of the trends in PM2.5 and source contributions in NE
Spain. The multisite PMF contributed additional information to the PMF
analysis of the stations. First, the multisite PMF allowed us to identify
sources at both stations that could not previously be identified in the
single station PMFs, such as the aged sea spray aerosols and heavy oil
combustion in MSY and SOA in BCN. Furthermore, the multisite PMF
allowed us to make a direct comparison between the stations (Fig. 3).
The fact that similar chemical profiles were found in the multisite PMF
compared to the single station PMFs strengthens the reliability of the
multisite PMF approach. However, the multisite PMF is not a perfect
solution: while the seven largest sources were distinguished and agreed
relatively well with the single-site PMFs, two sources (mixed combustion
and industry) showed significant differences. In the case of mixed



Fig. 5. The correlations between the PM2.5 filter SOA concentrations and the PM1 OOA
ACSM concentrations in BCN in 2017–2018 (top) and in MSY in 2012–2013 (bottom).
Year-long correlations (black) and the summertime (orange) and wintertime (blue)
correlations are shown for each location.
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combustion, thiswas due to the attribution of OC to the SOA source in BCN
and the mixed combustion being separated in MSY, allowing for a better
solution. However, in the multisite PMF, the industry source was domi-
nated by the metallurgy industry (as seen in the source profile, Fig. 2),
which removed the regional industry source of MSY in the multisite
PMF. Nevertheless, due to the many advantages of the multisite PMF and
the verification by the single-site PMFs, only the multisite PMF will be
discussed in the following section, where we discuss the results of the dif-
ferent analyses to interpret the causes of possible trends or the absence of
trends.

4.1. Trends in PM2.5 over different periods

Previous long-term trend analyses were not available using the data
from our monitoring station in BCN due to the relocation that occurred
in 2008, but various trend analyses were performed for the MSY data.
Cusack et al. (2012) evaluated the PM2.5 gravimetric mass concentra-
tions and the chemical species during the period 2002–2010 in MSY,
while Pandolfi et al. (2016) performed a follow-up study at the same
station,with the addition of a PMF analysis between 2002 and 2014. De-
creases of −0.7 μgm−3 yr−1 (**) and −0.3 μgm−3 yr−1 (*) were found
by Cusack et al. (2012) and Pandolfi et al. (2016), respectively. The
50% reduction in slope between the two researchperiodswas attributed
to a large increase in concentrations in 2012, whichwas outside the ob-
servation period of Cusack et al. (2012). Pandolfi et al. (2016) attributed
13
this increase to a rise in organic matter during 2012, and while we do
not disregard this conclusion, as will be discussed later, we found a sec-
ond possible source of this PM2.5 peak in our analysis. While we did not
use the gravimetric mass method to calculate PM2.5, a large difference
was measured in 2012 between the results of the gravimetric mass
method and the sum of the chemical speciation, showing the significant
influence of the unaccounted water-driven mass when using the gravi-
metric method. Due to the difference in method, no comparison can be
made with previously published results.

4.2. OA & EC, and their various associated PM source contributions

The relative contribution of the OA to PM2.5 increased from 2009 to
2018 by 12% and 9% in BCN and MSY, respectively. Together with EC, it
accounted for almost 50% of the composition by 2018, signifying its im-
portance in PM2.5. Previous studies reported decreases in OC and EC be-
tween 2002 and 2010 at the MSY station (Cusack et al., 2012), with a
statistically significant trend of OC reaching −0.18 μgm−3 yr−1, seen
across all seasons,with a seasonal pattern for OC that showedhigher con-
centrations during the summer. This was caused by the lower renewal of
the atmospheric airmasses at the regional scale in summer (L. Pérez et al.,
2008b; Rodríguez et al., 2002), higher biogenic emissions of VOCs (Seco
et al., 2011), and higher secondary aerosol formation ratios due to en-
hanced summer photochemistry. Meanwhile, Pandolfi et al. (2016) did
not find a statistically significant trend at MSY between 2004 and 2014,
which they attributed to the relevant contribution from biogenic SOA to
regional background PM2.5. During our study period, no statistically sig-
nificant trend was found in BCN for OA, SOA, or EC. The lack of trend
was partially driven by the peaks in 2011 and 2015, whichwere detected
in both OA, SOA, and EC. The 2009–2018 trends at MSY were consistent
with the findings of Pandolfi et al. (2016), as no significant trend was
found for OA, largely due to the increase in concentrations in 2011 and
2012. Whereas the peaks were seen in all constituents in BCN, this was
not the case in MSY. While OA showed higher concentrations in both
2011 and 2012, EC only showed a peak in 2011 and SOA in 2012, which
means that these peaks have different origins (combustion-influenced
in 2011 and SOA-influenced in 2012). The SOA peak in 2012 contributes
to the hypothesis stated by Pandolfi et al. (2016) that the PM2.5 peak in
2012originated froman increase in biogenic SOA. The seasonal variability
between the stations also differed (Fig. 4). In BCN, EC showed a seasonal
pattern with higher concentrations in winter; this pattern was absent in
MSY. By contrast, inMSY, OA showed higher concentrations during sum-
mer due to the increase in biogenic SOA at this station (Cusack et al.,
2012; Pandolfi et al., 2016) which was not seen in BCN.

The three major identified OC- and EC-contributing PMF sources
were SOA, mixed combustion, and non-exhaust vehicle emissions.
Mixed combustionwas the only source of these three that showed a sta-
tistically significant decrease at both stations. In BCN between 2003 and
2012, Pandolfi et al. (2016) reported amarked decrease of this contribu-
tion, with EC being reduced by nearly 50% due in part to the impact of
local air quality measures, but especially due to the EURO vehicle emis-
sion standards for PM emission by diesel vehicles. This decrease has
continued since 2009, albeit not as steeply as between 2003 and 2012.
Finally, a cooking source has not been identified in this study, indicating
that the PM chemical composition dataset does not contain enough in-
formation to detect such a source, although it has been identified and
quantified by previous studies using aerosol mass spectrometers
(Escudero et al., 2015; Mohr et al., 2012; Via et al., 2021).

4.3. Mineral aerosols

Crustal aerosols contain both natural and anthropogenic contribu-
tions and reached 11% and 10% of the PM2.5 in BCN andMSY, respectively.
Previous studies of MSY PM2.5 composition showed a decreasing trend
from 2002 to 2012 (Cusack et al., 2012) and from 2001 to 2012 (Querol
et al., 2014). These studies included samples from days with African
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dust outbreaks, whose frequency and intensity over NE Spain were
driven by the negative North Atlantic Oscillation index (Pey et al.,
2013). Especially during 2008–2012, this was quite negative, leading to
lower PM contributions from the Saharan dust episodes. To remove the
influence of the Saharan dust episodes, days with reported intrusions
were removed from the datasets in the present study. This resulted in a
significant difference between annual variations of the crustal load trends
at MSY, as seen in Fig. S5.

Another source of crustal material arises from construction and de-
molition emissions. Pandolfi et al. (2016) elaborated on this, explaining
that the observed decrease originated from the economic recession of
2008. This hypothesis was confirmed by the observations in BCN,
which has traffic and construction as more predominant sources of
crustal material, compared to MSY, which is located far away from
these sources. BCN did not show a statistically significant trend because
the concentration decreased from 2009 until 2012, after which it in-
creased again until 2016 (Fig. S6). From 2016 onward, the concentra-
tions decreased again. The decrease from 2009 to 2012 is consistent
with observations of the effects of decreased construction and demoli-
tion associated with the economic recession, reported by prior studies.
Since 2012, the recovery from the recession probably caused an increase
in emissions from this industrial sector. For example, in a dataset of the
number of home constructions started in Barcelona from 2000 to 2020,
a significant decrease is observed from2008 to 2012,with a reduction of
94%. However, since 2012, the number of constructions has increased
steadily every year. By 2018, the number of constructions had increased
by 93% compared to 2012 (Barcelona City Council, 2020, Fig. S7). Fur-
thermore, daily vehicle counts from the four busiest streets in Barcelona
showed similar behavior, with a decrease until 2012–2013, after which
the volume slowly increased again (Barcelona City Council, 2016, 2010,
2005; Fig. S8). As noted above, MSY, with the NAF episode days re-
moved, showed neither a 2009–2018 significant trend for crustal aero-
sols nor the same pattern as in BCNdue to its distance from construction
and traffic sources.

4.4. Heavy oil combustion

Heavy oil combustion was traced by V and Ni, which contributed
4.7% to PM2.5 in BCN and 2.2% in MSY. Previous papers also indicated a
relation with SO4

2− which the PMF did not detect (Pandolfi et al.,
2016; Pérez et al., 2016; Viana et al., 2014). V, Ni, and SO4

2− (the latter
as both primary PM and secondary PM from SO2 emissions) are all con-
stituents of heavy oil combustion emissions, which originate from two
main sources in BCN: industry and shipping emissions. However, vari-
ous emission abatement strategies have been implemented related to
heavy oil over the last decade to improve air quality. Regional air quality
plans phased out fuel oil, replaced by natural gas, for power generation
around BCN in 2007 (Cusack et al., 2012; Pandolfi et al., 2016; Querol
et al., 2014), while at the same time the International Maritime Organi-
zation (IMO)/MARPOL and the EU set limits on S content in the fuel
emissions from ships (Organization International Maritime, 2011;
European Parliament; Council of the European Union, 2005). With en-
ergy production removed as a source of heavy oil combustion before
the study period and S emissions from shipping emissions being limited
around BCN, only V and Ni remained as tracers for shipping emissions.

Prior studies reported a large decrease in levels of SO4
2−
nss, V, andNi in

both BCN and MSY (Pandolfi et al., 2016; Querol et al., 2014) related to
policy actions affecting heavy oil combustion (for all three tracers) and
the implementation in 2008 of the Large Combustion Plants Directive
(for SO4

2−
nss). This decreasing trend continued between 2009 and 2018,

with a statistically significant decrease at both stations (−0.05 μgm−3

yr−1; +; and −0.01 μgm−3 yr−1; *; respectively). Of the two metals,
only V showed a statistically significant decrease at both stations
(BCN: −6.2% yr−1; **; and MSY: −5.4% yr−1; **). The lack of a trend
for Ni might indicate that it has an additional industrial source. When
comparing the trends in the heavy oil combustion source of the
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multisite PMF, a similar decrease can be observed, of −6.3% yr−1 in
BCN and −6.5% yr−1 in MSY.

4.5. Secondary inorganic aerosol

The SIA factor is the secondmajor contributor to PM2.5, with respec-
tive values of 37 and 43% in BCN andMSY. Both stationsmeasured a sig-
nificant decrease (−0.23 μgm−3 yr−1; *; and −0.10 μgm−3 yr−1; *; in
BCN and MSY). At both stations, the majority of SO4

2−, NO3
−, and NH4

+

were attributed to the formation of secondary (NH4)2SO4 and
NH4NO3, with a minor amount of SO4

2− attributed to the heavy oil/sea
spray sources as mentioned earlier. While in the atmosphere, SO4

2−

and NO3
− might also occur as CaSO4, MgSO4, Na2SO4, Ca(NO3)2, Mg

(NO3)2, and NaNO3, which occur mostly in the coarse PM fractions
and not in PM2.5 (Pérez et al., 2016).

Atmospheric NH4
+ mostly originates from agricultural and farming

ammonia (NH3) emissions but also from urban sources (Reche et al.,
2015; Sutton et al., 2013). Van Damme et al. (2018) found NE Spain to
be amajor European NH3 hotspot due to agricultural and farming emis-
sions. Furthermore, high NH3 urban emissions were found in Barcelona
(Pandolfi et al., 2012; Reche et al., 2015), wheremuchhigher concentra-
tions were measured compared to other Spanish cities. The high NH3

concentrations recorded in the study area were very relevant in reduc-
ing the PM2.5, as even if SOx and NOx emissions were reduced, the high
levels of NH3 would still favor the formation of SIA. In BCN and MSY, a
slight statistically significant decrease in NH4

+ was detected, with a
value of −2.2% yr−1 in MSY and a much greater value of −5.9% yr−1

in BCN, in both cases mostly found in spring.
Secondary sulfate aerosols provided the secondhighest PM2.5 contri-

butions in the PMF source apportionment analyses, accounting for 24%
in BCNand 31% inMSY. SO4

2−
nss showed a significant decrease at both sta-

tions (−5.1% yr−1; *** in BCN; and−4.0% yr−1; ** in MSY), with a clear
seasonal pattern observed, characterized by the highest concentrations
occurring in summer. This is due to low oxidation ratios of SO2 during
winter of <1% h−1 compared to 6% h−1 in the summer in the Mediter-
ranean area (Querol et al., 1999a, 1999b). This indicates that the various
abatement measures in shipping, industry, and power generation have
worked efficiently both locally and regionally, with rates of decrease
that were half those for 2004–2014 (Pandolfi et al., 2016) due to the
strong effect of the European Large Combustion Plants and Industrial
Emission Directives and other European and regional measures abating
SO2 emissions prior to 2009. Thus, in 2016, theUnitedNations Economic
Commission for Europe (UNECE) reported that only a further 20% re-
duction in SO2 emissions could be achieved throughmeasures in indus-
try, residential and commercial heating, and reduced agricultural waste
burning (Pandolfi et al., 2016; UNECE, 2016). This was also seen in the
flattening of the decreasing trend of SO4

2−
nss (Appendix A).

The secondary nitrate PMF source showed a seasonal pattern, with
concentrations close to the detection limit during summer and growing
during winter periods. This is due to the low thermal stability of NO3

−

under typical hot summer conditions (Querol et al., 2001a). A statisti-
cally significant decreasing trend was only detected in BCN, which
showed a continuous decrease with the exception of a sharp increase
in 2015. NOx, the precursor to NO3

−, has a mostly anthropogenic origin,
originating mainly from traffic in BCN but also from power generation,
industry, and the domestic sector (Pandolfi et al., 2020, 2016). The var-
ious initiatives to reduce NOx emissions in BCN had a significant impact
in abating NOx, decreasing NO concentrations by −28.8% and NO2 by
−20.6% between 2005 and 2017 (Massagué et al., 2019; Pandolfi
et al., 2016). EURO 6 standards for vehicle emission and the economic
recession also reduced traffic flows and industrial emissions in
2008–2013. Since 2013–2015, urban traffic counts have increased
again. This might explain the increased concentrations observed since
that time (Fig. S8). While this trend was observed in BCN, MSY lacked
a statistically significant trend after 2009. Using themultisite PMF anal-
ysis to compare the concentrations between the two stations, it was
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observed that, on average, the concentrations were almost 2.5 times
higher in BCN compared to MSY (0.8 μgm−3 vs. 0.3 μgm−3). This was
also detected in the different contributions in the PMFs, contributing
4.9% of PM2.5 to secondary nitrate in BCN but only 3.5% in MSY. While
SO4

2− has a more regional origin, showing similar concentrations in
BCN and MSY, urban NO3

− is very relevant, with much higher levels re-
corded in BCN.

4.6. Aged sea spray aerosols

In BCN, no statistically significant trendswere found in the sea spray
source. In MSY, this source showed a statistically significant decrease
over the period of −0.07 μgm−3 yr−1 (*; −5.2% yr−1), mostly due to a
huge reduction in 2017. This is a surprising observation, as sea spray
aerosols are not expected to vary interannually. This decrease was also
seen in Nass during autumn and winter when a statistically significant
decrease was observed. This decrease could probably be a limitation of
the method applied, as Cl− could not be used due to the unreliable
data, and Nass was calculated indirectly, as were the other constituents
(Kss, Mgss, Cass, and SO4

2−
ss ). A second explanation could be the anthro-

pogenic load of the aged sea salt source from shipping traffic over the
Mediterranean Sea. This trendwas only seen in the summertime yearly
average of the seasonal PMF (−0.08 μgm−3 yr−1; *;−4.3% yr−1). Both
stations did show a seasonal pattern with lower concentrations during
winter and higher concentrations during the summer due to a strong in-
fluence from sea breezes (Querol et al., 2008). Concentrations in BCN of
this source were almost twice as high as in MSY (1.8 and 1.0 μgm−3, re-
spectively), most likely due to the proximity of BCN to the sea.

4.7. Metallurgy

The metallurgy industry has been indicated as the main industrial
sector contributing to PM2.5 in BCN and MSY (Amato et al., 2009a,
2016; Cusack et al., 2012; Pandolfi et al., 2016; Pérez et al., 2016).
Both BCN andMSY showed a very high statistically significant decrease
(−7.2% yr−1; ***; and −5.8% yr−1; ***) in this source. The concentra-
tions were about 2.5 times higher in BCN compared to MSYwhen com-
paring the metallurgy source due to the proximity of smelters to BCN.
Although the main PM emission abatement from the smelters around
Barcelona occurred during the implementation of the Industrial Emis-
sions Directive (European Parliament; Council of the European Union,
2008; Pandolfi et al., 2016), just before our study period, our results
show that there was still a decrease in metallurgy PM contributions in
2009–2018, probably due to the 2008–2013 financial crisis and the re-
gionally implemented measures. By 2018, the contributions of the in-
dustry source were similar in BCN and MSY.

4.8. Biomass burning

Biomass burning was not identified as a source in either PMF be-
cause we did not use organic tracers. Previous research, using these to-
gether with inorganic tracers, detected and quantified the biomass
burning contribution to PM2.5 (Amato et al., 2016; Reche et al., 2012;
Viana et al., 2013) or PM1 (Brines et al., 2019) in BCN. These studies con-
cluded that during winter, about 7–8% of the PM2.5 was contributed by
biomass burning (Reche et al., 2012; Viana et al., 2013). Viana et al.
(2013) determined that contributions of K-related aerosols from re-
gional biomass burning were mixed in a source of regional-scale sec-
ondary aerosols during a winter campaign in 2011. Amato et al.
(2016) concluded that the biomass source contribution to the annual
PM2.5 average was <2.5%. Brines et al. (2019) confirmed this by identi-
fying a biomass burning source for PM1 in BCN, which was mixed with
secondary nitrate. This can also be observed in the source profiles of
this study, with the two SOA sources of the MSY PMF and multisite
PMF each contributing about 20% of K to this source. Comparing the
MSY and multisite source profiles, various minerals were excluded,
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with the exception of K. This could indicate that biomass burning
might be partially included in this source, especially since a minor
contribution of EC was included in the multisite PMF. Furthermore,
the source profiles of all three PMF solutions contributed 10–15% of K
to the secondary nitrate source, which might indicate regionally
transported biomass burning emissions were also partially included in
this source. In BCN, the Kbb tracer showed a decreasing trend on an an-
nual basis, with higher concentrations during the summer compared to
the winter. This is an atypical seasonal pattern for biomass burning, in-
dicating a low impact of domestic biomass burning and a higher impact
from regional agricultural burns and forest fires. Other trends, with the
exception of autumn in BCN, were absent at both stations.

5. Conclusions

2009−2018 time-series analyses of the major and minor compo-
nents and source contributions of PM2.5 in NE Spain were obtained
from a set of twin stations, an urban background station in Barcelona
(BCN) and a rural background station in Montseny (MSY). To compare
the source profiles and source contributions between the two stations,
a multisite PMF analysis was performed. This PMF analysis successfully
identified 9 sources and allowed us to determine the source contribu-
tion of SOA in BCN and to distinguish (aged) sea spray aerosols and
heavy oil combustion in MSY while losing the regional industry source
from the MSY station. While nine sources were successfully identified,
this solution was not able to identify a cooking source or a biomass
burning source, which were previously detected in the same area
using ACSM or offline analysis with organic speciation, indicating the
limitations of the dataset.

Previously reported decreases in PM2.5 were found to have contin-
ued at both stations during the 2009−2018 period, with rates of
−0.34 and −0.24 μgm−3 yr−1 in BCN and MSY, respectively, corre-
sponding to decreases of −2.8% yr−1 and −3.3% yr−1. These decreases
were driven by a continuous statistically significant decrease source
contributions from in heavy oil combustion (−6.9 and −6.5% yr−1 for
BCN and MSY, respectively), mixed combustion (−3.3 and −2.8%
yr−1), and the industry source (−7.5 and−5.8% yr−1) at both stations.
These source contributions are all related to anthropogenic emissions,
which implies the continuing success of pollution abatement strategies
in NE Spain on both an urban and regional scale over time. The various
abatement strategies for sulfate-bearing compounds also resulted in a
significant decrease in the secondary sulfate source (−6.9 and −4.5%
yr−1) at both stations. Furthermore, there was also a statistically signif-
icant decrease in secondary nitrate (−4.6% yr−1) in BCN, which is re-
lated to the abatement of anthropogenic emissions as well and was
mostly driven by a continuous decrease in NOx in the urban area of
BCN. Meanwhile, in MSY, a statistically significant decrease in SOA
was observed (−1.4% yr−1), although this decrease was the smallest
of all those observed. These trendswere also reflected in the statistically
significant trends of the various pollutants at both stations, with both
sites showing decreasing trends in SIA and all constituents (with the ex-
ception of NO3

− in MSY), the sum of the trace elements, and V. Differ-
ences between the stations included a decrease in Kbb and NO3

− in
BCN, and in various minerals (Al2O3, Na2Odust, K2Odust, TiO2) and EC in
MSY.

These decreasing trends have affected the relative composition of
PM2.5 particles at both stations. In 2009, SIA contributedwith the largest
fraction to the annual average PM2.5 in BCN, accounting for 39%, while
OA, the second most relevant contributor, accounted for 30%. By 2018
OA was the first contributor, with 41%, followed by SIA with 34%. This
increase in OA was mostly of secondary origin, with an increase of 12%
from 2009 to 2018 (+0.65% yr−1), while EC and NO3

− did not change
in relative contribution. In MSY, OA already constituted the largest
group of PM2.5 in 2009 with a contribution of 41%, but this increased
to 50% in 2018, with an SOA contribution of 40% of the total PM2.5 in
2018. The relative contribution from SIA did not change much, as the
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small decreases in SO4
2−
nss and NH4

+were compensated by an increase in
relative NO3

−. This was also supported by the source contributions, with
SOA as the largest source at both stations, accounting for 30% in BCN and
44% in MSY by 2018, an increase of 9% in BCN and 7% in MSY.

The increase in the relative contribution of OA in both urban and rural
PM2.5 might indicate that even though bulk concentrations of PM2.5 have
decreased, its composition has markedly changed as probably varied the
toxicological patterns, as OA (relatively increasing)might have a different
oxidative potential to SIA (relitavely decreasing). A follow-up study that
includes more detailed speciation of the OA fraction is therefore recom-
mended, as this is now the largest constituent of PM2.5, as well as studies
to evaluate the oxidative potential of the newer PM2.5 composition. These
results are also relevant for air quality policy andmeasures to further con-
tinuing abating PM2.5, indicating a need to better evaluate urban compo-
sitions and levels of volatile organic species producing SOA and O3 in
order to devise cost-efficient measures to reduce pollution.
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