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Abstract: Aerosol hygroscopicity is a key aerosol property, influencing a number of other physical
properties, and the impacts of PM pollution on the environment, climate change, and health. The
present work aims to provide insight into the contribution of major PM sources to aerosol hygro-
scopicity, focusing on an urban background site, with a significant impact from both primary and
secondary sources. The EPA PMF 5.0 model was applied to PM2.5 chemical composition and hy-
groscopicity data collected from August 2016 to July 2017 in Athens, Greece. Source apportionment
analysis resulted in six major sources, including four anthropogenic sources (vehicular exhaust and
non-exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation and biomass
burning) and two natural sources (mineral dust and aged sea salt). The mixed source was found to
be the main contributor to PM2.5 levels (44%), followed by heavy oil combustion (26%) and vehicular
traffic exhaust and non-exhaust emissions (15%). The aerosol hygroscopic growth factor (GF) was
found to be mainly associated with the mixed source (by 36%) and heavy oil combustion (by 24%)
and, to a lesser extent, with vehicle exhaust (by 19%), aged sea salt (by 14%), and vehicle non-exhaust
(by 6%).

Keywords: PM2.5; hygroscopicity; source apportionment; positive matrix factorization; urban
background

1. Introduction

Suspended particulate matter (PM) remains an atmospheric pollutant of great concern,
especially in urban centres, where anthropogenic emission sources are concentrated and a
large share of the global population resides. Particulate pollution contributes to climate
change and visibility degradation; impacts the atmospheric chemical processes, affecting
the concentration of gaseous pollutants; and displays documented adverse effects on human
health [1,2]. In order to fully understand the different impacts of particulate pollution, a
comprehensive characterization of the atmospheric aerosol is needed, including its physical
and chemical properties.

Aerosol hygroscopicity, i.e., the ability of particles to absorb water in response to in-
creasing relative humidity, is a key aerosol property, influencing a number of other physical
properties, and the impacts of PM pollution on the environment, climate, and health. The
water content of particles affects their size and surface area, as well as the total aerosol
mass, acidity, chemical reactivity, and atmospheric lifetime [3,4]. Particle hygroscopicity
also affects the aerosol optical properties, with significant implications for visibility and
radiative forcing [5–7]. In addition, hygroscopic growth is directly associated with aerosol
cloud droplet activation properties, which impact climate change [8]. Hygroscopicity is also
strongly associated with particle health impacts. Hygroscopic particles grow significantly
in the near supersaturated environment of the respiratory tract; this may substantially alter
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particle deposition (both with respect to lung deposition probability and place of deposi-
tion), as well as the metabolic pathway after deposition, in comparison with non-soluble
particles [9,10].

The atmospheric aerosol ability to absorb water depends on its chemical composition
and mixing state [11,12]. Fossil fuel combustion processes usually emit hydrophobic
or slightly hygroscopic particles [9], while biomass burning emissions may also contain
hygroscopic particles [13]. Secondary inorganic aerosols (e.g., ammonium sulfate and
nitrate) are hydrophilic. With respect to primary natural particles, sea salt particles are
hygroscopic, while soil dust particles are normally insoluble [4]. Among the different
aerosol species, the less characterized in terms of hygroscopic growth is organic aerosol,
owing to the wide range of organic compounds found in the atmosphere. It is generally
expected that aged and more oxidized organic aerosol will be more hygroscopic [14];
nevertheless, it has been shown that hygroscopic growth is not always correlated with
the O=C ratio, demonstrating that other factors also play an important role (such as the
different functional groups, carbon chain length, and so on) [15]. These uncertainties related
to organic aerosol hygroscopic properties hamper a better understanding of the role of
primary and secondary organic matter in the atmospheric environment and climate [16].

Several studies have attempted to link aerosol hygroscopic behavior with chemical
composition [15,17–21] or to characterize hygroscopic properties of various aerosol types,
based on air mass back trajectories or specific pollution episodes [22–24]. In addition,
the hygroscopic properties of particles emitted by typical combustion processes, such as
diesel vehicle exhaust [25,26] and biomass burning emissions [27–30], have been assessed.
Nevertheless, while it has been acknowledged that hygroscopicity is highly dependent on
both aerosol emission sources and atmospheric transformations, the hygroscopic proper-
ties of the various sources in receptor sites, where freshly emitted and aged aerosol are
mixed, have been scarcely explored. To the best of our knowledge, only two very recent
studies have attempted to evaluate the hygroscopicity of major PM sources identified
by receptor modelling. Li et al. performed a source apportionment study combining
PM2.5 chemical composition data with hygroscopicity measurements from a 3-month pe-
riod, during 2019–2020, in an urban site of Guangzhou, China [31]. Vu et al. applied
receptor modelling for source apportionment of sub-micrometer particles, using particle
number size distribution data together with hygroscopicity data, collected at an urban
background site in London, United Kingdom, during two 2-month campaigns in 2012,
covering cold and warm season [32]. Both studies confirmed the good potential of PMF in
characterizing the hygroscopic properties of particles originating from different primary
and secondary sources. The most hydrophilic sources were related to secondary inorganic
aerosol and mixed secondary organic and inorganic aerosol; the less-hygroscopic particles
were associated with primary combustion emissions and soil dust [31,32].

The present work aims to provide further insight into the contribution of PM sources
to aerosol hygroscopicity, focusing on an urban background site, with a significant impact
from both primary and secondary sources. A year-long measurement campaign was
performed during 2016–2017 at the Demokritos (DEM) urban background station, in
Athens, Greece, including PM2.5 chemical speciation and hygroscopicity measurements.
Limited hygroscopicity data are available for Southern Europe, and Greece in particular.
Hygroscopicity measurements were performed at a regional background site in the island
of Crete [22] and a background site in the island of Lemnos [33]. Data on urban aerosol
hygroscopicity in Greece have been reported only for Athens, during a short campaign
(11–26 June 2003) at a suburban background site, and at DEM station for the year-long
campaign of 2016–2017 [34,35]. In the present work, these latter data were used together
with concurrent PM2.5 chemical composition data in order to apply receptor modelling for
PM and hygroscopicity source apportionment. Source apportionment analysis resulted
in six major sources, including four anthropogenic sources (vehicular exhaust and non-
exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation and
biomass burning) and two natural sources (mineral dust and aged sea salt). The aerosol
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hygroscopic growth factor (GF) was found mainly associated with the mixed source (by
36%) and heavy oil combustion (by 24%) and, to a lesser extent, with vehicle exhaust (by
19%), aged sea salt (by 14%), and vehicle non-exhaust (by 6%).

2. Materials and Methods
2.1. PM Sampling and Analysis

A year-long measurement campaign was conducted from August 2016 to July 2017 at
the Demokritos (DEM) urban background station, in Athens, Greece (37.995◦ N 23.816◦ E, at
270 m above sea level (a.s.l.)), a member of GAW and part of the ACTRIS and PANACEA
infrastructures (Figure 1). The station is away from direct emissions; the site is partially
influenced by the urban area (i.e., under most atmospheric conditions) and partially by the
incoming regional aerosol (i.e., under northern or southern winds), and can be considered as
typical for a suburban Mediterranean atmospheric environment [36]. The climate is charac-
terized by hot dry summers and wet mild winters. During the measurement campaign, the
ambient temperature was measured to be equal to 10.9 ± 4.4 ◦C in the cold period (15 October
2016–14 April 2017) and 23.5 ± 4.7 ◦C in the warm period (1 August–14 October 2016 and
15 April–31 July 2017).

Figure 1. The Demokritos (DEM) urban background station in Ag. Paraskevi, Athens, Greece
(37.995◦ N 23.816◦ E, at 270 m above sea level (a.s.l.)).

In this research, 24 h PM2.5 samples were collected by a low-volume reference sampler
(Sequential 47/50-CD, Sven Leckel GmbH, Berlin, Germany) at a flow rate of 2.3 m3/h
on Teflon filters and were analyzed gravimetrically for the determination of PM mass
concentrations, according to EN12341. The samples were also analyzed by X-ray fluores-
cence (XRF) with the use of an energy dispersive x-ray fluorescence spectrometer (ED-XRF)
laboratory instrument (Epsilon 5, PANalytical, Malvern, UK). The following major and
trace elements were determined: Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn,
Br, Ba, and Pb. Detection limits ranged from 0.2 ng/m3 (for Cr) to 16.2 ng/m3 (for Ba).
Details on the method may be found in Manousakas et al. [37].

Near-real time elemental (EC) and organic carbon (OC) concentrations in PM2.5 were
recorded on a 3 h basis, using the thermo-optical transmittance (TOT) method, using a semi-
continuous OC-EC field analyzer (Model-4, Sunset Laboratory, Inc., Tigard, OR, U.S.A.),
equipped with an in-line parallel carbon denuder for the removal of organic gases. The
EUSAAR2 protocol was employed for analysis. The output of the analyzer includes the
different OC fractions (OC1 to OC4) corresponding to the four temperature steps of the
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EUSAAR2 protocol (at 200 ◦C, 300 ◦C, 450 ◦C, and 650 ◦C); the pyrolytic organic carbon
(POC), formed through pyrolysis during the thermal volatilization of OC; and the elemental
carbon (EC). The OC fractions provide insight into the volatility of the different organic
compounds, with OC1 representing the more volatile OC fractions and OC4 and POC the
less volatile fractions [38]. Details on the method may be found in Panteliadis et al. [39].

In addition, a custom-built humidified tandem differential mobility analyzer (HT-
DMA) was used to measure the hygroscopic growth factor distributions of ambient aerosol
particles with selected dry diameters (D0) of 30 nm, 50 nm, 80 nm, and 250 nm (at a relative
humidity of 30 ± 3%), exposed to a relative humidity (RH) of 90 ± 2%. Owing to water up-
take, the diameter of the humidified particles (D(RH)) increased and the ratio between the
humidified (D(RH)) and dry particle diameter (D0) was defined as the growth factor (GF):

GF =
D(RH)

D0
(1)

The particle concentration at the HTDMA outlet as a function of the growth factor
is referred to as the measurement distribution function (MDF). An inversion algorithm
was applied to the measured MDF to retrieve the actual growth factor probability density
functions (GF-PDFs), which describe the probability that a particle with a defined dry size
exhibits a certain GF at the specified relative humidity. Details on the HTDMA system and
the inversion algorithm applied may be found in Spitieri et al. [35].

2.2. Source Apportionment by Positive Matrix Factorization

Source apportionment was performed by means of receptor modeling, specifically the
positive matrix factorization (PMF) model. PMF is a widely used receptor model, which
allows for the identification of the major PM sources, based on their chemical profiles, as
well as the quantification of their contribution to the measured PM concentration levels [40].
The model is based on the following mass balance equation:

cij = ∑p
k=1 gik· fkj + eij (2)

where cij is the concentration of chemical element j measured in sample i, p is the number
of factors (sources) that contribute to the measured concentrations, gik is the contribution of
source k to sample i, fkj is the concentration of the chemical element j in source k, and eij is
the residual (the difference between the measured value and the value fitted by the model)
for chemical element j in sample i.

The model solves Equation (2) by minimizing the sum of squared residuals, as shown
in Equation (3) below:

Q = ∑n
i=1 ∑m

j=1

(
cij − ∑

p
k=1 gik· fkj

uij

)2

= ∑n
i=1 ∑m

j=1

(
eij

uij

)2

(3)

where uij is the uncertainty of the concentration value cij. PMF produces two matrices
(F—factor profiles and G—factor contributions) under the constraint of non-negativity for
matrix F and non-significant negativity for matrix G.

In the present work, the EPA PMF 5.0 model was applied to the PM2.5 chemical compo-
sition database in order to quantify the contribution of the different sources to the observed
PM2.5 concentration levels; at a second stage, the model was applied to the combined
chemical composition and hygroscopicity data in order to explore the hygroscopicity of
the major PM sources identified. The hygroscopic growth factor (GF) of particles with dry
diameters (D0) of 250 nm was used in this analysis. This particle size fraction corresponds
to the accumulation mode and may be thus considered representative of the PM2.5 hygro-
scopic properties. The OC/EC and hygroscopicity data were averaged to match the 24 h
PM2.5 concentration data. Overall, the database comprised 265 sampling days and 26 input
variables, including 24 variables defined as “strong”: EC, OC1, OC2, OC3, OC4, Na, Mg,
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Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Br, Ba, Pb, and GF, and two variables defined as
“weak”: POC and Zn. PM2.5 mass concentration was included as the total variable in the
initial analysis (without GF as an input variable). The expanded uncertainty (including
sampling and analytical uncertainties) was calculated for all input data and ranged from
10 to 40% for values above the detection limit. For values below the detection limit, the
uncertainty was set equal to 5/6 of the detection limit. Missing values in the datasets
were substituted by the median of the respective time series, calculated separately for each
season. The uncertainty for these values was set equal to four times the concentration
value. An extra modeling uncertainty of 5% was added to account for modeling errors. The
model was run for different numbers of sources, ranging from 4 to 10 sources. The best
solution was identified through the use of key performance indicators, including the lowest
Q values, distribution of scaled residuals, and fit of measured PM concentrations, as well
as by assessing the physical meaning of the obtained source profiles and contributions. The
final solutions were based on 100 runs, while the uncertainty of the solutions was assessed
by implementing the bootstrapping and displacement error estimation tools provided by
EPA PMF 5.0 [41].

3. Results
3.1. PM2.5 Chemical Composition and Hygroscopicity

The mean annual PM2.5 concentration was measured equal to 10.5 ± 4.0 µg/m3, below
the EU annual limit value of 25 µg/m3. Carbonaceous particles accounted for a large
fraction of the PM mass. OC and EC were measured on average equal to 2.1 ± 1.0 µg/m3

and 0.4 ± 0.3 µg/m3, respectively. The average OC-to-EC concentration ratio (OC/EC) was
calculated equal to 5.4 ± 2.5, indicative of the urban background character of the site [42].
Assuming an organic mass (OM) to organic carbon (OC) ratio of 1.7 [43], carbonaceous
aerosol (OM + EC) was calculated to comprise on average 42 ± 22% of the total PM2.5
mass. The most abundant species, following carbonaceous matter, was S, with an average
concentration of 0.5 ± 0.5 µg/m3.

The seasonal variability of all measured concentrations is provided in Table 1. PM2.5,
as well as many PM components, displayed a significant difference (at p = 0.01) between
cold and warm period concentrations. Carbonaceous aerosol was higher during the cold
period, pointing towards an additional carbon source, related to residential heating. The
OC/EC ratio, however, did not display a significant difference between heating (cold)
and non-heating (warm) periods, suggesting a limited contribution from residential wood
burning. The concentrations of S and crustal components (Al, Si, K, Ca, Ti, and Fe) were
higher during the warm period. Sulphate, which is the main form of S in the atmosphere,
is formed photochemically, and thus is expected to be present in higher concentrations
during the warm months, when solar radiation is more intense. The high levels of crustal
components during this season are also expected as a result of the dry conditions that
promote soil dust resuspension.

Table 1. Seasonal variability of PM2.5 and measured chemical components’ concentrations. PM2.5

concentrations are provided in µg/m3 and all components’ concentrations in ng/m3. Species that
display statistically significant difference in concentrations between warm and cold periods (at
p = 0.01) are marked in bold.

Cold Period Warm Period

Median Range Median Range

PM2.5 9.4 2.9 18.8 10.5 4.8 24.7
OC 2280 436 6582 1762 737 4067
EC 469 99 1725 327 BDL 1 1096

OC/EC 4.5 2.0 12.5 4.6 1.9 17.0
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Table 1. Cont.

Cold Period Warm Period

Median Range Median Range

Na 36.4 BDL 594 31.1 BDL 369
Mg 3.6 BDL 319 2.2 BDL 252
Al 4.8 BDL 517 34.7 BDL 567
Si 5.4 BDL 1295 76.1 BDL 1238
S 109 12.7 1595 526 23.2 1812
Cl 1.2 BDL 638 0.8 BDL 53.5
K 16.4 3.3 342 78.5 1.6 345
Ca 11.8 0.7 431 82.5 2.6 437
Ti 0.8 BDL 40.5 3.3 BDL 39.2
V 0.5 BDL 6.9 0.6 BDL 7.2
Cr 0.4 BDL 4.1 0.3 BDL 3.5
Mn 1.0 BDL 5.4 1.0 BDL 7.2
Fe 10.5 1.0 369 63.3 3.0 361
Ni 0.8 BDL 12.4 0.6 BDL 11.2
Cu 0.6 BDL 15.8 0.6 BDL 13.4
Zn 2.8 BDL 36.0 3.5 BDL 49.5
Br 1.1 BDL 7.6 1.1 BDL 6.3
Ba 13.5 BDL 13.5 8.1 BDL 18.4
Pb 1.9 BDL 17.6 1.4 BDL 18.4

1 Value below the detection limit.

The median value of the hygroscopic growth factor, at 90% relative humidity, for
particles with a dry diameter at 250 nm, was measured equal to 1.21 ± 0.07. The cold and
warm period values were 1.22 ± 0.06 and 1.18 ± 0.07, respectively.

3.2. PM2.5 and Hygroscopicity Source Apportionment

The assessment of the different PMF solutions, in terms of the goodness of fit of input
data and physical meaning of the obtained factors, led to the identification of the six-factor
solution as the one that best described the input data, for both cases of model application
(including and without the hygroscopicity as an input parameter). The source profiles
obtained for the full dataset (including the hygroscopic growth factor) are presented in
Figure 2. The apportionment of different species to each factor/source is presented in
Figure 3. The initial PMF analysis, without hygroscopicity data, provided almost identical
source profiles to the ones displayed in Figure 3, in terms of the relative mass contribution
of the different chemical components to the profiles. The six major PM2.5 sources identified
were as follows: vehicle exhaust, vehicle non-exhaust, heavy oil combustion, mixed source
related to secondary aerosol formation and biomass burning, mineral dust, and aged
sea salt.

The vehicle exhaust profile accounted for most of the carbonaceous species’ mass (60%
of EC and 75–86% of OC1–OC3 fractions). OC1–OC3 have been associated with combustion
sources, including traffic, as emissions from these sources are rich in semi-volatile organic
compounds [44]. The vehicle exhaust profile displayed high loadings of EC and OC1–OC4,
while POC’s contribution was negligible, in agreement with diesel and gasoline vehicle
emission profiles reported in the literature [45,46]. The OC/EC ratio in the profile was
calculated equal to 4.6, which suggests a mixture of fresh and aged exhaust emissions, in
agreement with the urban background character of the site. Vehicle exhaust emissions
contributed 16% (1.5 µg/m3) during the cold period and 10% (1.1 µg/m3) during the
warm period.

The vehicle non-exhaust profile accounted for most of Cu (88%) and Pb (50%) mass. Cu
and Pb are emitted during brake wear, while Pb has been also linked to asphalt wear [47].
Non-exhaust emissions’ contribution to PM2.5 was low (2% during the cold period and 3%
during the warm period), as expected, as they are related to coarse rather than fine particles.
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Figure 2. PM2.5 source profiles identified by applying PMF to the combined chemical composition
and hygroscopicity data set. Chemical components’ values relate to relative mass, while GF values
relate to the amount apportioned to each source by the model.

The heavy oil combustion profile was identified by V and Ni. Most of V mass (89%) and
a large fraction of Ni mass (58%) were associated with this source. The profile displayed
high loadings of carbonaceous species and S, as well as Fe, Ca, and K, in accordance
with heavy oil combustion profiles found in the literature [48,49]. Heavy oil combustion
emissions were associated with less volatile OC fractions in comparison with vehicle
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exhaust [45]. This source contributed 23% (2.2 µg/m3) during the cold period and 29%
(3.4 µg/m3) during the warm period.

Figure 3. Relative amount of species (%) apportioned to each factor/source, obtained by applying
PMF to the combined chemical composition and hygroscopicity dataset.

The fourth source identified was a mixed source of secondary aerosol formation and
biomass burning. The source profile was characterized by high loadings of S and OC and
accounted for 65% of total S mass, 53% of POC mass, and 62% of K mass. POC has been
linked to both secondary organic aerosol formation and biomass burning emissions [44,50];
on the other hand, the biomass burning profiles reported by Liu et al. [51] demonstrate large
amounts of OC1–OC4 fractions. The lack of key secondary ionic species (i.e., nitrate and
ammonium) in the PM2.5 chemical speciation database did not allow for the identification
of a separate source related to secondary aerosol formation. The mixed secondary aerosol
formation and biomass burning source did not display significant seasonal variability
(Figure S1, Supplementary Materials), contributing 46% to total PM2.5 concentrations
(4.5 µg/m3) during the cold period and 41% (4.7 µg/m3) during the warm period.

The mineral dust profile was identified by the high loadings of crustal elements (Al,
Si, K, Ca, Ti, and Fe). This profile accounted for more than 80% of the total mass of Al and
Si and 65% of Ti. Mineral dust contributed 3% (0.3 µg/m3) during the cold period and 8%
(0.9 µg/m3) during the warm period.

The aged sea salt profile was identified by the high loading of Na, while it accounted
for most of Na and Cl total mass (90% and 79%, respectively). The Cl/Na mass ratio in the
profile was much lower than the ratio reported for seawater, suggesting Cl depletion due
to transformation of fresh sea salt aerosol through mixing with urban gaseous emissions.
Aged sea salt profiles, containing high loadings of nitrate, have been previously reported
for the monitoring site [43,52]. Aged sea salt contributed 5% (0.4 µg/m3) during the cold
period and 2% (0.2 µg/m3) during the warm period.

According to PMF analysis, the aerosol hygroscopic growth factor (GF) was mainly
associated with the mixed source of secondary aerosol formation and biomass burning
(36%) and heavy oil combustion (24%). To a lesser extent, GF was also associated with
vehicle exhaust (19%), aged sea salt (14%), and vehicle non-exhaust (6%). Mineral dust was
found to be hydrophobic.

PMF analysis performed only on the chemical composition database, including PM2.5
as a total variable, allowed for the quantification of source contributions. The average
source contributions over the whole year are presented in Figure 4. The mixed source
related to secondary aerosol formation and biomass burning was found to be the main
contributor to PM2.5 levels (44%), followed by heavy oil combustion (26%) and vehicular
traffic exhaust and non-exhaust emissions (15%). Contributions from the two natural
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sources (mineral dust and aged sea salt) were much lower, owing to the coarse nature of
these particles.

Figure 4. Average contribution (in µg/m3 and as % of total PM2.5 concentration) of the different
sources obtained by PMF to the PM2.5 concentration levels measured during August 2016–July 2017.

4. Discussion

The measured concentration levels of PM2.5 and chemical constituents were generally
in agreement with previous studies [43,52,53]. Over the last decade, PM2.5 concentrations
at the site were relatively low in comparison with the EU annual limit value of 25 µg/m3.
Nevertheless, the levels are higher than the WHO guidelines, which recommend an annual
limit value of 5 µg/m3 and a 24 h limit value of 15 µg/m3. Carbonaceous aerosol com-
prised a significant fraction of total PM2.5, but a modest decrease in the total carbon (TC)
concentrations was observed, with TC accounting for 24% of PM2.5, in comparison with
27–30% during 2011–2013. This decrease was related to OC rather than EC, leading to a
significant reduction in the observed OC/EC ratio (5.4 on average in this study, as opposed
to 7.6–10.5 in previous years). K concentration levels were also lower in this study and
the warm period levels were higher than those observed during the cold period. These
results suggest that residential biomass burning was not so prominent during 2016–2017,
in comparison with previous years.

The PM2.5 chemical composition data collected during a full year (August 2016–
July 2017) were combined with concurrent hygroscopicity data in order to apply PMF
for source apportionment. Source apportionment of PM2.5 concentrations resulted in six
major emission sources, including four anthropogenic sources (vehicular exhaust and
non-exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation
and biomass burning) and two natural sources (mineral dust and aged sea salt). The
contribution of the natural sources to the observed PM2.5 levels was limited (less than 10%);
fine particles are known to originate mainly from anthropogenic sources.

The contribution from vehicular traffic (for both exhaust and non-exhaust emis-
sions) was found to be slightly lower than in 2013–2014 (1.6 µg/m3 in comparison with
2.1–2.3 µg/m3). The contribution of heavy oil combustion, on the contrary, was found to
be elevated (2.8 µg/m3 in the present study, versus 2.0 µg/m3 in 2014 and 0.8 µg/m3 in
2013). This source is considered to be related to shipping emissions, as well as industrial
emissions from oil refineries located in the west of the Athens metropolitan area [54]. The
increase in the heavy oil combustion contribution over the last years may be related to
enhanced economic activities due to the gradual recovery of the Greek economy following
the financial crisis.

The fourth anthropogenic source found in the present study was a mixed source of
secondary aerosol formation and biomass burning. Previous studies have found separate
sources related to secondary sulphates and nitrates and to biomass burning. The use of
ionic species in some of these studies allowed for a better characterization of the impact
of secondary aerosol formation on PM concentration levels [43,52]. In the present study, a
secondary aerosol formation source with high loadings of S and organics was identified
and may be associated with regional pollution [52]; however, it was not possible to identify
locally produced secondary aerosol, which is usually traced by high loadings of nitrate [55].
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Regarding the impact from biomass burning, as already discussed, the low OC/EC
ratios measured during the cold period (average and median values equal to 5.0 and 4.5,
respectively) and the low K levels suggest that biomass burning emissions during the study
period were mainly related to the transport of wildfire smoke plumes, rather than local
biomass burning for residential heating. According to the JRC Annual Fire Reports, Greece
experienced increased levels of fire activity during the 2016 and 2017 fire seasons, which
may have resulted in frequent transport events of aged biomass burning plumes, mixing
with the regional pollution reaching the measurement site. The contribution of the mixed
source (secondary aerosol formation and biomass burning) did not display significant
temporal variability; specific peak contributions, though, may be associated with known
wildfire events, such as the intense wildfires in Evia in August 2016 (at a distance of less
than 100 km from the measurement site) (Figure S1, Supplementary Materials).

The inclusion of the hygroscopic growth factor (GF) in PMF analysis provided insight
into the source apportionment of aerosol hygroscopicity, i.e., the contribution of the differ-
ent particle sources to the total hygroscopity of ambient aerosol. The mixed source related
to secondary aerosol formation and biomass burning was found to be the most hydrophilic
source, in agreement with previous source apportionment studies [31,32]. This source
displayed high contributions by S and organics, as well as EC and K in lower loadings.
Secondary inorganic aerosol, such as sulphate, is known to contribute significantly to
atmospheric aerosol hygroscopicity [56]. In addition, highly oxidized secondary organic
species have been found to play a major role in organic aerosol hygroscopicity [15,57]. On
the other hand, the hygroscopic properties of biomass burning smoke plumes reported
in the literature vary significantly, depending on biofuel characteristics, combustion con-
ditions, plume’s age (freshly emitted or aged plumes), and the presence of inorganic
constituents [28]. Mochida and Kawamura [58] demonstrated that biomass burning emis-
sions contain oxygenated organics that may significantly increase aerosol hygroscopicity.
In addition, atmospheric ageing of biomass burning plumes is expected to lead to enhanced
hygroscopic properties [9].

The hygroscopic growth rate was also associated with heavy oil combustion (24%) and
vehicular exhaust emissions (19%). Li et al. have also found a small part of aerosol hygro-
scopicity associated with vehicular traffic and ship emissions [31]. The nearly hydrophobic
particles emitted from fossil fuel combustion may be transformed into less-hygroscopic
particles during atmospheric ageing processes, such as through condensation of secondary
organic aerosols formed by photo-oxidation of volatile organic compounds emitted with
exhaust gases [59,60]. The high S loading in the heavy oil combustion profile further
promotes hygroscopicity.

Aged sea salt was also associated with hygroscopic growth (14%). Sea spray particles
are inherently hygroscopic. Zieger et al. have demonstrated that the hygroscopic growth
factor of sea salt particles is significantly lower than NaCl [61]. The presence of organ-
ics, also evident in the aged sea salt profile obtained by PMF, may further decrease the
hygroscopicity of the ambient sea spray particles.

Vehicle non-exhaust emissions contributed very little to aerosol hygroscopicity, while
mineral dust was the only source with no contribution to the hydroscopic GF, in agree-
ment with Li et al. [31]. Given that major crustal components, such as Al- and Si-based
compounds, are non-hygroscopic, mineral dust is generally considered insoluble and may
supress aerosol hygroscopicity [62,63].

The application of PMF analysis on combined chemical composition and hygroscopic-
ity data may enhance our understanding of the hygroscopic properties of ambient aerosol
in different types of environments, by identifying the various kinds of hygroscopic particles
emitted by anthropogenic and natural sources or formed during atmospheric ageing. In ad-
dition, the inclusion in PMF analysis of OC carbon fractions (as provided by TOT method)
may provide further insight with respect to the role of organics in aerosol hygroscopicity.
The results of this study highlight the influence of the different source emissions and atmo-
spheric ageing on the chemical composition and hygroscopic properties of atmospheric
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aerosol. Good knowledge of the hygroscopic properties of ambient aerosol is important for
air quality and visibility management, as well as climate research. Aerosol hygroscopicity
has also been identified as a key parameter in terms of exposure to airborne particles and
related health impacts. Taking into account that a large fraction of urban populations
resides in suburban and urban background areas, understanding how the transformed
emissions reaching the receptor site affect local aerosol hygroscopicity is crucial when
developing mitigation measures for air quality and the protection of public health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13101685/s1, Figure S1: Temporal variability of source
contributions, obtained through the application of PMF model on PM2.5 chemical speciation data.
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