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e Diurnal cycles of PM,s sources on a
seasonal basis in Athens, combining
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2020 lockdown.
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XRF periods. Concentrations of 15 elements in PMy 5 were measured at 3-h resolution with a Horiba PX-375 EDXRF
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(AE33 aethalometer), and selected cations (PILS-IC). Metals related to non-exhaust emissions (Cu, Fe, Zn)
exhibited bimodal cycles and substantial lockdown reductions (39-44%). Levels of crustal elements (Si, Al, Ti,

Mn) were elevated at midday in summer due to enhanced dust erosion and resuspension. Episodic elemental
concentrations were observed during Saharan dust outbreaks, wildfires (through emission and pyroconvection),
and firework events. The speciated data were combined in PMF receptor modeling, identifying eight PMa
factors related to traffic emissions (exhaust and non-exhaust), biomass burning (BB), oil combustion in shipping,
natural particles (long-range transported and local), and secondary aerosol (regional and locally processed).
Substantial lockdown decreases in traffic sources were observed (—28% combined), but only the evening peak in
diurnal cycles was fully suppressed by the traffic ban. For the shipping source, the diel variation of passenger ship
emissions appeared to build upon a strong background from commercial shipping. The results corroborate
ongoing research in Athens, which indicates that achieving the new PMy 5 standard will require further control of
traffic emissions, proactive regulation of residential BB, and reevaluation of the urban impacts of heavy-oil
combustion in shipping, considering the declaration of the Mediterranean as an emissions control zone.

1. Introduction

Fine aerosols originate from anthropogenic and natural emissions,
either as primary particles or through the secondary processing of
gaseous precursors. Organic aerosol (OA), black carbon, major inorganic
ions, and dust make up most of the particulate matter (PM) mass.
However, there are hundreds of highly toxic aerosol components,
including several trace metals (Hu et al., 2012). Among regulated pol-
lutants, PM, 5 causes the most severe health effects from both short- and
long-term inhalation exposure (e.g., 240,000 premature deaths in EU27
in 2022) (European Environment Agency, 2024). There is consistent
epidemiological evidence on causal relationships linking PM; 5 exposure
with total and cardiovascular mortality (Di et al., 2017; Liu et al,
2019a), and outcomes like myocardial infarction, heart failure, and
stroke (Desouza et al., 2021; Fisher et al., 2019; Krall et al., 2018). In this
context, the EU has recently established for the first time a daily PMj 5
limit value (25 pg m~>) and lowered the annual standard by 60% (to
10 pg m~3) in its updated air quality directive (EU 2024,/2881).

Due to the heterogeneous composition of aerosols, it is challenging to
identify the factors that drive their toxicity. Plausible pathways to short-
term outcomes are centered on systemic inflammation and oxidative
stress, which can be mediated by redox-active trace metals (Fang et al.,
2015; Orach et al., 2021). Still, results from PMj, s composition- and
source-based epidemiological studies remain inconclusive (Chen et al.,
2020; Ostro et al., 2016). Little is known about the importance of
sub-daily exposure, with some controlled human exposure experiments
reporting cardiorespiratory effects after a few hours of exposure to
ambient PMy 5 (Hemmingsen et al., 2015; Vieira et al., 2016; Wyatt
et al., 2020). Therefore, high-resolution aerosol composition data in
urban areas are essential for assessing the value of regulating PM on a
sub-daily basis.

In addition to aerosol composition data, quantitative information on
contributions of local and regional sources is crucial in the evolving EU
emissions landscape. Stationary fossil fuel combustion is decreasing
under clean energy transition policies, while tailpipe emissions will be
gradually curtailed and eventually superseded by non-exhaust emissions
(Harrison et al., 2021). Indeed, the recent global lockdowns during the
COVID-19 pandemic revealed substantial benefits of limiting urban road
transport (Venter et al., 2020). Meanwhile, episodic sources are gaining
importance (Pandis et al., 2016). The past decade's recession has
increased the reliance of households on affordable biomass burning (BB)
for heating, a largely unregulated source in the EU that contributes to
severe pollution events. Furthermore, the increasing frequency and in-
tensity of peri-urban wildfires are emerging as a major issue for summer
air quality in climate-sensitive regions, such as the Mediterranean
(Aguilera et al., 2021; Kaskaoutis et al., 2024). Therefore, source
apportionment at high temporal resolution is essential for developing
focused action plans rather than relying on broad measures.

The Southern European metropolis of Athens presents a case where
characterizing fine aerosol sources at high temporal resolution is crucial.
The large vehicle fleet is among the oldest in the EU, and shipping

emissions affect even inland locations (Fragkou et al., 2025;
Moring-Martinez et al., 2025), while natural and road dust can
contribute substantially to the fine PM fraction. In recent years, resi-
dential BB has been the focus of aerosol research in Athens due to the
intensity of nighttime smog events (Tsiodra et al., 2024). In addition to
local sources, regional transport accounts for a large fraction of PM; 5
(Gerasopoulos et al., 2011). Several filter-based PM; 5-PMF studies have
been conducted in the Greater Athens Area (GAA) (e.g., Amato et al.,
2016; Grivas et al., 2018), but at best with 12-h resolution (Theodosi
et al., 2018).

While filter-based PM source apportionment is typically resource-
limited to daily samples, several online methods enable PM speciation
and receptor modeling on shorter timescales. These include online X-
Ray Fluorescence (XRF) spectrometers (Sofowote et al., 2014),
single-particle spectrometers (Bi et al., 2011), online ion chromato-
graphs (IC) (Makkonen et al., 2012), aethalometers (Briggs and Long,
2016), and various mass spectrometers for OA composition (Ng et al.,
2010; Sun et al., 2025). As no single method can provide the full range of
components required to source-apportion PM mass online (Cheung
et al., 2024), it has long been recognized that a combination of methods
is necessary (Buset et al., 2006; Li et al., 2004).

Trace element data are fundamental for PM source apportionment,
since certain metals serve as markers for sources that would otherwise
be difficult to characterize (e.g., non-exhaust vehicular emissions, heavy
oil combustion, industrial emissions) (Yu et al., 2019). They can also
support source-specific oxidative potential (OP) apportionment and
health risk assessment (Camman et al., 2024; Campbell et al., 2024).
High-resolution measurements of elemental composition are today
possible using novel multi-metal analyzers, such as the Horiba PX-375
(Asano et al., 2017; Creamean et al., 2016) and the Sailbri Cooper
Xact 620/625/625i (Bhowmik et al., 2022; Furger et al., 2017; Sofowote
et al., 2014; Tremper et al., 2018) energy dispersive XRF (EDXRF)
monitors. Several studies have assessed trace element levels and diurnal
variations, or performed source apportionment, using online elemental
speciation datasets (the majority of which were obtained with Xact
analyzers) (Chang et al., 2018; Hasheminassab et al., 2020; Manousakas
et al., 2022). Limited results are available from PX-375 measurements,
all based on short-term campaigns (Ito and Miyakawa, 2023; Lopez
etal., 2023; Mach et al., 2021, 2022; Miyakawa et al., 2023; Trebs et al.,
2024), and only one study performed source apportionment with the
metals dataset (Ahmad et al., 2025). Some studies have integrated data
from online XRF analyzers with other aerosol monitors (e.g., ACSM,
aethalometer, online OC/EC, ionic composition analyzers) in a common
receptor modeling framework to characterize an expanded range of fine
aerosol sources (Belis et al., 2019; Liu et al., 2019b; Su et al., 2020;
Windell et al., 2024). Most of these works rely on short-term campaigns,
whereas time-extended datasets (lasting more than three months) that
reflect seasonal variability are scarce (Jeong et al., 2022). Recently,
results from an integrated Xact-ACSM-Aethalometer source apportion-
ment study were reported for a suburban background location in the
GAA, based on measurements of monthly duration and emphasizing the
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methodological aspects of the real-time modelling framework
(Manousakas et al., 2025).

The present study focuses on high-resolution chemical composition
characterization and source apportionment of fine aerosol on an
extended seasonal basis, combining data from four online aerosol
monitors (PX-375 EDXRF metals analyzer, ACSM, 7-\A aethalometer,
PILS ion analyzer) operated at the NOA-Thissio site in central Athens.
Measurements were conducted over six months in 2019-2020, including
the spring 2020 COVID-19 lockdown period. Fine aerosol composition
data at high temporal resolution (3-h intervals) were integrated into
PMF receptor modeling. The temporal variability of the chemical
composition and source contributions was assessed at short (diurnal,
weekly) and longer (seasonal) scales, probing also the effects of specific
events (wildfire, dust transport, fireworks, BB smog episodes, lock-
down). In this process, important insights into the contributions and
diurnal variability of local/regional sources, as well as their toxicity,
were gained, which can provide a baseline for future research and can
inform air quality management and exposure-prevention strategies in
the GAA.

2. Methodology
2.1. Study area, monitoring site and periods

2.1.1. Study area

The Greater Athens Area (GAA) in the Attica region (Fig. S1), with
3.6 million residents (2021 census), is the largest urban agglomeration
in Southeastern Europe, as well as the ninth-largest and third-most
densely populated in the EU. The central Athens basin hosts most of
the GAA population (3.1 million), and the car parc in the Attica region
comprises approximately 4.0 million vehicles, of which the majority
(2.5 million) are gasoline-powered private cars. The share of diesel
passenger cars increased after the 2011 removal of a long-standing ban
in Athens. Still, it remains relatively low (~10%) compared to other EU
cities (Fameli and Assimakopoulos, 2015), and most of these vehicles are
new-technology Euro 5 and Euro 6 models. The majority of road diesel
mileage in the GAA is attributed to commercial light- and heavy-duty
diesel vehicles (about 0.3 million). While Greece has the 4th-oldest
passenger-car fleet in the EU, its heavy-duty vehicle (HDV) and bus
fleets are the oldest (Spyropoulos et al., 2022).

Following the Greek sovereign debt crisis of the previous decade,
which led to income loss and still-standing excise taxes on heating oil,
the use of biomass for domestic heating increased sharply (Theodosi
et al., 2018). Meanwhile, heating oil consumption in Attica dropped by
nearly 60% between 2011 and 2018 (Tsiodra et al., 2021). A recent
survey estimated that biomass burning in fireplaces and stoves has
become the primary heating source for more than 10% of homes in
Attica (Fameli et al., 2021). This previously negligible share (Grivas
et al., 2012) is now apparently sufficient to drive extreme winter
nighttime smog events (Tsiodra et al., 2024). The heating season in
Attica runs from November through April, with the demand peaking
between December and March (Fameli et al., 2021). The GAA is a major
commercial and transportation hub in Southern Europe, encompassing
the Piraeus port zone, which manages the highest passenger traffic in
Europe and the largest container throughput in the Mediterranean (Li
et al., 2021). Passenger vessel traffic in the Piraeus port area intensifies
during the warm season, corresponding to the peak tourist season
(Stavroulas et al., 2021; Tritsarolis et al., 2022).

The topography of the Athens basin, surrounded by medium-altitude
ranges and opening to the sea in the S-SW, promotes mesoscale circu-
lation and frequent stagnation episodes. Sea-breeze advections from the
south, which are strong and effective from morning until late afternoon
in the warm months, can also be observed during October-April in the
central-southern parts of the basin around midday. Strong synoptic-scale
winds are common year-round, with the difference that during the cold
season they have limited daily variability, whereas the summer regime
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(“Etesians”) is mainly diurnal and can even affect the central-southern
part of the basin (Kalkavouras et al., 2020; Kassomenos et al., 1998).
The mixing layer height (MLH) climatology, assessed from ceilometer
observations (Petrinoli et al., 2025), indicates that the monthly mean
MLH in June-September ranges from 900 to 1000 m, whereas in the cold
period it is much shallower (e.g., 600-800 m in February-March).

2.1.2. The NOA-Thissio Air Monitoring Station

Measurements of aerosol chemical composition were conducted at
the NOA-Thissio site (THI) in central Athens (37.9732° N, 23.7180° E,
105 m a.s.l.; Fig. S1). This is an urban background site, located in a
residential area (~11,000 km~2 population density) in the central part
of the Athens basin, about 500 m from the nearest primary road, yet still
affected by road transport emissions (Liakakou et al., 2020; Theodosi
et al., 2018). Traffic volume in Athens declines in the summer (Fig. S2),
particularly during the August vacation period (Kalkavouras et al.,
2024). HDV circulation is neither prohibited nor uncommon in central
Athens, particularly in the commercial areas N-NW of the site (Chasapi
et al., 2025). During the heating period, the site is heavily impacted by
residential BB in central Athens (Tsiodra et al., 2024, and references
therein). Moreover, NOA-Thissio is a receptor for oil-combustion emis-
sions from shipping activity in and around the Piraeus port, located 7 km
southwest (Theodosi et al., 2018; Tsiodra et al., 2021).

2.1.3. Study periods

The study focused on three periods: warm (June 19, 2019 -
September 14, 2019), cold (February 26, 2020 — March 22, 2020), and
lockdown (March 23, 2020 — May 10, 2020). Measurements continued
through May 18, 2020, but the post-lockdown period was brief and
dominated by a major Saharan dust transport episode (Kokkalis et al.,
2021). Strong Saharan dust intrusions were also observed in March. The
cold period, although in late winter, had a mean temperature of 13.6 °C,
indicating strong heating demand (Fameli et al., 2021). Typical mete-
orological conditions (Table S1) prevailed during the warm period;
however, it was punctuated by two wildfire events on July 4-6 and
August 13-14, which transported plumes from Euboea in the NE. The
latter burned more than 2500 ha of pine forest in 40 h (Giannaros et al.,
2020), and its convective plume significantly affected air quality in the
Athens basin (Stavroulas et al., 2020). The lockdown period (Grivas
et al., 2020) began with the imposition of a national lockdown that
prohibited the use of private vehicles except for commuting to work and
health facilities. Public transportation schedules became sparser and
confined to daytime, while all outdoor civilian activity was restricted
between 21:00 and 6:00 (“curfew”). Under these rare circumstances, the
entire GAA population stayed at home also during the Easter weekend
(April 18-19, 2020) (Stavroulas et al., 2024). Wind intensity, humidity,
and precipitation were similar during the cold and lockdown periods,
enabling a meaningful assessment of the lockdown effects for most
aerosol parameters and sources. The statistical assessment of
cold-lockdown differences (Table S1) indicates that for the parameters
most important for aerosol dynamics (wind speed and precipitation), the
differences between the cold and lockdown periods were not statistically
significant at the 0.05 level (p: 0.86 and 0.83, respectively). For relative
humidity and solar radiation, the differences were again not statistically
significant (p: 0.11 and 0.06, respectively). As expected, temperatures
were significantly higher during the spring lockdown, but this period
was relatively colder in 2020 than in the previous 4 years (15.9 vs.
17.6 °C) (Grivas et al., 2020). All times appearing in the manuscript refer
to local time (LT).

2.2. Instrumentation for online aerosol composition monitoring

PM, 5 elemental composition (15 elements: Al, As, Ca, Cr, Cu, Fe, K,
Mn, Ni, Pb, S, Si, Ti, V, and Zn) was determined using an online EDXRF
monitor (PX-375, Horiba Inc., Kyoto, Japan) (Asano et al., 2017; Crea-
mean et al., 2016). The same instrument also provided PMj5
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concentrations using its built-in beta-attenuation monitor (sampling at
16.7 1 min "}, reel-to-reel on a PTFE filter tape with two-layer nonwoven
backing, through a heated inlet line). The PX-375 monitor was operated
in 3-h sampling cycles to ensure sufficient quantification of metals above
detection limits (Miyakawa et al., 2023; Zhang et al., 2024), yielding
1290 samples over the entire monitoring period. X-ray intensity was
calibrated using NIST Standard Reference Material (SRM) 2783.
Detection limits (DL) were determined as three times the standard de-
viation of ten measurements obtained after placing a zero filter in the
inlet line (Table S2). With the exception of As and V, all other elements
were detected above the DL in more than 50% of the samples.

The major non-refractory (NR) components (OA, SO7~, NO3, NH{,
Cl7) in submicrometer aerosol were measured every 30 min by a
Quadrupole ACSM (Aerodyne Inc., Billerica, MA, USA), following flash
volatilization and electron impact ionization (Freney et al., 2019; Ng
et al., 2011). The concentrations of the m/z 60 fragment, which repre-
sents decomposition products of compounds emitted during biomass
pyrolysis, such as levoglucosan, were also used. Details on ACSM mea-
surement, calibration, and QA/QC at the site are provided by Stavroulas
et al. (2019). Positive Matrix Factorization (PMF) (Crippa et al., 2014)
was performed on the OA mass spectra using the SoFi Pro toolkit
(Canonaco et al., 2013, 2021). OA was decomposed into five compo-
nents. Primary OA sources (Hydrocarbon-like OA — HOA, Biomass
Burning OA — BBOA, and Cooking OA — COA) were constrained using
reference anchor profiles (Crippa et al., 2013; Ng et al., 2010), verified
by multiple studies at the same site (Stavroulas et al., 2019, 2024). Two
unconstrained secondary OA (SOA) factors (Less-Oxidized Oxygenated
OA - LO-OOA, More-Oxidized Oxygenated OA — MO-OOA) were also
resolved. More details are provided in Section S1 of the supplement. The
OA components were used as external variables to validate the PMF
solution.

Equivalent black carbon (hereafter BC) concentrations in PMs 5 were
determined by filter-based aerosol absorption measurements at seven
wavelengths (370 — 950 nm), every 1 min, using an AE33 aethalometer
(Magee Scientific, Berkeley, CA, USA) with DualSpot compensation for
filter loading effects (Drinovec et al., 2015; Liakakou et al., 2020;
Savadkoohi et al., 2023). Brown Carbon (BrC) absorption at 370 nm was
estimated using the BrC model that assumes a unity Absorption Ang-
strom Exponent (AAE) for “pure” chemical BC and zero BrC absorption
at 880 nm (Kirchstetter and Thatcher, 2012). Contributions from
source-specific BC components related to fossil-fuel combustion (BCg)
and biomass burning (BCypp) were also estimated using the Aethalometer
model (Sandradewi et al., 2008), with site-specific, optimized AAE for
BC¢ and BCypp, absorption (1.11 and 1.72, respectively) (Savadkoohi
et al, 2025). A particle-into-liquid-sampler coupled with an
Ion-Chromatography system (PILS-IC) was used to determine the con-
centrations of major fine aerosol cations (three measurements per hour)
(Fourtziou et al., 2017; Weber et al., 2001). Data on Nat and Mg2+
concentrations were included in the analysis, aiming to represent
sea-salt particles in the receptor model, which was not possible with the
other instruments. All aerosol composition data — and subsequently
presented ancillary data — were averaged to the 3-h measurement in-
tervals of the PX-375 analyzer (starting at midnight, local time).

2.3. Ancillary data and QA/QC

24-hr PMjs samples were collected on Quartz filters daily
throughout the measurement period, using reference-equivalent low-
volume samplers. All samples were analyzed for organic and elemental
carbon (OC, EC) with a thermal-optical transmission Sunset analyzer
(Sunset Laboratory Inc., Portland, OR, USA), and for water-soluble ions
(including SO%’, NO3, NHY) by ion chromatography (IC; Dionex DX-
500; Thermo Fischer Scientific, Waltham, MA, USA). Moreover, a sub-
set of warm-period samples (June 19 to July 8) was analyzed for major
and trace elements using inductively coupled plasma mass spectrometry
(ICP-MS; NexION 300X, PerkinElmer Inc., Waltham, MA, USA)
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(Theodosi et al., 2018). Comparisons between daily-averaged elemental
concentrations quantified by ICP-MS and those measured by online
ED-XRF are summarized in Table S2, in terms of Deming no-intercept
regression slopes (henceforth slopes) and squared correlation co-
efficients. With the exception of V and As, the results indicate good
linearity and acceptable biases for the other metals, with r* values of
0.73-0.99 and slopes of 0.66-1.33. The sulfur concentrations by the
PX-375 were strongly correlated with filter-based sulfate ? =0.91) and
ACSM-sulfate (7 = 0.78). A recent study that systematically compared
PX-375 and ICP-MS daily measurements is consistent with the present
findings, reporting, inter alia, a high rate of BDL values for As and a large
underestimation of V by the online monitor (Windell et al., 2025). Due
to the substantial uncertainty in the determination of V and As, and the
large share (>75%) of BDL data, they were excluded from subsequent
analyses (Furger et al., 2017).

Moreover, intercomparisons of nitrate and ammonium concentra-
tions measured by ACSM and IC in PMj 5 filters showed strong corre-
lations (72: 0.80 for NO3 and 0.77 for NHZ) and ACSM/IC slopes close to
unity (0.91 for NO3 and 0.90 for NHZ). Therefore, the methodological
bias arising from their inclusion as submicron, non-refractory compo-
nents in PMF source apportionment of PMj; 5 should be limited, as their
participation in the intermodal range (1-2.5 pm) is known to be small in
Athens (Theodosi et al., 2011). Finally, the EC-over-BC regression pro-
duced a slope of 0.90 and an r? of 0.85. BC concentrations were also
measured during the 2020 period using a Multi-Angle Absorption
Photometer (MAAP; model 5012, Thermo Fisher Scientific Inc.), which
actively compensates for aerosol scattering (> = 0.99; MAAP/AE33
slope = 1.08). To further assess the biases introduced by merging
NR-PM; ACSM data in PM; 5 source apportionment, mass closure anal-
ysis was performed (details in Section S2) based on the calculation of
carbonaceous aerosol, secondary inorganic aerosol, dust, and sea salt
components from the speciation datasets (Chow et al., 2024). The results
indicate a satisfactory reconstruction (least-squares regression % 0.86;
measured-over-reconstructed slope: 0.85; intercept: 2.8 pg m %)
(Fig. S3). The non-reconstructed fraction (probably linked to intermodal
ammonium and nitrate salts, and primary biogenic organics) was small
(4.3%, 0.6 pg m~>). Similar results have been reported in past PMy s
mass closure analyses at THI (Theodosi et al., 2018).

Concentrations of gaseous species were also measured continuously
at the site, including CO and CO5 (cavity ring down spectroscopy;
G2401, Picarro Inc., Santa Clara, CA, USA), nitrogen oxides (chem-
illuminescence; Serinus 40, Ecotech, Melbourne AU) and O3 (UV-Vis;
mod. 49i, Thermo Fisher Scientific, Waltham, MA, USA) (Grivas et al.,
2020). Additional data (SO3 and coarse particle concentrations: PM.)
were retrieved from regulatory stations in central Athens (Fig. S1).
Meteorological data were also available on site (Table S1). 5-day
back-trajectories were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT-4, NOAA) (Stein
et al., 2015) for air masses arriving every 3 h at 500 m above ground,
corresponding to mixing within the boundary layer (Dimitriou et al.,
2021).

2.4. Source apportionment using the online aerosol composition dataset

Combined PM; 5 source apportionment — using metals, ions and
carbonaceous components from different online instruments — was
conducted using the PMF5.0 model, based on the ME-2 program (Belis
et al., 2019; Hong et al., 2021; Li et al., 2024; Liu et al., 2022; Liu et al.,
2019b; Windell et al.,, 2024; Zhang et al., 2019a,b). The species
considered in the PMF analysis included 13 out of the 15 PX-375 ele-
ments (omitting As, V), ammonium, sulfate, nitrate, non-refractory
chloride, and m/z 60 from the ACSM, BC from the aethalometer, as
well as Na* and Mger from the PILS-IC system. A PMF application
combining data from an online metals analyzer, an ACSM (OA, ions,
selected m/z fragments) and an aethalometer is also detailed in Su et al.
(2020). PMy 5 measured by the PX-375 was set as the total variable.
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Firework events were excluded from the PMF dataset, since such oc-
currences on a large scale are very infrequent in the GAA, and the small
number of impacted samples precluded taking alternative PMF ap-
proaches to apportion the source (Camman et al., 2024; Rai et al., 2020).

Uncertainties for trace elements were calculated based on detection
limits (DL) and precision (Reff et al., 2007). To estimate the fractional
precision of measurements, three separate components were considered
(Windell et al., 2025). First, the repeatability of the measurement
method should be assessed. To date, no studies have reported results
from the concurrent operation of PX-375 monitors. Therefore, the
reference relative precision (ug) data reported by Trebs et al. (2024)
were used. These values were calculated from repeated measurements of
multi-element reference materials with mass loadings representative of
polluted conditions. Second, the uncertainty of the reference material
(urm) used to calibrate PX-375 (NIST 2783) was included as a fractional
error term (NIST, 2011). Flow rate uncertainty (ug;: 1.2%), as stated by
the manufacturer, was also accounted for. Overall, the uncertainty of a
PX-375 concentration measurement i for element j (x;) was calculated
as:

ty =/ (OL;/2)° + [y + g+  )°

The mean fractional attribution of the four uncertainty components
to the total mean value is shown in Fig. S4 for each element included in
the PMF analysis. It appears that for the majority of metals measured by
the PX-375 monitor, with the exception of major elements S, Fe and Ca,
the largest portion of the uncertainty (>50%) was attributable to the
detection limit.

Uncertainties for the major ACSM components considered in the PMF
analysis were estimated using the same approach, based on detection
limits (DL) and fractional precisions (Dai et al., 2021; Kalkavouras et al.,
2024). The reference detection limits reported by Ng et al. (2011) and
the reproducibility estimates from the Europe-wide Q-ACSM intercom-
parison experiments by Crenn et al. (2015) were applied (Belis et al.,
2019). For m/z 60, the instrument-reported uncertainties were used. The
uncertainty of BC was set to 15% for 30-min average data, according to
Via et al. (2023). Finally, the uncertainties for the two PILS cations were
based on method detection limits calculated from blank measurements,
and precisions as reported by Orsini et al. (2003). Standard propagation
methods were followed to calculate uncertainties at 3-h intervals. The
PMF solution selection and validation strategy is summarized in Section
S3 of the supplement. Details on the PMF database, and on the selection,
performance, constraining, and error evaluation of the selected PMF
solution (Brown et al., 2015) are provided in Table S3 and Fig. S5.

2.5. Evaluation of potential risks from diurnal exposure to concentrations
of trace metals

The source apportionment results for potentially toxic elements (Cr,
Ni, Pb, Mn, Cu, Zn, Al) were used to gain insights into the relative
carcinogenic and non-carcinogenic source impacts and the associated
sub-daily exposure risk patterns (Hamad et al., 2016; Janta et al., 2025).
Such a risk assessment approach at the diurnal level, supported by the
availability of high-resolution elemental data, has only recently been
applied (Chen et al., 2021; Lakra et al., 2026). Here, lifetime hazard
indices (HI) and cancer risks (CR) were not explicitly estimated, as the
focus was on sub-daily variability rather than on lifetime risk assessment
(which would require longer-term data with full annual coverage, while
also considering that personal exposure varies by time of day and ac-
tivity patterns).

Instead, the variables >;C;/RfC; and ) ;C;*IUR; were calculated,
where C; is the source-specific concentration of metal i (at 3-hr mean
resolution), RfC; is the Reference Concentration for non-carcinogenic
exposure to the metal, and IUR,; is the respective carcinogenic Inhala-
tion Unit Risk. The relative source attribution of the two parameters is
the same as if HI and CR were estimated, as all further calculations are
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proportional (according to the selected exposure parameters) (Hu et al.,
2012). The above values, initially calculated for each PMF factor, were
then multiplied by the normalized factor contributions to obtain
source-specific diurnal cycles for the warm and cold periods separately.
Finally, the two period-specific cycles were averaged to provide a more
reliable estimate of long-term exposure.

A detailed presentation regarding the selection of toxicological pa-
rameters (RfC, IUR, adjustments for oxidation state, and compound-
specific potency) is provided in Section S4 and Table S4. RfC values
were available for 7 of the elements (Cr, Ni, Pb, Mn, Cu, Zn, Al) used in
the PMF analysis, while 3 elements (Cr, Ni, Pb) were considered in the
assessment of carcinogenic risks. These values were primarily obtained
from the EPA IRIS system (EPA, 2025) and additional resources,
including the EPA PPRTV (Provisional Peer-Reviewed Toxicity Values)
database, the EPA RSEI (Risk-Screening Environmental Indicators)
database, and the California Office of Environmental Health Hazard
Assessment (OEHHA).

3. Results and discussion
3.1. Levels and temporal variability of elemental concentrations

Even with the inclusion of the lockdown period and the absence of
measurements during peak BB conditions (December-January), the
overall average PMy s concentration was considerably higher than
10 pg m 3 (15.8 + 6.0 pg m ), with 12 daily exceedances of 25 pg m >
(7.5% frequency, higher than mentioned in the EU 2024,/2881 direc-
tive). Based on the average of cold- and warm-period mean concentra-
tions (to partially compensate for unequal sample sizes), the mean Ni
concentration (1.0 pg m’3) was well below the long-term target value of
20 pg m~> specified in the directive. Ni has been acknowledged as a
shipping-emission tracer at sites within the Athens basin (Grivas et al.,
2018; Theodosi et al., 2018). Despite the increase in cargo shipping
activity at the Piraeus port over the previous decade (Kalkschmied and
Stricker, 2026), fine-particle Ni concentrations appear to have decreased
relative to the annual mean urban background concentration
(2-2.5 pg m~3) in 2010-2012, determined by filter-based EDXRF ana-
lyses (Grivas et al., 2018; Tsai et al., 2015). The mean Ni concentration
was also lower (by almost 30%) than values reported for 2013-2014
(1.5 pg m~3) at a suburban site deeper in the Athens basin (Amato
et al.,, 2016; Manousakas et al., 2021). The results likely indicate the
benefits of regulating at-berth and coastal shipping emissions over the
last decade (Saliba et al., 2021; Sorte et al., 2020). The absence of the
high-winter period is not expected to affect these variation patterns as
shipping activity in the Greek maritime waters is reduced during these
months (Poupkou et al., 2026). Concentrations of traffic-related Cu and
Zn also appear to have declined (by 50-60%) in the urban background of
Athens since 2011 (Grivas et al., 2018), but in 2019-2020 were still
comparable to those reported for the suburban background six years
prior (Amato et al., 2016). Even with potential underestimations by the
PX-375 monitor (Table S2) and the absence of the higher-traffic winter
period, this decrease is substantial and is likely related to regulations for
fossil fuel combustion and industrial emissions at a regional level
(Upadhyay et al., 2025; Veld et al., 2021), as traffic volumes in Athens
did not change (Spyropoulos et al., 2022). This is supported by the
apparent decline in S levels (from 1.6 to 1.0 pg m~°), compared to a
GAA-wide study that used EDXRF measurements in 2010-2011 (Tsai
et al., 2015).

Fig. S6 displays the percentage change of period-mean concentra-
tions relative to the full-period average (excluding major dust events,
wildfires, and fireworks, which are discussed in Section 3.2). The con-
centrations of crustal elements (Al, Si, Ti) showed a warm vs. cold period
enhancement due to more intense aeolian erosion, resuspension from
drier surfaces, and the absence of precipitation (Clemente et al., 2023).
Conversely, Fe was not affected, in view of the additional contribution
from road-transport, while large cold- vs. warm-period increases were
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observed for non-exhaust tracers (Cu: 38%, Zn: 21%), due to the
intensification of traffic in a shallower boundary layer. The highest
cold-period enhancement (more than two-fold) was observed for K
emitted by extensive residential BB (Theodosi et al., 2018). Ni showed
higher levels during the warm period (Pey et al., 2013), consistent with
increased passenger shipping in Piraeus. The International Maritime
Organization (IMO) 2020 global sulfur cap entered into force in January
2020 and may have led to immediate reductions in shipping emissions
(Song et al., 2022); however, assessing its impact on the observed sea-
sonal pattern is difficult. The lockdown resulted in decreases (compared
to the preceding cold period) for all anthropogenic elements (Fig. S6),
primarily for those affected by traffic restrictions (Cu, Zn, Fe, Pb; by
31-44%) (Clemente et al., 2022; Hicks et al., 2021; Jeong et al., 2022).
Their concentrations rebounded during the post-lockdown period (e.g.,
more than twofold increase for Cu). Decreases were also observed in
dust-related components (Ca, Ti, Mn; by 13-29%) when dust transport
events were excluded, likely indicating reduced road-dust resuspension.

Mean diurnal cycles during the three periods are displayed in Fig. 1
for 13 elements. The metals most associated with non-exhaust vehicular
emissions (Cu, Fe, Zn) generally displayed typical bimodal cycles, with
peak concentrations during the morning rush hour (6:00 - 9:00) and in
the evening (18:00-24:00) (Campbell et al., 2024). Cu was the one most
closely linked (r: 0.59-0.70 for the full period, Fig. S7) to traffic-related
variables (BCg, CO, NOy) (Sofowote et al., 2019). The nighttime
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enhancement was more pronounced in the cold period, due to reduced
MLH. While the morning peak persisted during the lockdown, the
diurnal variability was less pronounced, particularly during the night-
time curfew (from 21:00 to the morning). The bimodality of Cu, a brake
wear tracer, with rush-hour maxima, indicated the impact of
acceleration-deceleration cycles under traffic congestion (Grigoratos
and Martini, 2014). Evening increases in Zn were subtle (decreased
emissions due to reduced speed variability, and limited resuspension of
previously deposited tire wear particles under more humid nighttime
conditions) (Amato et al., 2014; Miiller et al., 2025). Cold-period K
levels exhibited an elevated nocturnal plateau extending into the early
morning (Fourtziou et al., 2017) and showed high correlations (r > 0.75)
with BCpp, BBOA, and LO-OOA (the latter closely related to the rapid
processing of BB emissions under cold conditions) (Stavroulas et al.,
2019). The maximum short-term K concentration during the cold period
was slightly above 1 pg m 3, still lower than values exceeding 5 pg m >
during haze events in Chinese megacities (Liu et al., 2020; Yu et al.,
2018). Although residential BB was not active for the entire lockdown
period, it nevertheless affected the diurnal variability of K. The Ni cycle
showed peaks in the morning (and in the evening during the warm
period) that probably relate to departure/arrival times of passenger
ships. Crustal elements exhibited clear daytime enhancements under
summer conditions that favor resuspension. In colder conditions, the
cycles displayed minor morning peaks (06:00-12:00; more pronounced
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Fig. 1. Mean diurnal variability for 13 elements in PM, 5, measured by the PX-375 analyzer during the three study periods (events related to wildfires, Saharan dust
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for Ca), suggesting a potential impact from traffic-induced dust resus-
pension. The variation of Mn followed that of crustal elements, Cr
showed a morning increase, and Pb exhibited more erratic variability
(Ryder et al., 2020; Sofowote et al., 2019). Nonetheless, Pb recorded
significant correlations (r: 0.55-0.63, Fig. S7) with Cu, Zn, and BCg,
consistent with its presence in brake pads or in resuspended
legacy-contaminated road dust (Argyraki and Kelepertzis, 2014;
Campbell et al., 2024; Fussell et al., 2022).

Enrichment factors (EFs) for the elements, relative to the Earth's
crustal composition (Wedepohl, 1995), were calculated using Si as the
reference element (Visser et al., 2015; Yu et al., 2019). Mean EFs per
period are shown in Fig. S8, and the diurnal variability (Tseng et al.,
2022) is displayed in Fig. S9. Mn was classified among crustal elements
with EFs <10, unlike Cr and Pb, for which EFs >40 indicate a substantial
anthropogenic origin (Grivas et al., 2018). While the diurnal variability
of typical crustal elements such as Al and Ti EFs was flat, Fe, Ca and Mn
showed increases during morning traffic hours, similar to Cu and Zn,
indicating an additional impact from non-exhaust emissions and road
dust resuspension.

3.2. Episodic air quality events during the study periods

The online elemental data enabled a more in-depth study of episodes
that can lead to exceedances of the new EU daily limit value for PMj 5.
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Fig. 2. Short-term variability of elemental concentrations and source-related
aerosol components during air quality events (a: August 2019 Euboea wild-
fire; b: March 2020 Saharan dust outbreak; c: Fireworks and last-scale char-
broiling during the orthodox Easter Weekend in 2020).
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Fig. 2 presents three distinct events, one in each study period.
a) Wildfire smoke plume transport:

First, the large peri-urban wildfire of August 2019, which trans-
ported smoke from Euboea to the GAA (Fig. S10a), drove a substantial
increase in PMj 5 concentrations. PMy 5 peaked at 74 pg m~ on the
morning of August 13 (9:00-12:00), closely associated with the rise in K
concentrations (r = 0.93 over August 13-14) (Liu et al., 2018), which
reached a warm-period maximum of 1.0 pg m>. BB-related compo-
nents, such as BCy}, and BrC absorption in the near-UV, exhibited similar
variability with K (r = 0.98 for BCpp and r = 0.96 for BrC-370nm).
Notably, during the wildfire event, BrC dominated fine aerosol absorp-
tion (>60% at 370 nm) (Chakrabarty et al., 2023; Kelesidis et al., 2025).
Al and Ca (the more labile minerals in topsoil and ash) (Fajkovic et al.,
2022; Pereira et al., 2012) also presented increased concentrations at the
same time. This can be attributed to the mobilization and mixing of dust
from the wildfire area within the smoke plume (Perron et al., 2022;
Wagner et al., 2018), driven by pyroconvection that generates thermal
updrafts (Giannaros et al., 2022; Menut et al., 2022). The event persisted
throughout the day, resulting in an exceedance (43 pg m™~>) of the PMy 5
daily limit (25 pg m~3), and the following day was also close
(24 pg m~%). Wildfires are a recurring source of aerosol pollution in
summer, as major urban, peri-urban, and regional fire events affected
the Athens Basin again in the summers of 2020-2021 and 2023-2024
(Kaskaoutis et al., 2024).

b) Saharan dust transport:

Concentrations of crustal elements, combined with PM. data, air
mass back-trajectories, and satellite imagery, were used to flag long-
range transported (LRT) dust events. A major Saharan outbreak, with
dust transport from the Libyan Desert, occurred on March 7-8, 2020
(Fig. S10b), during the Mediterranean spring dust season
(Cuevas-Agullo et al., 2024). PM3 5 concentrations began to increase in
the afternoon of March 7 (Fig. 2b), as dust was entrained downward and,
after settling under reduced turbulence within the stable nocturnal
boundary layer, peaked at 45 pg m~> the following morning.
Period-maxima for Al, Si, Ti, Fe and Ca were observed, with elemental
ratios during the 12-h peak of the event (Si/Al: 1.81, Ti/Al: 0.04, Fe/Al:
0.41, Ca/Al: 1.35) presenting similarities to those determined for
transported dust from the Libyan desert sampled at Mediterranean sites
(Gini et al., 2022; Marconi et al., 2014). The higher Ca/Al ratio
compared to values commonly reported for Saharan dust (Formenti
et al., 2003) reflects the dominance of calcitic-dolomitic formations in
the Libya-Egypt source regions (Boraiy et al., 2023). The daily-average
PM, 5 concentration on the event day was close to the limit value
(24 pg m~3), whereas five more exceedances were recorded in dust event
days (March 29-30 and May 16-18).

c) Fireworks and charbroiling during Easter festivities:

Finally, it was possible to trace the impact of fireworks during Or-
thodox Easter Eve celebrations, when their use is extensive throughout
the GAA by people gathering at every church. The intensity of this event
during the lockdown year was maximized, since almost the entire pop-
ulation remained in the city due to travel restrictions. High concentra-
tions of trace elements (Ti, Al, Cu, Ca, as well as Cr, Zn, Pb, and Mn) used
as colorants in fireworks (Vecchi et al.,, 2008) peaked during
00:00-03:00 of Easter (April 19), given that the firework event starts
exactly at midnight (Fig. 2c). The largest increases relative to the pre-
vious 24-h average were observed for Ti (8-fold) and Cu (10-fold), used
in white/silver and blue fireworks, respectively. Among the more toxic
elements, Cr and Pb showed 5-fold increases, whereas Ni (along with Fe)
was not affected by the event (Fig. S11). While the rise in S concentra-
tions was small (20%), ACSM-chloride increased 6-fold, likely due to the
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formation of non-refractory colorants, such as copper chloride
(Drewnick et al., 2006; Koch, 2015). The potassium enhancement
should not be attributed entirely to its use as an oxidizer or in black
powder (Tremper et al., 2018), since K and m/z 60 concentrations had
already begun to increase before midnight, indicative of residential BB.
PM,5 maximized at 43 pg m >, and its levels persisted until early
morning (Rai et al., 2020), which is remarkable as the duration of these
firework celebrations is very short (less than half an hour). This
enhancement, combined with the very high OA concentrations at
midday on Easter, due to GAA-wide open-air charbroiling (Stavroulas
et al., 2024), led to a PMy5 exceedance of 25 pg m 3, linked to
long-established practices in Greece that are difficult to regulate.

3.3. Short-term fine aerosol source apportionment

The obtained PMF solution comprises eight factors related to exhaust
and non-exhaust traffic (Traffic EXH, Traffic Non-EXH), biomass
burning (BB), Oil Combustion, LRT Dust, Mixed Natural particles, Ni-
trate, and Regional processed aerosol. PMs 5 mass was well recon-
structed (observed-over-predicted regression r? and least-square
regression slope of 0.87 and 0.99, respectively, for the constrained so-
lution), with an unaccounted fraction of 2.6% (Table S3, Fig. S5). So-
lutions with 4-10 factors were assessed, and the 8-factor solution
stabilized most of the assessed diagnostics. The minimum Q/Qgxp was
obtained for 8 factors, with a value close to unity (0.92), indicating
reasonably calculated uncertainties and satisfactory model fit. More-
over, this solution also maximized the reconstruction r* and slope,
produced low maximum individual column mean (IM) and standard
deviation (IS), had normal standardized residuals for PM> s with no
values outside the [—3, 3] range, and a very low rate of samples with Q/
Qexp > 3 (1.4%). No swaps were recorded in the DISP analysis for any of
the applied dQpax thresholds in either the base or constrained (DISP dQ:
0.53%) solutions. The minimum-maximum DISP ranges for the key
identifying species were low (in presentation order for the constrained
solution: BC: +9%, Cu: +£6%, m/z 60: +10%, Ni: +18%, Si: +7%, Ca:
+15%, NO3: +23%, S: +7%), verifying the rotational stability. The
bootstrap analysis showed excellent factor re-mapping (base solution: 7/
8 factors >99.5% and 1/8 > 90%; constrained solution: 6/8 factors
100% and 2/8 > 99.5%). The error evaluation indicated that the solu-
tion is resistant to rotational and random errors (Paatero et al., 2014)
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(Table S3, Fig. S5). Solutions with fewer factors were unstable across
multiple runs, and in the 7-factor solution there was mixing between the
Traffic EXH and Oil Combustion factors. The 9-factor solution was
characterized by fragmentation of the Traffic-Non Exhaust source
without an obvious physical interpretation. The 10-factor solution
showed a large increase in Q/Qexp with DISP swaps appearing, and
further fragmentation of the LRT dust factor (Table S3, Fig. S5). Most
importantly, the 8-factor solution was physically interpretable regarding
the characteristics of the study area, and all factors were successfully
validated based on their temporal variability, comparison with reference
source profiles, in-profile diagnostic ratios, correlations with
source-specific external variables (including BC and OA components),
and source origins identified through wind and trajectory analysis
(Section S3). Finally, it is noted that the selected solution was based on a
balanced representation of species measured by the different in-
struments, as assessed by instrument-specific mean absolute values of
uncertainty-scaled residuals (Aegc) (Shukla et al., 2023; Slowik et al.,
2010) (Section S3). The characteristics and verification of resolved
factors are presented below.

- Vehicular Traffic sources: Separate sources representing exhaust
(Traffic EXH) and non-exhaust (Traffic Non-EXH) traffic emissions
were identified. As shown in the factor profiles (Fig. 3), the Traffic-EXH
source was dominated by BC, with a lower contribution to OC (Su et al.,
2020; Windell et al., 2024). The share of this factor to BC (67%) is
comparable to the BCg/BC ratio in the dataset (75%) if the BC contri-
bution from the oil combustion factor is also considered, and agrees with
long-term BCg/BC observations at the same site for the examined
months (Liakakou et al., 2020). The OA fraction (15%) was also com-
parable to the HOA/OA (12%) ratio in the dataset. The two carbona-
ceous components were linked with an in-profile OA/BC ratio of 1.4.
Assuming an OA/OC analogy of 1.3 for traffic-related primary OA, as
indicated by past measurements at Thissio (Florou et al., 2017), would
produce an OC/BC ratio around 1.1, indicative of a mixed fleet profile
with substantial contribution from HDV emissions (Pio et al., 2011).
Minor contributions to directly emitted elements (Cu, Zn, Cr) were also
detected, mainly originating from lubricants and engine wear (Cheung
et al., 2010).

For the Traffic Non-EXH factor, the highest contributions were
observed for elements typically associated with brake, tire, and me-
chanical wear (Cu, Fe, Zn, as well as Cr, Mn, Pb, Ca). All elements were
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enriched with respect to crustal dust, with in-profile EFs exceeding 50.
At the urban background site of the study, it was not possible to reliably
separate brake and tire wear factors because they exhibit similar tem-
poral profiles and dispersion dependence, while key elements (Cu, Fe,
and Zn) contribute to both in varying degrees (Hicks et al., 2021).
Moreover, they might partly originate from traffic-induced road dust
resuspension (Amato et al., 2012; Hasheminassab et al., 2020). Cu/Fe
and Zn/Fe ratios in the Traffic Non-EXH profile were used to assess the
potential impact of road dust on the factor. Their values (0.03 and 0.08,
respectively) were substantially higher than the ratios typically found in
road dust particles (<0.01 for Cu/Fe, and <0.05 for Zn/Fe) (Huang
et al., 2021; Skorbitowicz et al., 2020). They were also comparable to
ratios reported for mixed brake wear (0.03-0.07, with lower values
associated with light-duty traffic; Charron et al., 2019) and tire wear
emissions (0.05-0.15; Silva et al., 2021). The results indicate that the
involvement of road dust resuspension in the factor is minor.

The exhaust factor consistently showed an excellent correlation
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(Fig. S12) with BCg (r > 0.95), and both traffic factors were associated
with external variables related to vehicular circulation (CO, NOy, CO5)
(Cheung et al., 2024; Manousakas et al., 2022; Shukla et al., 2023)
across all periods. They also recorded the highest correlations with HOA
(r: 0.51-0.86) among factors and showed the largest weekend reductions
(23% combined reduction during the non-lockdown period, accentuated
to 35% during the lockdown) (Fig. S13).

The diurnal cycles of both traffic-source PMj 5 contributions (Fig. 4)
showed morning rush-hour peaks and, during the cold period, became
strongly bimodal under increased traffic. The morning peak was main-
tained during the lockdown (Sowlat et al., 2024), as vehicle circulation
was not entirely prohibited, whereas the evening peak was suppressed
by the curfew. On non-lockdown days, the diurnal cycles were similar
between weekdays and weekends for both factors (Fig. S14), with a
relative nocturnal enhancement on weekends, likely related to increased
intra-city mobility for recreation (Hasheminassab et al., 2020; Kalka-
vouras et al., 2024). The polar plots (Uria-Tellaetxe and Carslaw, 2014)
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of both traffic factors showed enhancements under low wind speeds,
attributable to circulation around local roads and the city's adminis-
trative center (Grivas et al., 2018) (Fig. S15). However, the annular plot
for the exhaust source in Fig. S16 also indicated a daytime enhancement
for winds from the SW, where commercial road transport is denser
(Tsiodra et al., 2021). Moreover, the morning peak of the non-exhaust
factor on lockdown weekends, when there was no go-to-work traffic,
collapsed.

Therefore, while the two traffic factors were correlated, they pre-
sented differences, associated with the relative impacts of passenger cars
(large number of gasoline cars, high road use) and commercial vehicles
(including old vehicles and super-emitters) on non-exhaust and exhaust
emissions, respectively (Grigoratos and Martini, 2014; Sokhi et al.,
2022; Windell et al., 2024; Zhou et al., 2020). This distinction is
consistent with prior results from Thissio, which showed that diesel
vehicles contribute three times as much as gasoline cars to the carbo-
naceous content of tailpipe PMy 5 (Tsiodra et al., 2021). Moreover,
Jeong et al. (2022) in Toronto, Canada, observed lockdown-driven
changes in the variability of exhaust and non-exhaust contributions
similar to those observed here, and, using circulation data, linked the
exhaust source to HDVs. Manousakas et al. (2022), apportioning PMa 5
and PM;g.o.5 sources in Zurich, Switzerland, showed that non-exhaust
emissions of fine PM are linked to light vehicles, as HDVs emit
through brake and tire wear in the coarse fraction, and their fine
elemental contributions come from tailpipe emissions. Shukla et al.
(2023) in Delhi, India, also associated variability in Traffic-exhaust
factor contributions with HDV circulation, regulated according to
time-of-day restrictions (Tobler et al., 2020).

- Biomass Burning: The BB factor is mainly driven by residential
heating emissions in the cold period (and partially in the lockdown), but
also captures the effects of summer wildfire events. Even in the absence
of the peak BB period (late December to January), the signal of the
source was clear. The BB profile was characterized by the presence of the
m/z 60 ACSM fragment (Faisal et al., 2025), serving as a proxy for
levoglucosan, and by a substantial fraction of elemental K (32%; share
offset by the presence of K in LRT dust) (Shukla et al., 2021). The source,
despite its seasonal and essentially episodic character (whether in winter
smog events or in wildfires), was one of the two largest contributors to
fine OA during the study period (35%). The OA/BC ratio (assuming
OA/OC: 1.5, again based on winter AMS measurements by Florou et al.,
2017) was 10.9, close to the OC/EC values reported for PMF-resolved BB
factors in Greece (Tsiodra et al., 2025). The high OA/BC ratio, combined
with the factor contribution to OA, indicates that the BB-related OA in
the present solution also includes rapidly processed organics, which in
ACSM PMF appear as LO-OOA in the heating season (Stavroulas et al.,
2019).

Consistent with this, the factor contributions showed the highest
correlations (Fig. S12) not only with direct BB proxies (BCp, and BBOA;
r: 0.67-0.97) but also with LO-OOA (r: 0.77-0.85 during the lockdown
and cold periods). Moreover, the source was associated with near-UV
BrC absorption in all periods (r: 0.42-0.95), indicating its importance
for the radiative budget at the wurban/subregional scale
(Paraskevopoulou et al., 2023). In contrast to traffic sources, the BB
source presented a weekend enhancement related to recreational
burning in fireplaces (Fig. S13) (Zhang et al., 2019a,b). The polar plot in
Fig. S15 shows the effect of local emissions under stagnant conditions
that induce smog events (Tsiodra et al., 2024).

As the short-term BB contributions to PMj 5 during wildfire events
reached 36 pg m 3 (65% of PMy 5), these data were excluded from the
assessment of the warm-period diurnal variations in Fig. 4. This is the
first time that the diurnal variability of summer BB contributions has
been assessed for PM; 5 in Athens, and the results indicate a moderate
increase from noon to midnight (Jeong et al., 2022; Stavroulas et al.,
2024), which may be associated with wood-charcoal burning in meat
charbroiling (Manousakas et al., 2022; Stavroulas et al., 2025). The
results indicate that cooking organic aerosol, a substantial OA source in
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Athens, is probably classified in the BB source (also supported by
BB-COA correlations; r: 0.70-0.88). Cooking aerosol was not isolated due
to the lack of online-measured chemical tracers, a methodological lim-
itation of the current approach. However, the combined contribution of
BBOA, COA, and heating-season LO-OOA to OA was 33%, which is close
to the full-period BB contribution estimated in the present PMF
approach (36%). The warm-period concentrations can also be associated
with long-range transport of BB emissions from intense summer agri-
cultural burning in the Balkans and Eastern Europe (Vasilakopoulou
etal., 2023), as indicated by the PSCF back-trajectory analysis (Fig. S18)
(Petit et al., 2017). During the cold period, a U-shaped diurnal pattern
was observed (Fig. 4) (Belis et al., 2019; Windell et al., 2024). Average
nighttime (18:00-06:00) concentrations exceeding 6 ug m> were
recorded, corresponding to a fractional contribution of 30% (Fig. S19),
comparable to the share of the BB source reported during haze episodes
in Chinese megacities (Liu et al., 2019a). In the lockdown, when resi-
dential BB was still active, it also contributed during the day (midday
hump in Fig. S14, especially on weekends), reflecting increased indoor
stay.

- Oil combustion related to shipping: The factor was attributed to
Heavy Fuel Oil Combustion, given the strong presence of nickel (81%)
(Chang et al., 2018). The source profile was compared with a composite
marine fuel oil profile from the SPECIATE database (Simon et al., 2010)
(Section S3), yielding good agreement (r = 0.87, SID = 0.65; n = 10). A
significant correlation with SO, was also observed in the 2019 warm
period (r = 0.46) (Jang et al., 2023). The factor was also associated with
V (r: 0.60, full period) when used as an external indicator (given the
good correlation of Vpx 375 with filter-based V, despite the large un-
derestimation that led to its exclusion from PMF). The wind analysis
results clearly link the factor to shipping emissions originating in the
wider Piraeus Port area and to the corresponding navigation lanes to the
S-SW (Fig. S15 and 16) (Grivas et al., 2018; Theodosi et al., 2018). This
source area, which ties the factor to port and shipping activity, was
consistently verified by Conditional Probability Function (CPF) plots
across all study periods, and was also observed in independent CPF plots
for Ni and V (Fig. S17). It is noted that there are no major stationary
heavy oil combustion facilities in the Athens basin (Grivas et al., 2018),
while advections from the Thriassion plain to the W-NW (where there
are some large combustion plants) to central Athens are infrequent
(Kassomenos et al., 1998).

The results in Fig. 4 provide first-time insights into the diurnal pat-
terns of shipping-source contributions to PM3 5 in Athens. Since opera-
tions at the commercial port of Piraeus are continuous, emissions from
cargo ship navigation may be considered a baseline, potentially ac-
counting for more than half of the total on average. This was evident
during the lockdown, when the diurnal cycle was largely flat due to
restrictions on passenger ship traffic (Fig. 4, Fig. S14). However, some
variability remained on lockdown weekends, which might reflect ferry
traffic transporting essential supplies, although this is difficult to assess
(large increases were observed on specific weekends, such as those of the
Easter period and the last weekend of the lockdown). Uniform diurnal
variability in commercial shipping contributions was also reported in
Shenzhen, China (Su et al., 2020). During the cold period in Athens,
there was a peak in the early morning hours (06:00-09:00), coinciding
with passenger ship departures from Piraeus for the Aegean islands. This
effect was more pronounced during the warm period, when an addi-
tional increase over the baseline was observed in the evening
(18:00-00:00), likely attributable to ferry arrivals and cruise ship de-
partures in the late afternoon. It is noteworthy that evening peaks were
not observed after August 20, when passenger activity at the port began
to decline. The warm-period diurnal patterns are comparable to the
diurnal variation of a shipping-related HOA factor derived from PMF on
ACSM measurements at the Piraeus passenger port in June-July 2019
(Stavroulas et al., 2021). Moreover, a similar bimodal summer diurnal
cycle was reported by a relevant two-step online PMF study in Marseille,
France (Camman et al., 2024), one of the largest passenger ports in the
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Mediterranean (Le Berre et al., 2025).

- Natural sources: Two factors related to the contribution of natural
sources to fine particles were identified. The factor named LRT Dust was
represented by crustal species (Al, Si, Ca, Fe, Ti, Mn). All elements in the
profiles had EFs <3. The almost exclusive association of the factor with
winds from the southern sector is evident in Fig. S15. Moreover, the
PSCF analysis highlighted that the highest contributions were linked to
transport from the Libyan Desert, which is frequent during the dust
season (Kalivitis et al., 2007) (Fig. S18). The correlations of the factor
with PMc were significant year-round (r > 0.40), even with the exclu-
sion of major dust events. During the cold period, the March 7-8 episode
(Section 3.2) led to 3-hr contributions to PMy 5 exceeding 60%. On
non-event days, the source exhibited limited diurnal variability across
all periods, whereas the effects of sustained LRT dust activity in March
were reflected by the high-percentile increases (Fig. 4).

The Mixed Natural factor represents locally resuspended soil par-
ticles and sea salt. Its profile was characterized by the presence of Na™
and Mg®" ions, as well as Ca (with an in-profile EF of 7). The high
abundance of Ca compared to seawater indicates the impact of local dust
resuspension under favorable weather conditions. The soil in Athens is
characterized by a pronounced carbonate signature, dominated by
calcite. As a result, Ca in fine dust is decoupled from the aluminosilicate
minerals of the previous factor. The in-profile Al/Ca, K/Ca and Mn/Ca
ratios were very close to the values reported for the mean geochemical
profile of the GAA (Argyraki and Kelepertzis, 2014). Increased
wind-induced resuspension from dry surfaces in summer is a driving
factor (Camman et al., 2024; Yu et al., 2019), and significant correla-
tions with temperature and wind speed (r ~ 0.4) were recorded. High
factor contributions were associated with strong winds that induced
local resuspension and upslope transport of calcite-rich dust to the site,
along with marine aerosol transport (Fig. S15). As such winds are more
frequent during the day (Section 2.1.1), there were enhancements in the
6:00-12:00 interval in all periods (Fig. 4) (Fourtziou et al., 2017), and in
the summer they extended up to 18:00 under the effect of pure
sea-breeze and strong Etesian winds. The diurnal variability (Fig. 4)
might also suggest that road dust resuspension affects this factor.
Although all correlations with traffic proxies were weak, dust resus-
pension has been reported not to scale with traffic volume (Hicks et al.,
2021). A mixed soil/sea-salt factor was also identified using
high-resolution, dispersion-normalized PMF at an inland site in Tianjin,
China (Dai et al., 2020), with comparable diurnal variation and wind
dependence. The same diurnal/seasonal patterns were also reported for
a local soil resuspension source in Los Angeles, CA, by the long-term
study of Hasheminassab et al. (2020). The distinction between
episodic LRT and local mineral dust has also been made through online
XRF source apportionment in Zurich, with the latter exhibiting a
wind-induced midday enhancement (Manousakas et al., 2022).

- Secondary Aerosol: Two factors related to the regional and local
formation of secondary aerosol were quantified. The first, distinguished
by the presence of Nitrate, is associated with the local formation of
secondary aerosol. Non-refractory chloride was classified here, along
with a minor fraction of K. The factor was almost exclusively observed
during cold/lockdown periods and was linked to nighttime processing of
BB emissions (Jorga et al., 2021). Large NOx amounts are produced by
residential BB, promoting nighttime NO, chemistry, while BB aerosol
provides increased surface area for the heterogeneous formation of nitric
acid (Goldberger et al., 2019; Jorga et al., 2021; Kukkonen et al., 2020).
These reactions are rapid enough that BB marker and nitrate levels peak
concurrently during winters in the GAA (Stavroulas et al., 2021).
Chloride is also present in biomass and can be co-emitted as HCI, which
then partitions into the particle phase under favorable temperature and
acidity conditions on winter nights (Shukla et al., 2025). Consequently,
the factor was strongly correlated with BCpp,, BBOA, and LO-OOA
(r > 0.65; Fig. S12) during the cold and lockdown periods (Stavroulas
et al., 2019, 2024).

The second processed factor was dominated by non-refractory
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ammonium sulfate and was named Regional, in accordance with past
studies at Thissio (Theodosi et al., 2018; Tsiodra et al., 2024). The factor
represents particles transported to the receptor after atmospheric pro-
cessing of their anthropogenic precursors, primarily from power pro-
duction and industrial activity. Therefore, elements such as Pb and Zn,
which are co-emitted with SOy by coal- and oil-burning in distant lo-
cations (Rai et al., 2020), contribute to the profile in addition to sulfate.
The presence of strongly processed secondary organic aerosol was
indicated by the high OA/BC ratio (assuming an OA/OC ratio of 2, this
would yield OC/BC =~ 12). Therefore, high year-round correlations with
MO-OOA were registered (r > 0.65; Fig. S12), and the factor's contri-
bution to OA (32%) was directly comparable to the ACSM-based
MO-OOA/OA ratio. The origin of this regionally processed aerosol can
be traced back to the Balkans, the Black Sea Region, Ukraine, and
Southern Russia (Fig. S18) (Argyropoulos et al., 2017; Dimitriou et al.,
2023). The diurnal variability (Fig. 4) was limited (Shukla et al., 2021,
2025), similar to that of the other LRT factor (Dust), with small
early-afternoon increases, typically for sulfate and SOA under increased
vertical mixing in the expanded boundary layer (Yu et al., 2019).

3.4. Source contributions to PMs 5

Fig. 5 presents the mean source contributions (fractional and net)
across the three study periods. Traffic-exhaust emissions during 2019-
2020 appeared to be the more effective of the two vehicular compo-
nents for the urban background of central Athens, as the mean contri-
bution of non-exhaust particles did not exceed 0.5 pg m~°. The same
pattern among the two components has been observed in filter-based
PMF studies in Athens during 2013-2017 (Diapouli et al., 2022; Man-
ousakas et al., 2021). However, their relative shares at the European
level can vary substantially (Amato et al., 2016; Saraga et al., 2021).
These contributions in Athens should be reassessed in light of the
gradual modernization of the car and truck fleet, the growth in car
ownership, and the increasing number of hybrid/electric vehicles
(Spyropoulos et al., 2022; Timmers and Achten, 2016).

Consistent with past studies at Thissio on various aerosol metrics (e.
g., Stavroulas et al., 2019; Tsiodra et al., 2021), the still-unregulated BB
source dominated during the cold season (27%, 34% when secondary
nitrate was included), even though there were no measurements from
the peak residential heating period (meaning that the actual BB contri-
bution on an annual basis should be higher). The oil combustion source
(shipping) contributed 7-9% on average, which is reasonable consid-
ering the pre-2020 range reported by the review study of Sorte et al.
(2020) for coastal areas in the Mediterranean, but lower than those
estimated for Thissio in 2014-2015 (1.1-1.5 vs. 1.7 pg =3) (Theodosi
et al., 2018). The importance of passenger shipping was reflected in the
significant warm vs. cold period enhancement of the source contribution
(0.4 pg m’3, +38%), even though the winter baseline remained sub-
stantial (0.7 pg m~3; Fig. 4). These results were obtained during the
transition to the 2020 IMO sulfur cap of 0.5%, which, combined with the
declaration of the Mediterranean as a SECA, is expected to further
reduce shipping emissions (Eiof Jonson et al., 2020; Toscano, 2023). The
two natural particle factors contributed a substantial background of
2.6 pg m~> (16%), in a year with major dust events. Saharan dust
transport in the Mediterranean is sustained for a large part of
spring-summer, with the frequency of dust days reaching 20%. How-
ever, the absence of the early winter period in the dataset, when LRT
events are less frequent, should be noted (Vogel et al., 2025). The mean
LRT dust concentration of 1.2 pg m > is comparable to the annual
average LRT contribution to PMays (1.5 pg m~>, 14%) reported over
Athens in 2014 (Diapouli et al., 2017). This natural background, com-
bined with the contribution of regionally processed aerosol, which
partly originates from countries not bound by EU emission legislation,
poses barriers to future compliance with the EU standard (Im et al.,
2012). The regional factor showed a warm-period enhancement, ac-
counting for more than half of the PMj 5 mass. Its winter contribution
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Fig. 5. Fractional (left) and net (right) contributions of PMF-resolved factors to PMy s

(27%) was comparable to that reported by a multi-year (2013-2016)
study at Thissio (Theodosi et al., 2018), but smaller in magnitude
(4.1 pgm~3vs. 4.7 pg m~), while the higher summer-mean reflects the
enhanced processing of SOy and organic precursors.

The moderate reduction in PM5 5 during the lockdown (—15% rela-
tive to the cold-period mean) has been documented by Grivas et al.
(2020), and here it was possible to attribute it to specific sources. Both
traffic factors presented decreases (by 0.4 and 0.2 pg m™> for
Traffic-EXH and Traffic Non-EXH, respectively). The combined frac-
tional decrease for the traffic sources was 29% (Hicks et al., 2021),
slightly lower than reductions for traffic-related parameters (e.g., 35%
for BCgr and 34% for CO). It is noted that the decline in passenger traffic
during the lockdown was far greater than that of commercial vehicles
(Schulte-Fischedick et al., 2021). In this sense, a higher reduction rate
for non-exhaust than for exhaust emissions (64% vs. 20%) is consistent
with the pattern discussed in Section 3.3, in which the former are pri-
marily driven by passenger-car volume (Sofowote et al., 2019). Traffic
source contributions rebounded immediately after the lockdown, with
increases of 1.6 and 0.4 ug m ™ in the post-lockdown week (Sowlat et al.,
2024). A large lockdown reduction (—64%) was also observed for the BB
and nitrate factors, as the effect of residential heating diminished from
early April onward. The decline in local primary sources was partially
offset by increased contributions from regional aerosols, as favorable
conditions for secondary formation overcame the COVID-related
decrease of precursor emissions (Jeong et al., 2022). Although the
lockdown decrease in the oil combustion source was not significant, the
large post-lockdown increase (1.4 pg m~) likely reflects the resumption
of passenger shipping activity following the restrictions.

3.5. Diurnal variability of potential risks from exposure to elemental
concentrations

Fig. 6 displays the diurnal variation of fractional factor contributions
to the non-carcinogenic (3;C;/RfC;) risk indicator along with its cu-
mulative value (Section 2.5). Results for the carcinogenic risk indicator
are shown in Fig. S20. The analysis misses some elements with impor-
tant RfC and IUR values, such as Cd (not quantified by the PX-375
monitor), and As-V (severely underestimated and excluded from
source apportionment). Even if As and V were included in the PMF
analysis (which would, in turn, lead to their uncertain apportionment
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Fig. 6. On the left axis, diurnal variation of the fractional factor contributions
(colored areas) to the non-carcinogenic risk indicator. The diurnal variation of
the indicator (dotted line) is shown on the right axis.

and mass reconstruction), the results presented below would not be
substantially modified due to their very low concentrations.

As can be observed from the average values of the indicators (Fig. 6,
Fig. S20), the acceptable thresholds for non-carcinogenic and carcino-
genic risk (1 and 107, respectively) would not have been exceeded if
they had been scaled using nominal exposure-time parameters. This is
typical in European cities where large point sources of toxic metals are
sparse (Chalvatzaki et al., 2019; Galindo et al., 2018). However, the
analysis provides insights into the diurnal patterns of systemic toxicity
from exposure to ambient metals and the relative contributions of their
sources. The total values of both risk indicators peaked during the
morning commute hours and formed a nighttime plateau when outdoor
population exposure is typically minimal.

The diurnal variability was driven by the two traffic components
(contributing 20% and 50% to non-carcinogenic and carcinogenic risk,
respectively) (Lakra et al., 2026). Traffic-related risks peak during the
morning hours when a large share of the population is most exposed to
traffic emissions (Assimakopoulos et al., 2018). Traffic is also a signifi-
cant driver of OP in Athens (Paraskevopoulou et al., 2019), and the
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non-exhaust source was the largest contributor to redox-active transi-
tion metals. The contributions of BB were small for both risk types;
however, BB emissions in Athens have been strongly associated with
non-acceptable carcinogenic risks from inhalation exposure to poly-
cyclic aromatic compounds (Tsiodra et al., 2024). Moreover, as stated in
Section 3.4, the long-term BB contribution is expected to be somewhat
underestimated because data from the peak residential burning period
were not available for the analysis. Despite its small share in PM, s, the
oil combustion source contributed significantly to both indicators
(33-34%) in the present dataset due to its association with Ni and Cr
(Wen et al.,, 2018). The importance of the shipping source for
non-carcinogenic PMj s toxicity was also demonstrated in Xiamen,
China (Wu et al., 2020). The contribution of the regional factor was
small, although it would be increased by the inclusion of toxic and
carcinogenic As and Cd, which have been associated with regional
transport of emissions from large point sources (Pandolfi et al., 2016).

4. Conclusions

Seasonal patterns and diurnal variations in the elemental composi-
tion of fine particulate matter and related source contributions were
investigated through intensive monitoring campaigns, under conditions
representative of the urban background in central Athens, Greece. On-
line measurements were performed in central Athens across warm, cold,
and lockdown periods in 2019-2020. The PMj 5 composition for 15 el-
ements was determined at a 3-h resolution using the Horiba PX-375
EDXRF analyzer. The bulk fine-aerosol composition (carbonaceous
compounds and major ions) was concurrently monitored. Results ob-
tained with the PX-375 were meaningful for short-term temporal vari-
ability, and the concentration levels for most elements (except As and V)
were comparable and well correlated with those determined by filter-
based ICP-MS. However, the absence of certain tracer elements in the
instrument version used imposed certain limitations on the source
characterization. This was evident for the sea-salt elements, here
determined by online PILS ion chromatography (a resource-intensive
method), whose inclusion did not result in the isolation of a sea-salt
factor.

The speciated data were processed within a combined receptor
modeling framework, based on single combined PMF. This PMF
approach explored the possibility of obtaining environmentally mean-
ingful results by applying receptor modelling to the bulk chemical
composition measured by online instruments. There were some caveats
in its implementation, mostly related to uncertainty calculations (not
instrument-provided by the PX-375) and to merging monitors of fine
aerosols with different size distributions. Moreover, despite the
extended temporal coverage of concurrent multi-instrument measure-
ments, data were unavailable during the peak residential heating period
(December—January), which may introduce bias when inferring long-
term concentrations and exposures, particularly for biomass-burning
aerosols. However, the results provided insights into contribution
levels and variability across a broad range of fine aerosol sources, sug-
gesting that similar studies, but on a long-term basis, will be valuable for
policy and exposure management. For the first time, it was possible to
assess the effects of the 2020 COVID-19 lockdown on PMy 5 sources in
Athens, indicating moderate reductions in local sources but not in
regional anthropogenic aerosols.

In 2020, traffic remained a substantial PM; 5 source in urban back-
ground areas of Athens (8-16% seasonally). Despite emission regulations
over the last decade, persistent levels reflect the age of the vehicular
fleet and the circulation of heavy emitters. The non-exhaust component
accounted for a lower share of the combined vehicular source (12%).
Still, its bearing in elemental toxicity assessments might be increased
due to its association with toxic and redox-active transition elements.
The diurnal patterns during the lockdown for traffic-related factors
imply that achieving significant reductions in PM; s from traffic in urban
background areas would necessitate drastic cuts in road transport
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emissions. The Oil Combustion source, closely associated with shipping
emissions in the Piraeus port area, contributed 7-9% to PMj 5 at inland
locations, with diurnal variability apparently affected by passenger
shipping, indicating a source effect that probably extends beyond ports
and coastal areas. These shipping impacts need to be reevaluated in the
context of the 2020 IMO global sulfur cap and the declaration of the
Mediterranean as a Sulfur Emission Control Area (SECA) in 2025, while
also considering that apportioning the source will become more difficult
in an era of very low-sulfur oil and alternative marine fuels. The stag-
gering impact of residential BB during the cold period in Athens was
reaffirmed, with the source impact extending into the spring lockdown
period due to increased recreational BB associated with greater time
spent indoors. However, the results from the high-resolution measure-
ments also underscore the need to assess more rigorously the BB effects
in summer, when less-intense local emissions are augmented by distant
agricultural burning and peri-urban wildfires.

The period-mean PMj 5 source contributions and the baselines
derived from their diurnal variations imply significant challenges in
attaining the new EU long-term limit value in the GAA. Natural and LRT
aerosols constitute a substantial background, rendering threshold
attainment largely contingent on mitigating urban aerosol emissions.
The relative impact of the sources contributing to this baseline in the
region needs to be gauged under true background conditions that limit
interference from local sources. Moreover, in a study period not
including the December-January period, when numerous BB smog
events are consistently observed, there were 12 exceedances of the new
EU daily limit value, eight of which were due to episodic events of
recurring nature, not possible to control. Therefore, violations of the
short-term standard are probable in urban background areas in Athens,
and even more at polluted sites. Thus, this research should be replicated
in high-exposure settings, such as roadside and near-port locations.
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