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Abstract: Port cities are affected by a wide array of emissions, including those from the shipping, road
transport, and residential sectors; therefore, the characterization and apportionment of such sources
in a high temporal resolution is crucial. This study presents measurements of fine aerosol chemical
composition in Piraeus, one of the largest European ports, during two monthly periods (winter vs.
summer) in 2018-2019, using online instrumentation (Aerosol Chemical Speciation Monitor—ACSM,
7-A aethalometer). PMF source apportionment was performed on the ACSM mass spectra to quantify
organic aerosol (OA) components, while equivalent black carbon (BC) was decomposed to its fossil
fuel combustion and biomass burning (BB) fractions. The combined traffic, shipping and, especially,
residential emissions led to considerably elevated submicron aerosol levels (22.8 ug m~3) in winter,
which frequently became episodic late at night under stagnant conditions. Carbonaceous compounds
comprised the major portion of this submicron aerosol in winter, with mean OA and BC contributions
of 61% (13.9 ug m—3)and 16% (3.7 ug m~3), respectively. The contribution of BB to BC concentrations
was considerable and spatially uniform. OA related to BB emissions (fresh and processed) and
hydrocarbon-like OA (from vehicular traffic and port-related fossil fuel emissions including shipping)
accounted for 37% and 30% of OA, respectively. In summer, the average PM; concentration was
significantly lower (14.8 pg m—3) and less variable, especially for the components associated with
secondary aerosols (such as OA and sulfate). The effect of the port sector was evident in summer and
maintained BC concentrations at high levels (2.8 pg m~3), despite the absence of BB and improved
atmospheric dispersion. Oxygenated components yielded over 70% of OA in summer, with the more
oxidized secondary component of regional origin being dominant (41%) despite the intensity of local
sources, in the Piraeus environment. In general, with respect to local sources that can be the target
of mitigation policies, this work highlights the importance of port-related activities but also reveals
the extensive wintertime impact of residential wood burning. While a separation of the BB source is
feasible, more research is needed on how to disentangle the short-term effects of different fossil-fuel

combustion sources.

Keywords: Athens; harbor; shipping emissions; PM;; chemical speciation; organic aerosol; black
carbon; ACSM; aethalometer; PMF

1. Introduction

Health studies in recent years definitively implicated fine aerosols in a causal rela-
tionship with mortality and cardiovascular effects, both for long-term and short-term
exposures [1,2]. The EU addressed the long-term exposure concern in the 2008/50/EC
EU directive on air quality and cleaner air for Europe, enforcing an annual PM; 5 limit
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value. A decade later, while PM; 5 is recognized as the regulatory pollutant with the
strongest link to premature mortality (379,000 excess cases in EU-28 during 2018) [3], its
annual mean levels in Europe are on the decline due to wide-ranging legislative action
to curb emissions of particulate matter (PM) and its precursors [4]. However, EU air
quality standards do not consider the issue of short-term exposure to fine PM, thus they
are not aligned with existing scientific knowledge, and hamper the ability of air quality
management authorities to implement direct action plans targeted at local sources. In this
framework, it is clear that reliable solutions are needed to monitor and characterize on a
continuous short-term basis, not only the levels, but also the chemical composition and
sources of fine aerosols. There is mounting evidence that their chemical components (e.g.,
black carbon—BC, organic aerosol—OA, and sulfate), as well as their sources, are explicitly
linked to short-term effects (mortality, cardiovascular hospital admissions and emergency
department visits) [5-8]. Therefore, information provided by online instruments for the
chemical characterization and source apportionment of fine aerosols, such as the Aerosol
Chemical Speciation Monitor (ACSM), is invaluable.

Notwithstanding the aforesaid improvement in urban air quality in the EU, particle
pollution remains a serious issue in areas that confront strong socio-economic challenges,
being disproportionately burdened by local emissions [9,10]. Port cities are a good example
of this [11,12], since they gather PM-emitting activities from diverse sectors (e.g., passenger
and commercial shipping, the vehicular sector including goods transport, drayage and
cargo handling, the residential and tourism sectors). Moreover, port areas frequently
neighbor industrial zones, and also tend to be inhabited by lower-income citizens [13,14].

Port-related sources, including shipping and the associated road and commercial
activity, directly affect air quality in port cities [15-17]. The deterioration of air quality and
effects on health and welfare are sustained in these areas and beyond, since operations of a
large port can have an impact at a distance of many kilometers [18]. In recent years, there
was targeted action by international organizations (IMO, USEPA, EU) to reduce maritime
emissions and control air pollution in coastal areas. Coordinated EU policies, including
the reduction in the sulfur content in marine fuels (Sulfur Directive 2012/33/EU) and the
adoption of emission control zones (North and Baltic Sea, but not yet the Mediterranean),
have led to reductions in SO, concentrations in European coastal cities [19,20], and there
are plans for expanding the strategy to also consider PM. In this context, port cities are
focal points for the development of air quality management plans that require detailed
knowledge on the variability, composition and sources of pollutants. According to the
European Sea Ports Organization (ESPO), air quality is the top environmental priority in
two thirds of 97 major EU ports [21].

Piraeus, a port city in the Eastern Mediterranean, can be seen as a characteristic
case where air quality is a pressing issue for the protection of residents, commuters and
tourists [22]. Piraeus has been the busiest commercial port in Europe for over 10 years.
Furthermore, during the last decade, Piraeus has evolved into the second busiest container
port in the Mediterranean [23]. The central Piraeus area, where shipping and commercial
activities are concentrated, is traversed by high-traffic roads [24]. Moreover, the pop-
ulation density in Piraeus is one of the highest in the Greater Area of Athens (GAA),
resulting in additional emissions from residential heating. More specifically, residential
wood burning (RWB) has emerged as a major environmental pressure in the GAA during
the last decade [25,26] and Piraeus is not an exception, with recent research reporting
excessive nighttime aerosol levels in winter [23]. Several studies examined the variability
of regulatory pollutants in Piraeus over the years, recognizing the area as one of the most
heavily impacted by particle pollution in the GAA [24,27,28]. However, information on the
chemical composition and aerosol sources in Piraeus is very limited and outdated [29,30].

In general, there are numerous studies on the chemical characterization and source
apportionment of fine aerosols in port areas using offline filter sampling [31-33]. Their
results are useful for determining aerosol types and source contributions on a long-term
basis, but do not often provide detailed information on emission patterns of sources that
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induce short-term variations, and this limits their applicability in designing intervention
policies. Online chemical composition measurements (coupled with source apportionment
in high resolution) can address this need, but such results are not abundant in the case
of port cities, especially in the Mediterranean [34,35]. Various studies using aerosol mass
spectrometry near major ports noted the potential effect of shipping emissions. Lu et al. [36]
used an aerosol mass spectrometer (AMS) in the port of Vancouver to identify and char-
acterize the effect of ship plumes, indicating similarities between mass spectra recorded
inland and reference ship stack-exhaust spectra. On the contrary, the source apportionment
study of Dall’Osto et al. [37], near the shipping berths of the port of Cork, Ireland, by
combining data from aerosol time-of-flight mass spectrometry and high-resolution AMS,
reported shipping emissions to be associated with a processed OA component. Schulze
et al. [38] likewise showed that offshore shipping emissions were sensed as oxidized OA at
a receptor site in the Texas Gulf Coast Area near Houston. However, Al Naiema et al. [39],
with the use of high-resolution measurements at the Houston Ship Channel and various
receptor modelling methods, highlighted the diversity of local sources that contributed to
fine aerosols in a major port city, with shipping emissions accounting for a relatively small
OA fraction. In order to discern between fine aerosol impacts from various activities in
a port city, Shah et al. [40] performed mobile AMS measurements in Oakland, verifying
significant source-related diurnal and spatial patterns and highlighting the impact of port-
related vehicle emissions. Overall, it appears that unravelling the contributions of shipping
emissions from those of general fossil-fuel combustion sources is a strenuous task, and
more data from field studies are needed in order to better understand these constraints.
The present study attempts to address the identified knowledge gaps and provides
insights in the temporal variability—at various scales—of major fine aerosol components
and contributions of carbonaceous aerosol sources. Online instrumentation (ACSM and
7-A aethalometer) was installed at a central site, close to the passenger—port terminals,
monitoring during two distinct sampling periods in 2018-2019 (winter—strong residential
heating emissions; summer—increased passenger—port activity). The temporal variability
of the major aerosol components was statistically assessed, also against external tracers and
meteorological parameters. PMF source apportionment was performed on the ACSM or-
ganic spectra to quantify OA components (primary and oxidized). Their temporal patterns
along with those of source-specific BC components were examined and supplemented with
wind and air-mass back-trajectory analysis for the identification of source areas. This is
one of the first studies utilizing aerosol mass spectrometry data for source apportionment
in a major Mediterranean port city. Apart from the results that can guide air quality man-
agement and mitigation scenarios in Piraeus and other port cities in the Mediterranean, the
analysis reveals the complexity and challenges of aerosol chemical characterization and
source apportionment in port areas, and advocates for specialized research on the topic.

2. Study Area and Methods
2.1. Study Area and Measurement Site

The port area of Piraeus (Figure 1a) is found in the southwestern part of the GAA,
on the shore of the Saronic Gulf (Aegean Sea in the Eastern Mediterranean). The area
is bounded to the northwest by Mt. Aegaleo, which separates the Attica basin from the
Thriassion plain. The municipality of Piraeus has a population of 164,000 (~15,000 per
kmz), while the Regional Unit of Piraeus, which includes 4 surrounding municipalities,
hosts 450,000 inhabitants (~9000 km~?2).

The central Piraeus area is developed around the passenger port that serves over
12 million people per annum travelling on coastal and cruise liners. The commercial port
activities are concentrated to the west, mostly around three large container terminals in
the area of Keratsini. A large part of the HDV (heavy-duty vehicles) traffic, carrying
freight between the port and the E75 international roadway that reaches Piraeus to the east,
traverses the city center, and aggravates the already heavy local traffic. Several dockyards
are located further to the west in the area of Perama, while oil tanker traffic is mostly routed
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to the Gulf of Eleusis to the northwest, where two large refineries operate. There are no
major industries in the area of Piraeus but a few secondary industrial installations across
the coast (mainly tank farms) and to the northwest (industrial area of Rentis) [30]. On the
contrary, most of the industrial activity in the GAA is concentrated in the Thriassion Plain,
10-20 km to the northwest of Piraeus [41].

Port of Piraeus
Passenger Terminals

Figure 1. Overview of the Greater Area of Athens (GAA), highlighting the Piraeus port area and also the ancillary

background measurement sites P2 (yellow circle) and THI (green circle) (a); measurement locations (P1—main site, PEI-1—

roadside traffic site) in the center of Piraeus, near the passenger port (b). Source: Google Earth, 6 October 2021.

The area is characterized by a typical Mediterranean climate (mild winters, warm dry
summers), moderated by the coastal environment. The effect of the sea/land breeze system
from the Saronic Gulf cell is present throughout the year, but is far more prevalent in the
summer, with strong onshore flows observed during the day (typically exceeding 6 m
s~ ! around noon), also exhibiting a large vertical extent. This daytime pattern is typically
combined with weak northerlies or calms during the night [42,43]. Strong synoptic-scale
N-NE advections are most frequent during winter over the GAA and blow over day and
night, while in summer, the northern Etesian wind regime often prevails in the daytime.
These northern winds usually contribute to atmospheric clearance and the improvement of
air quality [44], but it is possible that they also transport pollutants to Piraeus from inland
(Attica Basin).

Measurements at the central site in Piraeus (P1, Figure 1b) were conducted during two
season-specific monthly periods: winter (10 December 2018-16 January 2019) and summer
(11 June 2019-9 July 2019). The average temperatures during the two periods were 9.8 and
28.6 °C, respectively, indicating characteristic winter and summer conditions in the GAA.
Online instruments (ACSM and 7-A aethalometer) were placed at the building (1st floor) of
the Athens Metro (Urban Rail Transport S.A., Athens, Greece) terminal station (Figure 1b;
37.9479° N, 23.6429° E, 10 m a.s.1.).

The sampling height was approximately 9 m above ground and the sampling manifold
was at a distance of 1 m from the building fagade. A sampler used for collection of 24 h
filters was placed on the rooftop of the building (~20 m above ground). The site was
expected to be influenced by traffic emissions, being at a distance of 70 m from the coastal
avenue, which is adjacent to the ferry berths. Moreover, due to its central placement at a
shipping and rail transportation hub, the site is also characterized by intense human and
commercial activity.
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2.2. Online Measurements

An aerosol chemical speciation monitor (ACSM, Aerodyne Inc., Billerica, MA, USA)
was used to obtain near-real time (30 min resolution) data on the chemical composition of
non-refractory submicron aerosols (NR-PM;). The instrument sampled at a flow rate of
3.0 Lmin "}, through a PM; sharp-cut cyclone (SCC 1.109, BGI Inc., Waltham, MA, USA).
The incoming air flow was dried using a Nafion membrane dryer placed upstream. The
dryer was operated in purge vacuum mode, where the space between the outer wall of the
Nafion membrane and the dryer enclosure was kept at a pressure below 0.4 atm using a vac-
uum pump, drawing already dried air from the ACSM’s auxiliary flow exhaust. The ACSM
measures concentrations of OA, sulfate, ammonium, nitrate, and chloride, by obtaining
aerosol mass spectra with a quadrupole mass spectrometer, following flash vaporization
and electron impact ionization of aerosol sampled through an aerodynamic focusing lens
(effective particle size range: 40-700 nm) [45]. Concentrations were determined using a
collection efficiency dependent on chemical composition but independent of RH as the
inflow was dried to <60% [46]. The mean CE (dry) was 0.604 £ 0.150% and 0.499 £ 0.102%
in winter and summer, respectively. Since the CE correction in a dried airstream depends
on the ammonium nitrate fraction, the observed seasonal contrast is reasonable in view of
the very low ammonium nitrate levels in summer due to volatilization. The instrument
participated successfully in the second ACTRIS inter-comparison campaign and was found
well within the threshold for satisfactory performance [47]. Further details on the method-
ology, operating procedures, maintenance, calibration and data validation can be found
in Ng et al. [48] and Stavroulas et al. [49], the latter specifically for ACSM measurements
in the GAA during 2013-2017. ACSM concentration outputs were averaged on an hourly
basis (866 hourly values in winter and 484 hourly values in summer, respectively; a lower
data capture rate in summer was due to some interruptions in the power supply of the
instrument).

Black carbon (BC) concentrations were measured at a 1 min resolution using a 7-A
aethalometer (AE33, Magee Scientific, Berkeley, CA, USA) that sampled at an airflow of
5L min~!. The AE33 records light absorption coefficients at seven wavelengths in 370~
950 nm, by measuring the light attenuation through particles deposited on a PTFE-coated
glass-fiber filter tape (Part No. 8060). BC concentrations are calculated at each wavelength
(including at 880 nm for the equivalent concentration referred to as BC) using reference
mass absorption efficiencies (MAE). A dual-spot measurement approach is followed by
the AE33 to compensate internally for the “filter loading” effect [50], while a correction for
multiple scattering, specific for the filter tape material, is also applied [51]. The aethalometer
inflow was not dried, but due to the short tubing used (<1 m indoors) and the PTFE-
coated glass-fiber filter tape that has a low affinity for water vapor, relative humidity
(Figure S1) artifacts were expected to be insignificant [52]. Absorption Angstrom Exponents
(AAE) were calculated in the 370-950 nm range (AAEj37-950). Furthermore, through the
implementation of the “Aethalometer model”, the source-specific BC fractions attributed
to fossil fuel combustion (BC) and biomass burning (BCy,,) were calculated automatically
by the instrument, under the assumptions of constant AAE values for aerosols from fossil
fuel combustion (AAEg = 1) and biomass burning (AAEy, = 2) [53]. Data records with
AAEy70-950 outside the 1-2 range were automatically truncated by the AE33 to 1 and
2, respectively. However, such data were very limited in our dataset (4 hourly values,
0.3% of BC data at P1 for the two periods combined). There are some uncertainties in
considering spectrally independent AAEg and AAE,y, of 1 and 2. While pure black carbon
is considered to be approximated by AAEgc = 1, aging processes involving BC internal
mixing (e.g., lensing effects in core—shell mixing) can lead to increased AAE [54], while
such an increase is also possible due to the presence of brown carbon particles from fossil
fuel combustion [55]. There are also studies examining the stability of the AAE,;, = 2
assumptions, with varying results [56]. While it is fairly common to present the AE33 BB%
estimates “as is”, these uncertainties should be kept in mind (a detailed discussion can
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be found in [57]). All data deriving from aethalometer measurements were subsequently
averaged hourly (887 and 652 values in winter and summer, respectively).

2.3. Offline Measurements and Auxiliary Data

Chemical composition measurements were performed, in parallel with online mea-
surements, on PM, 5 quartz-fiber filters collected every day (midnight-to-midnight), using a
reference-equivalent low-volume sampler (Derenda LVS-PNS-15; Comde-Derenda, Stahns-
dorf, DE, USA). Organic and elemental carbon (OC and EC) were quantified from filter
punches using a thermal/optical Sunset carbon analyzer (Sunset Laboratories Inc., Port-
land, OR, USA), according to the EUSAAR-II protocol [58]. Nanopure water extracts were
analyzed using an ion chromatography system (Dionex DX-500, Thermo Fisher Scientific
Inc., Waltham, MA, USA) for major cations and anions, including sulfate, nitrate, ammao-
nium, and chloride [59]. The results from filter-based analyses were used to assess the
quality of ACSM measurements for OA and major ions. The covariance between EC and
BC was also explored.

Additional data on hourly concentrations of regulatory pollutants (nitrogen oxides,
sulfur dioxide, benzene, ozone, PM; 5, as well as CO that was available only in the summer
period) were obtained from a monitoring site (PEI-1) of the National Air Pollution Moni-
toring Network, 400 m to the southeast (37.9447° N, 23.6452° E, 4 m a.s.l.). This roadside
traffic site is known to have recorded some of the highest levels of traffic-related pollutants
in the GAA over the years [27]. Meteorological data (temperature, relative humidity, wind
speed-direction) were also monitored at a nearby station (2 km to the south) in central
Piraeus.

AE33 measurements (including BC¢, BCy, estimates) were also available for the same
periods at the National Observatory of Athens (NOA) Thissio urban background monitor-
ing site (THI, green marker in Figure 1a) in central Athens (37.9732° N, 23.7180° E, 105 m
a.s.l.), and were used to assess the spatial homogeneity of levels. Details on AE33 long-term
measurements at THI can be found elsewhere [26,57]. Moreover, BC concentrations were
measured at a secondary background location in the area of Piraeus (P2, yellow marker in
Figure 1a) using a Multi-Angle Absorption Photometer (MAAP, Thermo Fisher Scientific
Inc., Waltham, MA, USA), installed in the NOA mobile air quality monitoring station. The
station’s location was 2.1 km to the west of P1 (37.9461° N, 23.6191° E, 21 m a.s.l.) and
can be considered representative of background conditions in the port area, as it is at least
200 m away from major roads and residential blocks, and also upwind of passenger-port
emissions. The MAAP sampled at 16.7 L min~! through a PM, 5 inlet (at a sampling height
of 5 m), determining equivalent BC concentrations at 637 nm. The agreement of MAAP
measurements (637 nm) with those of a collocated AE33 (at the nearest wavelength: 660 nm)
was demonstrated previously at THI, with r? > 0.75 and slope close to unity (1.15) [26].
Such differences in BC estimates from the MAAP and multi-wavelength aethalometers
were occasionally reported [60], mainly due to the different way of multiple scattering
compensation (by measurement in the MAAP and using a C coefficient in aethalometers)
and also because there is no correction for filter loading in MAAP data. These differences
tend to become significant for high BC concentrations (e.g., >9 ug m~3) where the MAAP
response is no longer linear [61]. In view of this, we excluded MAAP values higher than
9 ug m~3 from our analysis (36 hourly values in total, observed only in winter). The MAAP
measurements at P2 were compared with those at P1 (BCggpnm) to establish the “urban”
enhancement of BC concentrations in Piraeus (ABCu). It should be noted that in case of an
AE33/MAAP slope of 1.15 as mentioned above, mean ABCu calculations could have an
uncertainty in the area of 20% in both winter and summer periods.

The impact of wind circulation and transport from sources at the local/medium
spatial scale was assessed using bivariate polar and annular (assessment of the diurnal
variability) wind plots, as well as wind plots for the conditional probability function (CPF)
that a fractional source contribution associated with specific wind vectors would exceed
a predefined percentile threshold [62,63]. To assess the impact of remote sources and
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long-range transport, five-day air mass back-trajectories, arriving in Piraeus at 750 m every
one hour, were computed using the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model [64] and GDAS (Global Data Assimilation System) meteorological data
fields at a 1° resolution. The PSCF (Potential Source Contribution Function) [65] technique
was implemented to assess the origins of chemical components and source contributions
for which a regional influence was expected, using the Zefir software [66] developed for
the Igor Pro data analysis suite (Wavemetrics Inc, Portland, OR, USA).

2.4. Source Apportionment of Organic Aerosol

The mass spectra acquired by the ACSM for the organic fraction of submicron aerosol
were analyzed in order to distinguish between different OA sources and formation pro-
cesses, using Positive Matrix Factorization (PMF). In this context, the multilinear engine
algorithm (ME-2) [67] was used, as implemented in the SoFi 6.1 (Datalystica Ltd., Villi-
gen, Switzerland) package [68] that runs within Igor Pro. The PMF bilinear model is a
factor-analytic, data reduction approach that also includes non-negativity constrains in
its matrices and utilizes measurement uncertainties in its solution. Through PMF, the
measured OA time series can be represented as a linear combination of static mass spectra
(factor profiles—FPs) and time series of respective factor contributions. A more detailed
theoretical overview of the PMF model can be found in Section S1.1 in the Supplementary
Materials. Variables up to m/z = 125 were retained in the PMF analysis. Variables with a
low signal-to-noise ratio or duplicates due to the fragmentation table settings [69] and their
respective errors were treated to downweigh their contribution to the PMF solutions [70].

In this study, an OA source apportionment strategy similar to the one described by
Stavroulas et al. [49] was adopted, based on the guidelines proposed in previous studies [71]
and adapted accordingly to the specifics of the examined site. In brief, PMF was initially
performed for a range of 3 to 8 factors without any constrains to the factor profiles (FP),
thus acquiring a first estimate on the number of primary and secondary factors potentially
present in the dataset. Subsequently, constrains were introduced, implementing the a-value
approach [68] to the primary organic aerosol (POA) factors. A detailed description of
the applied PMF strategy can be found in Section S1.2 (Figures S2-S5, Table S1) in the
Supplementary Materials. In brief, first the traffic-related hydrocarbon-like organic aerosol
(HOA) factor was constrained tightly (0.02 < a < 0.2). Since no evidence of a cooking organic
aerosol (COA) factor could be identified (see scatterplot of f55 vs. f57 and discussion in
Figure S3), only a biomass-burning organic aerosol (BBOA) factor was constrained as a
next step for the winter dataset, applying less strict a-values (0.2 < a < 0.6). For the summer
dataset, a constrain was applied only for the HOA factor. No BBOA factor was identified
in summer since the f¢y contribution was mostly below 0.3% [72], with the few points
above this threshold mostly associated with signal-to-noise ratios below 2. The rest of
resulting factors in both seasons, including secondary organic aerosol (SOA), were left
unconstrained. All abbreviations used in the text are gathered in Table S2 at the end of the
Supplementary Materials.

The quality of model outputs (FPs and respective time series) was assessed by ex-
ploring performance metrics, e.g., solutions minimizing the Q/Qexp ratio while limiting
the magnitude and/or temporal structures in model residuals. Environmentally sound
model solutions were determined by comparing resulting FPs to spectra found in the
literature [71,73-75]. The optimum combination of a-values applied, was determined
by investigating the correlation between factor contributions and other source-specific
tracers [76].

3. Results and Discussion
3.1. Comparison of ACSM Data with Filter-Based Analyses

Scatterplots between daily-averaged online and offline measurements (and also the
respective daily time series), for the two campaigns combined, are presented in Figure S6.
The results displayed a very good agreement for sulfate and nitrate (r*: 0.84 and 0.80,
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respectively) between the two methods (this was also valid for ammonium ions, but not for
chloride due to the differences between the very fine non-refractory ammonium chloride
measured by the ACSM and the coarser sodium chloride that participated in the PM; 5
fraction). A very good correlation (> = 0.80) was also found between OA and OC, with a
slope of 1.63. It is expected that the actual OA concentrations in PM, 5 would be slightly
higher than those measured by the ACSM due to the small amount of organic particles
concentrated in the intermodal range [77]. However, the obtained slope is rather indicative
for OA/OC ratios (1.4-1.8), being reported for traffic-impacted urban sites [78]. Black and
elemental carbon daily average concentrations at P1 also correlated strongly (+* = 0.79),
although BC recorded higher concentrations, possibly due to a contribution of non-EC light-
absorbing particles, inadequate compensation for multi-scattering effects and a somewhat
different mass absorption cross-section for aerosols in Piraeus compared to the default
value used by the aethalometer [26,79].

3.2. Composition of Submicron Aerosol and Black Carbon
3.2.1. Winter Period

Descriptive statistics for the main species are presented in Table 1. Mean diurnal cycles
and time series of hourly concentration values are shown in Figures 2 and 3, respectively.
The mean wintertime PM; concentration, calculated as the sum of ACSM components plus
BC [80], was 22.8 pg m 3. These concentrations were comparable and well-correlated with
PM, 5 measured concurrently at the PEI-1 traffic site (21.6 ug m 3, 2 = 0.88), indicating that
local anthropogenic sources drove a substantial part of the variability at P1. Daily mean
concentrations exceeded 25 g m 2 (the WHO short-term guideline for fine particles) on
39% of the days in winter, with a maximum of 47 pg m 3 (including a nighttime 130 pg m~3
hourly value), highlighting the severity of short-term exposure in the center of Piraeus.

Table 1. Descriptive statistics (arithmetic mean and min.-max. range in parentheses) for concentrations of ACSM non-
refractory species, BC and its source-specific components, and PMj, in Piraeus. All values in pg m3. Day and night periods
were defined as 06:00-18:00 and 18:00-06:00, respectively. The winter and summer measurement periods were 10 December
2018-16 January 2019 and 11 June-9 July 2019, respectively.

Total

Day

Night

Weekday

Weekend

Winter

OM
S042-
NO3;™
NH,*

Cl~

BC

BCy
BCpp

PM;

13.88 (0.41-89.56)
2.48 (0.01-9.19)
1.40 (0.01-7.97)
0.92 (0.14-4.56)
0.28 (0.01-6.13)

3.72 (0.17-28.52)

2.43 (0.01-18.63)

1.28 (0.01-13.65)
22.75 (1.11-130.69)

12.21 (1.10-58.90)
2.33 (0.01-7.14)
1.19 (0.01-5.92)
0.83 (0.14-3.74)
0.21 (0.01-4.07)

2.96 (0.32-17.24)

2.31 (0.22-13.92)
0.65 (0.04-3.56)

19.76 (2.28-78.51)

15.57 (0.41-89.56)
2.63 (0.11-9.19)
1.62 (0.01-7.97)
1.02 (0.14-4.56)
0.35 (0.01-6.13)

447 (0.17-28.52)
2.56 (0.01-18.63)
1.91 (0.01-13.65)

25.76 (1.11-130.69)

14.30 (0.41-89.56)
2,51 (0.01-9.19)
1.44 (0.01-7.97)
0.94 (0.14-4.46)
0.29 (0.01-6.13)

3.73 (0.17-28.47)

2.48 (0.16-18.63)

1.25 (0.01-13.38)
23.29 (1.11-126.19)

12.80 (1.10-88.03)
2.40 (0.01-7.60)
1.31 (0.05-7.00)
0.88 (0.14-4.56)
0.26 (0.01-4.49)

3.66 (0.34-28.52)

2.30 (0.01-15.49)

1.36 (0.01-13.65)
21.33 (2.28-130.69)

Summer

OM
80427
NO3;~
NH,*

Cl~

BC

BCy
BCpp

PM;

7.14 (1.70-15.94)
3.32(0.13-10.91)
0.46 (0.04-1.69)
1.20 (0.14-3.82)
0.03 (0.01-0.21)
2.81 (0.28-11.82)
2.45 (0.04-10.39)
0.36 (0.01-1.90)
14.78 (3.37-34.11)

7.11 (1.70-15.94)
3.29 (0.13-10.91)
0.52 (0.04-1.69)
1.22 (0.14-3.82)
0.04 (0.01-0.21)
2.88 (0.39-11.82)
2,51 (0.04-10.39)
0.37 (0.01-1.90)
14.69 (3.37-34.11)

7.16 (1.71-15.25)
3.35 (0.68-8.50)
0.41 (0.05-1.32)
1.18 (0.14-3.29)
0.02 (0.01-0.10)
2.74 (0.28-11.71)
2.39 (0.14-10.36)
0.35 (0.01-1.86)
14.84 (3.62-29.33)

7.63 (1.70-15.94)
3.47 (0.13-10.91)
0.51 (0.04-1.69)
1.26 (0.14-3.82)
0.03 (0.01-0.21)
3.10 (0.37-11.82)
2.71 (0.04-10.39)
0.40 (0.01-1.90)
16.02 (3.72-34.11)

6.15 (1.74-14.67)
2.95 (0.68-9.75)
0.33 (0.05-1.22)
1.04 (0.14-3.14)
0.02 (0.01-0.06)

2.05 (0.28-11.71)
1.79 (0.23-10.36)
0.26 (0.03-1.35)

12.26 (3.37-29.33)
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OA was the dominant component in wintertime, averaging 13.9 ug m 3 and con-
tributing 61% to the estimated PM; mass. The mean contribution was comparable to those
reported for successive winter periods during 20132017 at the urban background THI
site (from 65% in winter 2013-2014 to 56% in winter 2016-2017) [49], implying that it is
not only vehicular traffic and port activity that regulates the excessive wintertime OA
concentrations in Piraeus (reaching 90 pg m~3 on an hourly basis).

It is evident from the diurnal cycle of OA (Figure 2a) that its nocturnal levels were
greatly enhanced, with peak hourly mean values recorded in the 23:00-3:00 timeframe.
This is attributed to residential heating emissions coupled with the shallow wintertime
boundary layer and low-wind conditions. The high wintertime levels of OA in Piraeus
definitely exceed those reported at European and North American urban sites (e.g., Helsinki
and Atlanta) [81,82], even where biomass burning was recognized as a major source [83].
Although period mean concentrations are lower compared to Chinese megacities such as
Beijing and Nanjing [84,85], their observed peaks during extreme haze episodes are in the
same order of magnitude as the maxima in Piraeus.

The diurnal cycle of OA was bimodal, which is not commonly observed even at urban
sites, and differed from the unimodal cycle (nighttime maxima) recorded at the urban
background THI site in past winters [49]. However, a similar bimodal cycle was observed
for online OC measurements during the cold period at a traffic site in central Athens [86].
Comparing the OA diurnal profile to those of source-specific BC components (Figure 2a), it
can be seen that BCy, also reached a maximum in the same evening timeframe, highlighting
the impact of RWB emissions on OA levels. For the verification, OA was excellently
correlated (correlation matrices provided in Figures S7-S9) with BCy, (* = 0.91, slope:
6.20) during the night hours (18:00-6:00). It is noteworthy that very increased short-term
OA levels with peak concentrations exceeding 50 pg m~3 were seen on six occasions, all
nighttime episodes characterized by high BCyy, contributions (Figure 3a).

Conversely, BC presented a typical traffic-related bimodal cycle, with levels peaking
during morning and evening rush-hours. The latter peak was observed at 20:00, with
concentrations decreasing afterwards [87], probably negating a significant impact from the
residential use of heating oil. The BC¢ morning traffic peak was registered at 8:00, with
levels starting to escalate from 5:00, indicative of commercial HDV traffic activity [88] in
the port area. While OA also presented a daytime maximum, its time of appearance was
less consistent on a day-to-day basis, depending on the intensity of local sources [89] and
suggested that the daytime OA source attribution should be more complex.

BC was a significant contributor to PM; mass in winter (16%) as it originated from a
combination of car traffic, port-related and RWB sources, with its levels largely enhanced
(51%) during the night hours (18:00-6:00). The wintertime BC contribution to fine aerosol
was higher than that observed at THI in Athens (11%) [26] and comparable to values
reported for polluted Asian megacities, such as Delhi (15% for BC/PM;5) [90]. The
observed levels, with a mean of 3.7 pg m~3 and hourly maxima approaching 30 g m~3
were among the highest observed in European cities [91,92]. The mean concentration was
significantly higher (33%, p < 0.01) than at THI (2.8 ug m~3). The average BB% fraction
(BCpp /BC) was 34% and comparable with findings at other urban sites affected by RWB [93].
Most of the peak BC hourly values exceeding 15 g m~2 were associated with high BCy,
(Figure 3a). The average BC fractionation presented similarities with results from AE33
measurements (mean BB%: 32%) in successive winters at THI [26], although nighttime
mean BB% contributions were relatively lower at P1. Despite being comparable to the THI
BCyy, levels, the points in the diurnal cycle of the BB% fraction at P1 did not exceed 45% at
nighttime, in contrast to Athens, thus denoting a substantial BC¢ contribution throughout
the day in Piraeus.
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Figure 2. Mean diurnal cycles of the major submicron aerosol components (OA and ions from the ACSM, BCg and BCyy,

from the aethalometer) for the winter (a) and summer (b) measurement periods.

The effect of different BC sources was reflected by the diurnal cycles of the source-
specific BC components but also by their wind-dependence (polar and annular plots in
Figures S10 and S11). BCy}, concentrations maximized during the night, under stagnant
conditions or low winds [18,25,49] from the urban area inland, indicating the impact of
local nighttime emissions. While this pattern was repeated to a certain extent for BCy, there
was also an enhancement for winds from the port sector, related to vehicular and shipping
emissions. This pattern can be more readily understood by the comparison with wind
plots of NOx (enhancement for low winds of the northeast sector, twice a day) and SO, (an
indicator of shipping emissions, presenting large enhancements for flows from the port
sector to the west, which intensify around midday [94]). The patterns observed for BCg
and NOy, with wind-dependence indicative of traffic, port activity and residential heating,
were reproduced also by OA [35].

BC concentrations at P1 were compared to those concurrently measured at the back-
ground location P2 to provide an estimate of the urban enhancement in Piraeus (ABC,),
which was expected to be mainly related with traffic and emissions around the passenger
port [95]. Indeed, the calculated ABC, parameter (BCggonm at P1 minus BCgz7nm at P2) was
strongly correlated with BC at P1 (r?> = 0.77), which in turn was directly associated with
NOx (r*> = 0.74). The average ABC, enhancement was substantial (1.7 tg m 3, 45% of mean
BC at P1) but, at the same time, indicative of a strong BC background, most likely driven by
residential and shipping emissions in the wider area of Piraeus, including the commercial
port sector. The BCy, component was less strongly correlated with ABC, (r*> = 0.50), but, on
the contrary, presented a high correlation (r? = 0.79) and similar mean levels (~1.3 ug m~3)
with BCyy, recorded concurrently at THI in central Athens. This result is markedly different
from the findings of studies in Europe and North America, which, when assessing the spa-
tial variability of BCyy, tended to report much higher BCy,}, concentrations at background
sites, as opposed to downtown urban locations [96,97]. This spatial uniformity observed
between different parts of the GAA indicates the magnitude of the wintertime RWB issue
and carries important implications for population exposure [98]. Moreover, these intense
residential emissions enhance the importance of BC as a parameter of climatic relevance
due to atmospheric heating [99]. The mean winter AAE3yp_959 at P1 was 1.43 (ranging in
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0.85-2.08) with a characteristic day/night pattern, as it increased from 1.35 in daytime to
1.52 in nighttime due to the abundance of aerosols produced by biomass burning (black
and brown carbon), which absorb strongly at shorter wavelengths [57].

Regarding the major inorganic species, SO42~ contributed 11% to PM;, NO3~ 6%,
NHj* 4% and C1™ also had a minor contribution (1%). The diurnal cycle of sulfate displayed
minimal variability (2.1-2.9 pg m~3), in agreement with its regional character, which was
extensively documented in the GAA [18,77,100]. The mean sulfate concentration at P1
(2.5 ug m~3) was similar to mean values recorded in previous winters at THI (2.2-2.6 ug
m~3) [49]. Apart from the expected association with the ammonium ion (r* = 0.72), its
correlation with other aerosols and gaseous parameters was moderate-to-low, irrespective
of source-related wind sectors, indicating a minor impact from local sources. Sulfate
concentrations were unrelated to SO, measured at PEI-1, and while the NOy /SO, ratio
at PEI-1 decreased significantly when examining data for winds of the S-W sector (port),
a fact indicative of shipping emissions of sulfur oxides, sulfate levels did not present
an analogous increase but instead decreased by 24%, respective to the mean. Moreover,
there were no correlation patterns with relative humidity, which have been reported as
indicative of the local-scale formation of sulfate in port-industrial areas through short-term
heterogeneous processes [101]. Overall, the present observations are indicative of sulfate in
the cold period of the year being mainly associated with northern synoptic scale winds
that transport aerosols from continental Greece, the Balkans and Eastern Europe [100], as
can be observed in the PSCF plot of Figure S12a. Accordingly, the wind plots of Figures
510 and S11 show a dispersal of mid-to-high levels of sulfate for winds from the northern
sector. A characteristic buildup of sulfate levels can be seen during 19-21 December (80%
higher compared to the winter mean), a period when moderate, constant winds from N-NE
directions were observed (Figure 3a). As SO; levels did not record any increase during this
time, this pattern can indicate the transport of rather processed aerosols.

In contrast to sulfate, nitrate produced a bimodal diurnal cycle in winter [85,102].
While the nighttime peak is known to be related to the fast processing of BB emissions [25,49],
the morning peak trailed that of BCg by two hours and was much more distinct than the
small morning hump observed at THI in the past [49]. This provides an indication of
local nitrate production through the fast atmospheric conversion of NOx emissions, most
likely co-emitted with ammonia by vehicles [35], in the cool winter conditions that prevent
evaporative losses [103]. Nitrate was correlated well with the ammonium ion (* = 0.62),
with BCy, especially in nighttime (r?> = 0.69; Figure S8b) and more modestly with BC¢ and
NOx during the daytime (r?: 0.36, 0.37, respectively; Figure S8a). In contrast to what was
observed for OA and sulfate, nitrate mean levels in Piraeus were similar or lower compared
to urban sites in Central/Northern Europe, probably due to the lower temperatures and
the more abundant ammonia emissions facilitating the neutralization of nitric acid, in the
latter case [104]. Chloride levels were low in terms of median value (0.1 pg m~3), but were
inflated as an average (0.2 g m~2) by the presence of some conspicuous nocturnal events,
associated with intense BB and stagnant conditions or weak winds from NE directions.
Hence, chloride presented a substantial correlation (2 = 0.43) with BCy}, The correlation
with ammonium (72 = 0.51), mostly driven by late-night to early-morning peaks for both
species, as also indicated by the maxima in their diurnal variation (Figure 2a), points to
NH4Cl condensing to the particulate phase [105], favored by elevated RH and decreased
acidity during the night [106]. As can be seen in Figure 3a, all of these high ammonium
and chloride values (observed mainly on 24 and 29 December, and 9 January) were present
in the context of nighttime BB episodes that were prolonged for several hours until the
early morning.
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Figure 3. Time series of hourly ACSM (non-refractory OA and major inorganic ions) and AE-33 (BC
components) measurements for the winter (a) and summer (b) periods.

3.2.2. Summer Period

The estimated mean PM; concentration in summer (14.8 pg m~>) was significantly
reduced compared to winter (35% reduction, p < 0.01), with daily and hourly maxima of
26 and 34 pg m~3, respectively. These levels indicate an absence of important air quality
events and generally improved conditions compared to winter, linked to the deactivation
of the residential heating source and the enhanced summertime aerosol dispersion [107].
PM; levels at P1 were significantly (p < 0.01) lower compared to PM, 5 at the PEI-1 roadside
traffic site, where a mean of 17.4 ug m~3 was recorded.

OA remained the dominant PM; component (48% on average), but was likewise char-
acterized by a lower mean concentration compared to winter (7.1 ug m~3, 49% reduction)
and limited short-term variability (with an hourly maximum of 16 ug m~—3). However,
these levels were substantially higher than those reported at the urban background THI site
in Athens during past summers (5.4 ug m~3) [49], justifying a measurable input from local
sources. The summertime diurnal cycle of OA (Figure 2b) was mostly flat [35,81], with
hourly means varying between 6-8 j1g m~2 and only a minor hump around the morning
rush hour (this was also present in the mean weekday cycle, but not at weekends). This
variability pattern is attributed to the combination of local sources with photochemically
formed and regionally transported organic particles, since the summertime levels of the
latter in the GAA are known to peak during midday and afternoon [108]. As a result,
the OA correlation with BCg was weaker than in winter (r2 = 0.17, improving to 0.38 for
daytime-only data; Figure S9a). A similar seasonal pattern between organic aerosols and
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primary elemental or black carbon is often observed due to the photochemical formation of
secondary organics [109,110]. However, weekday OA levels here were still higher than at
weekends (24%, p < 0.01), indicating the substantial effect of primary sources. On the other
hand, OA was more closely associated with sulfate (2 = 0.58), which supports the elevated
baseline and limited variation in its diurnal cycle. The OA wind plots (Figures S13 and
S14) were markedly different compared to winter, with enhanced concentrations linked to
S-SW flows throughout the day, suggesting the influence of sea breeze circulation [111].

Mean BC levels, while contributing 19% to PM;, were reduced compared to winter
(2.8 against 3.7 ug m~3, p <0.01, 19% of PM); however, this is attributed to the large decline
in the BCy}, component (72%, p < 0.01), which, in the absence of local RWB, registered an
average of 0.4 ug m~>. Such low BCy, levels are comparable with regional background
levels in the Eastern Mediterranean that are mostly related with long-range transported
smoke from agricultural burning and wildfires [112]. Conversely, summertime BCy; levels
matched those in winter (2.4 ug m~3), in spite of improved dispersion conditions, high-
lighting the enhancement of port-related BC emissions (traffic and shipping). This comes
in contrast to the seasonal pattern at THI, where BCy; levels declined significantly (20%,
p < 0.01). Such seasonal homogeneity is not frequently observed for BC¢ in European
cities [113], but can be occasionally seen at traffic sites [114] and sites in port areas [35].

While the mean diurnal BC cycle was unimodal, with a prominent morning traffic
peak (a pattern present mostly during weekdays, when BCy increased by 51% on average),
the baseline remained high during midday (2.1 pg m~=3 in 10:00-18:00 against 1.9 pg m 3
in winter), notwithstanding the large development of the mixing layer in this timeframe.
It is indicative that the mean BC¢ concentration was largely enhanced (4.0 g m~3) for
data corresponding to S-W wind directions (port sector). The wind plots (Figures S13 and
S14) for BC in summer show a much more distinct impact from the port area compared to
winter, that intensified in the morning rush hour and persisted throughout the day. It can
be argued that the activity in the port (including both shipping and vehicular emissions) is
more important for defining BCy levels in summer, judging from the clear S-SW effect to
SO; (shipping emission indicator) and NOy (general combustion indicator, strongly related
to diesel emissions), against the local roadside influence observed for CO (indicator mostly
of gasoline vehicle emissions in summer [115]). A very similar BC wind-dependence,
indicative of emissions from the port sector, was observed in Civitavecchia, Italy, another
major passenger port in the Mediterranean [116]. On the contrary, a period of low BCy
concentrations can be observed during 25 June-1 July (Figure S3b), when the Etesian wind
regime prevailed, with strong (53% enhanced compared to the period mean) winds of the
northern sector blowing throughout the day and sweeping port emissions away from the
measurement site.

The inter-site BC correlation between the P1 (BCgonm) and the P2 background site
in Piraeus (BCg37nm) was greatly reduced (1 =0.29) compared to winter (2 = 0.78) when
RWB leveraged the spatial uniformity. Similarly, there was a decrease in the correlation of
BC between P1 and THI (* = 0.30 vs. 0.63 in winter), reflecting the effect of local emissions
around the port. The average enhancement at P1 compared to P2 (ABCu) was slightly
lower in summer and correlated less strongly with BCg (r* = 0.61), also suggesting the
substantial impact of port activities at the background site. The absence of RWB emissions
also led to lower mean AAEz7_959 values in summer (1.22, ranging from 0.86 to 2.46) than
in winter, with limited diurnal and weekend-weekday variability [117].

Sulfate doubled its average contribution to PM; in summer (3.3 ug m~3, 22%). It cor-
related excellently with ammonium (r* = 0.93), with a mean sulfate/ammonium ratio of
2.81, which suggested a high degree of neutralization similar to ammonium sulfate and,
most likely, less acidic aerosol compared to winter (as indicated by the ACSM ion balance
when examining NH; " neutralization) [30,118]. The diurnal variation of sulfate presented
the typical post-noon enhancement that extended to a plateau until the evening. While this
pattern has been linked to the vertical mixing of regionally transported ammonium sulfate
in parallel with the evolution of the mixing layer (this regional influence for the upper 25th
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percentile of concentrations can be seen in the PSCF plot of Figure S12b), the wind plots also
displayed an increase for stronger winds from the SE-SW and NW sectors (Figures 513 and
S14). This might provide an indication of converted primary SO, from shipping emissions
in the Saronic and Eleusis Gulfs. When calculating the particulate S to the total S ratio
(Sp/S: sulfate to the sum of sulfate and SO,; concentrations in ugS m~3), a large increment
compared to winter was observed (0.26 vs. 0.09), which can be thought of as indicative of
the gas-to-particle conversion of SOx originating from heavy oil combustion [30,101]. The
ratio increased for higher relative humidity values (0.35 for RH > 70%) and its diurnal cycle
showed an enhancement in the afternoon to evening hours (16:00-20:00), which, compared
to time of the wind-related enhancement of SO, around noon, allows for several hours to
facilitate the conversion. A period with elevated sulfate concentrations (by 61% compared
to the summer mean) can be seen on 19-22 June (Figure S3b), with an increased S;, /S ratio
of 0.37, under very low winds (mean speed <1 m sfl), mainly from the SE-SW.

Concentrations of nitrate and chloride were very low (averages of 0.46 and 0.03 ug m~3,
respectively), consistent with their depletion under warm conditions [119]. Therefore, both
ions recorded their highest levels in post-midnight and early morning hours. Nitrate levels
showed an increase in 18-22 June (Figure S3b), a period when increased sulfate from local
processing was also suspected, and may be related with oxidative conditions favorable
for the production of secondary ions. This is also indicative of O3 concentrations at PEI-1
in this period that were elevated by 13% against the period mean, which, considering the
type of the measurement site (roadside traffic), is substantial.

3.3. Sources of Organic Aerosol
3.3.1. Winter Period

A five factor solution was extracted from the PMF analysis on winter data. The five
OA components were characterized as hydrocarbon-like OA (two components: HOA-1
and HOA-2), biomass-burning OA (BBOA), less-oxidized oxygenated OA (LO-OOA) and
more-oxidized oxygenated OA (MO-OAA). The solution was repeatable, with a limited
variability of factor profiles between different runs, while modeled OA (i.e., the sum of
all deconvolved factors) correlated excellently with measured OA (Table S1). HOA-1 and
BBOA were constrained factors while the remaining three emerged from the solution,
presenting distinct spectral characteristics, degrees of oxidation and temporal patterns. The
source profiles for winter are presented in Figure 4a (Figure 4b shows the source profiles
for summer; see Section 3.3.2). Furthermore, diurnal cycles of OA components are shown
in Figure 5, average contributions in Figure 6 and time series of contributions in Figure S15.

HOA-1: The source profile of HOA-1 was constrained according to the HOA profile
determined by measurements and PMF analysis in Paris [73] and was dominated by
fragments related to the non-oxygenated alkane/alkene series (m/z: 27, 29, 41, 43, 55, 57,
... ). The HOA-1 profile was excellently correlated with traffic-related HOA factors found
previously in studies in the GAA and other cities (Figure S16a). The concentrations of HOA-
1 correlated highly with BCg at P1 (#? = 0.63) and also substantially with NOy (72 = 0.43)
(Figure S7a) and benzene (r? = 0.42) at the PEI-1 roadside station, indicating its association
with vehicular traffic. The absence of a significant weekday/weekend pattern is interesting
(mean concentration higher by 4% on weekdays, p > 0.05) and possibly suggests the impact
of local emissions in the vicinity of the site, which, being downtown, experiences substantial
traffic even at weekends, and especially during the nights of the late-December holiday
period. When examining this contrast separately for daytime/nighttime, it appears that
in the daytime (06:00-18:00) HOA-1 concentrations were indeed higher during weekdays
(36%, p < 0.01), while for nighttime data (18:00-6:00), HOA-1 weekend concentrations
were higher (24%) but not significant (p > 0.05). This combined weekday/weekend and
day/night variability pattern for HOA was also observed at an urban site in Beijing during
winter [84]. The overall diurnal cycle of HOA-1 concentrations was bimodal (Figure 5a),
with a morning rush hour peak at 10:00, similar to the one of BCg, and a nighttime plateau
(21:00-02:00), the latter characteristic of evening traffic emissions in the stable nocturnal
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boundary layer. The CPF polar plot (Figure S18) for fractional contributions of HOA-1
(75th percentile) indicates a large enhancement for weak-to-moderate winds from the S-SW
sector, representing the impact of traffic in the Piraeus central and coastal roads, as well as
a possible input of shipping emissions at the passenger port. The factor contributed 12%
(1.7 ug m~3) of the total OA in winter (Figure 6a), with a daily maximum of 4.6 nug m~3.
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Figure 4. Mass spectra of PMF factors (FP: factor profiles) resolved from (a) winter (December-January) and (b) summer

(June-July) OA measurements in Piraeus.

HOA-2: While the profiles of HOA-2 and HOA-1 had similar main features (i.e.,
primary hydrocarbon fragments), the former appears to be slightly more oxidized, with
relatively enhanced contributions at m/z 44 and 18, most likely suggesting a longer atmo-
spheric residence time compared to the more local HOA-1. Moreover, the contributions
at m/z 55, 57, with respect to m/z 41, 43, were lower when compared to the HOA-1 profile,
a feature that was related to container ship exhaust plumes [120]. Correlations with BCg
and other primary gases for HOA-2 were lower than for HOA-1. However, HOA-2 was
better correlated than HOA-1 with LO-OOA (r%: 0.64 vs. 0.46) during daytime, supporting
a certain degree of processing. Its concentrations were significantly higher during daytime
(110%, p < 0.01) and weekdays (43%, p < 0.01), still indicative of anthropogenic activity in
the medium spatial scale. The morning maximum of HOA-2 concentrations trailed the
respective cycle of HOA-1 by 2 h; however, there was no nighttime peak. It can be argued
that this pattern is linked to local atmospheric circulation that transports aerosols from
the wider port area to the center or Piraeus, as western onshore flows intensify at mid-
day. Examining the CPF plot (Figure S18) of fractional HOA-2 contributions, the highest
probabilities of exceeding the 75% percentile were associated with relatively strong winds
from W-NW directions, implying an impact from the commercial sector of the port, as
well as from shipping/industrial activity in the Gulf of Eleusis and the Thriassion Plain
(Figure 1a) [24,121]. The mean contribution of HOA-2 to OA was 18% (2.5 pg m~3), with a
daily peak concentration of 5.4 g m~3, while its mean contribution was the highest among
components for winds of the SW-NW sector (28%). The combined fraction of the two
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HOA components was 30% (Figure 6a), which is a large fossil fuel combustion contribution
compared to other urban locations [122-125], but nevertheless reasonable, considering the
central placement of the site in a particle pollution hotspot.
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Figure 5. Average diurnal cycles and respective hourly average fractional contributions, identified by PMF analysis for OA

components in Piraeus in the winter (a) and summer (b) periods.

BBOA: The characterization of the BBOA component, that was constrained based on
the respective profile from the meta-analysis of Ng et al. [74], was straightforward, with the
mass spectrum being characterized by the presence of the fingerprint ions at m/z 60 and 73,
which derive from the fragmentation of pyrolytical products of cellulose [126]. The factor
profile of BBOA was quite similar to factors obtained for OA in the GAA in previous studies
and elsewhere (Figure 516b), although not at the level observed for HOA-1, as expected
by the differences in burning conditions, atmospheric residence time and proximity to the
source. BBOA concentrations were excellently correlated with BCyy, (2 = 0.88); therefore,
a similar diurnal cycle was presented, with a nocturnal enhancement of concentrations
in 23:00-2:00 [68]. This factor was also correlated with nitrate (2 = 0.69) and chloride
(r? = 0.57) (Figure S7a). Fresh BB smoke is known to produce compounds such as KCI
and KNOj [125] that can also interact with co-emitted ammonia to form the ammonium
compounds detected by the ACSM [127]. Nighttime mean concentrations were more than
three times higher (3.7 vs. 1.2 ug m~3) but the weekday-weekend variability was not
significant (mean concentrations higher by 6% at weekends, p > 0.05), This most likely
verifies the constant use of biomass for space heating, and not recreational purposes, at
weekends, as reported in other cases [83,122]. The CPF plot in Figure S18 validates the
association of the BB source with stagnant conditions or low-to-moderate N-NE winds that
prevail during winter nights and promote either the accumulation of emissions produced
locally or the local transport from residential areas upwind in the GAA [18,25]. BBOA
accounted on average for 17% of OA (2.4 ug m ) in Piraeus during winter (Figure 6a).
Compared to the BBOA mean winter fractions estimated in past winters (2013-2017) at
THI in central Athens (9-12%) [49], the mean contribution in Piraeus appeared enhanced.
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Again, this contrasts with other European metropolitan areas, where BBOA from residential
heating is reportedly higher for urban and suburban background sites rather than for
downtown locations [125]. Unlike HOA-1 and HOA-2, BBOA was more episodic in nature,
registering daily and hourly maximum concentrations of 8.0 and 30.4 g m 3, respectively.
These values were recorded on 9 January 2019 (Figure S15a), with the hourly peak observed
in the early hours of the day, under calm conditions and near-zero temperatures (~2-2.5 °C),
in the aftermath of an uncommon snowstorm impacting the GAA and amplifying space
heating demands.

LO-OOA: The profile of the processed LO-OOA component was characterized by
enhancements in characteristic m/z fragments at 44 and 18, related with decarboxylation and
dehydration of oxygenated ambient aerosols, respectively, while retaining the hydrocarbon
peaks [74]. The source profile presented similarities with those reported for winter periods
in central Athens for semi-volatile OOA linked to oxidized RWB emissions [49,75]. In
fact, the LO-OOA factor correlated (12 = 0.82) with an SV-OOA (semi-volatile OOA) factor
identified for the winter period of 2016-17 at THI, and even more with the SV-OOA
factor identified for the winter of 2015-16 (2 = 0.94) [49]. The spectral characteristics and
temporal variability of the component suggest that it was associated with rapid atmospheric
formation processes. LO-OOA correlated with BCyy, (2: 0.77 for the full winter dataset,
0.82 for nighttime only) while traces of m/z 60, 73 were present in its spectrum, suggesting
that the processing of fresh BB emissions leads to LO-OOA formation in winter [73,83,128].
The diurnal cycle starts escalating in the evening (18:00) and maximizes (0:00) concurrently
with BBOA, likely indicating a very fast oxidation rate [129]. This process was also favored
by the lower nighttime temperatures (Figure S1) that prevent the loss of semi-volatile
compounds constituting LO-OOA [85]. Similar to BBOA, LO-OOA was well-correlated
with nitrate and chloride (r2: 0.69 and 0.51, respectively). However, in contrast to BBOA,
the diurnal cycle of LO-OOA also presented a notable midday peak [81], that was mostly
due to data corresponding to weekdays and could be related with the conversion of fresh
traffic- and port-related emissions. This dual character of LO-OOA could be traced in
its CPF plot (Figure 518), with enhancements for calm and low winds from the NE and
to a lesser extent for stronger winds from the W-NW. In fact, during daytime, LO-OOA
recorded the highest correlation with HOA-2 among components (2 = 0.64). The mean
LO-OOA fraction (Figure 6a) was estimated at 30% (4.3 pg m~3), with daily and hourly
maxima of 13.8 and 53.2 pug m~ respectively, that were observed simultaneously with
BBOA maxima on January 9. Under the hypothesis that all nighttime LO-OOA is attributed
to processed BB emissions, it can be reasoned that the combined contribution of biomass
burning, both directly (BBOA) and indirectly (nighttime LO-OOA), would rise to 37% of
OA (up to 50% in winter nights), highlighting that, even in the port-city of Piraeus, RWB is
the major source of organics in winter.

MO-OOA: The mass spectrum of the MO-OOA component, which corresponds to
aged aerosols, was distinguished by the stronger fraction at m/z 44 and 18 and the near
absence of the hydrocarbon series (m/z 41, 43 ... ) yielding a high f44 to f43 ratio (4.8),
compared to the one calculated for LO-OOA (0.89). The MO-OOA FP correlated excellently
with FPs for OOA and LV-OOA (low-volatility OOA) factors from earlier studies in the
GAA and elsewhere (Figure S17). Values ranging from 0.90 to 0.99 were found for r?
compared to the LV-OOA spectra for the winter seasons at THI [49], while r? was 0.93
when compared to OOA at a regional background site in the Eastern Mediterranean [112].
An excellent correlation (7> = 0.97) was also found when comparing with the average
spectrum of LV-OOA factors derived from various sites across Europe [71], as well as the
average profile of LV-OOA (1? = 0.96) from an ensemble of sites in North America, Asia
and Europe [74]. Consistent with a more regional origin, MO-OOA was the component
most correlated with sulfate and ammonium, especially during the daytime (r>: 0.39
and 0.49, respectively). Compared to the other components, the diurnal variability of
MO-OOA seems relatively flat [123,130], with mean hourly concentrations ranging from
2.7 to 4.0 ug m—3. Considering the nighttime boundary layer effect for the appearance
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of enhanced levels, it should be expected that MO-OOA inputs from regional transport
intensified in the 10:00-14:00 timeframe, in spite of strong atmospheric mixing [131].
Supporting the hypothesis that MO-OOA represents a background aerosol category that
is spatiotemporally uniform and mostly extraneous to local anthropogenic activity, the
weekend /weekday and daytime/nighttime contrasts were not statistically significant at
the 0.05 level [84,122]. The regional transport of aerosol in the GAA was consistently linked
to advections from the northern sector under synoptic-scale circulation [18,49], and this
was repeated in the CPF plot for MO-OOA (Figure S18), showing high probabilities of
increased contributions for strong northern winds. This was also verified by the PSCF
plot in (Figure S12c), which showed the spatial extent of transport to be confined within
the Balkan Peninsula. The mean contribution (Figure 6a) of MO-OOA (23%, 3.2 ug m3),
combined with the concentration of ammonium sulfate, constitutes a substantial baseline
of regional aerosol in PM;.

m HOA-1 m HOA-2 = BBOA m HOA—1 m HOA-2
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Figure 6. PMF-resolved mass concentrations and fractions for the OA components during the winter
(a) and summer (b) periods in Piraeus.

3.3.2. Summer Period

Four OA components (Figure 4b) were identified by PMF analysis in the summer
dataset. Their source profiles presented similarities with those determined in winter;
therefore, the components were named accordingly. The exception was BBOA, which
could not be identified in the summer period, due to the absence of local biomass burning
(Section S1).

HOA-1: HOA-1 in the summer dataset was constrained using the same anchor profile
as in winter, albeit with a higher a-value (0.1 vs. 0.02 for winter), and the two resulting
spectral profiles were very similar (> = 0.99). The component was again correlated with
BCy (r* = 0.34), but to a smaller degree than in winter, with correlations slightly enhanced
for daytime data (r> = 0.49; Figure S9a). This winter-summer correlation pattern can
be supported when comparing it with cases where primary sources dominated (strong
correlations) at urban sites, such as in Delhi [132], and where secondary sources became
more important (weaker correlations), such as at an urban background site in Paris [133].
The diurnal cycle displayed a peak area between 07:00-10:00 that was consistent with
morning traffic, but, in a fashion similar to BC¢;, HOA concentrations remained elevated
until the afternoon, again signifying the importance of emissions from the passenger port
and the city center under the influence of the sea breeze. Such persistence of HOA levels
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was mostly observed at urban sites that were affected by heavy traffic during the whole
daytime [82,130]. The influence of the passenger port sector is clear in the CPF polar plot
(Figure 519). The mean HOA-1 concentration in summer was significantly lower than
in winter (38%, p < 0.01); nevertheless, its mean contribution to OA increased to 15%
(Figure 6b).

HOA-2: The HOA-2 factor was constrained based on the profile of the respective
factor in winter (a-value = 0.2). The two HOA-2 profiles were strongly correlated (12 = 0.95).
In summer, the HOA-2 time series was better correlated with HOA-1 (r* = 0.67 vs. 0.36
in winter), a pattern created mostly by concurrent high concentration data pairs during
winds from the passenger port sector. Excluding the impact of these data by examining
the CPF wind plot for percentiles between 50-95°, a similar wind-dependence pattern as
the one observed for HOA-2 in winter (Figure S18) could be revealed, indicating again
an impact from the western sector (Figure 519). As in the winter period, the morning
peak of HOA-2 trailed that of HOA-1 by two hours. While shipping and vehicular traffic
data were not available in this study, it was reported in Oakland that HOA related to
commercial port emissions tended to increase its concentrations and contributions in the
late morning hours and beyond, partially due to a reported increase in drayage activity [40].
The mean contribution of HOA-2 to OA was 14% (Figure 6b). Therefore, the combined
HOA components also retained a large contribution to OA (29%) in summer, in spite of
improved atmospheric dispersion and the enhanced photochemical processing of primary
hydrocarbons. While contributions of HOA in the order of 30% are in the upper echelon of
values reported at urban sites in Europe and North America [71,134], they are comparable
with the enhanced HOA contribution of 37% reported at the Houston Ship Channel, under
the joint impact of vehicular and shipping emissions [39].

LO-O0A and MO-OOA: Both OOA components were obtained as unconstrained
factors. The LO-OOA source profile in summer had some differences compared to the
winter one (r? = 0.83), specifically a higher degree of oxidation (higher m/z 44 compared to
m/z 43) and the absence of BB-related fragments (m/z: 60, 73). The f 4 to f43 ratio was higher
in comparison to winter (2.0 vs. 0.9), reflecting a higher degree of oxidation. The retrieved
LO-OOA profile showed similarities to the average SV-OOA profile (r*> = 0.9) from 25
European sites [71], as well as the mass spectrum of laboratory-simulated, photochemically
oxidized diesel exhaust plumes [135]. While the diurnal cycle of LO-OOA presented a
minor hump around noon that could be related to the photo-oxidation of HOA, its highest
levels were observed in nighttime under lower temperatures (Figure S1), indicating that its
variability could depend on the temperature-driven, gas-to-particle partitioning of oxidized
species. Therefore, it is reasonable that LO-OOA presented its highest correlation among
PM; species with nitrate (r*> = 0.40). It is noted that the nighttime enhancement of LO-OOA
was much less pronounced compared to that at THI in summer, even though the mean
period levels were similar (1.8-1.9 ug m—3) [49].

In contrast to LO-OOA, the more oxidized MO-OOA component produced a profile
highly comparable to the one in winter (12 = 0.98). Its concentrations and especially its
fractional contributions maximized during the post-noon hours, suggesting an input from
photochemically oxidized organics [136], in a similar way to the results reported for the
urban background THI site [49] and a suburban background site in the northeastern part
of the Attica basin [108]. MO-OOA was not particularly well-correlated with sulfate
(r* = 0.24) or other ACSM compounds, recording its highest correlation with OA (1 = 0.36)
to which it was the most major contributor during summer. Sulfate was not outright
correlated with either of the OOA components in summer, but, given its dual character
discussed in Section 3.2.2 (regional transport and local conversion), it had a substantial
correlation with the sum of the OOA components (12 = 0.49). Both OOA components
showed higher fractional contributions for moderate-to-strong winds from the north sector
(Figure 519), although this was more apparent for MO-OOA. However, this regional impact
(Figure 512d) during the study month did not appear related to the usually reported source
origins in the Black Sea region [98] but rather to the western Balkans and the polluted
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Po Valley [137]. LO-OOA recorded significantly lower concentrations at weekends (20%,
p < 0.01), similarly to the HOA components (42% and 36% reductions for HOA-1 and
HOA-2, respectively). However, MO-OOA, consistent with its regional profile, did not
display significant weekday-weekend variability (1% higher in weekends, p > 0.05).

The LO-OOA mean contribution to OA was comparable to the one in winter (27% vs.
30%), and in the absence of BB emissions for processing, showed a more subtle nighttime
enhancement (Figure 6b). On the other hand, MO-OOA, that preserved its mean levels in
summer (6% lower compared to winter, p > 0.05), almost doubled its mean contribution
(44%). The combined fraction of OOA components (71%) reveals the importance of SOA
during summer, even in the polluted environment of a port city like Piraeus.

4. Conclusions

The study analyzed seasonal measurements (monthly periods in winter and summer)
from online instruments (ACSM and multi-wavelength aethalometer) for submicron aerosol
speciation in Piraeus, a large Greek city in the Greater Area of Athens and a major European
port.

In general, the concentrations of ACSM components were notably higher than those
observed at urban sites in other Mediterranean cities [35,138,139], especially during winter.
For OA, BC, nitrate and even submicron chloride, this difference in wintertime levels
was mainly driven by residential wood burning (RWB). Although RWB emissions are a
cause of concern all over Europe, Greek cities face a particularly serious problem, since
wood-burning as a source escalated rapidly in the setting of the Greek recession and
has been unregulated for almost a decade, despite the established scientific knowledge
about its public health impacts [98,140]. Organic aerosol from biomass burning and the
fast processing of its emissions can account for more than 35% of OA in winter and,
consequently, more than 20% of non-refractory PM;. These can be considered substantial
contributions, given the number and diversity of local sources, and point to an additional air
pollution mitigation opportunity, in excess of cutbacks in port emissions (e.g., traffic routing,
regulation of marine fuels, cold ironing, etc.). Considering the different diurnal pattern
of biomass burning and fossil fuel combustion sources in winter (and also the fact that
residential burning in stoves and fireplaces also aggravates indoor exposure), combined
with the limited weekday-weekend variability, the respiratory function of residents in the
entire area of Piraeus may come under constant pressure. This is highly important, taking
into account the potential of pyrogenic species (e.g., water-soluble organics, polyaromatic
compounds) to promote inflammation in the respiratory tract and induce short- and long-
term toxicity. In view of these, and given the proof provided in this study that the biomass
burning issue permeates the entire area of the Athens basin, measures for the regulation of
biomass-burning fuel and emissions at the local scale appear imperative.

The impacts from overall port activities were clearly illustrated by the results, which
showed a significant enhancement of carbonaceous aerosol concentrations related to fossil
fuel combustion (mainly traffic and shipping), as compared to background sites in the
GAA. This enhancement persists during the warm period of the year, in spite of improved
atmospheric dispersion, as it coincides with increased activity in the passenger port and
daytime onshore flows that transport aerosols from the passenger and commercial port ar-
eas. This leads again to constant exposure above an elevated baseline, which is propagated
by the increased time spent outdoors in summer and the enhanced infiltration of aerosol in
residences. The combined contributions of HOA factors to OA was approximately 30%,
demonstrating a substantial year-round impact that should be addressed. While large-scale
works to improve public transportation in Piraeus are expected to alleviate the pressure
from traffic emissions in the future, elucidating the contribution of shipping, and if possible
its various sectors, should be a necessary step before considering measures at the local scale
for the mitigation of shipping emissions. Although a first quantification attempt was made
in this study, it was found that the distinction between traffic and shipping short-term
contributions using only aerosol mass spectrometry could be very difficult. Additional
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advanced instrumentation, including online trace metal analyzers, VOC monitors and
particle sizers, combined with actual information on shipping traffic, would enable a better
characterization of marine combustion and ship plumes. In this context, the comparative
evaluation of findings from both online and offline source apportionment (filter-based
analyses with shipping tracers) could also be valuable.

Processed aerosols were recognized as an important factor in the area, especially in
summer when they comprised over 70% of OA. Less-oxidized organics appeared to be
associated with the conversion of local emissions from traffic and port activities and also
from RWB in winter. Additional measurements of gas-phase condensable organics would
be needed in order to further characterize the transformation processes at the local scale
and the atmospheric properties that promote them. Furthermore, there was a substantial
fraction of more-oxidized OA, unrelated to local emissions and with large contributions,
especially in summer (over 40% of total OA). Sulfate was also considered to be mainly
of regional origin, even though there were some indications of the rapid gas-to-particle
conversion of shipping emissions. The contrast in sulfate levels between Piraeus and cities
in the Western Mediterranean is remarkable and was documented also at the regional
background site of Finokalia (Crete) against other coastal/rural background sites in the
Western Mediterranean basin [76,141]. This pattern can be attributed to the reduction in
emissions from coal- and oil-fired power plants in Western Europe as a result of European
legislation [142,143], while in the Eastern Mediterranean, regionally transported air masses
are still impacted by emissions in the Balkans, Eastern Europe and the Middle East, where
the use of sulfur-rich fuels in stationary combustion remains common. In this framework,
it is a concern that the ammonium sulfate contribution, combined with that of highly
oxidized OA, form a solid background amounting to more than 5 pg m~3 of fine aerosols,
which, due to their mostly transboundary character, will be hard to tackle in order to
achieve compliance with the new WHO air quality guidelines and the foreseen revision of
the EU air quality directive.
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