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Abstract. Maritime transport has-a—significant-impaet-exerts a substantial influence on local air quality, espeetally—in—port

areasparticularly in port cities. Ship emissions are recognized as major contributors to air pollution, eomparable—to-—road
transpoert-emissionswith comparable magnitude to those of road transport. This study, conducted in 2021 in Toulon, a port

city on the French Mediterranean coast, assessed ship emissions one year after the implementation

of IMO2020 sulfur regulations. Emission factors (EFs) fer-were determined for key pollutants such as SO,, NOx, CO, NO,
CH,4 and PM-asBECparticulate matter (PM), including black carbon (BC), organics (Org), sulfate (SO4%5), nitrate (NO55),
ammonium (NHy and-PAHs-were-measured), and polycyclic aromatic hydrocarbons (PAHs), as well as the particle number
concentration (PN). The IMO2020 regulation indueced-a-significantled to a marked reduction in sulfur-related emissionswhile
other-pollutants-like-soot-organies-, whereas pollutants such as BC, Org, and PAHs remained at pre-regulation levels. Positive

Matrix Factorization (PMF) ef-High-Reselution-Time-of-Flight-Aerosol-Ma peetrometer-measturements-of-non-refractory

analysis of PM; organic aerosol (OA) measured by a High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-
AMS) was used to investigate the-shipping contribution to local air quality. PMF eeuld-separate-successfully distinguished
between road and marine transport emissions, revealing a shipping contribution to the total OA fraction-of 11.2 %. Eight fac-
tors were resolved: three shipping-asseciated-shipping-related OA, a Hydrocarbon-like OA (HOA), a Cooking-like OA (COA),
an Oxidized Hydrocarbon-like OA (OxHOA), a Less Oxidized OA (LOOA), and a More Oxidized OA (MOOA). Shipping and
HOA factors were the majer—eentributer-dominant contributors to ultrafine particlesand-they-—represented-the-biggest-emitter
of-, accounting together for 51.9 % of the alkylated PAHs (APAHs)(51+-9-%). These findings underscore-the-importance-of
distinguishing-highlight the persistent influence of shipping emissions in port areas and demonstrate the effectiveness of ad-

vanced source apportionment methods *—petential-to-improve-emissions-to improve emission monitoring strategies, espeetally

particularly as the Mediterranean region prepares for the implementation of Emission Control Area (ECA) regulations in 2025.
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1 Introduction

Maritime transport is the primary mode for European imports and exports globally, accounting for 80 % of the EU’s external
freight trade (Eurostat, 2023; EEA, 2018; Merico et al., 2017; EEA, 2016). Fatureforecastsprediet-a—growth-of-the-seetor;
with-freight-transpert-deubling-in-Forecasts indicate that freight volumes will double by 2030 compared te-with 2020 levels
(United Nations Conference on Trade and Development, 2023). While this mode of transport is a key contributor to social and
economic development worldwide (Bagoulla and Guillotreau, 2020; Eyring et al., 2010), it negatively impacts air quality in
coastal areas and global climate (Toscano, 2023; Viana et al., 2014; and European Environment Agency et al., 2013).

Ship engines are well-known sources of various pollutants such as nitrogen oxides (NOx), sulfur dioxide (SO,), carbon
monoxide (CO), volatile organic compounds (VOCs)but-also-greenhouse-gases-as-, and greenhouse gases including carbon
dioxide (CO,) and methane (CH,4) (Aakko-Saksa et al., 2023; Celik et al., 2020; Lou et al., 2019). GlebalwiseGlobally, shipping
- toxi tssi 5-8 % of SO,, and about
3 % of CO, emissions (International Maritime Organization, 2020). In coastal cities, shipping constitutes a major source of fine

and ultrafine partiele-particles (PM; and PMy ) )(Gareta-Marles-et-al;2024:Egeret-al52023), where PM; refers to particulate

matter with an aerodynamic diameter <1 pm and PM ; (also referred to as ultrafine particles, UFP) to particles with a diameter

accounts for approximately 15 % of NOx, <

< 0.1 pm (Garcia-Marles et al., 2024; Eger et al., 2023). These particles often contain ¢

toxic substances such as heavy metals, polycyclic aromatic hydrocarbons (PAHs), and black carbon (BC) (Heikkil4 et al., 2024;
Zhao et al., 2020; Muiioz et al., 2018; Betha et al., 2016) assoetated-to-and are associated with cardiovascular and respiratory
diseases (Kiihamaki et al., 2024; Sofiev et al., 2018). UFPs-are-even-more-dangereus-UFP are particularly hazardous, as they
can deeper-penetrate-penetrate deep into the pulmonary epithelium and reach varieus-ergans-threugheut-the-bedy-other organs
(Schraufnagel, 2020). Recent research by Allouche et al. (2022) has linked pollutant exposure to weakened antiviral cellular
response. Additionally, several studies suggest that long-term exposure to air pollution and living near high-traffic roadways
are associated with increased risks of Alzheimer’s disease, Parkinson’s disease, and vascular dementia (Calderén-Garciduefias
and Ayala, 2022; Grande et al., 2020; Chen et al., 2017; Jung et al., 2015).

Approximately 70 % of ship emissions occur within 400 km of coastlines (Eyring et al., 2010) emphasizing their local
impact. Moreover, the longer the average turnaround time for ships, the greater the risks for population *s-health and the envi-
ronment (Ducruet et al., 2024). Air quality measurements in port cities reveal that ship emissions are quantitatively comparable
to road transport emissions, contributing substantially to air quality degradation (Tang et al., 2020; Air PACA, 2017; Viana
et al., 2014; Gravgard Pedersen et al., 2013) and to severe health impacts, causing up to 0.5 % of global premature mortality
(Mueller et al., 2023).

Since 1973, the International Maritime Organisation (IMO) has implemented the International Convention for the Preven-
tion of Pollution from Ships (MARPOL Convention) to limit-the-regulate maritime pollutant emissions wnder-the MARPOE
eonvention—(International Maritime Organization, 2021). These regulations include restrictions on NOx, CO, and SO, emis-
sions as well as fine particles in designated Emission Control Areas (ECAs). On January 1, 2020, the IMO introduced new

regulations reducing the maximum sulfur content in exhaust-gases-marine fuels from 3.5 % to 0.5 % globally, with stricter
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limits of 0.1 % within Sulfur Emission Control Areas (SECA). Following negotiations that began in 2016, the Mediterranean
states have jointly adopted a SECA. Called SECA-MedSECA-Med, it will cover the entire Mediterranean by May 2025.

In addition to the limits on fuel-sulfur content, MARPOL Annex VI also establishes progressive NOx emission standards,
referred to as Tier I, Tier II, and Tier III. These tiers set maximum allowable NOx emissions per unit of engine power as a
function of the engine’s rated speed.

To comply with these new requirements, the use of exhaust gas cleaning systems has become increasingly widespread
(Heikkild et al., 2024). Exhaust Gas Recirculation (EGR) technologies recirculate a portion of the cooled exhaust gas back
into the engine cylinder lowering combustion temperature and reducing NOx formation. The Selective Catalytic Reduction
(SCR) systems inject urea into the exhaust stream that decomposes to ammonia promoting the catalytic conversion of NOx
into nitrogen and water (Napolitano et al., 2022). These technologies enable alse-cemplianee-of-compliance with environmental
regulations for ships-vessels running on Heavy Fuel Oil (HFO) with-sulfur-content-that contains sulfur levels exceeding 0.5 %
(Laasma et al., 2022). Alternatively, mererefined-diesel-types—cleaner fuels such as Marine Diesel Oil (MDO) or Marine Gas
Oil (MGO) can be used without reguiring-scrubbers. The adeptien-implementation of low-sulfur fuels in maritime transport
significantly reduces exposure to fine and ultrafine particle emissions (Mwase et al., 2020), econtributing-leading to an estimated
global reduction of approximately 2.6 % in deaths-fatalities from cardiovascular diseases and lung cancer related-to-associated
with PM, 5. However;-despite-these-advancements;Nevertheless, in spite of these improvements, the use of these new marine
fuels is prejected-to-aceountfor-anticipated to result in approximately 250,000 deaths annually (Sofiev et al., 2018).

In 2021, the shipping activity in Toulon began-to-graduallyrecoverparticularly-forferries-between-showed signs of gradual

recovery, especially for ferry connections linking France, Corsica, and Sardiniabut-the-overal-traffic levels-lagged-behind-, al-
though overall traffic had not yet returned to pre-pandemic periodvalues. Local inventories from CIGALE database (AtmoSud,

2024) estimated local NOx emissions from shipping accounting for 40% of the total emitted 1,200 tons. Primary PM; s and
PM,( emissions are evaluated at 140 and 175 tons, respectively, with a contribution of shipping between 5-6 %. While SO,
and CO, emissions aceount-for-were estimated at 34.8 and 650;,000tens;respeetively-with-a-maritime-transport-contribution
tons, with maritime contributions of 35.2 % and 4.2%- %, respectively. These data underscore-the-signifieant-highlight the
substantial impact of maritime activities on local air quality ssitatt i S8 ir-contributions-and
underscore the need for more detailed assessment of pollutants from shipping relative to other pollution sources.

Positive Matrix Factorization (PMF) analysis of Aerosol Mass Spectrometry (AMS) measurements has been intensively
extensively used to apportion PM-seurees—in-diverse-particulate matter (PM) across various environments (Bozzetti et al.,
2017; Dall’Osto et al., 2015; Zhang et al., 2011; Ng et al., 2010);-but-distinguishing-. However, the differentiation of primary
sources within organic aerosol (OA) remains a key challenge in PMF. Yuan et al. (2012) suggested that the- PMF factors might
reflect different stages of photochemical processing rather than entirely independent sources. In heavily polluted areas, Aiken
et al. (2009) noted that AMSPME-AMS-PMF analysis often merges multiple sources into a single factor due to overlapping
emission patterns caused by hard ionization. This observation was corroborated by Brinkman et al. (2006), who found that
highly correlated sources, such as diesel and gasoline exhaust, were frequently grouped into a single PMF factor. Although

PMF techniques have significantly improved source identification, aceurately-differentiating-differentiating combustion sources
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(Hydrocarbon-like OA
using High-Resolution Time-of-Flight AMS (HR-ToF-AMS) data, due to the-extensive molecular fragmentation induced by

r HOA) remains a challenge when

the-electron impact ionization, which results-in-produces overlapping mass spectral patterns and limits the resolution of HOA
signatures.

This study overcomes previous limitations through several methodological improvements designed to enhance the separa-
tion of closely related combustion sources. First, HR-ToF-AMS data were analyzed at 1 minute temporal resolution to capture
transient ship plumes before they mixed with background urban emissions, minimizing temporal averaging effects, typical
of 10-15 min datasets. Second, by incorporating PAH-related ions up to m/z 256, the high-resolution OA matrix provided
additional spectral features that improved the separation of shipping emissions from those associated with road traffic emis-
sions. Third, reference spectra from locally sampled ship plumes were used to provide a representative chemical fingerprint of
maritime emissions specific to the Toulon port area. Finally, a particle number size-distribution analysis (2 minutes resolution)
was conducted to verify the physical consistency of each PMF factor through their association with characteristic particle-
size modes. These combined methodological advances improved the distinction of related combustion sources and enabled an
unprecedented characterization of PM; sources in a near-field port environment.

The present study offers a comprehensive insight into shipping emissions by quantitatively assessing emission factors (EFs)
of SO,, NOx, CO, NO, CHy4, and particle chemical familiestike-components such as BC, organics (Org), sulfate (S04%),
nitrate (NO3"), ammonium (NH4"), and PAHs. AdditienathyFurthermore, particle number concentration and size distribution,
in—combination—along with PMF analysis of the non-refractory PM; (NR-PM;) OA fractionare—used—te—provide—a-better—,
provide a improved understanding of the impact of shipping activities on air quality in the port area. This work-was-able-to
distinguish-study successfully distinguishes maritime emissions from road transport emissions, previding-offering a robust
framework for investigating-targeted-emission-sourees;-and-may-support-a-better-targeted source apportionment and supporting

the development of more effective air quality management and regulatory peliciesstrategies.

2 Material- Materials and Methods
2.1 Site Presentation-Description and InstrumentsInstrumentation

From August 24 to September 21, 2021, a measurement campaign was conducted in the port of Toulon, a Mediterranean port
city in southeastern France, as part of the AER-NOSTRUM project. The reference stations of AtmoSud and the Massalya
mobile air analysis laboratory, operated by the Laboratory of Environmental Chemistry of Marseille (LCE) and equipped with
state-of-the-art instruments (listed in Table 1), were deployed at the Toulon TCA terminal (43°7'1" N, 5°56/5.2” E).

This location is representative of peHution-direetly-impaeting-areas where shipping emissions directly affect the local popu-
lation living in cities with important maritime activities, as the city center is located near ferry terminalsand-impertant-roads,
major roads, and residential areas (Figures S1 and S2 in the Supplement). Figure S3 indicates-the-arrivals-and-departares-shows
the schedule of ferry reperted-arrivals and departures provided by the Toulon pert-autherityPort Authority. Most departures

eeeurred-occur around 7 a.m., and arrivals around 10 p.m. (local time). Increased road transport was observed before arrivals
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and after departures of ferries. Military ship activity in Toulon was very limited during the campaign. A wind-direction analysis
showed that air masses from the military base sector represented less than 3 % of the total air masses collected, suggesting that

the influence of the naval area on the measured aerosol composition was negligible.

Table 1. Measurementand-instramentation-Summary of the instruments deployed during the Toulon campaign.

Measurement Instrument, Manufacturer Size Range Temporal resolution
PN concentration Envi-CPC 100, Palas 4nm-35 pum ls
PM, Particle-meobility-size distribution SMPS 3936(1), TSI Inc. 15 nm — 660 nm 2 min
PN and PM concentrations OPC model 1.109, Grimm Aerosol Technik 0.25 pm — 32 pym 1 min
AerosolBC concentration AE33, Aerosol Magee Scientific 880 nm wavelength® 1 min
AerosotBC concentration MAAP 5012, Thermo Fisher Scientific Inc®® 637 nm wavelength 1 min
Non-refractory PM; chemical composition =~ HR-ToF-AMS, Aerodyne Research Inc 70 nm — 700 nm® 30s
SO, concentration API100E, Teledyne Technology Inc - 10s
NOx, NO, NO; concentrations API200E, Teledyne Technology Inc - 10s
CO,, CO, CH4 concentrations G2401, Picarro Inc - 5s
Wind speed, wind direction, temperature Tridi USA-1, METEK - 10s

& Coupled with CPC model 3775, Classifier model 3080 and DMA model 3081 from TSI Inc.
(2) AE33 measured wavelengths are 370, 470, 520, 590, 660, 880 and 950 nm; only 880 nm wavelength data were used in this paper.
() Used solely for CE calculation.

) size range of transmission efficiency of aerodynamic lens system of Aerodyne HR-ToF-AMS (Liu et al., 2007).

The distribution of submicron particles between 15 and 661.2 nanemetersnm, across 106 size channels, was measured using
a Scanning Mobility Particle Sizer (SMPS). The measurements were conducted with a 2-minute time step using a TSI model
3936 SMPS, which combines a 3080 Electrostatic Classifiers—with—a—Classifiers—with-a—Classifier with an $Kr neutralizer,
a Differential Mobility Analyzer (DMA 3081), and a Condensation Particle Counter (CPC 3775)-and-aKrneutralizer.
CO,, CO, and CH4 was-measured-by-were measured by a Picarro analyzer, calibrated aceerding-te-following the procedure
described in Xueref-Remy et al. (2023). Black carbon was sampled using a Thermo Fiseher-Fisher multi-angle absorption
photometer (MAAP) and a-an Aerosol Magee Scientific aethalometer AE33, with a 1-minute time step for both instruments.
The non-refractory submicron fraction of aerosol was eentinaouslty-measured using a HR-ToF-AMS (Aerodyne). A detailed
description of the HR-ToF-AMS is available in Canagaratna-et-al+2007): DeCarloet-al+2006)Canagaratna et al. (2007) and
DeCarlo et al. (2006). Data analysis was performed using the- HR-ToF-AMS-analysis-seftware-Squirrel version 1.65B and Pika
version 1.25B based-on-hich-resolution ine-procedures-outlines-in-DeCarlo et al. (2006} Calibration of the instrument-
brute-foree-single-particle-mede-softwares (DeCarlo et al., 2006). The vaporizer temperature was set at 600-650 °C and the

tungsten filament for electron ionization was run at an accelerating voltage of 70 eV. The sampling time resolution was set

to 30 s in V-mode and m/z ratios for analyses ranged from 12 to 256. Calibration was carried out before the campaign using
ammonium nitrate and ammonium sulfate, yielding a nitrate Ionization Efficiency (IE) of 5.07 x 10% and Relative Ionization

Efficiencies (RIE) of 3.91 for ammonium and 1.7 for sulfate. Default RIE values of 1.1, 1.3, and +-1.4 were applied for
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nitrate, chloride, and organic fractions, respectively (Xu et al., 2018; Canagaratna et al., 2007). Instrumentreselution-was-set
o-30-secondsin-V-medewith-high-reselution-analysis-condueted-fornz ratiosranging-from12-te-256-The- SMPS-MAAPR,
and-HR-ToF-AMS-sampled-airfrom-the-same-line;and-an-An average Collection Efficiency (CE) of 0.63 was calculated to

correct HR-ToF-AMS concentrations. During intense ship plume events, a unit CE value was determined based on comparisons

between SMPS, HR-ToF-AMS, and MAAP measurements, a behavior also reported in the literature (Voliotis et al., 2021;
Quinn et al., 2006). The standard deviation of the CE was estimated at 14 %, consistent with the 20 % uncertainty reported in
previous studies (Bahreini et al., 2009; Brendan M. Matthew and Onasch, 2008). A comprehensive description of the HR-ToF-

AMS operation, calibration and validation is available in Supplementary Section S1.
2.2 Emission Factors and Fuel Sulfur Content Calculations

To determine the EFs of pollutants from shipping, a carbon mass balance approach is-usedwas applied. This method involves
measuring pollutant concentrations, particularly CO,, at a receptor site, i.e., a location where ship plumes intersectare inter-
cepted. The measured concentrations include both atmospheric background and pollution introduced by the plume. We use
used linear fit-based EFs that linearly-interpolate background concentrations between the levels before and after the plume
(Volent et al., 2025; Diesch et al., 2013). This technique fer-assessing-backeround-conecentration—specifically addresses the

Toulon area, where other sources affect the accurate evaluation of background concentration across an extended period. The

he-concentrations of various pol-
lutants within the plume are then correlated to fuel consumption, which is quantified based on the plume’s CO, concentration
(Celik et al., 2020; Ausmeel et al., 2019; JeZek et al., 2015; Lack et al., 2009).

— fEG([w]G(t) _ [l’]E(t))dt % M002 < w
" 1900 a(t) — [COp(dt . Mc

)]

Where EF represents the emission factor of substance X expressed in grams of pollutant emitted per kilogram of fuel con-
sumed (g/kguer), the constant term Mo, /Me corresponds to the inverse of the mass fraction of carbon in CO,, w, denotes
the mass fraction of carbon in ship fuel, [z] is the excess concentration of the substance x after subtracting the background
level, expressed in partiele-particles per cubic meter or ug per cubic meter, and [COs]| is the excess concentration of CO,
after background subtraction, expressed in mg/m?3. E and G mark the start and the end of the plume, respectively. Since most
ferries are powered by diesel engines, the w,. value has been set to 0.865 kg of carbon per kg of fuel, corresponding to the mass
fraction of carbon in marine diesel fuel (Diesch et al., 2013).

The fuel sulfur content (FSC) is derived from the ratio of excess SO, to CO, concentrations in the plume, assuming complete
conversion of fuel sulfur to SO, (Volent et al., 2025; Van Roy et al., 2022; Pirjola et al., 2014). This yields the following
expression:

Mc

FSC(%) ~ EF.
(%) 502 X e

x 0.232 (2)
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Here, F'SC is the fuel sulfur content in %, E Fso, is the sulfur emission factor in (g/kgg,e1). This method provides a lower-limit
estimatton-estimate of FSC, as-a-s
into-to H,SOy in the atmosphere (Pirjola et al., 2014; Alfoldy et al., 2013; Moldanova et al., 2013).

since a small portion of sulfur can be emitted as SO3 or converted

In this study, a plume was defined as a transient enhancement in particle number concentration (CPC) exceeding at least
twice the local background, observed under a mean wind direction between 130° and 290° (from southeast to northwest) and a
wind direction standard deviation below 30°. The start and end times were determined based on concurrent increases in PN and
CO; concentration, adjusted to the instrumental time resolution. Plume durations ranged from a few minutes to approximately
20 minutes, depending on the ship’s distance from site and the prevailing meteorological conditions.

Each emission factor (EF) was automatically calculated using an emission factor calculation tool (Le Berre et al., 2024)
, based on the carbon mass balance method, and subsequently manually validated to ensure that only genuine ship plumes
were retained, with clearly defined start and end times for each event. The plume boundaries were individually adjusted for
each pollutant to account for slight desynchronization between instruments, thereby ensuring accurate integration of excess
concentrations. This combination of automatic and manual validation ensures that each EF corresponds to a well-defined
transient emission event. An illustrative example of a plume, including the background interpolation and pollutant variability,

is provided in Figure S5.
2.3 Theta angle

The theta angle, or cosine similarity, is a method increasingly used to calculate eerrelation—when-comparing-the correlation
or similarity between mass spectra (Bougiatioti et al., 2014; Kostenidou et al., 2009). A mass spectrum with a dimension n
(representing the number of m/z fragments that compose the mass spectrum) and «; the intensity of the m/z; fragment, is treated

as an n-dimensional vector. Thus, a mass spectrum A can be expressed as:
A = oym/z1 + aom/za + ... + a,m/in 3)

Then, the cosine between two mass spectra A and B can be calculated:

AxB

<0s®) = AT 18]

“)

Bougiatioti et al. (2014) define the similarity of two mass spectra as foelewfollows: a theta angle between 0 and 15° indicates
that the two mass spectra are similar, an angle between 15 and 30° suggests a weak correlation, and an angle greater than 30°

indicates that the two mass spectra are different.

“s-That is why Kostenidou et al.

(2009) assumes cos(f) is-as analogous to Pearson’s coefficient correlation (R) when comparing mass spectra.
2.4 Spectral Relative Predominance

A Spectral Relative Predominance (SRP) is a metric developed to evaluate the relative differences in ion intensities between

two mass spectra, highlighting which mass spectrum predominantly produces specific ions. For two mass spectra A and B,
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that can be expressed as a n-dimensional vector as in equation (2), with intensities «; and 3; for ion 4, the SRP is defined as:

ai—pBs .
QB if o > B,

SRP; =¢{ 7 o 5)
—/3’@;;” otherwise.

Positive SRP values indicate fhﬁt—teﬂﬁ—rs—pfee}efnﬂiaﬂ%}y—pfedﬂeedﬂﬂ—mass‘predomlnant ions in spectrum A, with-the-magnitude

while negative values correspond to those predominant in B;

a%ymmefﬂc—mea%ufeﬁffef%—aquaﬂﬁ{aﬁve—tee}{eﬁ%e% Unlike the theta angle which compares entire spectra, SRP pr0v1des

an ion-specific

fhe—%he%a—&ﬁglefha%«sefmdeﬁ—ﬁae—whe}e—speeﬁ%measure of spectral differences.

2.5 Positive Matrix Factorization

The PMF model developed by Paatero and Tapper in 1994 is an analytical tool based on decomposing a positive matrix X,
into two non-negative matrices, G and F +-such that their product best approximates the original matrix while minimizing the

residual matrix E:
X=GxF+E (6)

where X is a n X m matrix representing chemical concentration measurements at different time points m and for different
chemical species n, G is a n X p matrix, where p is the number of potential profiles. Each column of G represents the temporal
concentration series e-f-of a factor. F' is a p x m matrix describing the chemical profiles of the factors. E is a n X m matrix
representing the difference between X and the product G x F. Minimizing the residual matrix E constitutes a fundamental

aspect in solving equation (4), where the model endeavors to optimize the function Q:
i,J
= RV 7
Q=3% (&) ™

where e; ; represents the model residuals for species j at time ¢ and o; ; represents the estimated uncertainty for species j at
time <. It is noteworthy that there are no unique solutions for a given value of Q, and a lower value of QQ does not necessarily
lead to a better deconvolution. This drawback may be caused by rotational ambiguity. To mitigate this ambiguity, it is possible
to constrain the matrices F and/or G with external constraints. To-reduce-rotational-ambiguity;-the-The ME-2 solver has-been
developed-(Paatero; 1999)-allewing-(Paatero, 1999) allows the constraint of chemical profiles or temporal evolution of factors,
notably with an "a-value" approach, i.e. a degree of freedom (defined by the scalar a), corresponding to the extent to which
the factor profile can deviate from the provided constraint. This approach alse-helps—te-helps avoid unrealistic solutions and

enables the separation of sources with similar chemical signatures (Canonaco et al., 2013; Lanz et al., 2008).
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3 Results and Discussions
3.1 Campaign Overview

An overview of the measurements-measurement campaign is provided in Figure 1, including meteorological data (wind speed
and direction), aerosol composition (HR-ToF-AMS species and black carbon), as well as PN, PM, and gases (NOx and SO,).
The pie chart representing the median PM; chemical composition shows the following proportions (median + standard devia-
tion): 53 & 13 % organics, 16 4+ 9 % sulfate, 7 £+ 4 % ammonium, 2 %-nitrate-+ 1 % nitrate, and 21 &+ 14 % BC. This indicates
that organics and BC are the dominant and most variable components of PM;, while sulfate, nitrate, and ammonium remain
relatively stable. Chloride represented a negligible fraction of PM; (<1 %) and was therefore not included in Figure 1 for
clarity. The most intense PM; peaks are-asseetated-with-occurred during ship arrivals and departures, when the wind eriginates
originated from the sea -with-directionsrangingfrom-(130teo-"—290°(merthwest-to-east—Shipping-plumes-are-assoeciated-with
high-concentrations-of- PIN;-PM). When comparing the plume median to the maximum concentration reached during the most
intense events, PM, increased by a factor of about 3.1 (=~ +21 ugm™), PN by 3.4 (Org~ +2.4 x 10* cm 3) Org by 5.1 (~
+97 pugm), BC by 3.6 (=~ +11 ugm™), B&-and NOx -
inerease-in-sulfate-which-appears-to-be primarily-driven-by 3.3 (=~ +123 ugm™). In contrast, sulfate increased only by a factor

of about 1.2 (= +0.27 g m™®), confirming its much weaker variability during peak plumes.

Overall, shipping plumes were characterized by marked increases in PN, PM (Org, BC), and NOy, whereas sulfate remained
primarily influenced by regional background levels.

The diurnal profiles of the measured pollutants are shown in Figure S4in-the-Supplement, where two distinct patterns can
be observed. The first is linked to the change in breeze direction, where the onshore breeze leads to high concentrations of gas
tracers such as CO, CO,, and CHy. In contrast, although to a lesser extent, SO,, particle matter(PN and PM), OrgandBC;-,
and BC show higher levels during ship arrivals and departures, particularly between 7-9-7-9 a.m.and-6-9- and 6-9 p.m. (local
time), emphasizing the port’s significant contribution to local pollution.

Table S1 in the Supplement provides a breakdown of vessel types and their respective proportions, with ferries constituting
the majority of the fleet (78.5 %), followed by smaller shares of cruise ships, tankers, yachts, and other vessel categories, which

together account for 17.1%- %. The remaining 4.4 % of the vessels could not be identified.

3.2 Emission factors
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Figure 1. Concentrations-Overview of meteorological parameters and pollutants: a) wind speed and direction; b) PM chemical composition
(organics, nitrate, sulfate, ammonium s-and chloride;-) and BC ;-concentrations; c¢) particle number (PN;-) and mass (PM;-;) concentrations; d)
NOx and SO, and-wind-speed-colored-with-wind-direetion;-unit-concentrations. Unit CE applied to HR-ToF-AMS data. Pie-chart-Pie chart
represents mass-contribution-of-the median PM; chemical composition. The numbers above the organic peaks indieates-indicate the peaks
used-ten most intense organic plumes discussed in seetien-Section 3.2.3. after applying a Ann M. Middlebrook and Canagaratna (2012)

collection efficiency correction.
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Out of 69 detected plumes, ferries contributed to the-targest-fraction-with-63 % (45 plumes), followed by cruise ships and

yachts, each accounting for 6 % (4 plumes), while a-signifieant-25 % (18 plumes) were classified as “Hnknown indicating
ships-that-could-not-be-aceurately—identified “Unknown” due to insufficient identification. Some plumes were attributed to
specific ferries, and ferries identified multiple times during arrivals and departures were labeled A, B, C, D, and E. TheirEFs

and-The vessel characteristics (tier, number of engines, fuel types, tonnage) and the ferries EFs are listed in Tables S2 and S3.
Figures 2 ;22-and 3 present the EFs for major gaseous pollutants (SO,, NOyx, CO, and CHy), PN, and particulate peHutants
chemical families (BC, Org, PAHs, and SO,2), respectively. The figure-atso-ecompares-two figures additionally compare the
different EFs across different-vessel-types——and-operation—medevessel types and operational modes. Table 2 provides the
calculated EFs for all identified ship plumes of gaseous (SO,, NOx, CO, NO, CHy), partieulate-particle chemical composition
(Org, NO3-, NH,4*, SO,>BC-, BC, and PAHs)and-, as well as PN concentrations. A compilation of literature emission factors

used for comparison is provided in Table S5.

Table 2. Emission factors of all identified ship plumes. SO,, NOx, CO, NO, CHy4, Org, SO4> and BC in g/kgse. NOs™, NH,* and PAHs in
mg/kgser)-, and PN in partieleparticles/kgsuel.

All EFs SO,  NOx CO NO CH; Org SO, NO;° NHs* BC PAHs PN

Median 027 1426 2058 592 099 1.04 0.08 149 299 028 6.0 3.44E+15
Mean 045 2074 23.03 8.10 1.31 1.73  0.13 216 676 038 103 4.81E+15
Std. dev. 052 1633 1505 734 1.28 234 0.17 248  88.7 036 11.7 4.29E+15

Ist Quartile  0.09  9.26 1391  2.66 034 041 0.03 5.1 17.3 0.17 29 1.45E+15
3rd Quartile  0.61 2637 2790 10.88 1.63 192 0.17 25.6 733 045 114 7.45E+15
Number 62 55 57 66 63 61 50 52 62 66 60 55

3.2.1 Sulfur Dioxide

Fhe-During the campaign, the mean FSC of ship fuels is-was 0.03 %, well below the IMO2020 requirements of 0.5 %:-the
. The mean SO, EF is 0.45 + 0.52 g/kgs, significantly lower than most ef-the-reperted-values-befere-reported values prior
to the implementation of the IMO2020 regulation. This value is nearly 50 times lower than reports from Celik et al. (2020)
in the Mediterranean Sea and around the Arabian Peninsula (26 4= 6 g/kgg,e1), 17 times lower than those ef-published by
Diesch et al. (2013) in the Elbe River in Northern Germany (7.7 + 6.7 g/kgp,l), and 6 times lower than results-fremMDO
faeled-measurements from a MDO-fueled tanker with 0.1%-ef-mass- % sulfur content (2.94 + 0.2 g/kgg,e)Sinhaet-al-(2003)
(Sinha et al., 2003). Nevertheless, the SO, emissionfactor-EF observed in Toulon is comparable to recent values reported after
the implementation of the IMO2020-regulation, such as 0.4 g/kgn,) in Marseille (Le Berre et al., 2024), and 1.5 g/kgge On &
an MGO-powered ferry (Timonen et al., 2022).

Remarkably;the-The mean SO, EF is lower for cruise ships, 0.13 g/kgy,e, likely due to the use of exhaust-gas-eleaning-after-
treatment systems, as indicated on cruise line websites. The yachts identified-are-equipped-with-have engines designed to run
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on ultra-low sulfur diesel (ULSD), in agreement with a mean SO, EF of 0.28 g/kgy,.;. Examining the arrivals and departures
times-of ferries reveals a high variability in EF-EFs across the different vessels. Notably, Ferry-ferry C exhibits significantly
lower emissions compared to the other ferries, possibly due to the-its less powerful auxiliary engines (3 x 1,680kW;- kW;
see Table S3), while ferries A, B, and D have more powerful auxiliary engines (more than 6,000 kW) and exhibit the highest
EFEFs. The median SO, EFs exhibited a moderate correlation with auxiliary engine power across maneuvering (R? = 0.35).
This relationship was stronger during departures (R> = 0.60) and weaker during arrivals (R?> = 0.15). During departure, an
increase of 1,000 kW in auxiliary engine power was associated with an average rise of approximately 0.15 g/kgg,e in SO,
EF. Correlations with main and total engine power were somehow weaker (R? < 0.4) suggesting that auxiliary engines are the
primary contributors to SO, emissions during maneuvering phases. Regression statistics for arrivals, departures, and combined

maneuvers are summarized in Table S4, and the corresponding relationships are illustrated in Figure S6. Fhereeent-

The recently calculated SO, EF-EFs in Toulon and Marseille are considerably-lower-than-the-regional-inventory—with-ap-
proximately half the value reported in the regional inventory (2 g/kgp,;shighlightingthe need-for-continnous-measurements

to—adjust). This discrepancy highlights the importance of continuous monitoring to refine regional inventories in response to
regulatory ehanges-and-fleetevelution-updates and evolution of the fleet characteristics.

3.2.2 Nitrogen oxides

The mean NOx EF is f-20.7 £+ 16.3 g/kgy,|, representing a reduction of approximately 44—-68 % compared to the-values
documented by Le Berre et al. (2024) (median 37 g/kgg,.1), Celik et al. (2020) (mean 51 g/kgy,), Betha et al. (2016) (51-64
51-64 g/kgge for ULSD), and Winnes et al. (2016) (64.5 g/kgsel for MGO). This decrease may-refleetlikely reflects a combi-
nation of factors, including engine optimization, engine loads, and operational practices (Sugrue et al., 2022; Grigoriadis et al.,
2021; Peng et al., 2020). The NOx EF-frem-ferriesshew-EFs from ferries exhibited significant varlablhty, ranging from 5.2
stkemerto 72.5 g/kgpe ~with-a-mean-of-(mean 25 g/kgpers teni i
with the findings of Zhang et al. (2024), who reported median values of 22.3 g/kgg, for auxiliary engines at 50%lead—in

ferry-operations—Duringferries- % load during ferry maneuvers. During these maneuvers (arrivals and departures), auxiliary
engines-are-more-frequently-used;-contributingte-higherferries rely more frequently on auxiliary engines, leading to elevated

NOgx emissions;-espeetally—particularly during departures, as-cold-engineslead-to-a-when cold engines result in less efficient
combustion. Only ferry C presented an outlier of 60 g/kgg,; during ene-arrival-possibly-linked-an arrival, likely due to its lower

auxiliary power (3-<- x 1,680 kW) and specific conditions as-higher-such as lower engine load. Cruise ships exhibit the lowest

), consistent

EE-mean-mean EF (15.3 g/kgy,.1), likely due to the use of catalytic converters. The actual-current regional inventory of NOx
from shipping are-reports an average of 80.0 g/kgs,e, highlighting, highlightingagain;—asfer-similarly to SO,, the need ef-for

updated measurements.
3.2.3 Carbon exidemonoxide

The mean CO EF is-was 23 £ 15.1 g/kgg,1, consistent with Celiket-al(2020)<(a previously reported value of 20 £ 3 g/kgyye|
y—reflecting—(Celik et al., 2020), and representative of typical emissions from ship engines using fuels like-such as low-
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Figure 2. Emission factors of major gaseous pollutants (gray dots) for all vessels and for specific categories (Cr, F, Y and U refer to
eruiseshipscruise ships, ferries, yachts, and unknown, respectively). A, B, C, D, and E refer to specific ferries which-whose arrivals (light-
blue colored) and departures (light-coral colored) are depicted. In references-reference EFs, square-represents—median-squares represent
medians while dots refer to mean EFs, with vertical line-lines representing standard deviation or first-to-third quartiles. R1, R2, R3, R4, and
RS stands—fer-correspond to Diesch et al. (2013), Betha et al. (2016), Winnes et al. (2016), Celik et al. (2020), and Le Berre et al. (2024),

respectively.

sulfur HFO (LSHFO), very low-sulfur fuel oil (VLSFO), MGO, and MDO. However, this mean—value is approximately
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four times higher than the median EF reperted-in-Marseile-by(le Berre-et-al5-2024)(of 5.4 g/kgp,. )y reported in Marseille
by Le Berre et al. (2024), and three times higher than regional inventories (7.5 g/kge). A-difference-likely-stemmingfrom
operational-modes;inehading This discrepancy likely stems from operational conditions, such as low-speed maneuversrequired
for-docking;astow-engine-loads-maneuvering. Low engine loads can increase CO emissions, as reported by (Bai-et-al52020)
—Fhe-EFBai et al. (2020). The EFs of CO vary from 2.43 g/kgnerto 57.87 g/kgper (median of-20.6 g/kgp,.yanderscoring-how
faetorstike-, underscoring the strong influence of engine start-up /shutdewn;incomplete-combustionand-auxiiary-engines-and
auxiliary engine use during port operations highly-influence-the-CO-emisstons—Aside-from-on CO emissions due to possible

incomplete combustion. Excluding outliers—such as the lowest value of 2.43 g/kgy, for ferryA-and- A and the highest value
of 57.87 g/kgyye for ferry C—the EF-of€O-CO EFs show minimal differences between arrivals and departures, suggesting
stable combustion under typical operating conditions;-theugh-. Nonetheless, engine design (Tier I for D;Fier; Tier II for A, B,
C, and E) and fuel type (LSHFO, VLSFO, MGO, MDO) also contribute to the observed variability.

3.2.4 Methane

The median CH4 EF of 1.0 + 1.3 g/kgp, is slightly higher than values—repertedfromMarseille-in2021-of-median-the

median value of 0.4 g/kgne e Berre-et-al;2024)and-similarto-reportsfromVolentetal(2025)(median-—reported from
Marseille in 2021 (Le Berre et al., 2024) but similar to the median value of 0.99 g/kgg, Jreported by Volent et al. (2025)

. This EF is considerably higher than other studies with EFs of 0.02 g/kgfuel (Cooper, 2003) and 0.05 g/kgge from
i i i as—(Timonen et al., 2022). None of the
identified ships were LNG-fueled, but the yachts exhibited the highest CH, emisstons-EFs, with values up to 3.9 g/kgge-

Methane emissions arise from the incomplete combustion of hydrocarbons in fuels and depend on fuel composition, engine

design, and possible slip of unburned fuel occurring at low speed or idle in untuned engines (Penman et al., 2001). Inade-

quately tuned engines, such as those on yachts, tend to emit much more methane, in line with

as-previoustyreperted-by-Wang-et-al(2022)«a reported EF of 5.2 g/kgge Hfor small vessels (Wang et al., 2022).

3.2.5 Particle number

The mean EF of PN (Figure?? 3), measured with a CPC, is approximately 4.8 & 4.3 x 10" part/kgs,, a value slightly
lower than those found in the literature. This EF is consistent with previous reports for vessels using low-sulfur fuels by
Betha et al. (2016) (8.0 x 10" to 1.1 x 10' part/kgs,.forultra-lowsulfur-diesel) and Le Berre et al. (2024) (median of
6.7 x 10" part/kgg,e1), possibly reflecting a decrease in particle formation due to reduced sulfur fuel content. The highest PN
EF of 1.63 x 10'° part/kgg, is observed during departures-offerriesferry departures. However, no significant difference is
ebserved-found between arrivals and departures for the same ferryvessel, suggesting stable particle emissions under different

operational conditions, though-although engine design and fuel quality play a critical role.
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Figure 3. Emission factors of particle number and major particulate pollutants (gray dots) for all vessels and for specific categories (Cr,
F, Y and U refer to cruise ships, ferries, yachts, and unknown, respectively). A, B, C, D, and E refer to specific ferries whose arrivals
(light-blue colored) and departures (light-coral colored) are depicted. In reference EFs, squares represent medians while dots refer to mean
EFs, with vertical lines representing standard deviation or first-to-third quartiles. R1, R2, R3, R4, and RS correspond to Diesch et al. (2013),
Betha et al. (2016), Winnes et al. (2016), Celik et al. (2020), and Le Berre et al. (2024), respectively.
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3.2.6 Black carbon

The mean €O—EF—of—BC EF is 038 £ 0.36 g/kgn.is—consistent—with—literature—reported—in—Marseile—in
202HIeBerre-etal;2024), consistent with reported BC EFs of 0.48 g/kgg,; for maneuvering ships )-and-with-a—carge
vessel(0-48—gfkeme)—Huangetal;- 204 8)and—~refleets—in Marseille in 2021 (Le Berre et al., 2024) and for cargo vessels
(Huang et al., 2018), reflecting typical emissions from diesel marine engines using low-sulfur fuels. This-CO-EF-ranging
from-The BC EFs exhibit a broad range of values (0.03 g/kgrerto 1.90 g/kgnefmedian-of-0:28-), primarily due to a few iso-
lated plumes characterized by unusually high values. These outliers are likely linked to transient conditions such as low engine
load or incomplete combustion, rather than systematic differences among ship types or vessel sizes. When excluding these ex-
treme points, the interquartile range (0.09-0.42 g/kgye1)
post-IMO-2020-suggest-that BC-suggests that most of the plumes fall within a relatively consistent range across vessels under

typical operating conditions. BC formation is primarily driven by engine load and the type-ofcombustion-aslean/richregimes
combustion regime (lean or rich) (Le Berre et al., 2024; Mueller et al., 2023). Consequently, BE-this pollutant remains of major

interest due to its significant contribution to air pollution, climate, and possible adverse health effects.
3.2.7 Organic fraction and polycyclic aromatic hydrocarbons

The mean and median Org EF-EFs are 1.73 + 2.34 g/kgg,e; and 1.04 g/kgp,e, respectively, in guite-good agreement with
literature values reported by Le Berre et al. (2024) (median 0.86 g/kgg.1), Celik et al. (2020) (mean 3.0 g/kgy,e1), and Diesch
et al. (2013) (mean 1.8 g/kgg,.1). The EF-EFs range from 0.13 gfkgmerto 12.1 g/kgpes— this variability can tentatively-be
explained by differences in engine type, fuel quality, and operational conditions, particularly for ferries. The Org EFs are
generally higher during departures than arrivals for all identified ferries. The highest values are observed for ferries A, Band-D
, and D, characterized by powerful auxiliary engines (more than 6,000kW-cumulated- kW combined for each ferry). However,
no significant correlation was found between Org EFs and auxiliary, main, or total engine power (R? < 0.20), indicating that fuel
composition, combustion efficiency, and transient operating conditions exert a stronger influence than engine size. Regression
statistics for arrivals, departures, and combined maneuvers are summarized in Table S4, and the corresponding relationships
are illustrated in Figure S6.

The EF of PAHs, corresponding to the sum of PAHs-all PAH families defined by Herring et al. (2015), exhibits a mean value

of 10.3 £ 11.7 mg/kgy,el, aligning closely with valuesfrom-Celiket-al(2020)(meanreported mean values of 11 mg/kgy, )-and

Dieschet-al-2013)-(mean(Celik et al., 2020) and 5.3 mg/kgge -Asforthe EF-of Orgthe EFof PAHsis-(Diesch et al., 2013)
. Similar to Org EFs, PAH EFs are generally higher during departures than arrivals, with peaks reaching 60 mg/kgs,; (e.g., for

ferries with higher engine loads). This pattern underscores the impact of operational practices ;-such as cold engineengines,

low-speed operations, and fuel switching.
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3.2.8 Sulfate

The mean EF for SO4* is 0.13 + 0.17 g/Kgfel,
approximately-approximately 4-30 times lower than the 4-¢

ofPie h-a 0 0 S4-o/ko h ad 1O
D ar; . = = . Gl

S0,% EF values reported by Diesch et al. (2013) and Celik et al. (2020), but consistent with a more recent study that found a
median SO4% EF of 0.05 g/kgyel y—This-deerease-(Le Berre et al., 2024), and reflects the impact of reduced sulfur content in
marine fuels. Similar to the trends of Org and SO, EFEFs, SO4* EF-is-EFs are generally higher during departures than arrivals
for all identified ferries, with values ranging from 0.003 g/kgrerto 0.65 g/kgsel, likely due to increased engine loads ;-higher
sulfurresiduals-infuel-during-high-power-operations;-and use of auxiliary engines during-maneuverswhile maneuvering. This

variability underscores the strong influence of operational practices on sulfate emissions ;highlighting-and highlights the need

for further analysis-ofinvestigation into engine design and fuel management strategies to maintain low SO, emission levels.

3.2.9 Key insights and implications

The analysis of emissions as a function of the operational phase shows that the-levels-ofsome-pellutantsseveral pollutants,
such as sulfates, organicsand-PAHs, PAHs, and NOx are-higher-exhibit higher levels during departures, reflecting the impact
of cold engine-impact-incomplete-combustion-engines and low engine loads —Fhe-majority-of-causing incomplete combustion.
Most of the identified ferries operate on marine diesel oil (MDO)er-, marine gas oil (MGO)and-, or low-sulfur fuels (LSHFO
or VLSFO), complying with sulfur limits (below 0.5 % for LSHFO/VLSFO and < 0.01 % for MDO/MGO). Fuel ehanges-after
202+-regulation after 2020 and dual-fuel usage significantly influenced EFs. Only cruise ships were-equipped with scrubbers

and-were—assoeciated—te-were associated with lower SO,, NOx, and SO,% EFs. Fhe-higchest PM—EF-isrelated-to-organies;

tonrAmong PM; chemical components, organics represented

the dominant contribution, particularly during departures. Unlike sulfur-related emissions (SO,, SO42*), which have deereased
poest-IMO-significantly decreased following IMO 2020 due-te-regulations due to the adoption of low-sulfur fuels, organic EF
remains-similar-EFs have remained comparable to pre-regulation levels (Celik et al., 2020; Diesch et al., 2013);underseoting
the-impertanee-. This persistence highlights the pertinence of positive matrix factorization (PMF) analysis en-erganie-fractions

f the organic fraction to better assess the impact of shipping on air quality

in coastal cities.
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3.3 PMF optimization
3.3.1 Input matrix and error weighting

The PMF model was populated with organic aerosol data from the HR-ToF-AMS, covering 290 eempeounds-ions with m/z ratios
ranging from m/z 12 to 256 (including 218 compounds between 12 to-and 150, and 72 PAHs from alkylated PAHs (APAHs),
unsubstituted (non-functionalized) PAHs (UnSubPAHs), and oxygenated PAHs (OPAHs) families). For the sake of readability,
ion masses presented here have been rounded to the nearest nominal mass. The list-effull-complete list of m/z masses-and
tons-are-tisted-in-Table-S4values and associated ions is provided in Table S6. The selected PAHs included both the parent ion
[M]* and the associated [M-HM-H]" ion, following the identification methed-approach described by Herring et al. (2015) and
Dzepina et al. (2007).

The dataset eensisted-ef-comprised 37,562 time points with a one-minute time step—Thisreselution-allows-for-, enabling the
distinction of short-lived organic peaks associated with ship emissions, typieally-tasting-which typically persist for only a few
minutes. Historically, the HR-ToF-AMS two-dimensional matrix is exported by the Pika software with unit CE and witheut
RIE-applieddoes not apply RIE corrections; therefore, the CE eerrection—was-then-corrections were applied to the PMF results
afterward. Ancillary instruments -were used to assess correlations between—various-among measured species and the-PME
solutions-to-identify-different-PMF factors, in order to identify distinct pollution sources.

The error matrix was down-weighted using a cell-wise signal-to-noise ratio (Brown et al., 2015), calculated at each time step
to account for the fagaeity-short-lived nature of ship plumes, which are typically sampled for only a few minutes. Variables
derived from m/z 44 (CO,*) were excluded from the PMF analysis (m/z 16, 17, 18, and 28) and reintroduced during post-
processing.

As shown in Figurel;-the-organie peaks-arerarely-asseeiated-to- 1, organic peaks were rarely associated with sulfate enhance-
ment, as thistaterseems-to-berather-influenee-the latter appeared to be mainly influenced by background levels. To test this
hypothesis, a preliminary PMF analysis was conducted ;-ineerperating-eight-including nine sulfur-containing ion fragments
(SO*, SO,*, HSO,*, SO53*, HSO3*, H,SO3*, SO4*, HSO4*, and H,SO4*) into the #nitialinput matrix. Five unconstrained PMF
runs were performed;—testing-faetors-conducted, testing solutions ranging from five to nine to-determine-iffactors, to assess
whether any factors were associated to-these-with sulfate fragments.

Contrary to the findings of Fossum et al. (2024) at Dublin Port, the model did not identify any sulfate-rich ship emissions
factors—Infaetin-factor. In the nine-factor solution, 96% of the sulfate signal is-asseciated-te-was associated with secondary
factors (displayed in Figure S5S7). As a result, sulfate was not further considered in the PMF analysis.

3.3.2 PMF constraints

To better identify the optimal mass spectral combinations ferrepresenting shipping emission sources, we developed a method
based on a-the combination of mass spectra of the highest organic peaks ebserved—{rom—ships—associated with ships (as

numbered in Figure 1). A-We then used a multi-linear regression model was-employed-to-assess-how-aceurately-to evaluate
how well these combinations could reconstruct the measured mass spectra ceuld-be-reconstructed-through-a-through linear
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combination. The model *s-performance was evaluated based-on-the-using two metrics: Pearson R? score, which quantifies
the proportion of variance explained, and the theta angle, which measures the deviation-between-the-true-angular deviation (in
degrees) between the measured and predicted mass spectrain-degrees. Combinations were considered optimal if-they-achieved
a-when they achieved an R? score of at least 0.95 and an angular distance of 5 degrees or less. Sinee-the-

As shipping-related mass spectra were selected based on the most intense ship plumes, backgroundneise-inflaence-the
influence of background noise was minimized. Fhe-results-demeonstrated-that-a-A combination of three specific mass spectra
provided the best overall fit, with an average R? of 0.99, and an average angular distance of 1.20 degreedegrees. Consequently,
these three mass spectra were selected as constraints for shipping emissions in the PMF analysis (Figure S6S8).

Two additional constraints were applied: a HOA mass spectrum from Hayes et al. (2013), measured using a-an HR-ToF-
AMS in Pasadena in 2010, and a COA mass spectrum from Elser et al. (2016), measured in China using a-an HR-ToF-AMS.
There was no significant difference between the HOA mass spectrum measured in Pasadena in 2010, and other mass spectra
measured in Europe more recently (theta angle greater than 0.93 during a campaign conducted in the center of Rome in
spring 2014 (Struckmeier et al., 2016)). The mass spectrum from Hayes et al. (2013) was ehesen-selected because it included
PAHs-ions-that-are-PAH ions used in our PMF analysis. In total, five mass spectra were used to constrain the PMF analysis,
corresponding to the three ships-ship mass spectra, named Shipping 1, Shipping 2, and Shipping 3, as well as one HOA and
one COA.

The full list of the-eenstrained-faector-constrained factors and related ions used for-the PMF-is-available-in-Table-S4in the
PMF analysis is provided in Table S6.

3.3.3 Number of factors

A common approach for determining the optimal number of factors n in the-PMF analysis is to examine the variation in
the Q/Qexp ratio and select the solution that exhibits the most pronounced change compared to the run with n — 1 factors.
A significant change in the-quantity-Q/Qexp ratio indicates a substantial decrease in residuals and erhanees-improves the
explained variability of the model. To determine the appropriate number of factors, five runs were conducted with faeters
factor numbers ranging from 6 to 10, with-using the aforementioned constraints. The resulting Q/Qexp Vvalues for solutions

with six, seven, eight, nine, and ten factors were 1.92, 1.33, 1.20, 1.14, and 1.09

sis—, respectively. An eight-factor solution was considered the best PMF solution.
3.3.4 Sensitivity analysis of the a-values

The a-value represents the relative uncertainty applied to a constrained factor in the PMF model, defining the allowed vari-
ability of a given profile compared to its reference. A range of 0-0.5 is typically used to avoid overconstraining the solution

(Canonaco et al., 2013). In this work, a-values between 0 and 1 were tested for HOA and COA to allow greater flexibility for
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factors not directly identified on-site, whereas a narrower range of 0-0.3 was applied to shipping-related factors empirically
derived from isolated ship-plume spectra to preserve their chemical representativeness.

A sensitivity analysis was conducted by scanning possible a-values for all the-constraints-constrained factors. For the three
shipping constraints, a-values ranging from 0 to 0.3, with a step of 0.1, were examined (Drosatou et al., 2019; Chen et al.,
2022)finally-the-seleeted-a-values-were-. The selected a-value of 0.2 ~which-allewed-allowed the recovery of the most intense
and the-highestnumber-offrequent plumes observed.

Since HOA and COA sources tended to mix, a sensitivity analysis ef-the-a-value-was-alse-was carried out with a-values
ranging from 0 and-to 1, with a step of 0.1 (Wang et al., 2024; Chazeau et al., 2022; Bozzetti et al., 2017; Elser et al.,
2016), eorresponding-to-yielding 121 different a-value combinations. These combinations were eategorized-evaluated based
on the identification of road transport plumes, specifically between 8 a.m. and 9 a.m., and between 12 p.m. and 1 p.m., using
correlations with external tracers such as BC, NOx, and CO. Finally;-the-selutionThe final solution, with a-values of 0.3 for
both mass spectrahas-been-, was retained.

3.3.5 Residuals and factor uncertainties

Rotational ambiguity was explered-assessed using a bootstrap approach (Efron, 1979). Bootstraps randomly resample-resam-
pled time points from the input matrix to generate a-new-matrix;—~which-is-new matrices, which were then subjected to PMF
analysis with-using the selected constraints. A namber-total of 100 bootstrap runs were performed to estimate the uncertainty
associated with the PMF solutions.

The residuals of the beetstrap-average-bootstrap-averaged solution were examined to identify any significant deviations from
the mean, which could indicate systematic model overestimation or underestimation. Scaled residual values typically ranging
between -3 and 3 confirm the validity of the PMF (Canonaco et al., 2021; Paatero and Hopke, 2003). In our case, only 1.7% of
residuals fal-fell outside this interval (Figure S7S9). Typically, the uncertainties for each factor are defined as the center of the
lognormal distribution of variability across time points (Canonaco et al., 2021; Tobler et al., 2021) for the 100 bootstrap runs.
Figure S8-S10 depicts the log-probability density function used to estimate faeters-factor uncertainties. These uncertainties are
were 2.2%, 2.2%, 0.8%, 1.8%, 1.6%, 1.3%, 0.3%, and 1.1% for the Shipping 1, Shipping 2, Shipping 3, HOA, COA, OxHOA,
MOOA (More Oxidized Organic Aerosol), and LOOA (Less Oxidized Organic Aerosol) factors, respectively.

3.4 Interpretation of PMF solutions
3.4.1 Shipping factors

The selected PMF solutions are shown in terms of mass spectra (Figures 4 and 5) and time evolution (Figure 6).

The mass spectra of the three shipping mass—speetra-factors are all dominated by hydrocarbon fragments (Figure 4), such
as C3Hs* (m/z 41), C3H;* (m/z 43), C4H7* (m/z 55), C4Ho™ (m/z 57), CsHo™ (m/z 69), and CsHy 1+ (m/z 71), along with ions
at m/z 81 (C¢Ho™), 95 (C7H %), 97 (C;H;5%), and 111 (CgH;s™). C,Hy,i* fragments are typical of unsaturated aliphatic

compounds, C,Hy,11* are linked to saturated alkyl compounds, and C,Hy, 3* are linked to bicycloalkanes and alkynes. Fhese

20



510

515

520

525

530

535

540

All these mass spectra are typical of various combustion s 3)source emissions

(McLafferty and Turecek, 1993), including shipping emissions (Fossum et al., 2024; Sun et al., 2023). The O:C ratios of
shipping factors are very low, varying from 0.01 to 0.05, and H:C ratios from 1.8 to 2.1 (Table S5S9).

Shipping factors 1 and 2 also present an important contribution of PAHs, with fragments at m/z 128 (C1oHg™) associated with
naphthalene, 141 (Cy;Hg"), 155 (C1oH11%), 165 (Ci3Ho"), 178 (C14H1o") corresponding to anthracene or its isomer phenan-
threne, predominant in ship emissions, 179 (C14H;;"), 202 (C;¢Ho*) associated with pyrene and its isomers fluoranthene and
acephenanthrylene, 205 (CigH;3*), and 219 (C17H;5%). In agreement with Anders et al. (2023, 2024), we observe PAHs-PAH
mass spectra dominated by a signal series in m/z sequences of 14 Da, corresponding to the addition of a CH, moiety. In our
observations, the sequence starts for the-alkylated naphthalene at m/z 141-142 ;-and 155-156, as well as for fluorene at m/z
165-166 and 179-180, reflecting the typical PAHs-PAH alkylation of ship emissions, while in Anders et al. (2023, 2024) and
Sippula et al. (2014), phenanthrene alkylated compounds were predominant. The combustion temperature can both-explain
explain both the number of rings as-well-as-and the degree of substitution, e.g., alkylation (Frenklach, 2002), and it has been
shown as-that large diesel engines show-higherpromote high alkylation degrees resulting from higher amounts of unburnt fuel

Sippulaetal-2044)(Sippula et al., 2014).

The-Shipping factor 3 profile-exhibits a distinct mass spectrumwith-relative-highercontribution-of tonfragments-assoetated
to-unsaturated-aliphatie-compounds-, with relatively high contributions of unsaturated aliphatic ions (m/z 43, 55, 71) and very
low PAHsevelsPAH contribution. As shown in Figure S9S11, the SRP between Shipping 3 and Shipping 1 mass spectra
reveals major-differencesbetween-the-twe-speetraclear differences, with the predeminenece-predominance of a 14 Da sequence
linked to the addition of a CH, group en-in the Shipping 3 factor (with-ions at m/z 57-58, 71-72, 85-86, 99-100, 113, 127,
and 141). Cerrelation-between-Correlations between factors mass spectra profiles and a HR-FOF-AMS-mass-spectral-datable
an HR-ToF-AMS mass spectral database (MARMOT v3.5A (Jeon et al., 2023; Ulbrich et al., 2009)) ;-are presented in Tables
S6-t6-513S10 to S17. As expected, the profiles of ship factors show strong correlations with mass spectra from combustion
sources such as HOA factors, and similarity with dioctyl sebacate, known as an additive fer-in engine oils (Kamal et al., 2023;
Yu et al., 2021; Shah et al., 2018; Elser et al., 2016; Hu et al., 2016; Crippa et al., 2013; Mohr et al., 2012; Docherty et al.,
2011; Aiken et al., 2009), but no information was found on the actual use of these e#-oils in ship fuels.

Table St4-indicates—that-S7 presents Pearson correlation coefficients (R) between factors and external variables. Shipping
factors 1 and 2 present some temporal correlation with SO, (0.26-0.34), CO (0.12-9-274-0.27), BC (0.37-0.56), and NOx (0.54-
0.73), and very good correlation with partieles-particle number (0.59-0.78) in the nucleation and Aitken modes (+5-to-70-15-70
nm). While-shipping-Shipping factor 3 shows some correlation with CO (0.43), BC (0:40.40), NOx (0.52), and with particles
in the accumulation mode (+00-t6-200-nm)-and-is-onty-100-200 nm) (0.30). It is identified for south-westerly winds at higher
speeds (above 6 m/s), suggesting that these plumes come from ships at the cruise terminal, as supported-suggested by the
Non-parametric Wind Regression analysis-(NWR) inFigure-S+0-analysis in Figure S14. Wind-sector statistics were computed
using the ZeFiR module integrated into SoFi (Petit et al., 2017), which enabled the generation of factor-conditioned wind and
pollution roses supporting this interpretation. The low levels of PAHs, the lack of correlation with SOyand-, and the absence
of nucleating particles for shipping-Shipping factor 3 suggest that these-ships-are-this factor is related to ships equipped with
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after-treatment devices such as scrubbers, in line with Kuittinen et al. (2024)thatreperted-a-deerease-in-particle-bound PAHs

The diurnal trends of the shipping factors are presented in Figure S+1-S16 and show intense peaks between 7 and 10 a.m. and
between 6 and 8 p.m., corresponding to ferry arrivals and departures. It is interesting to note that the baseline of these factors is
almost zero when there are no shipping events, which is not the case for the other factors, highlighting the good deconvolution

of the shipping sources (Figure 6).
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Figure 4. Mass spectra of Shipping 1, 2, 3 and HOA factors. PAHs has-been-signals were multiplied by 50 for all factors except HOA, for
which PAHs-was-they were multiplied by 25. Factor contribution to the total eentribution-signal is represented by family-colored dots for

each ion, with unit CE for each factor.
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Figure 5. Mass spectra of COA, OxHOA, MOOA and LOOA factors. PAHs has-been-signals were multiplied by 50-fer-all-Hfaetors—50. Factor

contribution to the total eontribution-signal is represented by family-colored dots for each ion, with unit CE for each factor.
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3.4.2 Hydrocarbon-like Organic Aerosol (HOA)

The predominant ions in the HOA mass spectrum are hydrocarbon fragments (Figure 4) at m/z with#/z 39 (C3H3 ™), 41 (C3Hs™),
57 (C4Hy*), 67 (CsH7%), 69 (CsHg"), 79 (C¢H; "), and 81 (C¢Ho™), along with oxygenated ions at m/z 28 (CO™), 29 (CHO"),
and 55 (C3H30™), all associated to-with combustion processes (Marimuthu et al., 2020; Goodings et al., 1979). The calculated
O:C ratio is 0.12, while shipping factors present O:C ratios below 0.05 —The-PAHs-(Table S9). The PAH distribution is quite
similar to that observed for shipping factors 1 and 2, with the highest relative intensities at m/z 128 (C1oHg"), followed by 141
(C11Ho*), 142 (C11Hyo*), 155 (C1pHy1*), 165 (Ci3Ho'), 205 (CigHys*), and 215 (Cy7H 1 %). H-These PAHs have been previ-
ously reported in road transport emissions (Kostenidou et al., 2021; Muifioz et al., 2018; de Souza and Corréa, 2016). The HOA
mass spectrum eentains-alse-also contains an important fraction of oxygenated ions, such as at m/z 149 (C1oH;30%), as well
as oxygenated PAHs (m/z 180, 182, 254;-Table-S4)), tentatively assigned to fluorenone, benzopyran, and benzo[cd]pyrenone,
following previous reports from vehieles-vehicle emissions by HR-ToF-AMS (Kostenidou et al., 2021). These OPAHs have
been associated to-with after-treatment devices, such as oxidation catalysts of modern engines (Moldanova, 2025; Kostenidou
et al., 2021). The mass speetra-spectral discrimination between HOA and shipping factors is illustrated in Figure S12. Spec-
tral Relative Predominance (SRP) highlights similarities and differences across these factors. Major differences are related to
oxygenated ions-ion fragments (CxH,O,"), predominant in HOA, such as at m/z 29 (CHO"), 99 (C¢H;;0%), 110 (C;H;00%),
112 (C7H,0™), 120 (CgHgO"), 122 (CgH;o0%), 146 (C1oH 00%), and 149 (C;oH;30%), and also to the-OPAHsOPAHs, while
shipping factors contain seme-specific and intense aliphatic fragments as-at m/z 72, 86, 100, 114, 128, and 140.

As expected, HOA shows good correlation with combustion tracers such as CO (0.51), NOx (0.28), and BC (0.26)and-a-,
and with PN in the diameter range between 70 and 200 nm (0.34-0.45) ;- Fable-St4(Table S7), in accordance with the literature
(Chazeau et al., 2022; Marques et al., 2022; Kostenidou et al., 2021; Jaikumar et al., 2017). The HOA mass spectrum correlates
well with other published HOA, as well as with a COA factor;—; the theta angle varies between 15 and 23 degrees (Hayes
et al., 2013; Hu et al., 2013; Saarikoski et al., 2012), as-weH-as-and also with a source of coal combustion (Table S9S16). The
HOA mass loading (Figure 6) shows maxima in the range 2-3 pg/m?3, while shipping factors display maxima often exceeding 10
pg/m?. Furthermore, the HOA factor is observed under all wind directions (Figure S10)with-S14), with the highest contribution
in the proximity of the measurement site, which was surrounded by busy roads, while a minor contribution is associated with
air masses coming from the west and southwest for wind speed-speeds exceeding 4 m/s, possibly due to roads behind the cruise
terminal. The diurnal profile shows a maximum between 7 and 10 a.m.then-it-, then increases again around 6 p.m., peaking
peaks at 10 p.m., and slowly decreases until 5 a.m., while shipping factors are characterized by sharp maxima in the morning
and the-evening but are not observed during nighttime. As HOA maxima (rush hours) occur at the same hours ef-as ship arrivals
and departures (Figure SH-S16), some mixing between HOA and shipping factors can occur for air masses coming from west
and seuth-west-southwest directions (Figure S+0S14).
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3.4.3 Cooking-like Organic Aerosol (COA)

The major ions in the COA mass spectrum are hydrocarbon fragments at m/z 41 (C3Hs"%), 67 (CsH;™), 69 (CsHo)*), 79
(CgH7%), and 81 (C¢Hy*), along with oxygenated ions at masses-m/z 29 (CHO"), 43 (C,H30%), and 57 (C3HsO™") (Figure 64).
The COA mass spectrum exhibits a higher contribution, compared to other factors, of oxygenated ions at m/z 73 (C4HoO"),
and contributes around 40 % to ions with m/z 98 (C¢H oO") and 127 (CgH;50™). The COA factor exhibited a-an m/z 55 to
m/z 57 ratio of 2.9 and a-an m/z 67 to m/z 69 ratio of 1.6, aligning-with-the-consistent with the ranges of 2.3-4.5 and 1.1-1.6
rangesreportedfor-aerosolfrom-eookingreported for cooking aerosol enriched in polyunsaturated fatty acids (Pikmann et al.,
2024; Xu et al., 2020; Mohr et al., 2012). Conversely, the HOA factor showed a-an m/z 55 to m/z 57 ratio of 1.67 and a-an
m/z 67 to m/z 69 ratio of 0.96, near the average value of 0.63 == 0.30 average-reported for HOA (Pikmann et al., 2024).
These distinct ratios indicate that COA and HOA have been well separated by the PMF analysis. The COA factor has an O:C
ratio of 0.12 and wel-eerrelated—correlates well with reference COA and oleic acid mass spectra (Table S8S13), with theta
angle between 8 and 16 degrees ;respeetively-(Hu et al., 2018; Shah et al., 2018; Elser et al., 2016; Struckmeier et al., 2016;
Crippa et al., 2013). The PAHs-PAH contribution to this factor is lows—; nonetheless, some signals-at-PAHs signals previously
reported in COA factors (Cash et al., 2021; Singh et al., 2016) including m/z 127 (CyoH7*) and 128 (C;9Hg™) corresponding to
naphthalene, m/z 141 (C;;Ho™) and 142 (Cy1Hj¢™) associated te-with methyl-naphthalene, m/z 151 (C1;H7*) and 152 (Cj,Hg™")

for acenaphtyleneacenaphthylene, and fluorene at m/z 165 (C3Ho*) are observedand-are-previeuslyreported-in-COAfactors
The COA factor has a local origin and it-is observed for low wind speeds (Figure S+0)-S14). It also shows good temporal
correlations with CO (0.39) and PN between 100 and 200 nm (0.35) (Table S7). Its diurnal profile is quite flat during the day

and shows a maximum around 9 p.m.that-, then decreases until 3 a.m. Thelow-values-during-the-day-could-be-explained-by

....... o-shows-sood-tempo OFFe onswith-COO3Nand-PN

The muted lunchtime COA signal results from the site being systematically upwind of the restaurant district, located to the
north-northwest of the station. During 11:00-14:00, winds predominantly originated from the south to southwest (port and
sea sectors), preventing the transport of cooking emissions to the site. A slight evening enhancement is nonetheless observed,
consistent with the higher occurrence of northerly and northwesterly winds during 18:00-21:00, which intermittently place the
site downwind of the restaurant area. Wind roses restricted to meal-time periods (Figure S15) confirm this interpretation, with
only 0.78 % of lunchtime winds and 2.05 % of evening winds originating from the restaurant sector. These conditions explain

both the absence of a mid-day peak and the weak but detectable evening COA contribution.
3.4.4 Secondary Organic Aerosol (MOOA and LOOA)

Secondary organic aerosol (SOA) factors are characterized by a high fraection-abundance of oxygenated ion fragments and are
often-differentiate-using-commonly differentiated based on the relative intensity of ions at m/z 44 (CO,*) and 43 (C,H30%).
The factor with the highest relative intensity for m/z 44 is defined as MOOA (More-Oxidized OA), while-whereas the one with
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the highest intensity for m/z 43 is defined as LOOA (Less-Oxidized OA). The MOOA and LOOA factors present an-O:C ratio
ratios of 0.52 and 0.23, respectively —Fhe-apparent-(Table S9). The apparently low O:C ratios for these two factors can be
explained by the contribution of hydrocarbon ions above m/z 120. Indeed, when considering an upper limit at m/z 120, as in
many previous PMF studies (Elser et al., 2016; Struckmeier et al., 2016; Saarikoski et al., 2012; Mohr et al., 2012; Docherty
et al., 2011), the O:C ratios for MOOA and LOOA beeome-increase to 0.72 fer-and 0.33, respectively (Table S14S9), in
agreement with the literature (Tables S16 and S17).

The MOOA mass spectrum in Figure 5 s characterized by intense ;-signals at m/z 44 (CO,*) and 28 (CO"), and-OPAHs-
While-as well as ions associated with OPAHs. In contrast, the LOOA mass spectrum has-shows the highest intensity at m/z 43
(C,H30%) and a signifieantnotable contribution from oxygenated ions, as highlighted by the SRP comparison in Figure S13a.

The high-pronounced contribution of m/z 43 has been tentatively explained by the sunny Mediterranean summer climate and
the photochemical activity forming oxygenated OA Struckmeteret-al(2016)(Struckmeier et al., 2016).
The MOOA factor pfeseﬂfs—a—majefshows a predominant contribution from air masses eemmgorlglnatlng from the seaand-a

could-be-rather linked-te-, reflecting regional transport of mr—ma%%e%—eemg—tmm—&he%e&e%ﬂa&l%ay—a%ea—fe%marme or bay air
masses under wind speeds exceeding 2 m/s. In-agreement-Consistent with a previous study in-Marsetlle-of Chazeau-et-al(2022)
by Chazeau et al. (2022) in Marseille, the LOOA factor exhibits a strong correlation with nitrate (0.79), even—theugh-this
latter-is-despite nitrate being a very minor component of the PM-while MOOA-—shews-good-correlation-with-time-PM,. The
MOOA correlates with the temporal evolution of S0,% (0.51) and NH4* (0.46), which are often used as tracers of secondary
processes. FurthermoereMoreover, the two factors are associated with PN-particles of different diameters, with MOOA showing
preferential diameters above 100 nm ferMOOA-and-and LOOA between 70 and 200 nm fer EOOA(Table-St4(Table S7).

3.4.5 Oxygenated Hydrocarbon-like Organic Aerosol (OxHOA)

The OxHOA mass spectrum (Flgure 5) is characterized by intense oxygenated ion fragments at m/z 28 (CO*) ;—and 44
(COL")and-mi
ments such as m/z 27 (C,Hs*), 39 (C3H3"), and 41 (C3Hs*). Its mass spectrum correlates well with oxygenated factors as
MOOA-er-such as MOOA and LOOA from the AMS database (Hu et al., 2016; Crlppa et al., 2013; Setyan et al., 2012) (Table
SHHS17), but its O:C ratio is-of 0.34 placine+ i

, and by minor contributions from hydrocarbon ion frag-

suggests an interme-
diate oxidation degree positioning the factor between primary and secondary factors (Table S5)—This-S9), as can be observed
in Figure St4-that-depiet-S17, which depicts the Ng et al. (2010) triangle for all observed factors. This triangle indicates-the
area-delineates the region where ambient organic aerosol components typically falleensidering-, based on the fractions of ions
43 and 44. The MOOA and LOOA elearty-fal-in-factors clearly lie within this triangle, while OXHOA lesjust-on-the-leftside
ofit;shewing-is positioned just to its left, indicating an intermediate oxidation degree. And-the-other-The remaining primary
sources (shipping, HOA, and COA) eceupy-the-bottom-left-ecornercluster in the lower-left corner, consistent with non-oxidized
factors. The mass spectra of OxHOA and MOOA factors are very similar (cosine similarity of 0.98, Table S+6S8). The SRP
comparison in Figure S13b indicates that PAHs and hydrocarbon fragments are enhanced in the OXHOA factorwhile-the-,
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while oxygenated ion fragments are generally more impertant-in-the MOOAfaetor—The-SRP-ofprominent in MOOA. Simi-
larly, the SRP comparison between HOA and OxHOA is-presented-in Figure S13c and-shews-as-shows that the primary factor,

HOA, is enhaneed-enriched in hydrocarbon ion fragments and PAHswhile-OxHOA-is-enrichedin-, while OXHOA shows higher
contribution of small oxygenated fragments such as m/z 28 (CO*) and 44 (CO,™).

The temporal evolution of the OxHOA factor is highly correlated with that of the HOA factor, with a Pearson R value of
0.96 (Table S+5S18). The OxHOA factor also shows quite good temporal correlations with CO (0.64), NOx (0.37), NO3™ (0.7),
and PN between 100 and 200 nm (0.5) (Table S+4S9). The wind rose of this factor atecal-character-similarly-toe-indicates
a predominantly local origin, similar to the HOA and COA factors(Figure-S10)-and-has-mere-pronounced-contributionfrom
, with enhanced contributions from air masses arriving from the northwest and south directions—(seeFigure-(Figures S15 )=

1 ha OxHOA or—dicn n—intermed aloavel of-oxid on—be AaR—PEHRA nd—<cecond A a nd ho
atry v d ay a a V a W ary—a ary t a W

origin—and S18).

3.4.6 Summary and contribution of PAHsCentribution

FheFigured-Figure 7 offers an overview of the measured OA factors. The three shipping factors, the HOA, the COA, and
the OxHOA factors represent 11.2 %, 5.6 %, 5.9%— %, and 12.4 % of the OA mass, respectively. The overall fraction of OA
related to transport (road and maritime) is-quite-high-aceounting for-almost-one-third-of-the-tetal OA(29:2-%)—The-accounts
for 29.2 % of total OA. Broader receptor-model studies including both organic and inorganic species generally estimate 5-20
% of PM, s or PM;( from maritime sources (Wu et al., 2019; Bove et al., 2016; Pandolfi et al., 2011; Minguillén et al., 2008).
In this study, the secondary fraction of OA is-alse-very-importantaccounting-forreaches 78%- % of the OA when including the
OxHOA factor. Highreselution-analysis-of the HR-ToF-AMS-data-

High-resolution data analysis allowed the identification of PAHs-aeecountingfor54%for-various PAHs, of which 58.3 % are
found in LOOA and MOOA (8- %-and-36-19.1 % and 39.2 %, respectively), +9-%for-12.7 % in shipping factors (4.8 % for
Shipping 1, +0-7.0 % for Shipping 2and-1-, and 0.9 % for Shipping 3), followed by HOA (5-15.7 %), OxHOA (16-10.8 %),
and COA (2-2.5 %).

Altogether, eembustion-combustion-related sources account for 51-9-%-of-the- APAHs(shippingfactors 28-%;HOA153-%

and-OxHOA-8:6-%46.2 % of total APAHs (19.4 % from shipping factors, the-other48-%-is-distributed-among-17.2 % from
HOA, and 9.6 % from OxHOA), while the remaining 50.4 % is associated with the LOOA and MOOA factorsunderlining-the

mportance-ofanthropogenic-emissions-also-in-the-aged-aerosel, highlighting the persistence of anthropogenic signatures in
aged aerosols. The OA factors related to transport aceeuntsfor43-6-account for 37.8 % of the UnSubPAHs, mostly associated te
naphthalene;acenaphtylene-with naphthalene, acenaphthylene, and fluorene. €ooking-The cooking factor, LOOA, and MOOA
account for 2:6-%18-3%and-3552.8 %, 19.8 %, and 38.3 % of the remaining UnSubPAHs. Finally, the OPAHs are more
abundant en-in the MOOA factor (~60-60.5 %), followed by HOA and OxHOA (~13-%-13.6 % and 13.3 %), LOOA (16

9%310.0 %), and shipping factors (3-4-%)suggesting-that-OPAHs-are-mostly-2.2 %), suggesting that a considerable fraction of
OPAHs can be formed during photo-oxidative processes in the atmosphere. Globally; PAHs-aceountsfor12-+-Overall, PAHs
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account for 12.0 %o {5-9-of the total OA mass (5.8 %o for UnSubPAHs, 3-9-3.7 %o for APAHsand2.3-%c, and 2.4 %o for

OPAHs), while hydrecarbens-aceountsfor-hydrocarbon ion fragments represent 54.5 % and oxygenated eempoundsfor-ions
43.3 % of the total OA measured in Toulon.
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Figure 7. Pie chart of a) OAand-, b) total PAHs and PAH contributions for the three PAHs-PAH families, c) APAHs, d) UnSubPAHs, and e)
OPAHS, across the PMF factors.
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3.5 Particle number size distribution of PMF factors

The particle number size distribution (PNSD) associated to-each-factor-have-been-with each factor was investigated by selecting
the ten most intense peaks of each factor. Only data-peints-data points having at least ten-minute separation from each other
were considered representative of distinct events. The average efthe-PNSD and its standard deviation for each factor are shown
in Figure 8. The Piecharts—pie charts corresponding to the average PM; composition (OA, inorganic ions, and BC) asseetated
to-each-PNSD-are-depicted(Figure-8)are depicted in Figure 8. Ship emissions are known to contribute significantly to ultrafine
particle number concentrations. Studies have shown that the combustion of marine fuels, especially in large ships, leads to high
emissions of fine partietlate-matter-and-UFEP-and ultrafine particles (Fossum et al., 2024; Grigoriadis et al., 2024; Le Berre
et al., 2024; Aakko-Saksa et al., 2023; Karjalainen et al., 2022; Anderson et al., 2015).

Our resultsalign—, shown in Figure 8, align well with the literature as-can—be—seen—inFigure-8-and-evidence-and reveal
two typical distributions associated te-with the identified shipping factors. The-PNSD 1 and 2 are asseciatedto-UFP-with
moedes-around-40-50-nmand-are-highly-assectated-both associated with UFP, exhibiting modes around 40-50 nm, and show
strong correlations with Shipping 1 and Shipping 2 factors. The-PNSD 1 is explained-by-shippingfactorprimarily driven by
Shipping Factors 1, 2, and 3 (37%, 20%, and 8%, respectively), BC (21%), and sulfate (6%), highlighting-alew-impaet-indi-
cating a relatively low contribution of sulfur to shipping-eentributions—The-shipping-related emissions. PNSD 2 is asseciated
to—shippingfaetor-mainly associated with Shlppmg Factors 1 and 2 (26% and 33%, respectively), BC (14%)and-—sulfate,

and SO4> (10%). The very similar size ineg—dis-

tributions and compositions of PNSD 1 and 2 suggest that Shipping 1 and Shipping 2 likely represent two combustion

modes from the same ship-vessel, rather than emissions from two different-vessels;as-also-suggested-by-thefact-that-their
emissionsare—synehronized—PNSD-number-distinct ships. This interpretation is further supported by the near-synchronous

timing of their emissions. PNSD 3 presents a bimodal distribution with modes at 25 nm and 91am-and- nm. It can be ex-
plained by Shipping 3 (65 %), shipping-with additional contributions from Shipping factors 1 and 2 (13 %), BC (6%)- %),
and SO4> (5 %), while the remaining chemical components account for 11 % of the PNSD-mass—Bimodal-distribution
presenting-a—nuecleating-mede-areund15-20-mass associated with this PNSD. Bimodal distributions featuring a nucleation
mode around 15-20 nm and an Aitken mode around 60-1+00-60—100 nm have been reported for vessels ranning-on-HEO-op-
erating on HFO and equipped with exhaust cleaning systems or scrubbers (Fi i
—Kuittinenet-al-(2024)-highlight-(Fischer et al., 2024; Kuittinen et al., 2024, 2021). Kuittinen et al. (2024) further highlighted
that the use of scrubbers effectively deereased-reduced PN below 50 nm and PAH concentrations, whereas particles above

50 nmand-PAHs-eencentrationswhile larger-partieles, typically comprising black carbon (BC)werenot-affected—Considering
PNSD-number3,-its-, remained largely unaffected. Considering the chemical composition and wind analyses Figure-S+0jof

PNSD 3 (Figure S14), it is reasonable to attribute this factor to emissions from vessels equipped with scrubbers.
The-PNSD-number-PNSD 4 is associated to-COA-and-number-with COA and PNSD 5 to-HOAfactors;respeetivelyis

associated with HOA factors. These distributions are mﬂgfeemeﬂ%wﬁlﬂﬁh&conmstent with literature reports, with modes at

71 nm and 64nm

nm, respectively
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(Nursanto et al., 2023; Sowlat et al., 2016), although the two modes partially overlap. PNSDs of these factors are definitely
impaeted-strongly influenced by other chemical componentsas-ean-be-seen-, as illustrated in Figure 8. PNSD number4 ean-be
explained-by-the-is primarily explained by COA (23 %), OxHOA and SO, (15 %), BC (12%)-and-shipping- %), and Shipping
2 (10 %). The PNSD number-5 is related to HOA (25 %), OxHOA (17 %), BC (16 %), SO4> (13%) %), and LOOA (12 %). }
is-interesting-to-note-that Notably, the PNSD 5 Hinked-to HOA-emissions;is not affected by COA contribution, anderlining-the
good-separation-between-these-setrees-underscoring the effective source separation achieved by the PMF —Fhe PNSD-number
analysis.

The PNSD 6 shews-exhibits a mode at 82am- nm, slightly larger than the-ene-that of HOA. This distribution is associated
with LOOA (27 %), SO4> (18 %), BC (21 %), MOOA (12%5 %), and NOs3" (8 %). The PNSD number-7 isthe fargest meastred
with-a-mederepresents the largest mode, centered around 200nm-and-itis—related-to-oxidized-speeies- nm, and is dominated
by oxidized species such as S04 (49 %), MOOA (29 %), NO;3™ (15%)-and- %), along with BC (12 %). The-PNSD-number
Finally, the PNSD 8 is-bimedal-displays a bimodal distribution, with a dominant mode around 60 nm and a secondary shoulder
around 233nm-This-size-distribution-is- nm, explained by SO4> (38 %), OxHOA (19 %), NO3™ (15%) %), and BC (12 %).

Since several PMF factors contributed only to 20-30% of the total OA, applying a fixed mass-fraction threshold would
have introduced bias in the PNSD selection, biasing toward overlapping or mixed-source events. To avoid this, the ten most
intense events (top ten peaks) were selected for each factor. These events represent locally dominant periods that are minimally
influenced by other sources and separated by at least ten minutes. This selection criterion is consistent with the temporal
resolution of the SMPS (2-minute per scan), which constrains its ability to resolve short-lived plumes often captured by the
AMS. The use of higher time-resolution instruments, such as the EEPS (1-s resolution), would allow direct incorporation of
particle number size distributions into the PMF framework. This is a direction we intend to pursue in future work to enhance

the characterization of source-specific temporal and size-dependent variability.
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4 Summary and Conclusions

This study, conducted in 2021 in Toulon, a major port city on the French Mediterranean coast, assesses-evaluated emissions
from shipping one year after implementing-the implementation of the IMO2020 sulfur regulations. The-EFs-ef-EFs for both
regulated and non-regulated pollutants have-been—determined-for-different-types-of-vessels-were determined across multiple
vessel types and, when possible, for various operational phases. The ebserved-reductions-in-emission-factors-of-sulfurrelated
pellutants;such-aslow EF values observed for SO, (0.45 g/kgy,e), PM-sulfates (0.13 g/kggyel), and NOx (20.7 g/kgyye refleetthe
sueeess-of suecessiveregulations, demonstrate the effectiveness of successive regulatory measures in mitigating key pethatants;
aligning-emissions, in line with global efforts to improve air quality in coastal regions. Hewever;-In contrast, the relatively
unchanged levels of BC (0.38 g/kgge1), organics (1.73 g/kgser), and PAHs (6 mg/kgsyel), similar-to-pre-IMO-regulationswhich

remain comparable to pre-IM0O2020 values, underscore the limitations of current regalatoryframewerks-in-addressing-thefall
speetrum-of-sulfur-focused regulations in addressing other important shipping-related pollutants.

Additienal-PMF analysis of the OA-—sub-mieremeter-aerosol-submicron OA fraction was resolved in an 8-factor-selutionable
to-separate-eight-factor solution, distinguishing five primary sources and three aged factors. Overall, shipping sources accounted
for 11.2 % of the OA (3.7 % from Shipping 1, 4.6 % from Shipping 2, and 2.9 % from Shipping 3);-the-otherprimary-sourees
are-COA-. Other primary sources were COA (5.9%and HOA- %) and HOA (5.6%—A-partially-oxidized-combustion-seuree;
ealled-OxHOA——could-explainup-te- %). Three secondary or aged factors were also identified: OXHOA (12.4%ef-the-OA-
i %), LOOA (20.7%-and- %), and MOOA (44.2%ofthe-OA;
respeetively—The- %). When both primary and partially oxidized transport-related factors were considered, the transport sector

accounted for nearly 30%

as approximately 52 % of the APAHs, 43.6%of- % of the UnSubPAHs, and 30%-of- % of the OPAHs. The three shlpplng

factors represent-contributed to 28 % of total PAHsand-are-thelargest-contributorto-APAHs-at, emerging as the largest source

of APAHs (28%-and-a-good-contributor-to-UnSubPAHs-with- %) and significant contributors to UnSubPAHSs (19.3%-but-they
represent-only- %), while their OPAH fraction remains limited (3.5%-ofthe-OPAHs %), consistent with limited secondary

processing near the emission source. HOA and OxHOA factors shew-similar-exhibited comparable contributions to PAHs:
, accounting for 15.3 % and 14.5 % for APAHs, 14.5 % and 9.8 % for UnSubPAHs, and 13.4 % and 13.2 % for OPAHs,
respectively.

PNSB-analysis-highlightshew-The PNSD analysis underscores that shipping activities represent a major source of UFP in the
city of Toulon. Shipping emissions presented-eithermonemedal-distribution-displayed either monomodal distributions centered
around 50 nm or bimodal distributien-distributions (at 25 nm and 91am)-typieal- nm), with the latter being characteristic of
vessels equipped with scrubbers. Given-the-substantialnumber-Considering the quantity of UFP emitted by ships, with a mean
PN EF of 4.8 x 10'3 part/kgy,|, their-high-content-of PAHs-along with their high PAH content, and their ability to penetrate
deep-deeply into the human respiratory system due to their reduced-small size, these findings highlight-emphasize the potential
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health risks-asseeciated-with-the-hazards associated with maritime activities, particularly in densely populated port cities like
Toulon.

These results also emphasize—highlight the importance of advanced source apportionment methods, which enable to
differentiate-the differentiation between road transport and shipping transport emissions, thereby improving our understand-

ing of their respective contributions to air quality.

Overall, this study demonstrates that although sulfur regulations have significantly reduced SO, and sulfate emissions,

the levels of organic and soot components have largely remained unchanged. Targeted measures addressing these non-sulfur
pollutants, including BC, organics, and PAHs, will be essential to achieve substantial improvements in air quality and redueing

vehuman health in coastal urban environments.

These findings are therefore critical for shaping future air quality policies, espeetally-as ECA-regulations-will-come-as the
Mediterranean SECA comes into force in the-Mediterraneanin-2025. qihwp&peHﬂghhgthh&eveMﬁg—}mpaePefﬁ;hmpmg
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