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Executive summary 
 
In the last years, shipping emission has drawn policymaker attention because of the demonstrated risks for human 
health of coastal urban populations. Law enforcements have been adopted in 2020 to reduce sulphur emission from 
the shipping sector on an international level and additional restrictions will be implemented in the next years for the 
Mediterranean Sea. The city of Marseille, one of the biggest harbours in the Mediterranean Sea, has been chosen to 
carry out a remote sensing measurement campaign because of its high population density and fast atmospheric 
photochemical processes. 
 
Preliminary studies on wind directions and particle detection from plumes have been carried out in the Marseille 
urban harbour area to choose the best locations for onsite measurements. Two sites were identified as the most 
suitable: one in the north pass, called “Phares et Balises” (PEB) and one in the south pass, “La Major”. Shipping 
emissions were also investigated deploying a sniffer boat to monitor vessel emissions in the industrial harbour area 
of Fos. 
 
Gaseous phase pollutants (SO2, CO2, CH4), particle number and size distribution (PN) and black carbon (BC) content 
were monitored using fast online techniques (1 s time resolution). A more extensive characterization of ship plumes 
was carried out using high resolution mass spectrometers as HR-ToF-AMS, FIGAERO-ToF-CIMS for a detailed 
description of the particulate matter below 1µm (PM1) chemical composition and PTR-ToF-MS for the volatile 
organic compounds (VOCs). 
 
Ship plumes were identified by simultaneous peaks of several pollutants such as CO2, BC, PN, SO2. For each plume 
the emitting vessel was identified according to the specific wind conditions. Vessel trajectories were retraced using 
the Automatic Identification System (AIS) data. The total number of plumes measured was 152 most of them 
belonging to ferries. 
 
Although the differences observed between the emitted particles, all were characterized by mode around 100 nm 
attributed to soot and a smaller mode characterised by condensed material and/or non-volatile core particles. The 
latter particle mode varied from one vessel to another one depending on the engine operation modes and on ambient 
dilution. 
 
We were able to successfully identify and quantify different families of inorganic species (as sulphate, ammonium and 
nitrate) and an organic fraction including aliphatic, oxygenated species and PAHs. Among these latter a high fraction 
of functionalized PAHs as methyl-, oxy- and nitro- derivatives have been identified.  
 
The secondary aerosol formation potential of ship plumes was investigated using two fast oxidation flow reactors 
(Go:PAM and TSAR) and for the majority of the plumes considered an increase of the total PM mass was observed. 
The dominant secondary fraction was represented by organic aerosol (SOA) even though some secondary inorganic 
aerosol (SIA) was observed. Particle volatility of the semi-volatile fraction was studied using a thermodenuder. Results 
from the FIGAERO-ToF-CIMS dataset indicate a large range of volatility for the SOA and primary organic aerosol 
(POA) components. 
 
Emission factors (EFs) were calculated for both the sniffer experiment and harbour PEB site. The calculated EFs for 
PN, PM and BC were comparable to those previously reported in the literature and the differences observed 
between onsite and sniffer measurements suggest different emissions between sailing and manoeuvring phases of the 
vessels. Except for one ship, the Fuel Sulphur Content (FSC) was always below the actual regulated limits of 0.5%.  
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List of abbreviations 
AIS - Automatic Identification System 
AMS - Aerosol mass spectrometer 
AMU - Aix-Marseille University 
BC - Black carbon 
BSFC - Brake specific fuel consumption 
CE - Collection efficiency 
CHARON - Inlet for chemical analysis of aerosol online 
CHARON-PTR-ToF-MS - CHARON coupled with proton transfer reaction time-of-flight mass spectrometer 
CIMS - Chemical ionisation mass spectrometer 
CPC - Condensation particle counter 
CRDS - Cavity Ring-Down Spectroscope 
DR - Dilution ratio 
ECA – Emission Control Area 
EEPS - Engine Exhaust Particle Sizer 
FIGAERO - Filter inlet for gases and aerosols 
FIGAERO-CIMS - FIGAERO coupled with a chemical ionisation mass spectrometer 
FTIR - Fourier Transform Infrared Spectrometer 
FSC - Fuel Sulphur Content 
GARD - Gardella 
Go:PAM - Gothenburg potential aerosol mass reactor 
GPMM Grand Port Maritime de Marseille 
IMO – International Maritime Organization 
IR – Infrared 
IVOC - Intermediate Volatile Organic Compound 
m/z - Mass-to-charge ratio 
MAAP - Multi angle aerosol absorption photometer 
MARPOL - International Convention for the Prevention of Marine Pollution from Ships 
MPAHs - Methyl PAHs 
MY - Model Year 
NECA – Nitrogen ECA 
NPAHs - Nitro PAHs 
OA - Organic aerosol 
OFR - Oxidation flow reactor 
OHexp - OH exposure 
OPAHs - Oxy PAHs 
OPC - Optical Particle Counter 
OPS - Optical Particle Sizer 
PAF - Police aux frontieres 
PAH - Polycyclic Aromatic Hydrocarbons 
PAM - Potential Aerosol Mass 
PEB - Phares et Balises 
PM - Particulate Matter 
PN - Particle Number 
POA - Primary Organic Aerosol 
ppb - parts per billion 
ppm - parts per million 
PTR-MS - Proton transfer reaction mass spectrometer 
PTR-ToF-MS - Proton transfer reaction time-of-flight mass spectrometer 
RH - Relative humidity 
SECA - Sulphur ECA 
SIA – Secondary Inorganic Aerosol 
SMPS - Scanning mobility particle sizer 
SOA - Secondary organic aerosol 
TAU - Tampere University 
TSAR -Tampere Secondary Aerosol Reactor 



  
D3.4 – Shipping Contributions to Inland Pollution Push for the Enforcement of Regulations      
 

 
The SCIPPER Project - 814893  5 / 35 
 

UnSubPAHs – Unsubstituted PAHs  
UV - Ultraviolet 
VOC - Volatile organic compound 
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1 Introduction  

European maritime transport has been a catalyst for economic development and prosperity throughout our history. 
Nearly 80 % of the EU's external freight trade is delivered by shipping, demonstrating the global dependencies 
regarding imported goods (EEA, 2018a; ITF, 2020). While ships exhibit comparatively low fuel consumption per unit 
of cargo-distance, they produce high specific emissions of nitrogen oxides (NOx), sulphur oxides (SOx) and 
particulate matter (PM). This implies a significant air quality (AQ) degradation in coastal regions, especially in urban 
harbour areas where large vessels docks are located in the proximity of the cities.(Ramacher et al., 2020; Merico et 
al., 2021). Main gaseous emissions consist of NOx, SOx, CO, CO2 and a complex mixture of volatile and intermediate 
volatile organic compounds (VOCs and IVOCs) (Jutterström et al., 2021; Roukos et al., 2009; Wang et al., 2020; Wu 
et al., 2020; Xiao et al., 2018). Particulate emissions are mainly composed of BC, organic compounds including PAHs, 
and inorganic compounds including sulphates, nitrates, ammonium as well as metals. (Ausmeel et al., 2020; Chianese 
et al., 2022; Clemente et al., 2021; Jonson et al., 2020; Shouwen Zhang et al., 2021; Wang et al., 2022) These emissions 
have been recognized to have adverse impacts on AQ and human health as well as on climate. (Anderson et al., 2012; 
Eyring et al., 2010; Héroux et al., 2015; Sorte et al., 2020). Nevertheless, shipping emissions impact on urban AQ is 
still unclear partly due to the uncertainties in the emission inventories of particle precursors and formation of 
secondary pollutants (as secondary organic and inorganic particle formation). 

Emissions related to maritime traffic have been among the least regulated ones. Shipping is a difficult sector to 
decarbonise due to its long asset lifespans, high energy dependency and limited viable transportation alternatives. But 
the increasing awareness of the adverse effects of air pollution on climate and human health has drawn the public 
interest on mitigation policies and regulations of air pollution sources. Maritime traffic regulations are in progress 
but are not restrictive enough compared to other sectors. The International Maritime Organization (IMO) establishes 
the limits for shipping emissions, targeting the most abundant pollutants emitted by vessels: sulphur, NOx and PM. 
Since 2020, the maximum sulphur content allowed for fuels used on-board is restricted to 0.5% (compared to the 
3.5% maximum previously allowed) (IMO, 2019) and it is further reduced to 0.1% when vessels are approaching the 
European Coastline (EEA, 2018b). Even though fuels with higher Sulphur content can be used if the vessel is equipped 
with exhaust after-treatment devices as scrubbers. Since 1997 some Emission Control Areas (ECAs) for Sulphur and 
for Nitrogen Oxides (respectively SECA and NECA) have been established during the International Convention for 
the Prevention of Marine Pollution from Ships (MARPOL) and today there are four ECAs: the Baltic Sea, the North 
Sea, the North American ECA and the US Caribbean ECA. In these areas, since the first of January 2020 the maximum 
sulphur content allowed in marine fuels is 0.1%. During the Meeting (COP 22) of the Contracting Parties to the 
Convention for the Protection of the Marine Environment and the Coastal Region of the Mediterranean (Barcelona 
Convention) and its Protocols, a proposal for the constitution of an ECA in the Mediterranean Sea (Med SOx ECA) 
has been agreed and will be submitted to the IMO to be effective on 1st January 2025. 

Ship emissions can be monitored by in-stack measurements and ambient remote sensing. The first method guarantees 
the absence of interferences from other pollution sources, but it is expensive and is limited to few vessels. Ship 
emission measurement from ambient remote sensing, on the other hand, has the advantage to provide a wide range 
of emission profiles from many different vessels. However, this monitoring mode is challenging because of potential 
interferences from other emission sources. In fact, for onsite measurements, the choice of the monitoring site needs 
preliminary meteorological studies (wind speed and direction) and a detailed knowledge of other pollution sources 
in the selected area. Another efficient way to carry out ambient remote sensing for shipping emissions is through 
the deployment of a “sniffer” boat to chase vessel plumes around the harbours or in the open sea. 

The present report describes the results from the SCIPPER C4 campaign, carried out in July 2021 in the industrial 
and urban harbour areas of Marseille, using remote sensing techniques. The city of Marseille, located in the western 
part of the Mediterranean Sea, is the second biggest city in France and the third port for goods transport in the 
Mediterranean Sea. The intense ship traffic, the high population density (3 600 inhabitants/km2) and the high 
photochemical activity of this area make the city of Marseille an ideal place to study the influence of shipping pollution 
on urban AQ.  

The objective of this deliverable is to provide a broad characterization of atmospherically sampled vessel, detailed 
particulate phase characterization, volatility studies and secondary aerosol formation potential and finally provide 
pollutant’s emission factors,. The results from this campaign will update and improve, through the detailed description 
of the primary and secondary pollution from ships, current air quality models. 
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We therefore gathered research group with expertise in ship emissions and atmospheric sciences with the intent to 
build a unique and comprehensive dataset on ship emissions. The marine exhaust contains both organic and inorganic 
species in the gas and the particle phases. Most inorganic gases (NOX, SO2, NH3) are measured by specific analysers, 
based on infrared absorption, ultraviolet (UV) fluorescence or chemiluminescence. More recently, mass 
spectrometric techniques, have been successfully deployed to identify and quantify the non-refractory fraction of PM 
(organic and inorganic) (Diesch et al., 2013; Eichler et al., 2017; Sippula et al., 2014) and volatile organic compounds 
(VOCs)(Wang et al., 2020; Xiao et al., 2018). For online measurements of the non-refractory PM1 fraction we 
deployed two aerosol mass spectrometers. For detailed information of the organic fraction a chemical ionisation 
mass spectrometer (CIMS) was used to measure the more oxygenated organic compounds (Riva et al., 2019). A 
proton transfer reaction mass spectrometer (PTR-MS) was used to measure the volatile organic compounds (VOCs). 

This deliverable is structured as follows: the preliminary studies motivating the choice of the sampling sites and the 
sampling techniques are described in section 2. Section 3 contains C4 campaign experimental setup description and 
results for chemical composition. Emission factors and Fuel Sulphur Content of the measured plumes are reported 
in section 4. Particle size distributions observed upon atmospheric dilution are reported in section 5. Conclusions 
are given in section 6.  
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2 Sampling sites selection and description 
The “Grand Port Maritime de Marseille” (GPMM), also called Marseille Fos Port, is composed by two basins: the 
Eastern basin, which is close to the urban area (the so-called urban harbour), and a Western basin (or industrial 
harbour), located in the nearby industrial area of Fos, 50 km away from the city centre (Figure 2-1).  
 

 
Figure 2-1 Marseille-Fos Port map of Eastern and Western harbour areas. Travelling routes are represented 

according to the annual travel distance covered along them. The dots indicate the ships at berth, while the small 
ships indicate the position of travelling boats (Source: www.marine-traffic.com).  

Figure 2-2 reports the statistics of vessel arrivals in the Marseille Fos Port in both basins and in the Western harbour 
anchorage for a short period of time (12 days) before the 2021 campaign. The Western harbour is dedicated to 
crude oil and oil products, chemicals, gas, container, bulk and Ro-Ro traffic while the Eastern harbour is dedicated 
to national and international ferry traffic, cruise ships, Ro-Ro ships and to a minor extent to some container ships 
and bulk carriers. The two basins have a similar level of activity with 54% and 46% of the port calls in the Western 
and Eastern harbours, respectively. For this reason, the consortium decided to carry out a complementary 
experiment using “a sniffer boat”. We rented a boat from a private company and followed incoming/outcoming 
vessels in both basins even though the main focus was to collect data from the Fos harbour. The setup, timing and 
measurement techniques deployed during the sniffer and the onsite harbour campaigns are described in section 3.1. 

 
Figure 2-2:  Arrivals in Marseille - Fos Ports between 18/07/2021 and 31/07/2021 classified by vessel type. The panels 
represent: (a) arrivals in the Eastern basin (urban harbour), (b) and (c) respectively the arrivals in the Western basin 
(industrial harbour) and its anchorage area. Source: Marine Traffic (www.marinetraffic.com). 
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2.1 Marseille urban harbour: Meteorological survey and plume detection 

The GPMM deploys seven weather monitoring stations in the urban harbour ( 
 and figure 2.3). With the courtesy of the GPMM, we could retrieve two years of weather data. We could then carry 

out analysis of wind directions and speeds at 
different locations within the Eastern basin of the 
Marseille Port. 
 

 

 

 

 

Figure 2-3. Left side. Position of the weather stations inside 
the Marseille harbour. 

Table 2-1: List of the GPMM sites 

Name of the site Acronym Altitude Measurement period 

Vigie Sud VIS 30 Jan. 2017- Sept. 2019 

La Major La Major 25 Jan. 2017- Sept. 2019 

Saint-Cassien CAS 25 Jan. 2017- Sept. 2019 

Phares et Balises PEB 30 Apr. 2017- Sept. 2019 

Police aux frontieres PAF 18 Jan. 2017- Sept. 2019 

Gardella GARD 20 Jan. 2017- Sept. 2019 

Pylone Forme 10 F10 10 Jan. 2017- Sept. 2019 

Table 2-1: List of the GPMM sites 

Name of the site Acronym Altitude Measurement period 

Vigie Sud VIS 30 Jan. 2017- Sept. 2019 

La Major La Major 25 Jan. 2017- Sept. 2019 

Saint-Cassien CAS 25 Jan. 2017- Sept. 2019 

Phares et Balises PEB 30 Apr. 2017- Sept. 2019 

Police aux frontieres PAF 18 Jan. 2017- Sept. 2019 

Gardella GARD 20 Jan. 2017- Sept. 2019 

Pylone Forme 10 F10 10 Jan. 2017- Sept. 2019 



  
D3.4 – Shipping Contributions to Inland Pollution Push for the Enforcement of Regulations      
 

 
The SCIPPER Project - 814893  13 / 35 
 

Analysis of the meteorological data were carried out with the intent of identifying the most suitable measurement 

locations for the C4 field campaign  

Figure 2-4:  Wind roses calculated from the GPMM weather station data. For further details on stations and 
measurements see  

 

 

Figure 2-3 and  

Table 2-1: List of the GPMM sites 

Name of the site Acronym Altitude Measurement period 

Vigie Sud VIS 30 Jan. 2017- Sept. 2019 

La Major La Major 25 Jan. 2017- Sept. 2019 

Saint-Cassien CAS 25 Jan. 2017- Sept. 2019 

Phares et Balises PEB 30 Apr. 2017- Sept. 2019 

Police aux frontieres PAF 18 Jan. 2017- Sept. 2019 

Gardella GARD 20 Jan. 2017- Sept. 2019 

Pylone Forme 10 F10 10 Jan. 2017- Sept. 2019 
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.  

Figure 2-4 shows the wind roses calculated considering the wind data for the months of June, July and August 
recorded for three consecutive years from 2017, 2018 and 2019 in the seven locations mentioned above. North-
western wind, called “Mistral”, is characterized by strong wind speed (till 180 km/h) and a direction from 290 to 
360°(Jacq et al., 2005). Considering the location and orientation of the sites in the harbour, the wind roses and the 
departure and arrival routes, the sites that most likely will be downwind ship plumes are Phares et Balises (PEB), 
Police aux frontiers (PAF) and Gardella (GARD) at the north entrance and the site La Major at the south entrance.  

 

Figure 2-4:  Wind roses calculated from the GPMM weather station data. For further details on stations and 
measurements see  

 

 

Figure 2-3 and  

Table 2-1: List of the GPMM sites 



  
D3.4 – Shipping Contributions to Inland Pollution Push for the Enforcement of Regulations      
 

 
The SCIPPER Project - 814893  15 / 35 
 

. 

An additional monitoring campaign took place in 
2019 ( ) at these pre-selected four locations. The 
sampling period ranged from the 15th to the 22nd of 
July for the sites La Major, GARD and PAF and from 
the 16th to the 27th of September at the PEB.   shows 
the temporal variations of the particle 
concentrations for the four sites, together with the 
wind speed and direction and the number of ships at 
berth.  

At the northern entrance high particle 
concentrations were mainly related to cruises, ferries, cargos and occasionally to tankers (GARD and PAF sites). In 
both sites high particle concentrations were observed during night-time, under land breeze regime, suggesting an 
important influence of urban traffic and harbour activities. The PEB site is rather influenced by ferries, cruises and 
shuttle boats and experienced low influence from urban background and harbour activities, due to its position on 
the dike. In La Major, the only site on the south pass, highest particle number concentrations were associated to 
ferries, cargos, shuttle boats and to a minor extent tankers.  
 

 

 
 Figure 2-5:  Temporal variations of particle number concentrations, wind speed and direction and number of ships 

at berth: at the North entrance (a) Gardella (GARD) (b) Phare et Balises (PEB), (c) Police aux Frontières (PAF) and 
at the South passe (d) La Major. 

Considering the results showed in Figure 2.4 and 2.5, the aim of measuring at two sites (one on the north and 
another on the south passe), the final selection took into account also practical considerations as having enough 
space to host the mobile laboratory “MASSALYA” and two shelters to accommodate all the instruments and an easy 
access to power supply. Two locations were finally chosen one at the South entrance, La Major, and the 
other at the North entrance, Phares et Balises (PEB). 
 

Name of the site Acronym Altitude Measurement period 

Vigie Sud VIS 30 Jan. 2017- Sept. 2019 

La Major La Major 25 Jan. 2017- Sept. 2019 

Saint-Cassien CAS 25 Jan. 2017- Sept. 2019 

Phares et Balises PEB 30 Apr. 2017- Sept. 2019 

Police aux frontieres PAF 18 Jan. 2017- Sept. 2019 

Gardella GARD 20 Jan. 2017- Sept. 2019 

Pylone Forme 10 F10 10 Jan. 2017- Sept. 2019 
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3 C4 campaign 
 
3.1 Setup 

The C4 campaign took place in the Marseille Fos harbour from 5th to 23rd July of 2021. Five experienced research 
teams were involved in the campaign: Aix-Marseille University (AMU, France), the regional agency for air quality 
monitoring AtmoSud (France), Tampere University (TAU, Finland), the Swedish Environmental Research Institute 
(hereinafter “IVL”), CHALMERS University of Technology (Sweden) and the Aeromon Oy company (Finland).  
 
3.1.1 Instruments 

 

 

 

 

Table 3-1 reports the instruments deployed during the campaign, with the associated measured pollutant or function, 
the time resolution, and the site in which each instrument was located. In this campaign, the use of the reference air 
quality monitoring instruments, such as particle counters, SO2, NOx, has been complemented with five mass 
spectrometers, namely the HR-ToF-AMS and the SP-AMS version, the FIGAERO-ToF-CIMS, the PTR-MS and the 
PTR-MS equipped with the CHARON inlet. The atmospheric ageing of ship plumes has been simulated with two 
oxidation flow reactors and aerosols volatility has been investigated with a thermodenuder. 
 
ToF-HR-AMS (herein and after called only AMS) stands for Time-of-Flight High Resolution Aerosol Mass 
Spectrometer. This instrument provides online analysis of aerosol (PM1) chemical composition for non-refractory 
species including inorganic ions (ammonium nitrate, ammonium sulphate, ammonium chloride) and organic species, 
with a high time and mass resolution (up to 1 second). A full description of the instrument and its working mode is 
reported in Canagaratna et al., (2007). SP - (Soot Particle) version of the AMS can additionally measure the refractory 
fraction of BC and some trace metals.  
 
FIGAERO-ToF-CIMS measures the gas and particle phase composition with a Time-of-Flight spectrometer (Lopez-
Hilfiker et al., 2014). The operation is semi-continuous, as the gas phase is measured while particles are collected 
onto a filter. After the collection period, the filter is flushed with heated nitrogen and the molecules that are 
evaporated from the filter due to the temperature increase are measured in a similar way as the gas phase. 
 
PTR-ToF-MS stands for Proton Transfer Reaction High resolution Time-of-Flight. This mass spectrometer is based 
on chemical ionisation (H3O+ mode) and provides online analysis of VOCs (time resolution was of 10 seconds and 
mass resolution of 3500).  
 
The new CHemical Analysis of aeRosol ON-line (CHARON) particle inlet coupled to PTR-TOFMS instruments 
quantitatively detects organic sub-µm particulate matter as well as particulate ammonium and nitrate at single digit 
ng/m³ mass concentration levels in real-time. 
 
Tampere Secondary aerosol reactor (TSAR; Simonen et al., 2017) is an oxidation flow reactor that exposes the 
sample to high concentration of oxidants (OH, O3). The fast oxidation during the residence time of TSAR (~40 s) 
corresponds to oxidation of several days in the atmosphere. Thus, it is possible to estimate the atmospheric 
secondary aerosol formation potential with high time resolution by using TSAR.   
 
The Gothenburg Potential Aerosol Mass (Go:PAM) reactor is an oxidation flow reactor that has been described in 
detail elsewhere (Watne et al., 2018) so it is only briefly presented here. Go:PAM was designed to study transient 
phenomena and is a 100 cm long (i.d.=9.6 cm) vertical flow reactor made of quartz glass that was illuminated by two 
fluorescent lamp tubes (Philips TUV 30 W). The sample flow is oxidised by OH radicals, formed via photolysis and 
subsequent reaction with water vapour.   

For characterising the thermal characteristics of the particles, a thermodenuder (Dekati) at 250 °C was used.  
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Table 3-1 Resuming table of all the instruments used during the C4 campaign and the site in which they were located.  

Instrument 
Pollutant measured/Instrument 
function 

Time 
resolution 

Site* 

ToF-HR- AMS (Aerodyne) PM1 chemical composition 1 s to 1 min 1, 3 
SP-ToF-HR-AMS (Aerodyne) PM1 chemical composition, BC 1 s to1 min 1, 3 
FIGAERO-ToF-CIMS (Aerodyne) PM chemical composition, VOCs 30 min 1, 3 
PTR-ToF-MS 8000 (Ionicon Analytik) VOCs 10 s 3 
PTR-ToF MS (6000x2) - CHARON inlet  
(Ionicon Analytik) 

VOCs/OA 
10 s 

1, 3 

FTIR with multireflection cell VOCs (alkane, alcohol, aldehyde)   7 s   1,2  
Laser spectrometer   SO2, CO2, CH4  1 s  1,2  
Condensation Particle Counter (CPC TSI) PN (5 nm-3µm) 1 s 2, 3 
Scanning Mobility Particle Sizer (SMPS TSI) PN and granulometry (14-600 nm) 2 min 3 
Optical Particle Counter (OPC Grimm) PN and granulometry (0.25-20 µm) 6 s 2,3 
Engine Exhaust Particle Sizer (EEPS, TSI) PN and granulometry (5.6-560nm) 1 s 1, 2, 3 
Aethalometer (AE33, Aerosol Co.)  Black Carbon 1 s 1, 2, 3 
Aethalometer (AE 33, Magee Scientific) Black Carbon (upper cut-off 1 µm) 1 s 1, 3 
MAAP 5012 (Thermo Fischer) Black Carbon (PM1) 1 min 3 
CRDS (PICARRO) CO, CO2, CH4, H2O 1 s 1, 2, 3 
LI-840 (LI-COR Inc.) CO2, H2O 1 s 1, 3 
IR analyser  CO2, H2O 0.1 s 1, 2 
UV spectrometers (Environment SA) SO2, NO2, O3 1s 1, 2, 3 
NOx (Chemiliminescence)  NOx

 1s 2 
SO2 (Fluorescence)  SO2 2s/60sec 2 
Xact 625i (Cooper Environmental) Metals (PM1) 30 min 2 
Go:PAM   Oxidation flow reactor 40 s** 3 
TSAR  Oxidation flow reactor 40 s 1 
Thermodenuder (Dekati) Volatility measurements 1 s 1 
Weather station T, RH, wind speed and direction 1 s 1, 2, 3 
*1= Sniffer boat ; 2=La Major; 3=Phares et Balises. 
** Flow dependent. In these experiments median reaction times ranged between 34 and 49 s. 
 

3.1.2 The sniffer vessel experiment 

The sniffer boat experiment took place between the 5th and the 8th July in Marseille eastern and western harbours. 
The ClaraONE yacht (Figure 3-1) was equipped with a wide variety of instrumentation (see  
 
 

 

Table 3-1, the sniffer experiment correspond to the “Site”=1) to characterise single ship plumes at the emission and 
their photochemical ageing. 
 
Two inlets were positioned above the roof top of the yacht: one on the port side of the boat, for primary emissions 
measurements, and another inlet on the front side connected to the secondary organic aerosol experimental setup 
(Figure 3-2). The port-side inlet and sampling line was used for gaseous phase pollutants, such as CO2, NOx, CH4, 
SO2 and some VOCs (by FTIR reflection cell), and particulate phase pollutants, such as mass, size distribution (Engine 
Exhaust Particle Sizer (EEPS)), BC (AE33) and volatility studies (Thermodenuder).  
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Figure 3-2 shows a schematic of the experimental setup used to measure the PM1 chemical composition and simulated 
plume aging processes (front inlet). The fresh sample has been characterised using the AMS, the LI-COR, the AE33 
and a CPC to measure the Primary Organic Aerosols (POA), CO2, Black Carbon (BC) and the Particle Number 
(PN), respectively. O3 and CO have been added to the sample prior to the injection to the flow reaction chamber 
TSAR. The aged sample composition has been investigated using the SP-AMS (SOA and r-BC), the PTR-CHARON 
(VOCs/SOA), the FIGAERO-CIMS (VOCs/SOA), an O3 analyser and an EEPS (particle count and granulometry). 

 
 Figure 3-1: (a) image of the ClaraONE yacht; on-board instruments installation for plumes (b) emission and (c) 

ageing during study between the 05th to 08th of July 2021; (d) inlets picture. 

 
Figure 3-2. Schematic representation of experimental setup adopted for primary and secondary organic aerosols 

production and measurement during the sniffer campaign. 

Figure 3-3a and Figure 3-3b show the sniffer boat routes from the GPS data for the 6th and the 7th of July. On the 6th 
of July the sniffer boat followed the vessels plume around Marseille port. Cruise ships enter only form the North 
pass while ferries can enter from both the North and the South pass. During the 7th of July the sniffer boat travelled 
to the Fos Bay with the intent to collect plumes from tankers and cargos. The strategy for our daily route was built 
up upon the arrival and departure scheduled times of the vessels. Generally, ferries arrived early in the morning and 
left in the evening/night. While cargos and tankers were travelling all the time.  
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Figure 3-3. Sniffer boat routes (GPS data) for the (a) 6th of July in the Marseille harbour and (b) 7th of July in the Fos 

Bay area. 
 
3.1.3 Onsite monitoring campaign 

 

 shows the locations of the sampling sites chosen for the onsite measurement campaign performed between the 12th 
and the 23rd of July: La Major (South pass) and PEB (north pass). For each site, the list of the instruments deployed is 
reported in  

 

 

 

Table 3-1. 
A schematic representation of the experimental configuration for the SOA production simulation is illustrated in 
Figure 3-5. The fresh plumes have been widely characterised using gas phase (CO2, NOx and SO2) and BC monitors, 
two particle counters and the AMS for the organic fraction. The plumes have also been oxidised utilising the Go:PAM 
reactor and the aged exhaust has been analysed with the SP-AMS, the PTR-CHARON, FIAGAERO-CIMS and an 
EEPS. 
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Figure 3-4. (side) Sampling site locations inside the 
eastern harbour of Marseille 

 

 

Figure 3-5. (above) Schematic representation of the setup 
for the measurements of primary and secondary aerosols 

in PEB site. 

 

 
3.2 Observed plumes 

3.2.1 Plume definition 

The punctual emission into the atmosphere of gas and aerosol and their mixing with ambient air generates a plume. 
Once formed, the plume is dispersed into the atmosphere according to the direction of the wind, air turbulences 
and diffusion due to concentration gradients.  
Before the legislation shift in January 2020, SO2 was often used as tracer for ship plumes in remote sensing monitoring 
campaigns. During the C4 campaign in July 2021, the SO2 concentration measured in the ship plumes were low, most 
of the time high SO2 concentrations were associated to air masses originated elsewhere (e.g., from the industrial 
area of Fos, situated 35 Km NW from Marseille). Therefore an identification procedure was implemented (Hallquist 
et al., 2022) for the identification of individual plumes: 

1. Peaks in CO2 were defined when a moving standard deviation exceeded a pre-set threshold value 
2. Search for simultaneous peaks of other pollutants related to a combustion process, as BC or NOx, and high 

particle number concentration, peak start and end times were manually determined 
3. The search for a ship is carried out stepwise (20 s) within the wind sector, defined as a triangle with the 

measurement station in apex and the sides at a 20-degrees angle from a central line which is the measured 
wind direction, starting at peak start times (Error! Reference source not found.). 

All concentrations were background corrected using the average of 15s prior to peak start time. Ship trajectories 
data were retraced using the Automatic Identification System (AIS) data. 
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Figure 3-6. Example of a peak measured and identified. Top left is a map of a part of the Marseille harbour where the 

measurement site is indicated with a red dot (©OpenStreetMap contributors, CC BY-SA, see 
http://www.openstreetmap.org/). Top right is a figure of the ship identification, illustrating the same part of the 

harbour and the matching, temporally and spatially, of a ship within the wind cone for the identified peak shown at 
the bottom. 

 
Figure 3-7 and Figure 3-8 show the temporal variations during the C4 onsite monitoring campaign (12th-23rd July) of 
the principal gaseous pollutants (CO2, NOx and SO2), BC, particle number, and meteorological data at the PEB and 
the La Major sites, respectively. For the PEB site only time evolution of the primary organic aerosol (POA) was 
added. Some of the most intense ship plumes are here highlighted in blue. As previously explained, every identified 
ship plume was characterised by the simultaneous emission of CO2, BC or NOx and particles. Most of the plumes 
have been identified in the first week of the campaign, especially in the PEB site. According to the wind data, we can 
split the onsite campaign in two periods: the first one, stretching from the 12th to the 18th of July, in which the 
“Mistral” wind, typical of the region, was predominant, and a second period, from the 18th to the 23rd of July, in which 
a sea-land breeze daily regime set in. For both sites most of the plumes have been observed during the “Mistral” 
period, due to high wind speed and to a wind direction (290-360°) favourable for plume detection from our 
emplacements.  
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Figure 3-7.Temporal variations of the major pollutants and weather data observed in the “Phares et Balises” (PEB) 
site between 12/07/2021 and 23/07/2021. The most intense identified ship plumes have been highlighted in light blue. 

 
Figure 3-8. Temporal variations of the major pollutants and weather data observed in the “La Major” site between 

12/07/2021 and 23/07/2021. The most intense identified ship plumes have been highlighted in light blue. 

 

3.2.2 Plumes and Ships statistics 

Statistics on the origin of the detected plumes in the onsite campaign sites PEB and La Major and during the sniffer 
experiment are reported in Error! Reference source not found., together with the number of total plumes 
detected in each part of the campaign and the number of different vessels observed. The total number of ship plumes 
detected was 152, with the majority observed in the PEB site (90), followed by La Major (35) and the sniffer 
experiment (27). Most of the observed plumes originated from ferries (36, 28 and 7 for PEB, La major and the sniffer 
experiment respectively). As expected for an urban harbour, most of the plumes detected during the onsite campaign 
were emitted by ferries, followed by cruises (12 for PEB and 2 for La Major) and tankers (respectively 11 and 2 for 
PEB and La Major), while during the sniffer experiment the most frequent plumes were from tankers (9), followed 
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by ferries and cargos (3). The combination of the two experiments (urban harbour and sniffer boat) allowed to 
sample plumes from a large variety of vessels.  

 

Figure 3-9. Statistics on detected plumes at the two harbour sites, PEB (red) and La major (blue), and during the 
sniffer experiment (green). In the main figure, the observed plumes are classified by the type of identified vessel. At 
the top right of the graph, the total number of plumes and the number of different vessels observed in each site is 

reported. 

 
3.2.3 Plume chemical composition and ageing 

Analysis of the chemical composition during the experiments was carried out on the fresh and aged aerosol after 
exposure to OH radicals in the oxidation flow reactor. Two AMS were deployed to measure simultaneously the 
fresh sample upstream and the aged sample downstream the flow reactor. 
Prior to the field work, we carried out an intercomparison of the two mass spectrometers, the average mass spectra, 
shown in Figure 3-10, present similar features and fragmentation patterns. The quantitative assessment, based on 
intercomparison of the total organic fraction, was quite different, as it is often the case for different mass 
spectrometers. Data analysis of this intercomparison period provided a correction factor of 1.63 that was later used 
to interpret field work data. 
 

 
Figure 3-10. Intercomparison between AMU and TAU Aerosol Mass Spectrometers. The spectrometers were 

sampling from the same line between 06:28 and 06:45 of 06/07/2021. 

 
Error! Reference source not found. shows a case study related to a ship plume of a chemical tanker observed 
during the sniffer experiment. Error! Reference source not found. (a) and (b) show the simultaneous increment 
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with respect to the ambient background level of CO2, PN (CPC), BC (AE33) and PM (EEPS) during a plume event. 
A high fraction of the aerosol resulted to be composed of BC (b) and OA (c).  

Figure 3-11. Case study of a Chemical Tanker plume: background-corrected time series of particle number 
concentration (a), black carbon and total aerosol mass (b), chemical composition of fresh (c) and aged (d) aerosol 

(excluding the black carbon), spectra of fresh (e) and aged (f) aerosol and detailed composition of the organic aerosol 
(g) and PAHs (h). The data in panel (c) is convolved with the residence time distribution of TSAR to allow better 

comparison with aged mass concentration in panel (d). 

 
Lower sulphate with respect to previous measurements is observed suggesting a already visible impact of new 
regulation on the fresh PM1 particle chemical composition (Diesch et al., 2013; Zorn et al., 2008). Photochemical 
aging produced observable amounts of SOA since the OA concentration in panel (d) is significantly higher than what 
observed in the fresh plume in panel (c). In addition, the sulphate concentration in the aged aerosol is slightly higher 
than in the fresh aerosol, indicating secondary inorganic aerosol (SIA) formation via photo-oxidation of SO2. 
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Panels (e) and (f) show the unit resolution AMS spectra for the fresh and aged plume, respectively. High resolution 
data analysis of the OA fraction is shown in panel (g) where the most abundant functional groups in the fresh and 
aged plume are compared. Chemical families were grouped accordingly to functional groups used in PIKA high 
resolution data analysis software (https://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/). 
During the oxidative process the abundance of CxHy groups (aliphatic moieties) is reduced and the amount of CHO 
and CHOgt1 (corresponding to one and several oxygen atoms, respectively) increases because of the condensation 
of the oxidised VOCs present in the plume. 
 
Several functionalised PAHs were detected by the AMS instrument (Error! Reference source not found.h). Four 
major PAH groups were identified: unsubstituted (unSubPAH), methylated (MPAH), oxygenated (OPAH) and nitro-
(NPAH). The analysis was carried out using Herring et al., (2015) methodology. This method is based on laboratory 
intercomparison of PAHs measured by AMS and GC–MS techniques (Dzepina et al., 2007) and has been more 
recently applied for the identification and quantification of functionalized PAHs in car exhaust (Kostenidou et al., 
2021). In the ship plume the most abundant unSubPAHs were naphthalene, fluorene and acenaphtylene, for the 
MPAHs we found methyl and dimethyl-naphthalene, among the OPAHs we detected anthaquinone and 
benzophenone and among the NPAHs nitro-anthracene and nitro-biphenyl. Average data indicate that PAHs 
accounted for 2% of the total organic aerosol fraction. Exposure to PAHs is associated with excess risk of lung 
cancer as well as other adverse health effects including bronchitis, asthma, heart disease, and reproductive toxicity 
(Cancer, 2012; IARC, 2013). More recently, methylated, oxygenated and nitro-polycyclic aromatic hydrocarbons 
have received increasing attention due to their recognized cytotoxicity, immunotoxicity, carcinogenicity, and 
mutagenicity (Samburova et al., 2017). 
 

 
Figure 3-12 shows the average PM1 composition for some of the most intense plumes collected during the sniffer 
experiment from different types of ships (tankers, container ships and ferries). The photochemical ageing produced 
an increase of the total aerosol mass by 40%.  A significative increment was observed for both the organics (OA) 
(52%) and the sulphates (66%), implying a substantial formation potential of SOA and SIA, this latter characterised 
by the conversion of SO2 and NOx into sulphate and nitrate, respectively. 
 

 
Figure 3-12.PM1 Average composition of 3 ship plumes detected respectively with an AMS-HR-ToF and an SP-AMS-

HR-ToF between the western and the eastern harbour of Marseille during the sniffer experiment (05/07 to 
08/07/2021). 
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The emissions of the volatile organic compounds were monitored with a PTR-ToF-MS.  

Figure 3-12 shows the average relative composition of VOC emissions, for 6 freshly emitted plumes (average of 3 
ferries and 3 cargos) at the PEB site. The composition as measured by the PTR-ToF-MS was dominated by oxygenated 
compounds (57%), followed by hydrocarbons (31%) and aromatic compounds (12%). It is worth to note that the 
contribution of hydrocarbons should be considered with caution as alkanes with less than 8 carbon atoms and alkenes 
with less than 3 carbons atoms are not detected by the instrument. Furthermore, C3 and C4 ions fragments may 
also arise from the fragmentation of longer chain aliphatic compounds. The contribution of oxygenated compounds 
may also be underestimated as alcohols and aldehydes tend to lose H2O upon protonation. The most abundant 
monoaromatics were the C8 and C9 compounds (52%), which are commonly identified as methylated derivatives of 
toluene, followed by C10-C11 aromatics (31%), aromatics with more than 12 carbons (10%) and finally C6-C7 
aromatics (9%), which include benzene and toluene. Highly oxygenated compounds (such as carbonyls and acids) 
were more abundant than the less oxygenated compounds (e.g. alcohols). These results partially agree with those 
observed during the C2 campaign on fresh VOC emissions from the Stena Germanica ferry, where oxygenated 
compounds as carbonyls and acids represented more than 50% of the total VOCs in the fresh plume. Even though a 
direct comparison between VOCs measurements in-stack and in atmospherically sampled plumes is not 
straightforward. Once emitted, VOCs can undergo several processes in the atmosphere, such as dilution, 
photooxidation, condensation into pre-existing particles and mixing with background VOCs. For these reasons the 
composition and the concentrations of VOCs observed in the two campaigns are not directly comparable. Moreover, 
we could not assign a VOC fingerprint for each individual ship plume observed, mainly because concentrations in 
atmospherically sampled plumes were often too low.  

 
 

Figure 3-13. Average percentages of VOC families observed in 6 plumes (3 ferries and 3 cargos) with a PTR-MS in 
PEB for fresh emissions and the detail of each VOC fraction observed. 

3.2.4 Volatility 

The thermal characteristics of the particles were studied using a thermodenuder. For the case study presented in 
the above (Error! Reference source not found.), the non-volatile PM fraction was very similar to the BC 
emissions (Figure 3-14). The thermodenuder temperature was set to 250 °C which is generally sufficient to evaporate 
nearly all the organics and sulphates from the particles (Huffman et al., 2008). However, organics with extremely low 
volatility (organic saturation mass concentration, C∗<10−5 µg m−3 at 298 K) may still be retained even at this high 
temperature (Gkatzelis et al., 2016). Thus, here we define the “non-volatile components” as particle components 
that remain after passing through the thermodenuder operating at 250 °C (Zhou et al., 2020). The average volume 
fraction remaining at 250°C (for particles with Dp< 255 nm) was 0.4±0.1 for the studied ship plumes in the sniffer 
experiment.   
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Figure 3-14. Thermal characteristics of the particles emitted from the chemical tanker in the case study. Presented 

time series are background corrected concentrations. PM_TD is the particle mass concentration remaining after 
heating to 250 °C. 

The volatility of different particle phase species can be further investigated with FIGAERO-CIMS measurements. 
Figure 3-15 shows one desorption cycle of particles collected from an aged ship plume utilising the Go:PAM. The 
thermogram in figure 3-14 illustrates the desorption of different chemical species (with different m/z) at different 
temperatures, underlying the distinct volatilities of the chemical species in the particulate phase. Further analysis of 
the volatility will help modelling the transformations between gas and particle phase of ship exhaust in the 
atmosphere. 

 
Figure 3-15. Normalized FIGAERO signal of selected molecules as a function of desorption temperature during the 
desorption cycle. Particles from at least one ship plume were aged in Go:PAM and collected onto FIGAERO filter 

before the desorption. 
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4 Atmospherically diluted plumes: particle size distribution 
Error! Reference source not found. shows particle size distributions of ship plumes measured in the PEB site. 
While there are clear differences between the size distributions of different ships in panel (a), they all share some 
common features. In all ship plumes, we observe a soot particle mode at particle diameter of approximately 100 nm 
or higher. In addition, there are one or two modes with particle diameters smaller than 100 nm. The smaller modes 
may contain condensed volatile material or non-volatile core particles, as observed e.g., by Pirjola et al., (2014) and 
Ntziachristos et al., (2016).   

 

 

Figure 4-1  Background-corrected particle size distributions measured with EEPS, normalized by dividing the 
concentrations with background-corrected CO2 concentrations. The size distributions of several different ships 
labelled with their model year (MY) and main engine maximum power (a) and size distributions of two individual ships 
measured at different occasions (b, c), labelled with the measurement date (day/month).  

Some of the ships passed the measurement site several times, which allows studying the variability of particle size 
distribution. In Figure 41b, we show particle size distributions from one ship measured at several different occasions. 
The soot mode is almost identical during all the passages, while the concentrations of the two smaller modes vary. 
This could be due to different engine operation during different passages, but it is also possible that the atmospheric 
dilution conditions are different and affect the aerosol dynamics, as it has been observed in laboratory measurements 
that the particle size and concentration of the smaller modes can be very sensitive to dilution conditions 
(Ntziachristos et al., 2016). Another case in Figure 4-1c shows that also the soot mode concentration may vary 
between different passages. This could be due to differences in engine operation. It is also possible that the 
contribution of the ship engines is different, as the plume is a mixture of exhaust from all engines.  
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5 Emission factors and Fuel Sulphur Content (FSC) 
Table 5-1 reports the emission factors (EFs) of PN, fresh and aged PM and BC for the plumes detected in the sniffer 
experiment and in the PEB site. Emission factors were calculated using the carbon balance method, assuming 
complete combustion and an EFCO2 of 3.2 kg per kg fuel burnt (Jonsson et al., 2011). 
The EFPN for the studied fleet in the two sites ranged between 5.7×1014 -1.8×1017 # (kg fuel)-1 (EEPS and CPC) and 
the averages were 9x1015 and 2.1×1016 # (kg fuel)-1 respectively for the sniffer experiment and for PEB site, which 
are similar to what has been reported previously, 0.2 to 6.2 x 1016 # (kg fuel)-1 (Alföldy et al., 2013; Beecken et al., 
2014; Cappa et al., 2014; Chen et al., 2005; Diesch et al., 2013; Hobbs et al., 2000; Jonsson et al., 2011; Juwono et 
al., 2013; Lack et al., 2009; Murphy et al., 2009; Petzold et al., 2008; Pirjola et al., 2014; Sinha et al., 2003; Westerlund 
et al., 2015. The difference on the values observed during the sniffer experiment compared to the onsite results may 
be due to the engine operation mode. Indeed, it is well known that manoeuvring of the vessel close to the harbour 
has a significant effect on the emissions (Agrawal et al., 2008a, 2008b; Cooper, 2001; Hallquist et al., 2013; Saxe and 
Larsen, 2004).   
 

Table 5-1 Average and median EFs measured for PN, PM (fresh and aged) and BC (at the PEB site upper cut-off size 
1µm). Errors stated are the statistical 95% confidence interval 

 
EFPN:EEPS 

(# kg-1 ×1016) 
EFPN:CPC 

(# kg-1 ×1016) 
EFPM:FRESH

 

(mg kg-1) 
EFPM:AGED 

(mg kg-1) 
EFBC 

(mg kg-1) 
Sniffer Experiment 

Median  0.8 1727 2077 334 
Average  0.9±0.2 1435±468 2037±351 890±605 
# Plumes  15 6 6 15 

PEB site 
Median 1.6 1.7 1400 2700 600 
Average 2.1±0.4 2.1±0.4 1600±200 3600±600 800±100 
# Plumes 90 90 90 77 84 

 
Particle mass concentration was calculated from the particle number size distribution assuming sphericity and unit 
density. The EFPM ranged between 30-5700 mg (kg fuel)-1, the average for the sniffer experiment was 1435±468 mg 
(kg fuel)-1 and for PEB  1600±300 mg (kg fuel)-1,

 and both averages are in line with previous ship plume measurements, 
90-4900 mg (kg fuel)-1 (Cappa et al., 2014; Diesch et al., 2013; Jonsson et al., 2011; Lack et al., 2009; Pirjola et al., 
2014). However, it is important to note that the FSC limit was higher during those measurements. Comparing to 
on-board studies with low sulphur containing fuels (< 0.1%), and assuming a brake specific fuel consumption (BSFC) 
of 0.25 kg fuel /kWh, the average EFPM was generally higher; PM2.5 =548 mg (kg fuel)-1 (Petzold et al., 2011), 480 mg 
(kg fuel)-1 (Mueller et al., 2015), 616-3000 mg (kg fuel)-1 depending on load (Sippula et al., 2014).  
 
The average EFBC were for the sniffer experiment and PEB 890±605 and 800±100 mg (kg fuel)-1 respectively (ranging 
from 90 to 4500) which is similar to Celik et al., (2020), reporting an average of 900±300 mg (kg fuel)-1 for plume 
measurements conducted in the Mediterranean Sea in 2017. The average EFPM after oxidation, utilising the OFRs in 
both sites (TSAR in the sniffer experiment and Go:PAM in PEB) were as observed in Error! Reference source 
not found.d. 
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Figure 5-1 FSC measurements by Chalmers of individual ships using laser from the sniffer boat in Marseille 2022. 

As can be seen, only one of the ships, a passenger vessel, was above the IMO limit of 0.5% FSC (i.e., 5% non-
compliance) (passenger vessel) while all others were below, taking measurement uncertainties into account. The 
measurements on July 7th were carried out near Fos-sur-mer and here most of the ship traffic consisted of cargo and 
oil tankers. The corresponding measurements were carried out for a suite of other species (including NOx, VOCs 
and PM), see an example of derived emission factors (Figure 5-2). Measurements of 27 ships were also carried out 
at a fixed site close to La Major, in the southern part of Marseille harbour (not shown here).    
 

 
Figure 5-2 Sniffer boat measurements of different species by Chalmers.  The measurements were carried out outside 

Marseille and Fos du Mer respectively. 
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6 Conclusions and final recommendations 
Ship emissions were successfully monitored using remote sensing techniques deployed in Marseille harbours during 
July 2021. The total number of plume vessels measured was 152.   
 
High-end instrumentation was deployed in two sites at the Marseille harbours and the same instrumentation was 
also installed in a sniffer boat to chase vessels in the bays around the harbours. The first experiment provided useful 
emission data during manoeuvring of vessels at the port and resulted suitable to gather information of shipping 
influence on urban areas. The sniffer boat experiment provided new information of shipping emissions in the open 
sea. The two approaches are useful for fully describe the atmospheric impact of ship emission. 
 
Concerning the particulate phase chemical composition, we were able to successfully identify and quantify the organic 
and inorganic component of the fresh shipping plumes. Fresh shipping PM was mainly composed by BC and an organic 
fraction. A considerably smaller fraction of the aerosol was formed by sulphate, nitrate and ammonium. The low 
sulphate fraction was considered a direct consequence of the reduced FSC limit introduced in 2020, going from 3.5 
to 0.5 %. The organic fraction was largely dominated by aliphatic moieties followed by oxygenated functional groups. 
A high content of PAHs and their derivates as methyl-, oxy- and nitro-PAHs was identified. Methyl-PAHs accounted 
for more than 35% of the total PAHs and oxy-PAHs around 10%. These compounds have been recently associated 
with an increased carcinogenic potency with respect to the unfunctionalized parent compounds (Samburova et al., 
2017) suggesting that ambient sources of PAHs derivates should be carefully monitored. 
 
The secondary aerosol formation potential of ship plumes was investigated using two fast oxidation flow reactors 
(Go:PAM and TSAR) and showed an important increase of the total PM mass dominated by SOA even though some 
SIA was observed. The thermal characteristics of the fresh particles was studied using a thermodenuder and the 
average volume fraction remaining at 250 °C for the investigated ships was 0.4±0.1. Results from the FIGAERO-ToF-
CIMS dataset indicated a large range of volatility for both the fresh POA and the aged SOA fractions. Information on 
particle volatility, complemented by the particle size distribution measurements, provides valuable additional 
information on the particle internal mixing state. In fact, the determination of the evaporation rates for single 
compounds from atmospheric aerosol is not trivial, a better assessment of evaporation rates and gas to particle 
partitioning is required to achieve an accurate representation of aerosol aging processes in atmosphere.  
 
For the VOCs emission assessment from vessels, we recommend to privilege in-stack measurement methods since 
low concentrations were monitored using remote sensing methods and interferences with background concentration 
sometimes complicated the interpretation of the collected data. 
 
As recommended in the deliverable D3.2, we used fast online monitoring techniques (1 s time resolution) to monitor 
gaseous phase pollutants (SO2, CO2, CH4) and particles. This specification was crucial since vessel plumes in ambient 
air are short and EFs calculation would not have been possible with a longer sampling time. The emission factors 
calculated for PN were similar to the ones previously reported by other studies, with a difference between sailing 
and manoeuvring plumes as previously reported (Agrawal et al., 2008a, 2008b; Cooper, 2001; Hallquist et al., 2013; 
Saxe and Larsen, 2004).  
 
For all the atmospherically diluted plumes the particle size distribution presented a mode around 100 nm typical of 
soot. Another mode at smaller diameters was observed and resulted to be highly dependent on vessel operation 
mode and/or ambient conditions. This analysis suggests that the composition of the particles in a ship plume can be 
highly variable, and we recommend investigating the differences between the particle size distribution in-stack and 
freshly emitted at different operating conditions. 
 
The original methodology and the state-of-the art instrumentation deployed during the C4 campaign in Marseille will 
provide full characterization of the primary and secondary pollutants from shipping. These findings should be 
implemented in nowadays models to improve simulations of plume aerosol aging during transport and will allow a 
better assessment of both the direct and the indirect environmental impacts of ship emissions. 
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