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Abstract. This work focuses on filling the knowledge gap associated with the contribution of natural and anthro-
pogenic marine emissions to PMjo concentrations in northern France. For this purpose, a 1-year measurement
and sampling campaign for PM has been conducted at a French coastal site situated at the Strait of Dover.
The characterization of PM g samples was performed considering major and trace elements, water-soluble ions,
organic carbon (OC), elemental carbon (EC), and organic markers of biomass burning and primary biogenic
emissions. Furthermore, the source apportionment of PM ¢ was achieved using the constrained weighted non-
negative matrix factorization (CW-NMF) model. The annual average PMo was 24.3 ugm™3, with six species
contributing 69 % of its mass (NO; , OC, SO?[, Cl—, Nat, and NHI). The source apportionment of PMq led
to the identification of 9 sources. On average yearly, fresh and aged sea salts contributed 37 % of PM;¢, while
secondary nitrate and sulfate contributed 42 %, biomass burning contributed 8 %, and heavy-fuel-oil (HFO) com-
bustion from shipping emissions contributed almost 5 %. Additionally, monthly evolution of the sources’ con-
tribution evidenced different behaviors with high contributions of secondary nitrate and biomass burning during
winter. In the summer season, 15-times-higher concentrations for HFO combustion (July compared to January)
and the predominance of aged sea salts versus fresh sea salts were observed.The concentration-weighted trajec-
tory model showed that the sources contributing more than 80 % of PM; at Cap Gris-Nez are of regional and/or
long-range origins, with the North Sea and the English Channel as hotspots for natural and anthropogenic marine
emissions and Belgium, the Netherlands, and the west of Germany as hotspots for secondary inorganic aerosols.
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1 Introduction

Maritime transport is considered nowadays to be a cru-
cial transportation system used to ship goods and people
over long distances. Due to globalization of production pro-
cesses and the growth of global trade, this means of trans-
portation has been increasing, with over 80 % of the vol-
ume of international trade of goods carried by sea in the
last decades (Marmer et al., 2009; UNCTAD, 2021). In the
meantime, shipping is known to be a significant atmospheric
source of pollutants, especially near harbors and surround-
ing coastal areas (Contini and Merico, 2021; Jonson et al.,
2020; Ausmeel et al., 2020). It is an important source of car-
bon monoxide (CO), nitrogen oxides (NO,), sulfur oxides
(SOy), volatile organic compounds (VOCs), and particulate
matter (Lv et al., 2018; Seppili et al., 2021). In particular,
several studies have highlighted the impact of shipping emis-
sions on human health (Andersson et al., 2009; Corbett et al.,
2007) since most of their emissions are estimated to occur
within 400 km of land (Endresen et al., 2003; Jutterstrom et
al., 2021). According to Zhang et al. (2021), 94 200 prema-
ture deaths worldwide were associated with particulate mat-
ter (PM) exposure due to maritime shipping in 2015.

Over the last decades, European countries have made
great effort to reduce emissions from several anthropogenic
sources such as road traffic, industry, and power genera-
tion, which led to the indirect increase in the contribution
of shipping to the overall anthropogenic emissions (Viana et
al., 2014). In order to reduce shipping emissions, different
coastal areas (such as the North Sea, the English Channel,
and the Baltic Sea) have been classified as sulfur emission
control areas (SECAs) (EEA, 2013). In the latter areas, the
sulfur content in marine fuels was limited to 0.1 % starting
2015, after it was 1 % between 2010 and 2015 and 1.5 % be-
fore 2010 (Tang et al., 2020). The European Union has set a
limit of 0.1 % sulfur content in fuel on ships at berth at EU
ports since 2010 (EEA, 2021).

Several papers in the literature have estimated the contri-
butions from shipping emissions (combustion of heavy fuel
oil, HFO) to air quality across Europe and mainly focused
on coastal areas of Italy, Spain, and Ireland (Mazzei et al.,
2008; Viana et al., 2009; Pandolfi et al., 2011; Becagli et al.,
2012; Contini et al., 2011; Hellebust et al., 2010; Donateo et
al., 2014; Viana et al., 2014; Cesari et al., 2014; Bove et al.,
2016; Amato et al., 2009). The annual mean contributions to
PM in these studies varied between 1 % and 12 %. However,
there were no studies focusing on the maritime contribution
to PM in coastal areas of France and more specifically in the
southern North Sea region, which encompasses large harbors
in different areas such as Dunkirk, Calais, Rotterdam, and
Antwerp (EEA, 2013).

In northern France, studies focusing on the characteriza-
tion of PMj¢ and the identification of its emission sources
were conducted in urban and industrial areas (Crenn et al.,
2015; Kfoury et al., 2016; Waked et al., 2014; Rimetz-
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Planchon et al., 2008; Ledoux et al., 2017). However, coast-
line sites can also be impacted by high levels of particulate
matter in the atmospheric background even without any di-
rect influence from urban and/or industrial sources. On one
hand, this might be due to the long-range transport influ-
ence as well as the gas-to-particle conversion (Waked et al.,
2014; Matthias et al., 2010). On the other hand, there is still a
lack of information regarding the impact of natural maritime
emissions such as sea salts (Manders et al., 2010) and anthro-
pogenic emissions such as marine traffic. It is worth noting
that the southern North Sea is considered to have one of the
highest ship traffic densities in the world (EEA, 2013). This
is due to the fact that the northern France region is bordered
by the North Sea and the English Channel, which together
with the Strait of Dover form a narrow corridor with one
of the highest shipping concentrations in the world (EEA,
2013).

According to Ledoux et al. (2018), the impact of shipping
emissions on PM|g concentration in the Calais urban area
may increase to an average of 30 ugm™> when compared
to background levels in the situation where the winds are
blowing from the whole harbor area. Ship emissions led to
a marked increase in PM o mass of 78.9 uygm™ for a 1 min
time interval.

Several years before 2013, the EU issued Directive
2008/50/EC, which limits daily PMjo concentrations to
50ugm~3, with a maximum of 35d of exceedance autho-
rized per year. The directive is binding and forces countries
that do not comply with it to seek solutions for improvement.
In this period, several regions in France were concerned by
the high number of exceedances, especially in and around
Paris as well as in the northern, the eastern, and the south-
eastern parts of the country (EEA, 2014). This is why it was
important to focus on the PMj¢ fraction in order to under-
stand the reasons behind these exceedances on a regional and
national scale.

The main objective of this work is to understand the im-
pact of emissions from the maritime sector in coastal areas
in northern France. Therefore, a 1-year PM ¢ sampling and
measurement campaign was conducted in 2013 at Cap Gris-
Nez, a French coastal site situated at the Strait of Dover.
The collected samples were chemically characterized for
their carbonaceous, ionic, and elemental fractions, as well as
some organic tracers. Additionally, PMo sources were ap-
portioned and studied, specifically natural emissions such as
sea sprays and anthropogenic emissions linked to maritime
traffic. This paper also highlights the seasonal variations in
these PM g sources and the study of the regional influence.
Even though the sampling campaign was conducted in 2013,
and the regulations in SECAs have evolved since, this study
is still relevant today due to the scarcity of literature studies
at the Strait of Dover, which is considered to be one of the
world’s busiest shipping lanes. Additionally, despite the In-
ternational Maritime Organization (IMO) regulation for the
global sulfur limit of 0.5 % in ship fuel oil in effect since Jan-
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uary 2020, different countries are still adopting higher sulfur
limits. It is worth noting that these limits were only set for
sulfur content in marine fuels in order to reduce not only
SO, emissions but also primary PM emissions (Zetterdahl
et al., 2016; Shen and Li, 2020). Hence, this study aims at
highlighting the contribution of natural and anthropogenic
marine emissions to PMj( concentrations at a French rural
coastal site.

2 Materials and methods

2.1 Sampling site

The PMj( filter sampling was conducted at Cap Gris-
Nez, located in northern France. It is a rural coastal site
(50°52'08” N, 1°35'49” E; 50 m altitude) located on the edge
of a cliff, 200m from the sea and therefore strongly sub-
ject to marine influence from wind sectors 210 to 50° via
the north (Fig. 1). The Strait of Dover, connecting the En-
glish Channel and the North Sea, is an intense navigation area
with more than 500 boats passing every day (passage of oil
tankers, merchant ships, and fishing boats). It is considered
to be a strategic passage between northern Europe and China
on one hand and the Americas on the other through the ports
of Antwerp, Rotterdam, and Hamburg, representing nearly a
quarter of the world’s freight traffic.

The sampling site is far from major continental pollution
sources. The nearest town to the sampling site is Boulogne-
sur-Mer, which is 16 km to the south, while Calais — the city
with the fourth-largest port in France — is about 21 km to the
northeast. The A16 motorway is at a minimum distance of
10km to the southeast. It is also worth noting that the study
area is located in a SECA where sulfur content was limited to
1 % (between 2010 and 2015) for marine vessels, including
passenger ships, and 0.1 % for ships docked at the port since
the sampling was conducted in 2013.

2.2 Sample collection

The PMp sampling and measurement campaign was car-
ried out on a 24h basis from 1 January 2013 to 17 April
2014. During the sampling period, PMj(o concentrations were
monitored using a MP101 beta gauge analyzer (Environment
SA®). The analyzer was calibrated at the beginning of the
campaign and routinely checked by the regional air quality
network Atmo Hauts-de-France. Moreover, PMg samples
were collected onto 150 mm Pall® Tissuquartz™ 2500 QAT-
UP filters (no binder) using an automated high-volume sam-
pler (DASO, Digitel®, Switzerland) operating at 30m3h~.
Filters were pre-heated for 4h at 450 °C before sampling
to decrease the impurities. In total, 362 samples were col-
lected in 2013 and 107 in 2014. Field blanks (two per month)
were also considered by placing a blank filter under sampling
conditions but without pumping. Additionally, meteorolog-
ical data (temperature and wind speed and direction) were
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recorded on site using the WMT 52 ultrasonic wind sensor
(Vaisala WINDCAP) coupled to the Digitel® DASO.

Among these samples, 158 (122 in 2013 and 36 in 2014)
corresponding to a sampling of 1d over 3d, 64 (51 in 2013
and 13 in 2014) corresponding to wind directions under-
represented by the selection done by a sampling of 1d over
3 d (non-exceedance days), and 20 (11 in 2013 and 9 in 2014)
representing exceedance days were chosen for the chemical
analysis and the source apportionment. We only present the
results of the 122 samples representing a sampling of 1 d over
3din 2013.

2.3 PMjg chemical characterization

PMj( chemical characterization included the analysis of the
carbonaceous subfractions (organic carbon, OC, and elemen-
tal carbon, EC), major and trace elements, water-soluble
ions, and some organic tracers. The detailed methods can be
found in the Supplement and are briefly presented hereafter.

The analysis of OC and EC was done using a thermo-
optical technique implementing the EUSAAR-2 protocol
(Cavalli et al., 2010). Major and trace elements were
analyzed following the protocol described in Ledoux et
al. (2006) and Kfoury et al. (2016). Major elements (Al,
Ba, Fe, Mn, P, Sr, Ti, and Zn) were analyzed by inductively
coupled plasma atomic emission spectrometry (ICP-AES),
while trace elements (V, Cr, Ni, Sc, Co, Cu, As, Rb, Nb, Ag,
Cd, Sn, Sb, Te, La, Ce, Tl, Pb, and Bi) were analyzed by
ICP coupled to a mass spectrometer (ICP-MS). C1, SO?[,
NO7, Ca’t, Mg?*, K+, NaT, and NHZ‘r were analyzed by
liquid ion chromatography following the protocol detailed
in Ledoux et al. (2006) and Fadel et al. (2022). Finally, the
analysis of organic compounds included the characteriza-
tion of anhydrosugars (levoglucosan, mannosan, and galac-
tosan), sugar alcohols (arabitol and mannitol), and monosac-
charides (glucose and mannose) by high-performance liquid
chromatography (HPLC) coupled to a pulsed amperometric
detector (PAD) (Srivastava et al., 2018).

2.4 Data analysis

2.4.1 Constrained weighted non-negative matrix
factorization (CW-NMF)

A constrained weighted non-negative factorization (CW-
NMF) model was applied in this study in order to identify
and quantify the contribution of the sources to PM( concen-
trations. This model, developed by the LISIC (Laboratoire
d’Informatique Signal et Image de la Céte d’Opale) at the
University of Littoral Cote d’Opale, has the same principles
as the United States Environmental Protection Agency Posi-
tive Matrix Factorization model (USEPA PMF; Delmaire et
al., 2010; Kfoury, 2013; Limem et al., 2014; Scerri et al.,
2023, 2019). Moreover, the model was adjusted in order to
guide it in its calculations by adding constraints. The con-
straints added to this model are of two types: the “equality”
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Figure 1. Location of the sampling site (© Google Earth).

constraints that define the presence or the absence of an el-
ement in the profile and the “boundary” constraints that im-
pose a wide range of values in which the optimal solution can
be found. These constraints were added in order to consider
the ““a priori” knowledge of the chemical composition of the
sources. For example, the concentration of levoglucosan was
set to zero in all the profiles except for the biomass burning
source. Further details regarding the model can be found in
Ledoux et al. (2017) and Kfoury et al. (2016).

The input data of the model consisted of the concentra-
tions of 25 species in the 242 samples as well as their un-
certainties. The chosen species were OC; EC; water-soluble
ions (C1~, SO; ™, NOj , Ca?*, Mg?*, KT, Na*, and NH}));
elements (Al, Fe, P, Sr, Ti, Zn, V, Ni, Co, Cu, Cd, Sb, and
Pb); and organic tracers, namely levoglucosan for biomass
burning and the sum of the concentrations of sugar alco-
hols and monosaccharides (named polyols) as tracers for pri-
mary biogenic emissions. Uncertainties were calculated by
summing errors related to the analytical and sampling proce-
dures. For trace elements, an uncertainty of 10 % was added
to the calculated uncertainty, as is usually reported (Prendes
et al., 1999). Species concentration below the detection limit
(D.L.) was replaced by D.L. /2 and given an uncertainty of
100 %. Missing data were replaced by the mean value and as-
signed an uncertainty of 400 % (Polissar et al., 1998; Kim et
al., 2004). Additionally, the stability of the solution was eval-
uated by bootstrap analysis. It is based on the same principles
of the bootstrap analysis used in EPA PMF 5.0. The profile
of a source was validated if more than 80 % of the bootstrap
profiles were correlated (with r>0.6) to the reference one
(the one obtained by considering the original dataset).
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2.4.2 Conditional bivariate probability function (CBPF)

The conditional bivariate probability function (CBPF) com-
bines wind speed with the conditional probability function
(CPF). The latter is calculated as the probability that the con-
centration of a species, in a certain wind direction, is greater
than a specific concentration value (which is the 75th per-
centile concentration of the different species in this study).
CBPF will help to further understand the dependencies of
the sources to the wind speed (Uria-Tellaetxe and Carslaw,
2014). These representations were drawn using the open-
source software R and the openair package (Carslaw, 2015).
The dataset used consisted of the species concentrations for
each PM g sample for the 24 h period distributed amongst the
48 corresponding wind speeds and directions (one measure-
ment every 30 min). With that, the full dataset used to draw
these representations counts 122 x 48 lines.

2.4.3 Concentration-weighted trajectory (CWT)
approach

The concentration-weighted trajectory (CWT) approach in-
vestigates potential transport of pollutants and/or sources
over large geographical scales (Polissar et al., 2001). It con-
sists of combining species concentrations and/or source con-
tributions with back trajectories and uses residence time in-
formation to identify air parcels that might be responsible for
high concentrations observed at the receptor site (Petit et al.,
2017).

Air mass back trajectories were calculated using the HY S-
PLIT model considering the Gridded Meteorological Data
Archives (GDAS1). For each sample, eight 72h backward
trajectories were assigned, and the source contribution val-
ues for the 24 h period were combined with the correspond-
ing trajectories. These representations were achieved through
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the ZeFir 4.0 software, which is an Igor-based package (Petit
et al., 2017).

3 Results and discussions

3.1 PMjo concentration and composition

The concentrations of PM1( as well as the concentrations of
OC, EC, water-soluble ions, and elements are reported in Ta-
ble 1, and the concentrations of the analyzed organic tracers
are reported in Table 2. The yearly mean concentration of
PM for the 362 samples was 22.8 ugm~> in 2013. As for
the 122 samples corresponding to a sampling of 1d over 3d,
the mean PM is 24.3 ug m~3. The closeness of the two val-
ues is indicative that the sample selection is representative of
the whole year. These values are higher than the WHO PM o
annual guideline value of 20 ugm™> that was applicable in
2013 (WHO, 2006) and the new annual guideline value of
15ugm—3 (WHO, 2021). Even though it is a rural site, the
average PM|qo concentration found at Cap Gris-Nez (CGN)
was similar to the ones reported for urban and industrial sites
in the northern region of France in 2013 (24 ug m_3) (Atmo,
2013), suggesting that PM ¢ sources were mainly of regional
influence rather than local (Ledoux et al., 2018).

The predominant chemical species were OC, CI, Nat,
and secondary inorganic ions (NO3_ s SOi_, and NHI), ac-
counting for 69 % of the average PMjg concentrations (Ta-
ble 1). Secondary inorganic ions are found in the atmosphere
due to the gas-to-particle conversion of their corresponding
precursors (NO,, SO,, and NH3) emitted by different anthro-
pogenic activities. The neutralization ratio between NHI and

the sum of SOZ_ and NOj  close to 1 shows that ammonium
is predominately found in the atmosphere as ammonium sul-
fate and ammonium nitrate. The evaluation of the concentra-
tion ratios between SO?[ and NHZr on one hand and SOif+
NO; and N HI on the other hand shows that ammonium ni-
trate (67 %) is approximately twice as abundant compared to
ammonium sulfate (33 %).

Na*t and CI™ are typical seawater components and high-
light the importance of the marine influence on air quality at
the investigated site. Most of the other analyzed species con-
tribute less than 0.1 % of the average PMjo concentration,
with the exception of EC (1.3 %), Mg?T (1 %), Ca>* (0.9 %),
K™ (0.6 %), Al (0.3 %), Fe (0.4 %), and levoglucosan (0.2 %)
(Tables 1 and 2).

OC and EC showed a very strong correlation during the
sampling period (r =0.89, p<0.05), meaning that these
species were mainly emitted from the same sources. Accord-
ing to the literature, OC-to-EC concentration ratios between
0.3 and 1 were reported for vehicles running on diesel, and
higher values were reported for biomass burning (3.4—14),
while emissions from heavy-fuel-oil vessels show OC-to-EC
ratios higher than 10 (Zhang et al., 2020; Moldanova et al.,
2009; Fadel et al., 2022; Khan et al., 2021). The OC-to-EC
ratio obtained in this study varied between 2.7 and 26.3, with
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an average ratio of 7.6. The high variability in the OC-to-
EC ratio shows that these species are emitted from several
sources, and the interval found highlights that the traffic ex-
haust emissions might not contribute highly to the emissions
of carbonaceous matter at CGN.

The polar plot representations of OC and EC showed that
the highest concentrations of carbonaceous matter were ob-
served for winds blowing from the northeastern (NE) and
southeastern (SE) sectors consisting mainly of continental
winds (Fig. Sla and b). Furthermore, a pollution rose of the
OC-to-EC ratio was done in order to understand if different
sources of carbonaceous matter exist in the different wind
sectors (Fig. S1c). Without considering the wind speed pa-
rameter, the highest OC-to-EC ratios were observed in the
southwestern sector (values higher than 10), followed by the
northeastern (NE) and southeastern (SE) sectors, where val-
ues were between 6 and 10.

The evaluation of the polar plot representation of the OC-
to-EC ratio (Fig. S1d) shows that ratios higher than 20 are
observed in the southwestern sector when wind speed is
higher than 10ms~! (Fig. S1d). When examining the con-
centrations of OC and EC in these samples, the high OC-
to-EC ratios were mainly due to the low EC concentrations
(<200ngm~3) found in these samples under maritime in-
fluence, which increases the obtained values of the consid-
ered ratio. When removing these samples, OC-to-EC ratios
were observed to be higher than 6 in the northeastern and
southwestern sectors, emphasizing the influence of shipping
emissions, biomass burning, and primary biogenic emissions
(Fig. Ste).

Anhydrosugars are mainly considered to be tracers of
biomass burning (Vincenti et al., 2022). These compounds
show higher concentrations during the cold periods of the
year. The average concentration of these compounds was
185 ng m 3 between January and March 2013, 45 ng m ™~ be-
tween November and December and 22 ng m™> for the rest of
the year (warmer months). According to the literature, a high
levoglucosan-to-mannosan concentration ratio (close to 15)
is indicative of hardwood combustion, while low values (be-
tween 2 and 6) are mainly attributed to softwood combustion
(Schmidl et al., 2008). The average ratio in this study is 7.3,
which may be considered to be indicative of a mix between
the two types of wood.

Finally, the sugar alcohols and monosaccharides identi-
fied in this study are mainly of primary biogenic emis-
sions. These compounds show concentrations during sum-
mer (June—-August 2013) that are at least 3 times higher
compared to the rest of the sampling days in 2013 (64
vs. 19ngm™3, respectively). Similar observations were re-
ported by Samaké et al. (2019) at 28 French sites, where the
maximum concentrations were observed in the summer sea-
son. This might be linked to higher-temperature and higher-
humidity conditions in summer that lead to the growth and
sporulation of fungal and prokaryotic cell activity (Samaké
et al., 2019).

Atmos. Chem. Phys., 23, 8607—8622, 2023
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Table 1. Average, standard deviation (SD), and minimum (min) and maximum (max) concentrations of PM|( and its chemical components
(OC, EC, water-soluble ions in micrograms per cubic meter, and elements in nanograms per cubic meter) at Cap Gris-Nez (CGN) during the

sampling period in 2013.

Concentrations

Average SD Min Max

PM( (ugm™3)

243 13.6 50 740

Carbonaceous fraction (ug m3) oC

2.14  2.05 033 137
032 028 0.02 1.69

Total carbon (TC) (ug m_3)

245 233 035 154

Water-soluble ions (ug m~3) NO;

516 592 021 332
3.01 247 0.54 139
248 2.56 0.003 9.3
211 1.52 0.10 7.88
1.94 254 0.03 129
025 0.18 0.02 0.89
0.21 0.26 0.05 226
0.14  0.09 0.02 0.64

Total water-soluble ions (ug m~3)

153 10.2 425 564

Elements (ng m_3) Fe

104 130 042 197
74.6  85.8 0.68 584
30.8 435 1.37 253
146 21.6 0.06 168
5.68 6.19 031 3338
4.69 5.12 0.07 269
4.67 5.62 0.12 384
4.61 6.23 0.04 325
431 7.03 0.01 403
277 276 021 159
222  3.08 0.03 223
1.85 3.13 0.06 19.7
1.75 1.05 0.15 5098
1.06 1.06 021  6.01
0.69 0.88 0.01 549
0.59 0.62 0.01 3.84
029 038 <DL. 218
029 0.34 0.02 190
022 044 <DL. 221
021 030 <D.L. 201
0.18 0.20 0.01 1.25
0.17 0.13 0.002  0.60
0.12 0.13 0.005 0.72
0.11  0.15 0.001  0.81
0.04 0.06 0.001  0.31
002 005 <DL. 031
0.01 002 <D.L. 0.11

Total elements (ng m_3)

260 246 21.7 1434

3.2 Source profiles

A progressive approach has been adopted in order to find the
best solution by CW-NMF, consisting of increasing the num-
ber of factors and evaluating the profiles. The best results
were obtained for the nine-factor solution. The stability of the

Atmos. Chem. Phys., 23, 8607-8622, 2023

results was examined via bootstrap analysis, and the differ-
ent source profiles satisfied the validation criterion (Table S1)
with a mapping percentage of at least 99 % (higher than
80 %), showing the robustness of the obtained solution. Ad-
ditionally, the reconstructed and observed PM( concentra-
tions were very strongly correlated (slope of 0.96, 7 = 0.99)
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Table 2. Average, standard deviation (SD), and minimum (min) and maximum (max) concentrations of organic tracer species (ng m_3) in

PM| at Cap Gris-Nez (CGN) during the sampling period in 2013.

Concentrations (ng m_3) Average SD Min Max
Anhydrosugars Levoglucosan 552 110 0.01 853
Mannosan 7.60 122 0.01 90.6
Galactosan 3.18 7.16 0.01 514
Sugar alcohols Arabitol 10.7  25.1 0.01 232
Mannitol 10.7 20.0 0.01 184
Monosaccharides Glucose 6.71 9.89 0.01 60.0
Mannose 1.90 276 0.01 14.6

(Fig. S2). Furthermore, the different species considered in the
CW-NMF model were well reconstructed, with slopes close
to 1 (varying between 0.8 and 1.1) and 2 higher than 0.8
(Fig. S2).

The normalized profiles of the nine identified sources at
CGN are presented in Fig. 2, and the profiles along with the
25th and 75th percentiles calculated via the bootstrap analy-
sis can be found in Fig. S3. The time series of the different
profiles are presented in the Supplement (Fig. S4). Addition-
ally, the distribution of the chemical species in the nine iden-
tified sources is presented in Fig. S5.

Two profiles related to sea salt emissions were identi-
fied. The first profile shows the highest loading of Na™ and
CI™ between the profiles (Fig. S5), with an average Cl™-to-
Na™ ratio of 1.7, which is commonly observed for fresh sea
salts (Seinfeld and Pandis, 2016). This profile also included
other ionic species such as KT, Mg?*, Ca?*, and SOi_.
The concentration ratios between the other ionic species
were also valid for seawater composition: Kt /Na™ = 0.03,
Ca’t/Nat =0.03, SOﬁ_/NaJr =0.15, and Mg?>*/Nat =
0.11. The second source profile was dominated by high con-
tributions of Na™t, but no C1~ was found. This might be due
to the C1™ depletion resulting from the reaction between sea
salts and NO, and SO, gas (Seinfeld and Pandis, 2006). C1™
was compensated by much higher contributions of NO;™ and

SOi_ in this profile compared to the fresh sea salts as well as
some elements from anthropogenic origins, leading to the at-
tribution of this profile to aged sea salts. The ionic balance is
respected in this factor, with a cation-to-anion ratio of 1.14.
The third profile contained a high proportion of Al, Fe,
Ca?*, and K™, which are mainly the signature of crustal dust
resuspension (Moreno et al., 2013). Two profiles show high
loadings of secondary inorganic ions: the first one shows high
loadings of NO5 and NHZ‘r and was identified as “secondary
nitrate”, while the second one shows an abundance of SOi_
and NH;l|r and was ascribable to “secondary sulfate”. The
secondary nitrate profile also shows a considerable contri-
bution of OC as well as some elements from anthropogenic
origins. The presence of these species in the profile is mainly
linked to the aging of the secondary inorganic aerosols and/or
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the effect of mixing with particles emitted from combustion
sources (Kogak et al., 2015; Kfoury et al., 2016).

The following profile was attributed to biomass burning
due to the presence of levoglucosan, OC, and EC, as well
as KT, SOi_, and NO3_ (Fadel et al., 2022). The OC-to-
levoglucosan concentration ratio found in this profile (which
is equal to 9.6) is within the range found in different stud-
ies for wood burning (between 7 and 17) (Fine et al., 2002).
Additionally, the OC-to-EC ratio, which is found to be equal
to 7.8, is also indicative of biomass burning emissions (Son-
wani et al., 2021).

A profile attributed to road traffic was identified due to
high loading of species emitted from the exhaust emissions
(such as OC and EC) as well as elements emitted from non-
exhaust emissions (such as Fe, Al, Zn, Cu, and Sb). The OC-
to-EC ratio of 0.6 is within the range of diesel traffic exhaust
(0.3-1) (Amato et al., 2011; Waked et al., 2014).

The heavy-fuel-oil (HFO) combustion profile was com-
posed of high loadings of carbonaceous matter (OC and EC)
as well as high contributions of V, Ni, NO;', and SOﬁ_.
The concentration of OC in this profile is 4.5 times higher
than EC, which is consistent with other studies (Zhang et
al., 2016). The evaluation of the V-to-Ni concentration ra-
tio shows a value of 1.3 in this study, which is lower than
the ones usually found (close to 3) from shipping emissions
(Pandolfi et al., 2011; Becagli et al., 2012). Similar obser-
vations (V-to-Ni ratio of 1.6) were previously reported for
other sites in the northern region of France (Ledoux et al.,
2017). This is mainly due to the position of the sampling
sites reported in the latter study as well as the site of this
study, which are located in a SECA where sulfur content in
marine fuels is limited to 1 % during the sampling period in
2013, whereas the sites reported by Pandolfi et al. (2011) and
Becagli et al. (2012) were not. The quality of the fuel with
low sulfur content used for shipping was shown to have low
V and Ni content as well, thus changing their ratio (Zhang
et al., 2016; Streibel et al., 2017). Gregoris et al. (2016)
also found V/Ni concentration ratios that were less than 3
in Venice, and the species were mainly attributed to HFO
combustion from shipping.

Atmos. Chem. Phys., 23, 8607—8622, 2023



8614

F. Ledoux et al.: Measurement report: A 1-year study to estimate maritime contributions to PM1¢o

1000

2  100- Fresh sea salts

S 104

c 14
N7
1000

2 100 Aged sea salts

Y 10

c 14
o1t—mm - T

Secondary nitrates

na/ng

ng/ug
© Lo0o
—~00O 1n0d0 =

E (2]

=

c

[7]

~

L

lm

0.1 e
o 1000
= 100 Secondary sulfates
2 10
0.1 — T —— ——
1000
;2 100 Biomass burning
=] 101
? ol 0
o1l ER L mm —

Road traffic

B

ng/ug
° .o
~a00

2 100+ Heavy fuel oil combustion m
> 10+
c 14
o 1000 - - - —
= 1?8- Primary biogenic emissions
i
01— -_—— T T
TP HF§>Z283388 3 r¥iohoowsd gy
z z S O b4 8 © 9 2
o
Figure 2. PM | source profiles at Cap Gris-Nez (CGN) identified using the CW-NMF model.
Finally, the primary-biogenic-emissions factor was identi- Heavy fuel oil
fied due to the high contribution of carbonaceous matter as °°m4b;‘§/:'°”

well as the sum of sugar alcohols and monosaccharides, con-
sidered to be tracers of the source (Bauer et al., 2008). Addi-
tionally, we can observe a contribution of P in the profile. It
is known that one of the sources of atmospheric P might be
primary biogenic emissions (Shi et al., 2019).

3.3 PMjq source contributions

The average contribution of the nine sources to the PMjg
concentration at CGN in 2013 is presented in Fig. 3. The
secondary-inorganic-aerosol sources, namely secondary ni-
trate and secondary sulfate, contribute the most to the
PM( concentration, with a cumulative contribution of 42 %
(8.2ugm™3). The concentrations of secondary inorganic
aerosols found in our study are higher than those found
in Lens, an urban background site in northern France, for
a study in 2011-2012 (28 % of PMjg, 5.9ugm™3) and in
Nogent-sur-Oise, an urban site in northern France in 2013
(27 % of PMjg, 7.1 g m’3) (Oliveira, 2017; Waked et al.,
2014).

The sea salts (fresh and aged) contribute together 37 %
of the PM( concentration (7.2 ug m~3) (Table S2), with a
higher contribution found from the fresh sea salts compared
to the aged ones. These contributions are found to be higher

Atmos. Chem. Phys., 23, 8607-8622, 2023
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Figure 3. Mean source contributions to PMjq collected at Cap
Gris-Nez (CGN) in 2013.

than those found for non-coastal sites in the northern region
such as in Rouen between 2010 and 2011 (21 % of PMy,
4.6ugm~3) and in Lens between 2011 and 2012 (8% of
PMjp, 1.6 ug m_3) (Waked et al., 2014; Favez et al., 2011),
showing the high influence of sea spray emissions at the
CGN site.

Biomass burning is also considered to be an important
source of PMg at CGN, contributing 8 % (1.5 ug m~3) (Ta-
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ble S2). This phenomenon is mainly observed at rural sites,
where wood burning for residential heating is remarkably
high (Golly et al., 2019). The contribution found in this study
is similar to the yearly average concentration found in France
for biomass burning, estimated at 2.5+ 1.2 ugm™—> (Favez et
al., 2021). This source is considered to be the largest con-
tributor to organic aerosols, influencing the overall urban air
quality in the country (Favez et al., 2021).

The four remaining sources contribute together 12.8 % of
PMj¢ (Fig. 3). Due to the rural typology of the site, the road
traffic contribution to PMjq (2.8 %, 0.54ugm™3) is lower
than those found in Lens (6 %, 1.2 ug m~—3) and at other urban
sites in France (1547 % of PM () (Waked et al., 2014; Weber
et al., 2021). It is important to mention that at CGN, the con-
tribution of HFO combustion that might be mainly related to
shipping emissions (4.5 %) is higher than the road traffic con-
tribution. This percentage is in the range of the contribution
from shipping emissions (1 %—7 %) to PMj in different Eu-
ropean coastal areas (Barcelona, Venice, Melilla, Algeciras,
Lampedusa) (Pandolfi et al., 2011; Becagli et al., 2012; Viana
et al., 2014; Amato et al., 2009; Viana et al., 2009). In addi-
tion to the contribution of shipping emissions to the PMg
mass concentration, Viana et al. (2014) reported that this
source may also influence new particle formation and thus
further contribute to the air quality degradation. It is worth
noting that the contribution to PMj( presented in this work
corresponds to the direct emissions from the source. How-
ever, considerable amounts of SO, and NO, can be emitted
from shipping activity and, by gas-to-particle conversion, can
be transformed into secondary compounds that largely con-
tribute to PM mass. Ledoux et al. (2018) reported that the
impact of shipping in the harbor of Calais in northern France
could be ascribed to estimated average NO, SO,, and NO,
concentrations of 35 %, 51 %, and 15 %, respectively. Never-
theless, the transformation reaction of SO, emitted from the
shipping emissions to SOi_ is probably not at equilibrium
yet, and SO, emissions may contribute to the formation of
more SOZ_ than the quantity sampled close to the sea.

3.4 Monthly variations in the major PM4q sources

The monthly variations in the contributions of the nine iden-
tified sources at CGN in 2013 are presented in Fig. S6.
Secondary inorganic aerosols (secondary nitrate and sulfate)
show a similar trend, with higher contributions recorded dur-
ing the winter period. In this study, the highest contribution
for ammonium nitrate was recorded in March (14 pgm™ on
average), when PM pollution episodes in western Europe are
dominated by secondary aerosols (Petit et al., 2019).
Secondary nitrate shows higher contributions during
spring (March—May) and lower contributions during summer
(June—August) compared to ammonium sulfate. This might
be partially explained by the meteorological conditions and
the semi-volatility of nitrate, while ammonium sulfate is con-
sidered to be more thermally stable (Petit et al., 2019). Simi-
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lar seasonal trends were observed by Waked et al. (2014) and
Weber et al. (2019). Biomass burning shows a strong season-
ality, with the highest contributions during the cold period
(January to March) due to wood burning for residential heat-
ing. The average contribution of biomass burning to PMjg
during these 3 months is 15.4 %, which is twice as high as
the average contribution during the whole year (Fig. S6).
Fresh and aged sea salts as well as HFO combustion from
shipping emissions, which contribute together 42 % of PM
during the total sampling period, also show some temporal
differences and are presented in Fig. 4, which also presents
their conditional bivariate probability function (CBPF) plots
in order to further interpret the highest contributions ob-
served for these sources. Different trends of contributions
were observed for the fresh and aged sea salts. Higher contri-
butions of fresh-sea-salt sources were recorded in November
(6.9 ugm™3) and in December (7.5 ug m~3), while those of
aged sea salts were recorded in May (5.6 ugm™>) and June
(5.4ugm™). Additionally, the aged-sea-salt contribution is
found to be lower than the fresh salts throughout the sam-
pling period except for summer months, when the average
concentration contributions of aged sea salts were 2.7 and
2.0ugm™3 compared to 2.0 and 0.7ugm™> for fresh sea
salts in July and August, respectively. The main reason for
these differences might be the meteorological conditions as
well as the seasonality. Indeed, the CBPF representation of
fresh sea salts clearly evidenced that the maximum concen-
trations were observed for winds blowing from the south-
western (SW) and northeastern (NE) wind sectors and for
medium to high wind speeds (>10ms~!). This is mainly
due to the position of the sampling site, strongly subjected to
fresh marine influence from wind sectors 210 to 50° via the
north, corresponding to the English Channel and the North
Sea, respectively (Fig. 1). These wind directions were pre-
dominant during all months of the year except for the sum-
mer season, which could explain the higher concentrations of
fresh compared to aged sea salts. On the other hand, the max-
imum concentrations of aged sea salts were obtained when
the wind blew from the northeastern wind sector with wind
speeds higher than 10 ms~! (Fig. 4). This might be explained
by the reaction of the fresh sea salts with SO, and NO»,
which also show the highest concentrations in the northeast-
ern wind sector (Fig. S7), yielding aged sea salts in the Strait
of Dover and the North Sea area (Fig. 1). This phenomenon
occurs according to the trajectory of the air masses. With
that, the aged sea salts may not come from the wind direc-
tion open to the sea but from land (northeastern wind sector),
especially at a coastal site, which is the case of this study.
As for the HFO combustion from shipping emissions,
the highest contribution was observed during July, with an
average concentration that is 15 times higher during this
month (2.53ugm™3) compared to January (0.17 uygm™3).
This source contributes 18 % of PM|y concentration dur-
ing July, which is approximately 4 times higher than the
yearly average contribution (Fig. 3). The CBPF representa-
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Figure 4. Boxplot of the monthly contribution of the sources expressed in micrograms per cubic meter (25th, 50th, and 75th percentiles)
along with the monthly average concentrations (black squares) as well as the conditional bivariate probability function (CBPF) plots.

tion shows that the high concentration contributions of HFO
combustion were observed for winds blowing from the north-
eastern and southwestern wind sectors with low wind speed
(<5ms~!). According to the Marine Management Organi-
sation (MMO), the number of ferries was 1.5 times higher
during this specific period, while the traffic in the English
Channel and the North Sea remained constant, which could
account for the higher contribution (MMO, 2014). In addi-
tion to that, meteorological conditions characterized by low
wet deposition and low wind speed favor the accumulation
of pollutants (Aulinger et al., 2016).

Atmos. Chem. Phys., 23, 8607—8622, 2023

3.5 Regional influence

The representations of the source contributions with the air
mass back trajectories using the CWT method are useful to
study the impact of regional emissions on PMo concentra-
tions. The focus will be on the sources identified by CW-
NMEF that largely contribute to PM o concentrations and that
can be of regional origin. For this purpose, we present in
Fig. 5 the CWT representations for fresh and aged sea salts,
secondary nitrate and sulfate, and HFO combustion that cor-
respond altogether to 84 % of PM( during the sampling pe-
riod at CGN (Fig. 3). The CWT analysis exhibits specific
hotspots for sea salt factors over the North Sea and the En-
glish Channel. Additionally, the coastal part of the Atlantic
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Figure 5. CWT results for PM g and some NMF factors (fresh sea
salts, aged sea salts, secondary nitrate, secondary sulfate, and HFO
combustion). Red colors highlight potential emission zones. Contri-
bution scales are in micrograms per cubic meter.

Ocean can be considered to be an additional hotspot for fresh
sea salts (Fig. 5). This can also be observed in the CBPF rep-
resentations that show high contributions of fresh sea salts
when the air blows from the southwestern sector with high
wind speeds (higher than 10 m s~ B (Fig. 4). The CWT model
highlights once again the influence of HFO combustion, cor-
responding to shipping emissions, and shows that the North
Sea, the English Channel, and the Strait of Dover can be con-
sidered to be hotspots for this source.

On the other hand, secondary nitrate and secondary sulfate
show similar geographical origins, with the main hotspots lo-
cated over Belgium, the Netherlands, and western Germany.

These observations were consistent with other studies that
highlighted that these sources are mainly inland and associ-
ated with continental air masses (Moufarrej et al., 2020; Pe-
tit et al., 2019). These regions were considered to be impor-
tant SO, emitters produced by power generation and trans-
formation industries and NO; emitters from road transport,
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power plants, and other fuel converters (2012; Pay et al.,
2010, 2012). Nevertheless, the North Sea can also be seen
as a hotspot for these sources.

As for PMj, the highest concentrations were traced back
to marine areas such as the North Sea and the English Chan-
nel as well as some European countries such as northern
France, Belgium, the Netherlands, and western Germany.
Waked et al. (2018) investigated the geographical origins of
PM;o impacting the north of France during the period be-
tween 2009 and 2013 and also found similar results where
air masses crossing Belgium, the Netherlands, and the North
Sea were associated with intense anthropogenic activity and
were considered to be the highest potential source areas.

4 Conclusions

The main objective of this work was to determine the con-
tribution of natural and anthropogenic maritime sources to
PM | levels at a coastal site in the north of France. In order
to do that, a PM g sampling and measurement campaign was
conducted in 2013 at a coastal site at the Strait of Dover,
named Cap Gris-Nez. PMjp was chemically characterized
for its carbonaceous, elemental, and ionic fractions as well
as some organic tracers of biomass burning and primary bio-
genic emissions. This exhaustive characterization was essen-
tial in order to explain the PMjo concentration levels ob-
served in the north of France and to estimate the sources’
contributions to PMq using a receptor model, constrained
weighted non-negative matrix factorization.

In 2013, at Cap Gris-Nez, the mean PMjo value was
243 ugm~3, which is very similar to those observed at sev-
eral other sites in northern France. Six species account for
about 70 % of the total mass of PMo: NO;', OC, SOi_, Cl—,
Nat, and NHI. Using the CW-NMF model, nine source pro-
files were identified and were associated with natural and an-
thropogenic emissions. During the period of study, the mean
contributions of the different sources were 37 % for fresh and
aged sea salts, 42 % for secondary inorganic aerosols, 8 % for
biomass combustion, and almost 5 % for marine traffic. Ad-
ditionally, the study of the monthly evolution of the sources’
contribution shows that secondary nitrate and biomass burn-
ing were predominant during the cold season. As for the sum-
mer season, the impact of marine traffic and the predomi-
nance of aged sea salts versus fresh sea salts were mainly
evidenced. The contribution of HFO combustion from ship-
ping in July was found to be 15 times higher than in January.

Finally, CWT analysis showed that the North Sea, the En-
glish Channel, and the coastal part of the Atlantic Ocean
are important hotspots for maritime emissions, whereas Bel-
gium, the Netherlands, and the west of Germany are hotspots
for secondary sources, emphasizing the role of long-range
transport in the air quality at Cap Gris-Nez in particular and
in the north of France in general.
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